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Abstract 

 

Bone tissue engineering is a rapidly developing interdisciplinary field. An effective approach to 

bone tissue engineering aims to restore the function of damaged bone tissue or to regenerate bone 

tissue with the aid of scaffolds made from engineered biomaterials. The scaffolds should act as 

temporary matrices for cell attachment, proliferation, migration, differentiation and extracellular 

matrix deposition, with consequent bone ingrowth until the new bone tissue is totally restored or 

regenerated. 

Highly porous 45S5 bioactive glass (BG) scaffolds with suitable pore size and interconnected 

pore structure are promising candidates for bone tissue engineering applications due to their 

bioactivity, biocompatibility, osteogenic and potential angiogenic effects. In this work, to ensure 

the mechanical competence of the 45S5 BG scaffolds developed by foam replication method, 

their strength and toughness were improved by applying various polymer coatings. Among the 

used polymer coatings, genipin cross-linked gelatin (GCG) exhibited the most significant 

strengthening and toughening effects. Besides the strength and toughness, the stiffness of 45S5 

BG scaffolds was adjusted by using polymer coatings and further crosslinking treatment in order 

to meet the property of human cancellous bone. Furthermore, all polymer coatings did not 

significantly affect the pore size, porosity and pore interconnectivity of the 45S5 BG scaffolds, 

and the bioactivity was maintained in the developed polymer coated scaffolds. 

In order to endow the scaffolds with controlled and sustained drug delivery function for 

preventing or treating potential bacterial infections or bone diseases, poly(3-hydroxybutyrate-co-

3-hydroxyvalerate) (PHBV) microspheres with suitable particle size were prepared by emulsion 

solvent extraction/evaporation method. Both hydrophilic and hydrophobic drugs with anti-

bacterial or anti-osteoporosis effects were successfully loaded into the PHBV microspheres. The 

PHBV microsphere coated 45S5 BG scaffolds released the drug in a more controlled and 

sustained manner as compared to not only the uncoated scaffolds but also to the PHBV film 

coated scaffolds. 

In this work, polyguanidine, as an example of a biocidal cationic polymer, was used as an addition 

to antibiotics for antibacterial purpose due to its potential to overcome antibiotic resistance. The 

GCG coated 45S5 BG scaffolds were antibacterial against both Gram-positive and Gram-negative 

bacteria after the incorporation of polyguanidine. In vitro biocompatibility tests indicated that 

osteoblast-like MG-63 cells could attach, spread and proliferate on these scaffolds. 
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Moreover, PHBV microspheres were used as drug delivery vehicle in polymer based composite 

materials for tissue engineering applications. Chitosan-45S5 BG-PHBV microsphere composite 

membranes were prepared by solution casting method. The incorporation of 45S5 BG particles 

and PHBV microspheres endowed the chitosan membranes with bioactivity, sustained drug 

release function and favorable cell response. 

In summary, the developed bioactive 45S5 BG-based composite scaffolds with superior 

mechanical properties, favorable drug release profile and cell biocompatibility are promising 

candidates for bone tissue engineering applications. In addition, PHBV microspheres developed in 

this work are effective drug carriers with high potential in the biomedical field. 
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Zusammenfassung 

 

Tissue Engineering von Knochengewebe ist ein weitreichendes und interdisziplinäres 

Forschungsgebiet mit hohem Anwendungspotential. Ein vielversprechender Ansatz im Knochen 

Tissue Engineering zielt darauf ab, die Funktion von geschädigtem Knochengewebe 

wiederherzustellen oder Knochengewebe mit Hilfe von Scaffolds aus entwickelten Biomaterialien 

zu regenerieren. Scaffolds sollen hierbei temporär als „Leitschiene“ für Zelladhäsion, 

Proliferation, Migration, Differenzierung und Abscheidung von extrazellulärer Matrix dienen. Die 

Folge wäre das Einwachsen von Knochen, was zur vollständigen Regeneration des zerstörten 

Gewebes führen würde. 

Zu den positiven Eigenschaften von 45S5 bioaktivem Glas (45S5 BG) zählen dessen Bioaktivität, 

Biokompatibilität, osteogenes und möglicherweise auch angiogenes Verhalten. Hochporöse 45S5 

BG Scaffolds mit geeigneter Porengröße und interkonnektierender Porenstruktur sind daher 

vielversprechende Kandidaten für die Anwendung im Knochen Tissue Engineering. Im Rahmen 

dieser Arbeit wurden unterschiedliche Polymerbeschichtungen angewandt, um die mechanische 

Belastbarkeit dieser Scaffolds, die mit Hilfe der Schaum-Replikationsmethode gefertigt wurden, 

zu gewährleisten. Unter den verwendeten Polymerbeschichtungen erzielte Gelatine, die durch 

Genipin (GCG – genipin cross-linked gelatin) vernetzt wurde, die höchsten Werte im Bereich von 

Festigkeit und Zähigkeit. Um Größenordnungen der Festigkeit ähnlich der menschlichen 

Spongiosa zu erreichen, wurden neben Festigkeit und Zähigkeit auch die Steifigkeit der 45S5 BG 

Scaffolds durch Polymerbeschichtungen und weitere Vernetzungsbehandlungen angepasst. Die 

angewandten Polymerbeschichtungen beeinflussten weder Porengröße, Porosität noch 

Interkonnektivität der Poren. Weiterhin wurde auch die Bioaktivität der Oberfächen erhalten.  

Zur Vorbeugung oder Behandlung bakterieller Infektionen oder Knochenerkrankungen können 

Scaffolds verwendet werden, die die Möglichkeit einer gesteuerten und andauernden 

Wirkstoffabgabe bieten. Für diese Aufgabe wurden Mikrokugeln aus Poly(3-hydroxybutyrate-co-

3-hydroxyvalerate) (PHBV) entwickelt, die aus einer Emulsion durch Lösemittelextraktion oder 

Verdampfen hergestellt wurden. Sowohl hydrophile als auch hydrophobe Wirkstoffe, zu denen 

Antibiotika oder Medikamente gegen Osteoporose gehören, konnten erfolgreich in den aus PHBV 

hergestellten Mikrokugeln gespeichert werden. 45S5 BG Scaffolds, die mit PHBV Mikrokugeln 

beschichtete wurden, zeigten nicht nur im Vergleich zu unbeschichteten Scaffolds eine 

kontrolliertere und nachhaltigere Medikamentenabgabe sondern konnten auch gegenüber der 

reinen PHBV Beschichtung verbesserte Ergebnisse erzielen. 
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In dieser Arbeit wurde zusätzlich Polyguanidin eingesetzt, ein Beispiel eines bioziden 

kationischen Polymers, das aufgrund seiner antibakteriellen Wirkung verwendet werden kann, um 

Antibiotikaresistenzen entgegenzuwirken. Nach der Inkorporation von Polyguanidin konnte bei 

GCG beschichteten Scaffolds eine antibakterielle Wirkung sowohl gegen grampositive wie auch -

negative Bakterien nachgewiesen werden. In vitro Test bestätigten weiterhin die Zellanhaftung, 

Ausbreitung und Proliferation von Osteoblasten (MG-63) auf der Oberfläche dieser Scaffolds.  

Darüber hinaus wurden die entwickelten PHBV Mikrokugeln als Transportmittel für 

Medikamente in Polymerverbundmaterialien verwendet. Membranen, die Anwendung im Tissue 

Engineering finden sollen, wurden aus Chitosan, 45S5 BG und PHBV Mikrokugeln mittels 

Gießverfahren gefertigt. Durch die Zugabe von 45S5 BG Partikeln und PHBV Mikrokugeln 

konnten Chitosanmembranen entwickelt werden, die neben bioaktivem Verhalten und anhaltender 

Medikamentenfreisetzung auch eine positive Zellantwort zeigten.  

Zusammenfassend kann gesagt werden, dass die entwickelten 45S5 BG Kompositscaffolds 

aufgrund ihrer herausragenden mechanischen Eigenschaften, des guten 

Medikamentenfreisetzungsprofiles und hervorragender Biokompatibilität vielversprechende 

Kandidaten auf dem Gebiet der Knochengewebezüchtung sind. Des Weiteren weisen PHBV 

Mikrokugeln ein hohes Potential auf, um als effektive Wirkstoffträger in biomedizinischen 

Bereichen eingesetzt werden zu können. 
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 Chapter 1

Introduction 

 

1.1. Background 

Tissue loss and organ failure remain major healthcare challenges worldwide, and there is an 

increasing demand to repair/regenerate the damaged tissues or organs due to the increasing aging 

population. Specifically, millions of people are diagnosed with various bone-related diseases or 

suffered from traumatic injuries that are beyond the self-healing capacity of bone tissues every 

year [1, 2]. Moreover, the clinical need to effectively treat bone defects is expected to increase as 

the population aging continues to grow [1, 3]. Bone defects can be replaced or repaired by bone 

grafts, which are mostly autografts. Autografts are considered as the gold standard owing to their 

high immunocompatibility. However, they are bound by several disadvantages, including limited 

bone supply, requirement of secondary surgery, painful harvesting surgery and donor site 

morbidity [2, 4]. Therefore, there is a strong demand for alternative solutions to overcome the 

limitations of autografts. 

A promising strategy is to create a temporary 3D structure using specific biomaterials, which in 

combination with biomolecules are expected to support, stimulate and guide the tissue 

regeneration, such as bone tissues. This interdisciplinary research field aiming at tissue 

regeneration is known as tissue engineering since 1993, and the biomaterials made temporary 3D 

structures are termed scaffolds [5]. 

An ideal scaffold for bone tissue engineering applications should be mechanically competent, 

biodegradable, biocompatible, bioactive and osteoconductive [6, 7]. It is important to note that the 

porous and interconnected 3D structure of the scaffolds should enable the nutrient supply and 

waste product removal, vascularization and bone ingrowth. A wide range of biomaterials, 

including synthetic/natural polymers and bioactive glasses/ceramics, has been intensively used to 

fabricate bone tissue engineering scaffolds [1, 6]. Among these materials, much attention has been 

given to 45S5 bioactive glass
 
(45S5 BG), which is the first completely synthetic material 

confirmed to bond to human bone [8, 9]. Highly porous 3D 45S5 BG-based scaffolds with well 

interconnected pores were firstly fabricated by foam replication method in 2006 [10], and these 

scaffolds have been shown in subsequent research efforts to be biocompatible, bioactive, 

biodegradable and to exhibit osteogenic as well as potential angiogenic effects [10-14]. However, 

the insufficient mechanical properties of these 45S5 BG-based scaffolds limit their applications in 
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load-bearing bone tissue engineering applications. Bio-inspired by the fact that human bone is an 

inorganic-organic composite material, polymers have been applied to reinforce bioactive 

glass/ceramic scaffolds [15]. Many polymers have been shown to be able to significantly improve 

the strength and toughness of 45S5 BG scaffolds, while most of these polymer coated scaffolds 

still could not provide sufficient mechanical properties for bone tissue engineering applications 

involving mechanical loads [16]. Thus, there is remaining a strong demand to further develop 

novel polymer coated 45S5 BG scaffolds with robust mechanical properties. 

In addition, further enhancing the functionality of scaffolds by loading therapeutic drugs into 

them to combat infections and/or treat diseases is recognized as being highly beneficial, hence 

there is increasing interest in incorporating a drug delivery function in tissue engineering 

applications [3]. In this context, even if bioactive glass/ceramic scaffolds alone can serve as drug 

delivery vehicles, the drug release profiles are difficult to control. Polymers are ideal drug carriers 

for controlled and sustained drug delivery. Thus, a layer of polymer coating on 3D scaffolds could 

improve the drug release profiles, and the local drug delivery from polymer coated scaffolds has 

the potential to avoid the disadvantages of systemic drug administration [16]. As an attractive 

morphology for polymer made drug carrier, microspheres are able to encapsulate various types of 

drugs and release the drugs in a more controlled and sustained manner than continuous polymer 

films. Therefore, incorporating microspheres into bioactive glass/ceramic scaffolds is expected to 

provide a more advanced drug delivery function for bone tissue engineering applications. In 

addition, biodegradable polymer microspheres alone or combined with other materials are also 

expected to be promising for various tissue engineering applications. 

1.2. Aims and objectives 

The aims of this work are to develop novel biomaterials based on 45S5 BG scaffolds in 

combination with drug loaded synthetic or natural polymers, and to use poly(3-hydroxybutyrate-

co-3-hydroxyvalerate) (PHBV) microspheres as drug delivery platform for bone tissue 

engineering therapeutics. 

Fig. 1-1 schematically displays the research strategy followed for this work. 

The specific tasks carried out to fulfil the above aims include: 

(1) Fabrication and characterization of 45S5 BG scaffolds by the foam replication method 

In this part of the project, the milling process of 45S5 BG powder and the parameters for 45S5 

BG scaffold fabrication were optimized. 
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Fig. 1-1: Schematic representation of the research strategy followed for this work. 

(2) Fabrication of PHBV microspheres by emulsion solvent extraction/evaporation method as 

carrier for drugs 

Oil-in-water (O/W) single emulsion method and water-in-oil-in-water (W/O/W) double emulsion 

method were chosen to produce PHBV microspheres suitable to encapsulate hydrophobic and 

hydrophilic drugs, respectively. Following optimization of the fabrication process, the 

microspheres will be comprehensively characterized. 

(3) Reinforcement of 45S5 BG scaffolds by polymer coatings 

PHBV and cross-linked gelatin coating were applied on 45S5 BG scaffolds in order to improve 

the strength, toughness and stiffness. The fracture strength and toughness were determined by 
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compressive test, while the stiffness was studied by non-destructive ultrasonic technique. For 

studying the stiffness of scaffolds, alginate, cross-linked alginate and gelatin were also used as 

polymer coatings. 

(4) Drug delivery by polymer coated 45S5 BG scaffolds 

Different types of drugs, including antibacterial agents and anti-osteoporosis drugs, were 

incorporated into the uncoated scaffolds, PHBV and cross-linked gelatin coated scaffolds, and 

PHBV microsphere coated scaffolds. The drug release profiles from these scaffolds were 

compared. The antibacterial property and in vitro biocompatibility of the scaffolds were 

investigated. 

(5) PHBV microspheres incorporated composite materials for tissue engineering applications 

The PHBV microspheres as drug carriers were combined with chitosan and 45S5 BG for bone 

tissue engineering applications. The physicochemical properties and in vitro biocompatibility of 

the developed chitosan-45S5 BG-PHBV microsphere composite materials were comprehensively 

investigated. 

1.3. Outline 

This thesis has been structured in 8 chapters. Chapter 1 provides a summary of the research 

background and presents the aims, objectives as well as outline of this thesis. Chapter 2 provides a 

comprehensive literature review, aiming at covering the state of art of the research areas of 

relevance for this thesis in order to rationalize the materials, techniques and strategies adopted in 

this thesis. Chapter 3 describes the materials, experimental procedures and analytical techniques 

used. Chapter 4 focuses on the fabrication and characterization of PHBV microspheres and 45S5 

BG scaffolds coated with polymers. Results on the microstructure, mechanical properties and in 

vitro bioactivity are presented. Chapter 5 presents the characterization of the stiffness of 45S5 

BG-based scaffolds by ultrasonic technique. The influence of polymer coating and crosslinking 

treatment on the stiffness of the scaffolds is studied. Chapter 6 focuses on the fabrication and 

characterization of 45S5 BG scaffolds loaded with various therapeutic agents. The in vitro drug 

release, antibacterial properties and in vitro biocompatibility are studied. Chapter 7 develops the 

chitosan-45S5 BG-PHBV microsphere composite material for bone tissue engineering 

applications. Chapter 8 summarizes and concludes the thesis presenting also suggestions for 

future work. 
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 Chapter 2

Literature review 

 

2.1. Tissue engineering concept 

Transplantation is highly effective for the treatment of tissue loss and organ failure, which 

however is severely limited by the number of available donors and high process cost [17]. 

Thousands of people are on the waiting list for transplantation each year in United State alone, 

and many of them die before transplants become available [18]. Tissue engineering, as an 

interdisciplinary field, applies the principles of material, life science and engineering to develop 

functional substitutes for the repair and regeneration of tissues and organs [5, 17]. Fig. 2-1 gives 

an overview of the steps involved in tissue engineering concept. 

 

Fig. 2-1: An overview of the steps involved in tissue engineering concept. Engineered biomaterials can 

serve as temporary scaffolds and promote the reorganization of the cells to form a functional tissue or 

organ [17]. (Reproduced with permission of Nature Publishing Group) 
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Specific cells isolated from the patient are seeded in or onto porous scaffolds after being efficient 

expanded under in vitro 2D cultivation. The scaffolds can be loaded with drugs, growth factors or 

micro/nanoparticles with the main aim of stimulating the cells. The scaffold–cell constructs are 

further cultivated to form a functional tissue or organ. After the successful formation of a 

functional tissue or organ, the construct is transplanted into the defect sites of the patient [5, 17]. 

2.2. Bone tissue engineering 

Bone is the second most common transplanted tissue, with blood being the first, as bone failure 

can widely result from trauma, tumor, bone related diseases or aging [19]. Annually, more than 2 

million patients receive bone defect repairs worldwide, with a cost more than $2.5 billion. This 

figure is expected to double in 2020s globally due to a variety of factors, including the growing 

needs of the baby-boomer population and increased life expectancy [4]. Autograft is considered 

the gold standard for bone repair due to its optimal osteoconduction, osteoinduction and 

osteogenesis [4]. The problem is that there is only limited bone can be harvested, and there is risk 

of donor site morbidity. In addition, a large proportion of patients suffer significant pain at the 

donor site. Allograft is an alternative solution, and represents the second most common bone-

grafting technique, especially when the defect site requires large volumes of bone. Currently there 

is a shortage in allograft bone graft material. Allogeneic bone is also likely histocompatible, 

however, it suffers from risk of disease transmission, immune reaction and uncertain healing to 

bone [20]. Therefore, there is a strong demand to find alternative solutions for treating bone 

defects. 

During the last two decades, intensively investigations have been done in bone tissue engineering 

field in order to establish a robust approach for bone repair and regeneration. The approach using 

scaffolds made from engineered biomaterials has shown great potential [6]. Porous 3D scaffolds 

are designed to mimic the extracellular matrix (ECM) of desired bone and act as temporary 

matrices for cell attachment, proliferation, migration, differentiation and ECM deposition, with 

consequent bone ingrowth until the new bone tissue is totally restored/regenerated [1]. 

2.3. Bone physiology 

2.3.1. Bone structure and composition 

Bone is a type of rigid and dense connective tissue, which constitutes part of the skeletal system. 

The architecture of bone can be described in terms of several levels of hierarchical structural 

organization (Fig. 2-2). These levels are: (1) macroscopic scale: cortical (also known as compact) 

bone and cancellous (also known as trabecular or spongy) bone (Fig. 2-2 and Fig. 2-3); (2) 

micrometer scale: a fibril array, its corresponding array patterns and osteons (from 10 to 500 µm); 
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and (3) nanometer scale: mineralized collagen fibrils and embedded hydroxyapatite crystals (1.5–

4.5 nm) [21, 22]. 

Cortical bone is dense (~5–10% porosity) and accounts for 80% of the total bone mass, while 

cancellous bone has an open, honeycomb structure (~50–95% porosity) and makes up the 

remaining 20% of total bone mass but has nearly 10 times the surface area of cortical bone [21]. 

The tubular structure of long bones, such as femur, tibia, etc., is composed of an outer layer of 

cortical bone and an inner layer of cancellous bone (Fig. 2-3). 

 

Fig. 2-2: Hierarchical structural organization of bone [21]. (Reproduced with permission of Elsevier) 

 

Fig. 2-3: Structure of the femur illustrating regions of cortical and cancellous bone [23]. (Reproduced 

with permission of Springer) 

In terms of composition, bone consists of living cells embedded in an inorganic-organic 

composite matrix, composed of hydroxycarbonate apatite (HCA) (65 wt% based on dry bone), 

collagen (35 wt%) and other non-collagenous proteins. HCA, as the main inorganic component, is 

approximated by the formula (Ca,X)10(PO4,HPO4,CO3)6(OH,Y)2 where X are cations (Na, Mg or 

Sr ions) that can substitute for the Ca ions and Y are anions (Cl or F ions) that can substitute for 
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the hydroxyl groups [24]. The organic part of bone matrix is mainly composed of Type I collagen 

fibers.  

2.3.2. Bone formation and remodeling 

The formation of bone is called "ossification" or "osteogenesis", which occurs by two processes, 

namely: intramembranous ossification and endochondral ossification. Intramembranous 

ossification involves the creation of bone (such as skull, mandible, maxilla and calvicles) from 

connective tissue such as mesenchyme tissue, while endochondral ossification involves cartilage 

model as a precursor which is converted to bone. Endochondral ossification is seen in the 

formation and growth of long bones such as the femur [25]. 

Bone is constantly being created and replaced in a process called "remodelling", in which four 

types of cells are involved (Fig. 2-4) [26]. 

 

Fig. 2-4: Different bone cell types involved in bone formation and remodeling [26]. (Reproduced with 

permission of American Physiological Society) 

(1) Osteoblasts are differentiated mesenchymal cells (osteoprogenitor cells) of the bone marrow 

stroma and are responsible for the synthesis of bone matrix and its subsequent mineralization. The 

size of osteoblasts is 20–30 µm [25]. 

(2) Osteoclasts are multinucleated cells that can resorb bone matrix. They travel to specific sites 

on the surface of bone, and demineralize bone with acids and dissolve collagen with enzymes. 

The size of osteoclasts is ~100 µm [26]. 

(3) Osteocytes originate from osteoblasts while they are mostly inactive. They are buried in the 

bone matrix. The main role is homeostasis — maintaining the correct oxygen and mineral levels 

in the bone [25]. 
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(4) Bone lining cells are mature quiescent osteoblasts. However, they remain on the surface of 

new bone rather than being buried. They can be reactivated in response to chemical and/or 

mechanical stimuli [27]. 

Bone remodeling occurs throughout a person’s lifetime. The purpose of remodeling is to regulate 

calcium homeostasis, repair micro damaged bones from everyday stress, and also to shape and 

sculpt the skeleton during growth [25]. 

2.3.3. Mechanical properties of bone 

The hierarchical structural organization of bone plays an important role in its mechanical 

properties. Among the components of bone, HCA is responsible for structural reinforcement and 

stiffness, while collagen determines the flexibility and toughness [21]. Due to the variations in 

composition and structure, mechanical properties of bone vary from one bone to another as well 

as within different regions of a same bone. Sex, age and diseases can also affect the mechanical 

properties of bone [21, 28]. Table 2-1 provides a summary of the mechanical properties of human 

cortical and cancellous bone. 

Table 2-1: Summary of the mechanical properties of human cortical and cancellous bone [6, 21, 22, 

27, 29, 30]. 

Type of bone P (%) C (MPa) KIC (MPa·m
1/2

) E (GPa) 

Cortical bone 5–10 100–150 2–12 12–18 

Cancellous bone 50–95 0.15–12 0.04–0.6 0.1–0.5 

P: porosity; C: compressive strength; KIC: fracture toughness; E: elastic modulus. Orientation is 

longitudinal. 

2.4. Scaffolds for bone tissue engineering 

2.4.1. Properties of an ideal bone tissue engineering scaffold 

Scaffolds should mimic the ECM of the tissue that needs to be repaired or regenerated. An ideal 

scaffold should thus act as a temporary template to support cell activity and to induce ECM 

deposition until new tissue forms in the defect sites [31, 32]. The essential properties that an ideal 

scaffold should possess for bone tissue engineering applications have been comprehensively 

discussed in detail in the literature [6, 7], and are briefly summarized as follows: 

(1) The scaffolds should be biocompatible to support normal cell activity. 

(2) Suitable pore size, high porosity and interconnected pore structure are required to allow the 

diffusion of nutrients and oxygen for cell penetration, vascularization and bone tissue 

ingrowth. 
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(3) The scaffolds should have appropriate mechanical properties to match host bone and for 

proper load transfer to the adjacent host tissue. 

(4) The scaffolds should be bioactive to integrate with bone tissues. 

(5) The degradation rate of the scaffolds should match the regeneration rate of new bone. 

(6) The manufacturing technique should enable the production of scaffolds of irregular or 

complex shapes depending on the site of application. 

2.4.2. Bioactive glasses for bone tissue engineering scaffolds 

The use of biodegradable polymer scaffolds for regeneration of load-bearing bones is challenging 

due to their low mechanical strength. Attempts have been made to reinforce the biodegradable 

polymers with inorganic phases [6]. In contrast, bioactive glass/ceramic-derived scaffolds can 

provide superior mechanical properties than polymer scaffolds, however, brittleness limits their 

applications. Bio-inspired by the fact that human bone is an inorganic-organic composite material, 

bioactive glass/ceramic scaffolds have been further combined with biodegradable polymers to 

improve the mechanical properties for bone tissue engineering applications [15]. In addition, 

bioactive glasses are bioactive, biocompatible and biodegradable. Thus, in this work, bioactive 

glass will be used as the material for preparing the matrix of the scaffolds. The following section 

will discuss some of the basic characteristics of bioactive glasses, especially 45S5 BG. 

2.4.2.1. Bioactivity of bioactive glasses 

Bioactive glasses are inorganic materials exhibiting high surface reactivity that induces specific 

biological effects when in contact with tissues leading to the formation of a surface HCA layer 

that is responsible for the firm bond of the material with hard and soft tissues [33, 34]. The 

bioactivity mechanisms of bioactive glasses have been extensively investigated and are attributed 

to the ion leaching/exchange, dissolution of the glass network and formation of HCA on the glass 

surface in contact with body fluid [33]. With the initial formation of the HCA layer, the biological 

mechanisms of bone bonding on the glass surface are suggested to involve adsorption of growth 

factors, followed by attachment, proliferation and differentiation of osteoprogenitor cells. 

Osteoblasts (bone forming cells) create their ECM (mainly collagen), which mineralizes to form a 

nanocrystalline mineral and collagen composite on the surface of the glass (Fig. 2-5). This HCA 

layer is similar to bone mineral and it interacts with collagen fibrils to integrate/bond firmly with 

living bone and, in some cases, also to soft tissue [33]. 
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Fig. 2-5: Interfacial reactions that lead to the formation of a bond between bioactive glass surface and 

bone [33]. (Reproduced with permission of John Wiley and Sons) 

2.4.2.2. Composition of bioactive glasses 

The first bioactive glass (currently known as 45S5 BG, composition in wt%: 45 SiO2-24.5 Na2O-

24.5 CaO-6 P2O5) was invented by Larry Hench and colleagues at the University of Florida in 

1969 [9]. In the last 40 years, the field of bioactive glasses has experienced an impressive 

expansion worldwide, with numerous different compositions of bioactive glasses being 

investigated and finding a wide range of applications. In the field of tissue engineering, bioactive 

glasses are applied as bone regenerative materials, mainly as porous scaffolds or as particles, 

alone or combined with polymers in composites [19, 35] or hybrids [36]. 

From a compositional viewpoint, bioactive glasses can be divided into silicate-based bioactive 

glasses, phosphate-based bioactive glasses, borate-based bioactive glasses and ion-doped 

bioactive glasses [37]. These bioactive glasses are comprehensively reviewed elsewhere [34, 38-

40]. The compositions of some typical bioactive glasses are shown in Table 2-2. 
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Table 2-2: Compositions of typical bioactive glasses [34]. 

Composition/wt% Na2O K2O MgO CaO SiO2 P2O5 B2O3 

45S5 24.5 0 0 24.5 45.0 6.0 0 

13-93 6.0 12.0 5.0 20.0 53 4.0 0 

58S 0 0 0 32.6 58.2 9.2 0 

70S30C 0 0 0 28.6 71.4 0 0 

13-93B1 5.8 11.7 4.9 19.5 34.4 3.8 19.9 

13-93B3 5.5 11.1 4.6 18.5 0 3.7 56.6 

P50C35N15 9.3 0 0 19.7 0 71.0 0 

 

(1) Silicate bioactive glasses 

45S5 BG, the most widely applied bioactive glass, is a typical silicate glass based on the 3D 

glass-forming SiO2 network in which Si is fourfold coordinated to O. This glass is the subject of 

continuous research due to its excellent bioactivity, biocompatibility, as well as osteogenic and 

potential angiogenic effects [33, 35, 36, 41-43]. The superior bioactivity of 45S5 BG is due to its 

relatively low SiO2 content, high Na2O and CaO content, and high CaO/P2O5 ratio. The 

intracellular and extracellular response of 45S5 BG depends upon the release of soluble ionic 

species, i.e. Si, Ca, P and Na from the glass surface [41]. Another popular bioactive glass, 

designated “13-93”, is based on the 45S5 composition, but it has a relatively higher SiO2 content 

and additional network modifiers, e.g., K2O and MgO. 13-93 glass has a suitable viscous flow 

behavior and it exhibits lower tendency to crystallize than 45S5 BG. These features mean that 13-

93 glass has better processing characteristics than 45S5 BG [34]. However, 13-93 glass degrades 

more slowly than 45S5 BG which may be a disadvantage for some applications. Both of these two 

types of silicate bioactive glasses are known to support cell proliferation and differentiation in 

vitro and to enhance bone formation in vivo. In addition to 45S5 and 13-93 glasses, several other 

silicate-based bioactive glasses such as 58S and S70C30 (see Table 2-2) have also been widely 

researched [34, 36]. 

(2) Borate bioactive glasses 

Borate bioactive glasses are very reactive inorganic materials exhibiting relatively low chemical 

durability; therefore they convert more rapidly and completely to an HA-like material when 

compared to silicate bioactive glasses, such as 45S5 and 13-93 glasses. The conversion 

mechanism of borate bioactive glasses to apatite is similar to that of silicate bioactive glasses [34].  
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The bioactivity and degradation rate of borate glasses can be varied from hours to months by 

changing the glass composition, such as partially or fully replacing the SiO2 in silicate 45S5 or 

13-93 glass with B2O3. In addition, the sintering behavior of borate glasses is more controlled than 

that of silicate glasses because they undergo viscous flow sintering more readily. As a trace 

element, boron is required for bone health. Borate bioactive glasses have been found to support 

cell proliferation and differentiation in vitro and tissue infiltration in vivo. A concern associated 

with borate bioactive glasses is that the released borate ions (BO3)
3-

 exhibit toxicity in 

conventional static in vitro cell culture conditions. However, toxicity has not been detected under 

dynamic in vivo culture conditions [34]. 

(3) Phosphate bioactive glasses 

Phosphate bioactive glasses have been proposed to develop materials which are able to 

completely dissolve into safe non-toxic dissolution products after they have performed their 

function [44]. These glasses are based on P2O5 as glass-forming network, and CaO and Na2O as 

modifiers. Phosphate bioactive glasses contain a highly asymmetric [PO4] tetrahedron structural 

unit. Hydration reactions and phosphate network breakage in the hydrated layer due to P-O-P 

bond cleavage are the two steps involved in the dissolution of phosphate bioactive glasses [39]. 

The dissolution rate of phosphate glasses can be tailored by modifying their composition for 

example by adding appropriate oxides such as TiO2, CuO and Fe2O3 to the glass composition [44]. 

Phosphate bioactive glasses have been used as controlled release vehicles of antibacterial ions, 

such as silver, copper, zinc and gallium. In addition, they are promising as smart materials for soft 

tissue engineering applications because they can be spun into fibers and be used in flexible 

structures. This property is relevant for potential applications of these bioactive glasses in 

peripheral nerve regeneration [45]. 

(4) Doped bioactive glasses 

In addition to the typical compositions mentioned above, different amounts of other oxides can 

also be incorporated into bioactive glasses of silicate, borate or phosphate composition to adjust 

specific properties; for example, ZnO and AgO impart antibacterial properties to bioactive glasses, 

CuO can impart angiogenic effects [38]. Furthermore, some trace elements have also been 

incorporated into glass compositions especially to provide the material with useful properties 

relevant for tissue regeneration. Some functions of different doping elements are summarized and 

discussed in recent literature [38, 39, 46, 47]. It should be pointed out that although trace elements 

have beneficial effects, the risk of toxicity at high levels must be avoided, and for each considered 

metallic ion further research is required. An added benefit of doping elements is that in some 

cases they can enhance X-ray imaging contrast. 
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2.4.3. Fabrication methods of bioactive glass/ceramic scaffolds 

Various techniques have been used to fabricate 3D porous bioactive glass/ceramic scaffolds, 

including sol-gel foaming process, thermal bonding of particles/fibers/spheres, foam replication 

method, foaming of suspensions, freeze casting, freeze extrusion and solid freeform fabrication [6, 

22]. More comprehensive overview over fabrication methods of bioactive glass/ceramic scaffolds 

and the features of each technique can be found elsewhere [35, 48]. In this work, foam replication 

method will be used to fabricate 45S5 BG scaffolds due to its ability to obtain large pore size, 

high porosity and interconnected pore structure, which was first reported in 2006 [10]. 

Polyurethane (PU) foams are used to produce common open-pore foams which are used 

applications in such as sofas and armchairs. PU foams are easy to produce and they are readily 

available in different pore sizes (characterized by pores per inch). The flowchart of the foam 

replication method for the fabrication of glass or ceramic scaffolds is shown in Fig. 2-6 [10]. In 

brief, the PU foams are immersed in slurries of glass or ceramic particles so that the particles coat 

the struts of PU foams as the PU foams are burned out. The aim is that, after sintering, the glass or 

ceramic will take the shape of the PU foams. A challenge in the process is to ensure that the struts 

of the PU foams are homogeneously coated with particles, but excess particles on the struts 

should be avoided, otherwise they will block the pores [49]. The green bodies are dried, and then 

heated to burn out the PU foams and sinter the glasses or ceramics. 

 

Fig. 2-6: Flowchart of the foam replication method for fabrication of glass or ceramic foams [10]. 

(Reproduced with permission of Elsevier) 

Bioactive glasses of various compositions have been successfully fabricated into scaffolds with 

porosities in the range of 60–95% using foam replication method, and the pore sizes are in the 

range of 100–700 µm [10, 34]. In general, interconnected pores with a pore size larger than ~100 
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µm are considered as a minimum requirement for bone tissue ingrowth [50]. The typical 

microstructure of the obtained 45S5 BG scaffolds is shown in Fig. 2-7(a), which is quite similar to 

that of low density (dry) human cancellous bone (Fig. 2-7(b)). In addition, the pore structure and 

interconnectivity of 45S5 BG scaffolds were assessed by micro-CT and compared to the native 

cancellous bone (Fig. 2-8). The closed porosity of 45S5 BG scaffolds is negligible, and the overall 

porosity is in the same range as the porosity of native cancellous bone [13]. 

  

Fig. 2-7: Typical SEM images of (a) 45S5 BG scaffold prepared by foam replication method [51] and 

(b) low density human cancellous bone [30]. (Reproduced with permission of Elsevier) 

   

Fig. 2-8: Micro-CT images of (a) 45S5 BG scaffold prepared by foam replication method and (b) 

native cancellous bone [13]. (Reproduced with permission of John Wiley and Sons) 

2.4.4. Bioactive glass/ceramic scaffolds coated with polymers 

The foam replication method is successful in producing 45S5 BG scaffolds with suitable pore size, 

high porosity and well interconnected pore structure. The main problem for 45S5 BG as well as 

other bioactive glass/ceramic scaffolds fabricated using foam replication method is that the 

removal of PU foam is likely to leave hollow struts and there are many pores or cracks on the 

surface of the struts. All of these defects will lead to low fracture strength and high brittleness. 

Although the fracture strength of scaffolds has been improved by more recently developed 
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fabrication methods, such as direct ink writing and freeze extrusion method, the fracture 

toughness (or work of fracture) has not been substantially improved [16]. In order to improve the 

mechanical properties of porous bioactive glass/ceramic scaffolds, the approach of coating or 

infiltrating the scaffolds with polymers, including both synthetic and natural polymers, has been 

put forward. Studies on polymer coated bioactive glass/ceramic scaffolds have been reviewed in 

2008 by Yunos et al. and in 2015 by Philippart et al. [15, 16]. After coating with polymers, the 

compressive strength and fracture toughness of the scaffolds were improved to a variable extent. 

The strengthening and toughening effects of polymer coatings are generally explained by the 

micron-scale crack-bridging mechanism [16, 52, 53]. In addition to the strengthening and 

toughening effects, the polymer coating may also act as a carrier for the controlled delivery of 

therapeutic agents [16]. 

In this work, both synthetic and natural polymers will be used as polymer coatings. PHBV is 

selected as synthetic polymer, and gelatin is selected as natural polymer. 

2.4.4.1. PHBV 

PHBV, which belongs to the class of polyhydroxyalkanoates (PHAs), is a thermoplastic linear 

aliphatic polyester. It is synthesized by various bacteria as storage compounds under growth 

limiting conditions, and is biocompatible and biodegradable [54]. PHBV is a copolymer of 

polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHV) (Fig. 2-9), and its properties such as 

crystallinity, biodegradability, melting point, water permeability and mechanical properties can be 

tailored by changing the molar percentage of PHV in the structure [54-56]. PHB provides stiffness 

while PHV enhances flexibility. Therefore, PHBV can be made to resemble polymers such as 

polypropylene or polyethylene by changing the PHB/PHV ratio, and is a good alternative for 

many non-biodegradable synthetic polymers for such as food packaging applications [57, 58]. 

The less crystalline component (PHV) exhibits a higher degradation rate than the highly 

crystalline component (PHB). By adjusting the percentage of PHV in copolymer, the degradation 

of PHBV can be tuned to achieve the desired rates. In addition, the presence of PHV increases the 

hydrophilicity of PHBV, which could affect its degradation rate [59]. These tailorable properties 

of PHBV make it more suitable for tissue engineering and drug delivery applications in 

comparison to the most abundant type of PHAs, i.e., P(3HB) [54]. In addition, during the 

degradation process, PHBV does not produce acidic degradation products like polylactic acid 

(PLA) or poly(lactic-co-glycolic acid) (PLGA) which may be harmful for human tissues [60]. 

Previous in vitro or in vivo studies have shown that PHBV as well as its composites has promising 

potential applications for wound healing [61], bone regeneration [60, 62], nerve tissue engineering 

[63] and as drug delivery systems for treating skin diseases [64] and cancer therapies [65, 66]. 
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Fig. 2-9: Structure of PHBV. 

2.4.4.2. Gelatin 

As a natural polymer, gelatin does not occur free in nature. It is a heterogeneous mixture of water 

soluble proteins produced by partial hydrolysis of collagen extracted from the skin, white 

connective tissues or bones of animals [67, 68]. During hydrolysis, the natural molecular bonds 

between individual collagen strands are irreversibly broken down into a form that rearranges more 

easily, thus, the chemical composition of gelatin is still quite similar to that of its parent collagen 

[69]. Gelatin derived from an acid-treated precursor is known as Type A, and gelatin derived from 

an alkali-treated process is known as Type B [70]. 

Gelatin can be easily dissolved in water under mild heating, which not only avoids the use of 

toxic solvents but also enables the incorporation of various drugs during processing. The charge 

on a gelatin molecule and its isoelectric point are primarily due to the carboxyl, amino, and 

guanidine groups on the side chains (Fig. 2-10). Type A gelatin has a broad isoelectric point range 

of 7.0–9.0, while Type B has narrower range of 4.7–5.2 [70]. The isoelectric point as well as the 

pH of gelatin solution determines not only the solubility of gelatin but also the net charge carried 

by gelatin.  

 

Fig. 2-10: A typical structure unit of gelatin [71]. 

In addition to the wide applications such as in food, pharmaceutical and photographic industries, 

gelatin has been increasingly used in the generation of scaffolds for tissue engineering 

applications and as drug delivery vehicles, due to its biocompatibility, biodegradability, non-

immunogenic properties and relatively low cost [72, 73]. Gelatin was fabricated into porous 

scaffolds using various techniques such as freeze drying and electrospinning [67, 74, 75]. In 

addition to build the matrix of scaffolds, gelatin has been also used as a coating material to 

reinforce bioactive glass/ceramic scaffolds for bone tissue engineering applications [72, 76-80]. 
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For example, uncoated HA scaffolds had a compressive strength of 0.38 MPa, while coating with 

a gelatin resulted in a six-fold increase up to 2.22 MPa [72]. Compressive strength of uncoated 

and gelatin coated Biosilicate
®
 scaffolds were 0.06 MPa and 0.8 MPa, respectively [76]. It should 

be pointed out that the gelatin was used without crosslinking in these studies. Gelatin, in its 

original state, dissolves/degrades rapidly in aqueous solution [68, 81], which may lead to the 

quick loss of its reinforcing effects on scaffolds. In order to decrease the dissolution/degradation 

rate of gelatin coating on bioactive glass/ceramic scaffolds, it was cross-linked in few studies , 

however the mechanical properties of the scaffolds were not reported [82-84]. 

2.4.5. Drug release from scaffolds 

From the surgical perspective, implantation of scaffolds and prosthetic devices has a risk of 

infections, which is one of the most common complications associated with implanted devices 

and could lead to delayed bone healing or ingrowth, nonunion of fractures, and implant loosening 

[85]. Besides infections, bone diseases such as osteoporosis should also be taken into 

consideration in treating bone defects, because they could adversely affect the bone repair process. 

Traditionally, drugs are systemically administrated to treat infections or diseases. However, 

scaffolds are still not vascularized following the implantation. Therefore, systemic administration 

of drugs would not be effective at this stage [86]. In addition, systemic administration of drugs 

has several disadvantages such as adverse effects, lack of effective interaction at the site where it 

is required and the risk of overdose. Local drug delivery by the scaffolds could provide an 

adequate therapeutic concentration of the drug in the target site [86]. Therefore, there are 

increasing investigations focusing on loading engineered scaffolds with therapeutic drugs, 

generating a dual function for the scaffolds [3]. The fabrication of bioactive glass/ceramic 

scaffolds by foam replication method involves high temperature sintering process that is 

incompatible with the incorporation and stability of the drugs. Therefore, the drugs should be 

incorporated into the bioactive glass/ceramic scaffolds after sintering. 

Different strategies have been proposed to enable the release of relevant therapeutic drugs from 

bioactive glass/ceramic scaffolds for the treatment of infections or diseases associated with the 

bone repair process. The first approach is to load the drugs directly onto the bioactive 

glass/ceramic scaffolds. The drugs can be adsorbed on the surface of the scaffold struts or 

entrapped inside the pores or hollow center of the scaffold struts. The loading approach is simple, 

but the drug release behavior is difficult to control [87]. Another approach is the application of 

biodegradable polymer coatings loaded with relevant drugs on the bioactive glass/ceramic 

scaffolds. The polymer coatings could provide more controlled drug release behavior than 

uncoated scaffolds. Meanwhile, the polymer coatings could reinforce the scaffolds as mentioned 

in Section 2.4.4. An interesting approach to drug delivery is to combine drug loaded polymer 
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microspheres within the macroporous scaffolds. This approach could be very useful when the 

scaffolds alone or coated with polymers are not capable for the regulated release of the drugs, 

such as highly water-soluble drugs. Polymer microspheres are well-known for their ability to 

encapsulate a wide range of drugs, and tune the drug release profiles [88]. 

2.5. Polymer microspheres for drug delivery 

Due to the common problems such as low solubility, high potency, and/or poor stability of many 

drugs, the drug delivery methods can greatly impact therapeutic efficacy as much as the nature of 

the drugs themselves. Therefore, there is a corresponding need for safer and more effective 

methods for drug delivery, aiming to release a therapeutic drug in the effective concentration, at 

the right time and to the proper location [88, 89]. 

Polymer microspheres have been established as a powerful drug delivery system for controlled 

and sustained release of various therapeutic agents including small molecules and 

macromolecules. It offers several potential advantages over traditional methods of drug 

administration. First, drug release rates can be tuned to meet the needs of a specific application. 

Second, microspheres protect the unstable and sensitive drugs from hazard environment and 

improve their bioavailability and therapeutic efficiency. Finally, the drug release from 

microspheres has outstanding clinical benefits since the dosing frequency is reduced, which is 

more convenience and acceptance for patients [88, 90]. 

2.5.1. Biopolymers for preparing microspheres 

When selecting a polymer for fabricating microspheres, the properties of the polymer should be 

taken into consideration are the chemical composition, physical properties, biodegradability and 

biocompatibility. In addition, the physicochemical properties of the drug to be encapsulated such 

as its aqueous solubility, compatibility with the polymer and stability are key factors to be 

considered during developing microspheres [91].  

Different types of polymers have been used to prepare microspheres. They can be classified into 

two groups: synthetic and natural polymers. The synthetic polymers commonly used are PLA, 

polyglycolic acid and their copolymer PLGA, polycaprolactone (PCL), polyanhydrides, 

polycarbonate, poly(ortho esters), poly(phosphoesters) and PHAs. The typical natural polymers 

used for preparing microspheres are chitosan, alginate, gelatin, hyaluronic acid, starch and dextran. 

The characteristics of these polymers are reviewed in detail in literature [90, 91]. In this work, 

PHBV, which belongs to PHAs and is selected as one type of the coating materials for 45S5 BG 

scaffolds, will also be used to prepare microspheres. The advantages of using PHBV for drug 

delivery as well as tissue engineering applications have been described in Section 2.4.4.1. 
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2.5.2. Fabrication methods of microspheres 

To date, polymer microspheres have been prepared by various developed methods, such as 

emulsion solvent extraction/evaporation, spray drying, electrospray, polymerization and 

microfluidics, which feature partly competing and partly complementary characteristics. Among 

these methods, emulsion solvent extraction/evaporation method possesses the competitive 

advantages including low cost, good reproducibility, high degree of control over particle 

characteristics such as particle size and easy scale-up, which therefore make it one of the most 

popular methods in pharmaceutical industries to produce microspheres [92, 93]. 

Depending on the solubility of the drug in the organic solvent, different strategies were used to 

encapsulate drugs by emulsion solvent extraction/evaporation method (Fig. 2-11) [93]. For poorly 

water-soluble or insoluble drugs, the drug and polymer are dissolved together in an organic 

solvent. An oil-in-water (O/W) emulsion is formed by emulsifying the organic phase with the 

aqueous phase containing a surfactant. Solid microspheres are formed by extracting the organic 

solvent using a certain solvent such as aqueous phase or evaporating the organic solvent via 

stirring. Centrifugation or filtration followed by drying can be used to obtain the final 

microspheres. The double emulsion method is generally applied to water-soluble drugs. A 

primary water-in-oil (W1/O) emulsion is formed by emulsifying an aqueous internal phase 

containing the drug in an organic phase containing a dissolved polymer. A water-in-oil-in-water 

(W1/O/W2) double emulsion is formed when the primary W1/O emulsion is further emulsified in 

a secondary aqueous phase. Final product can be obtained using processes similar to those used in 

the single emulsion method [90, 93]. 

 

Fig. 2-11: Schematic illustration of emulsion methods for microsphere fabrication (according to Mao 

et al.) [93]. (a) Oil-in-water (O/W) single emulsion method, and (b) water-in-oil-in-water (W1/O/W2) 

double emulsion method. 
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For a given drug, the properties of the microspheres as well as the eventual drug release profile 

are strongly dependent on various factors during the manufacturing process, which are 

summarized in Fig. 2-12. The influences that each factor may have on the properties of the 

microspheres are reviewed elsewhere [90, 91]. Most of the factors shown in Fig. 2-12 will be 

involved during the optimization process of the PHBV microsphere fabrication in this work. 

 

Fig. 2-12: Summary of the factors influencing the properties of microspheres [90]. (Reproduced with 

permission of Elsevier) 

2.6. Polymer microsphere containing scaffolds 

Polymer microspheres are characteristically flowing particles, which are conventionally used for 

oral, parenteral and ocular drug delivery. Due to the strong demand of controlled drug (or other 

bioactive molecule) delivery function in tissue engineering therapeutics, microspheres have been 

used in tissue engineering scaffolds recently. The microspheres can be either used to build the 

matrix of a scaffold or incorporated as addition onto/into the matrix of scaffolds, naming 

microsphere-based scaffolds and microsphere-incorporated scaffolds [94, 95]. 

Microsphere-based scaffolds can be prepared simply by pressing or more commonly by fusing the 

microspheres together [94, 96-99], which is schematically shown in Fig. 2-13(a). The fusing can 

be achieved by either heating the microspheres to a specific temperature above the glass transition 

temperature of the polymers or using a solvent to bond the microspheres together [94]. The 

mechanical properties and porous structure of the scaffolds can be adjusted by controlling the 
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fusing conditions such as heating temperature and solvent concentration. Various types of PLGA, 

PCL or P(3HB) microsphere-based scaffolds have been developed for bone tissue engineering 

applications, and compressive strength nearly equal to that of cancellous bone and controlled drug 

release profiles have been achieved [94, 96, 97, 100]. Although the pore size and porosity of the 

microsphere-based scaffolds can be improved by involving salt leaching step during the 

fabrication process [101], the overall pore size, porosity and pore interconnectivity of this type of 

scaffolds are still likely to hinder cell migration and vascularization [94]. 

Another type of microsphere containing scaffolds is microsphere-incorporated scaffolds, in which 

the microspheres are located either on the struts of the scaffolds or inside the matrix of the 

scaffolds. The incorporated microspheres generally do not affect the overall macrostructure of the 

scaffolds, therefore the pore size and porosity of the scaffolds will not significantly reduce which 

are beneficial for bone tissue engineering applications. A wide variety of scaffolds made by 

bioactive glasses/ceramics or biodegradable polymers have been incorporated with polymer 

microspheres for drug or growth factor delivery purposes [62, 86, 102-106]. The microspheres 

can be either incorporated during the fabrication process of scaffolds or after the fabrication of 

scaffolds, depending on whether high temperature processing step is involved during the scaffold 

fabrication.  

  

Fig. 2-13: Schematic of (a) the preparation of microsphere-based scaffolds, and (b) the structure of 

microsphere-incorporated scaffolds. 

2.7. Drug candidates 

Antibacterial agents and anti-osteoporosis drugs are the most relevant therapeutic agents for bone 

tissue engineering applications. In this work, antibacterial agents or anti-osteoporosis drugs have 

been either directly incorporated into the scaffolds (with or without polymer coatings) or firstly 

loaded in the microspheres and then incorporated into the scaffolds. 
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2.7.1. Vancomycin hydrochloride 

Vancomycin hydrochloride (VCM) (C66H75Cl2N9O24·HCl, molecular weight 1485.71 g/mol) (Fig. 

2-14) is a glycopeptide antibiotic and is effective mostly against Gram-positive bacteria, including 

penicillin-resistant staphylococci. VCM is primarily used for the treatment of serious infections 

caused by Gram-positive bacteria known or suspected to be resistant to other antibiotics [107]. 

VCM is an attractive choice for bone tissue engineering applications, and it is applied widely in 

bone and prosthetic devices [108-110]. VCM is highly water soluble (>100 mg/mL), and yields a 

clear solution, while VCM is nearly insoluble in dichloromethane (DCM) and chloroform. 

  

Fig. 2-14: Chemical structure of vancomycin hydrochloride. 

2.7.2. Tetracycline hydrochloride 

Tetracycline hydrochloride (TCH) (C22H24N2O8·HCl, molecular weight 480.90 g/mol) (Fig. 2-15) 

is a broad-spectrum polyketide antibiotic with clinical uses in treating many bacterial infections 

caused by both Gram-positive and Gram-negative bacteria. TCH possesses hydrophilic nature, 

and is highly soluble in water (>50 mg/mL) and yields a clear, yellow to yellow-orange solution, 

while it is nearly insoluble in DCM and chloroform. Compared to VCM, TCH is much more 

sensitive to UV spectrophotometer which makes it easier to be detected and more favorable as a 

hydrophilic model drug for drug release study [111]. 

  

Fig. 2-15: Chemical structure of tetracycline hydrochloride. 

2.7.3. Polyguanidine 

Biocidal cationic polymers, such as polyguanidines, have attracted considerable attention for their 

high antibacterial activity and low toxicity to humans, and they have been widely investigated or 
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used as disinfectants or biocides in ophthalmology, water systems, topical wounds and 

environments [112-115]. Polyguanidines can be synthesized through condensation polymerization 

of guanidine hydrochloride and diamines, as shown in Fig. 2-16 [114-116]. 

 

Fig. 2-16: Synthesis of polyguanidines through condensation polymerization of guanidine 

hydrochloride and diamines. 

The antibacterial action of the polyguanidines starts with the interaction of positively charged 

polymer molecules with the bacteria which carry a net negative charge on their surface due to 

negatively charged lipids in the cell membrane, and followed by the hole-formation i.e., 

perturbations of the polar headgroups and hydrophobic core region of the lipids membranes 

killing the bacteria [117, 118]. In this work, in addition to antibiotics, polyguanidine will also be 

used as antibacterial agent. 

2.7.4. Daidzein 

Daidzein (C15H10O4, molecular weight 254.24 g/mol) is an anti-osteoporosis drug, and it 

structurally belongs to the group of isoflavones (Fig. 2-17). Daidzein as well as other isoflavone 

compounds are present in a number of plants and herbs. Daidzein possesses hydrophobic nature, 

and it is soluble in organic solvents such as ethanol and DCM, while daidzein is sparingly soluble 

in water. In addition to its anti-osteoporosis function, daidzein was also used as hydrophobic 

model drug to investigate the drug delivery systems in this work.  

 

Fig. 2-17: Chemical structure of daidzein. 
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 Chapter 3

Materials and methods 

 

3.1. Preparation of 45S5 bioactive glass powder 

The commercially available melt-derived 45S5 BG was obtained in the form of frits. The frits 

were crushed into powder with particle size of ~100 µm using a jaw crusher (BB51, Retsch, 

Germany). Afterwards, the obtained power was milled in a planetary ball mill using ZrO2 

grinding bowl and ZrO2 grinding balls (PM100, Retsch, Germany). The final particle size (D50) of 

the milled powder was ~5 µm (Fig.A. 1). 

3.2. Fabrication of 45S5 bioactive glass scaffolds 

The milled 45S5 BG powder and PU foams (45 pores per inch, Eurofoam, Troisdorf, Germany) 

were used for preparing the scaffolds by foam replication method, as schematically shown in Fig. 

3-1 [10]. In brief, the slurry was prepared by dissolving 6% w/v polyvinyl alcohol (PVA) (Mw 

~30,000, Merck, Darmstadt, Germany) in deionized water, and followed by adding 45S5 BG 

powder to the PVA solution up to a concentration of 30 wt%, 40 wt% or 50 wt%. PU foams were 

immersed and rotated in the slurry, and then taken out from the slurry manually. The extra slurry 

was completely squeezed out from the foams. The foams were left to dry at room temperature 

followed by repeating the procedure described above one or two more times. As shown in Fig. 3-2, 

the obtained green bodies were heated at 400 °C for 1 h to decompose the PU foams, and then at 

1100 °C for 2 h to densify the glass network. The heating and cooling rates used were 2 °C/min 

and 5 °C/min, respectively. 

 

Fig. 3-1: Schematic diagram of foam replication method used for preparing 45S5 BG scaffolds. 
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Fig. 3-2: Heat treatment program designed for burning out the PU templates and sintering the 45S5 

BG green bodies (Similar to the process introduced by Chen et al. [10]). 

In this work, the parameters for preparing 45S5 BG scaffolds were optimized based on the 

mechanical integrity and pore interconnectivity of the as-sintered scaffolds. The optimized 

concentration of 45S5 BG powder in the slurry was 50 wt%, and the foams were coated by the 

slurry for 2 times. 

3.3. Fabrication of 45S5 bioactive glass disk 

For determining the elastic modulus of sintered 45S5 BG and contact angle of 45S5 BG as well as 

polymer coated 45S5 BG, 45S5 BG disks were produced by uniaxial pressing of the 45S5 BG 

powder in a cylindrical die with a diameter of 15 mm, followed by sintering using the same heat 

treatment used for the scaffolds, as shown in Fig. 3-2. 

3.4. Fabrication of PHBV microspheres 

PHBV (PHV content 12 wt%) was purchased from Goodfellow (Huntingdon, UK). Fig. 3-3 

shows the schematic diagrams of emulsion solvent extraction/evaporation method used for 

preparing PHBV microspheres. An oil-in-water (O/W) single emulsion method was used to 

prepare the pure PHBV microspheres. Orthogonal design was applied for optimizing the main 

preparation parameters (Table 3-1). The volume ratio of O phase to W phase was optimized and 

fixed at 1:25 (data not shown), and the emulsification time was optimized and set as 3 min (data 

not shown). Optimized parameters were chosen according to the particle size distribution, shape 

and yield of the microspheres (Section 4.3.2.1.1). The optimized PHBV concentration was 3%, 

PVA concentration was 2%, and the stirring rate was 7000 rpm. 

A water-in-oil-in-water (W/O/W) double emulsion method was used to encapsulate the 

hydrophilic drugs (Fig. 3-3(a)). 4.5 mg VCM (AppliChem, Darmstadt, Germany) or TCH 

(AppliChem, Darmstadt, Germany) was added into 0.15 mL of 2% w/v aqueous PVA solution. 

This aqueous drug solution (W phase) was then added into 3 mL of 3% w/v PHBV solution (O 

phase) in which PHBV was dissolved in DCM (Merck, Darmstadt, Germany). The mixture was 
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emulsified using a probe sonicator (Branson Sonifier
®
 S-250D, Emerson, USA) at 30% power 

output for 30 s. The resultant W/O primary emulsion was immediately added into 75 mL of 2% 

w/v aqueous PVA solution and emulsified using a homogenizer (T18, IKA, Germany) at 7000 

rpm for 3 min. The resultant W/O/W double emulsion was then stirred at 800 rpm for 3 h on a 

magnetic stirrer to evaporate the DCM. The microspheres were collected by centrifugation 

(Centrifuge 5416, Eppendorf, Germany) at 4800 rpm for 4 min, washed three times in deionized 

water, and lyophilized in a freeze dryer (Alpha 1-2 LDplus, Martin Christ, Germany). The 

microspheres were stored in a desiccator until further use. 

The hydrophobic drugs were encapsulated in PHBV microspheres by O/W single emulsion 

method (Fig. 3-3(b)). Daidzein was dissolved in PHBV solution at a mass ratio of 1:10 or 1:20. 

The followed preparation procedure was the same as the pure PHBV microspheres or the left 

steps of W/O/W double emulsion method after obtaining the primary W/O emulsion. The only 

difference was that in some cases an extra external aqueous phase was added into the O/W 

emulsion in order to extract the organic solvent. 

 

 

Fig. 3-3: Schematic diagrams of emulsion solvent extraction/evaporation method used for preparing 

PHBV microspheres loaded with (a) hydrophilic drugs (VCM or TCH) or (b) hydrophobic drug 

(daidzein). 
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Table 3-1: Parameters for optimizing the fabrication of PHBV microspheres. 

No. Stirring rate (rpm) PHBV concentration (% w/v) PVA concentration (% w/v) 

1 3500 1 1 

2 3500 3 2 

3 3500 5 3 

4 7000 1 2 

5 7000 3 3 

6 7000 5 1 

7 11000 1 3 

8 11000 3 1 

9 11000 5 2 

 

3.5. Characterization techniques 

3.5.1. Density and porosity 

The density of polymers and sintered 45S5 BG was measured using a pycnometer and applying 

Eq. (3-1): 

𝜌material =
(𝑀2−𝑀1)

(𝑀4−𝑀1)−(𝑀3−𝑀2)
× 𝜌Ethanol  (3-1) 

where M2 is the mass of the sample and the pycnometer, M1 is the mass of the pycnometer, M4 is 

the mass of the fully filled amount of ethanol and the pycnometer, M3 is the mass of the sample, 

the specific amount of immersion ethanol and the pycnometer, and ρEthanol is the density of ethanol 

at room temperature. Polymer films were cut into small pieces, and sintered 45S5 BG scaffolds 

were ground into powder before measurement. Ethanol was chosen as the immersion liquid in the 

present measurement, because none of the tested materials dissolve in ethanol. 

The porosity of scaffolds before (p1) and after (p2) coating with polymers was calculated by Eqs. 

(3-2) and (3-3): 

p1 = 1 − M1/(ρBGV1)  (3-2) 

p2 = 1 − (M1/ρBG + (M2 − M1)/ρcoating)/V2  (3-3) 

where M1 and M2 are the mass of the scaffolds before and after coating, respectively; V1 and V2 

are the volume of the scaffolds before and after coating, respectively; ρBG is considered as the 

density of sintered 45S5 BG and ρcoating is the density of used polymers [119]. 
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3.5.2. Scanning electron microscopy 

The microstructure of microspheres, scaffolds or membranes was characterized using scanning 

electron microscopy (SEM) (LEO 435 VP, Cambridge, UK and Ultra Plus, Zeiss, Germany). 

Samples were sputter coated with gold in vacuum if necessary. SEM was also used to observe the 

scaffold surfaces after immersion in simulated body fluid (SBF) and after cell cultivation. 

3.5.3. Energy dispersive spectroscopy 

The elemental analysis of the samples was carried out using energy dispersive spectroscopy (EDS, 

X-Max
N
 Oxford Instruments, UK). The EDS analysis was performed on gold coated samples at 8 

kV and a working distance of 6 mm.  

3.5.4. Mechanical properties 

3.5.4.1. Compressive test 

Zwick/Roell Z050 mechanical tester was used to determine the mechanical properties of the 

scaffolds (10 mm × 8 mm × 8 mm) before and after coating with polymers. The crosshead speed 

was 0.5 mm/min. Load cell with 50 N or 1 kN loading capacity was used for measuring the 

scaffolds. During compressive strength test, the scaffolds were pressed in the 10 mm direction 

until the strain reached 70%. The maximum stress of the obtained stress–strain curve before 

densification was used to determine the compressive strength. The work of fracture (Wab) of the 

scaffolds, which is related to the energy necessary to deform a sample to a certain strain or 

toughness, was estimated from the area under the load–displacement curve until 70% strain. At 

least five samples were tested, and the results were given as mean ± standard deviation. 

3.5.4.2. Tensile test 

The characterization of mechanical properties of membranes was performed using standard tensile 

strength test (Frank, Karl Frank GmbH, Germany) on 5 mm × 40 mm strips of ~100 µm thickness 

with a gauge length of 20 mm and a load cell capacity of 50 N under a loading speed of 10 

mm/min. The ultimate tensile strength, elongation at break and Young’s modulus were 

determined from the stress–strain curves. Work of fracture was also calculated. Five samples were 

tested for each composition, and the results were given as mean ± standard deviation. 

3.5.5. Micro-CT
1
 

In addition to SEM, the microstructure of GCG coated 45S5 BG scaffolds was also evaluated by 

micro-computed tomography (micro-CT) (Skyscan 1076 Hasitom, Bruker). For the measurement, 

                                                      
1
 Micro-CT analysis was performed by Fabian Westhauser and Christian Weis at the University Hospital 

Heidelberg, Heidelberg, Germany. 
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a current of 200 µA, an integration time of 450 ms, a voltage of 50 kVp and a pixel size of 9 µm 

were used. The 3D images were reconstructed using Amira Visulaization Software. 

3.5.6. Fourier transformed infrared spectroscopy 

The chemical structure of the samples was investigated by Fourier transformed infrared 

spectroscopy (FTIR) (Nicolet 6700, Thermo Scientific, USA). Spectra were recorded in the 

absorbance mode in the range of 4000 and 400 cm
-1

 with a resolution of 4 cm
-1

. For FTIR 

measurements, the samples were ground, mixed with KBr (spectroscopy grade, Merck, Germany) 

and pressed into pellets. The pellets consisted of 1 mg of sample and 200 mg of KBr. 

3.5.7. X-ray diffraction 

The main composition of the samples was characterized using X-ray diffraction (XRD) (Bruker 

D8 ADVANCE Diffractometer, Cu Kα). Data were collected over the 2 range from 10° to 80° 

using a step size of 0.014° with 1 second per step. For XRD measurements, the scaffolds were 

ground and measured in powder form, while membranes were measured directly. 

3.5.8. Contact angle 

Static contact angle measurements were carried out on disk samples using a DSA30 contact angle 

measuring instrument (Kruess, Germany). The 45S5 BG disks were prepared as described in 

Section 3.3. The as-sintered disks were coated with the same polymer solution using the same 

procedure described for coating the scaffolds (Section 4.2.1). Polymer films were also prepared 

by casting the polymer solution into glass petri dishes. Water (3 µL) was added onto samples by a 

motor-driven syringe at room temperature. Reported data were obtained by averaging the results 

of five measurements.  

3.5.9. Particle size analysis 

3.5.9.1. Laser diffraction particle size analysis 

Particle size of the milled 45S5 BG powder and microspheres was analyzed by particle size 

analyzer 2000 (Malvern, Worcestershire, UK). In addition to the median particle size (D50), the 

width of particle size distribution (span) was also presented. 

The span is calculated by (D90 − D10)/D50, where Di means i% of the particle distribution lies 

below the size Di. The samples were suspended in deionized water. 

3.5.9.2. Imaging analysis of particle size 

Particle size distribution was also determined using Image J (NIH, USA). At least 200 particles of 

each sample were measured for calculating the diameter. The results were given as mean ± 

standard deviation. 
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3.5.10. Zeta potential 

Zeta potential of the samples was analyzed by Malvern Zetasizer Nano ZS (Malvern, 

Worcestershire, UK). The samples were suspended in deionized water. 

3.5.11. Differential scanning calorimetry 

The thermal behavior and crystallization of the raw PHBV and PHBV microspheres were 

determined by differential scanning calorimetry (DSC) (Q2000, TA Instruments, USA). The 

samples were heated from 0 °C to 200 °C under nitrogen flow. The initial heat scan was followed 

by a cooling scan from 200 °C to 0 °C and then a second heating scan from 0 °C to 200 °C. Both 

heating and cooling rates were 10 °C/min. For raw PHBV, the heat history was erased by the first 

heating-cooling cycle, and the melting temperature (Tm), crystallization temperature (Tc) and 

melting enthalpy (ΔHm) were determined from the second heating-cooling cycle which reflects the 

inherent properties of PHBV, while the results obtained from the first heating-cooling cycle for 

microspheres were applied to show the effects of emulsion solvent extraction/evaporation process 

on thermal parameters. The crystallinity (Xc) was calculated by Eq.  (3-4): 

𝑋𝑐(%) = ∆𝐻𝑚/∆𝐻𝑜 × 100  (3-4) 

where ΔHm is the melting enthalpy of the microspheres, and ΔHo (146 J/g) is the melting enthalpy 

of 100% crystalline PHBV [120]. 

3.5.12. Roughness measurement 

The membrane surface roughness was measured using a laser profilometer (UBM Messtechinik, 

Ettlingen, Germany). A reflection of 670 nm laser beam was used to determine the vertical 

position of the membrane surface. The roughness was measured on the top surface and 

represented as average roughness (Ra), maximum peak-to-valley height (Rmax) and mean peak-to-

valley height (RzDIN). 

3.6. In vitro bioactivity 

The in vitro bioactivity test was carried out using the standard procedure described by Kokubo et 

al [121]. The scaffolds (10 mm × 8 mm × 8 mm) or membranes (5 mm × 10 mm × 0.1 mm) were 

immersed in 50 mL SBF and kept in a shaking incubator at 37 °C and 90 rpm. Samples were 

collected after pre-determined time of immersion, during which the SBF was replaced twice a 

week. Once removed from the incubator, the samples were rinsed with deionized water and left to 

dry at room temperature in a desiccator for further SEM, FTIR or XRD analysis. 
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3.7. In vitro degradation 

The in vitro degradation of the samples was also investigated in SBF. Samples were collected 

after pre-determined time of immersion, during which the SBF was replaced twice a week. 

Weight loss of the samples was calculated by Eq. (3-5): 

Weight loss (%) = (M1 − M2)/M1 × 100%  (3-5) 

where M1 and M2 are the mass of the samples before and after immersion in SBF, respectively. 

3.8. Swelling 

The swelling of membranes were studied in SBF. Samples were dried before experiment. After 

immersion in SBF for different periods of time, wet membranes were wiped with filter paper to 

remove excess liquid and weighted. The swelling ratio was calculated by Eq. (3-6): 

Swelling ratio (%) = (M2 – M1)/M1 × 100%  (3-6) 

where M1 and M2 are the mass of the samples before and after swelling, respectively. 
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 Chapter 4

45S5 bioactive glass scaffolds reinforced with polymer coatings 

 

4.1. Introduction 

45S5 BG scaffolds fabricated by the foam replication method meet several important properties of 

an ideal bone tissue engineering scaffold, due to the intrinsic bioactivity, biocompatibility, 

biodegradability, osteogenic and potential angiogenic effects of 45S5 BG, and the high porosity 

and interconnected pore structure derived from the foam replication method [10, 11, 13, 36, 122]. 

The high porosity and large pore size of such scaffolds are favorable for osteogenesis and 

vascularization throughout the entire 3D structure [13, 29]. However, due to the high porosity 

(>90%) and the need of keeping a balance between bioactivity (related to crystallization) and 

mechanical properties (related to densification), these 45S5 BG scaffolds normally exhibit relative 

low strength and toughness [10]. 

Polymer coating can enhance the mechanical properties of brittle bioactive glass/ceramic based 

scaffolds, and various polymers have been used for this purpose [15, 16]. It is worth noting that 

although the compressive strength of 45S5 BG scaffolds could be improved by polymer coatings, 

most of them still fall close to the lower bound of the values for cancellous bone [123]. Therefore, 

there is still a strong demand to develop novel polymer coated scaffolds with superior mechanical 

properties. In addition, ideally the polymer coatings should also be able to act as drug carriers. 

This chapter was thus dedicated to fabricate and characterize 45S5 BG scaffolds with polymer 

coatings. PHBV was chosen as the synthetic polymer coating, and cross-linked gelatin was used 

as natural polymer coating. In addition, the PHBV microspheres used for coating the scaffolds 

were fabricated and characterized. The investigation in this chapter was focused on the influence 

that various polymer coatings may have on the microstructure, mechanical properties and in vitro 

bioactivity of the 45S5 BG scaffolds. 

4.2. Experimental methods 

4.2.1. Polymer coating procedures 

The fabrication process of 45S5 BG scaffolds and PHBV microspheres was described in Section 

3.2 and Section 3.4, respectively. The polymer coating procedures of the scaffolds are described 

as follows. 
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4.2.1.1. PHBV (film) coating 

5 % w/v PHBV solution was prepared by dissolving PHBV in chloroform (Merck, Darmstadt, 

Germany). The as-sintered 45S5 BG scaffolds of dimensions 10 mm × 5 mm × 5 mm were then 

completely immersed in the PHBV solution (20 mL) for 5 min; in the meantime the container was 

manually shaken to achieve homogeneous coatings. After that, the scaffolds were taken out and 

dried in air at room temperature for 24 h. 

4.2.1.2. Genipin cross-linked gelatin coating 

Gelatin-genipin solution at a concentration of 5 % w/v was prepared by dissolving gelatin (type A, 

Sigma-Aldrich, St. Louis, MO, USA) and genipin (Wako, Osaka, Japan) together in a distilled 

water-ethanol mixture (5 vol% ethanol) under magnetic stirring at 50 °C. The amount of genipin 

in the gelatin-genipin mixture was 1 wt%. This genipin concentration was shown to be able to 

partially crosslink the gelatin in agreement with previous studies [81]. The 45S5 BG scaffolds 

were then completely immersed in the gelatin-genipin mixture solution for 1 min under a vacuum 

condition, and then dried at room temperature for 1 day and subsequently the above coating 

procedure was repeated one more time to obtain the final genipin cross-linked gelatin (GCG) 

coated 45S5 BG scaffolds. 

4.2.1.3. PHBV microsphere coating 

A slurry of the PHBV microspheres (0.5 wt%) was prepared by dispersing the microspheres in 

deionized water or hexane (Merck, Darmstadt, Germany). The scaffolds (10 mm × 8 mm × 8 mm) 

were coated with microspheres by dipping the scaffolds into the slurry for 1 min and then dried at 

room temperature. The dip coating and drying processes were repeated several times until the 

given amount of slurry was used up. 

4.3. Results and discussion 

4.3.1. 45S5 bioactive glass scaffolds coated with PHBV (film) 

4.3.1.1. Microstructure characterization 

Typical SEM images of the 45S5 BG scaffolds without and with PHBV coating are shown in Fig. 

4-1. The uncoated scaffold, which was obtained by foam replication method, exhibits a highly 

interconnected pore structure. The porosity and average pore size were calculated to be ~96% and 

300 µm, respectively. The pore size was in the range of 200550 µm as assessed by SEM images, 

which is reported to be suitable for bone tissue engineering applications [19, 34, 50]. After 

coating, the open pore structure was maintained, as confirmed by close examination of SEM 

images (Fig. 4-1(b)). Only few pores were blocked by the PHBV coating. The porosity of the 

PHBV coated scaffolds was ~94%, and the weight percentage of PHBV in coated scaffolds was 
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15% on average. As shown in the high magnification images (Fig. 4-1(c)(d)), the struts of the 

scaffolds were only partly covered by the polymer. The valley-like areas were mostly coated 

while hills-like protrudent areas were still uncoated. Coating thickness values of maximum ~1.5 

µm were estimated from SEM observations. 

 

  

Fig. 4-1: SEM images of 45S5 BG scaffolds (a) before and (b)–(d) after coating with PHBV at 

different magnifications. (d) shows also a fractured strut indicating the interaction of the polymer on 

the crack surfaces. 

4.3.1.2. Surface hydrophilicity measurement 

It has been reported that surface hydrophilicity significantly affects biological performance of 

materials, such as protein adsorption, cell attachment, migration and spreading [124, 125]. 

Therefore, water contact angle was measured to evaluate the surface hydrophilicity of the samples 

in this work. Table 4-1 shows the contact angles of the uncoated 45S5 BG disk, PHBV coated 

45S5 BG disk and PHBV film. The contact angle of 45S5 BG disk was increased in the presence 

of PHBV coating. However, it was still obviously lower than that of the pure PHBV film, 

indicating that the 45S5 BG disk was only partly covered by the PHBV coating which is in 

agreement with the SEM image of the scaffold strut (Fig. 4-1(c)). It is anticipated that the 

relatively hydrophilic surface of the scaffolds, which was induced by unevenly polymer coating, 

could have adequate cell-material interaction and would maintain the bioactivity of the scaffolds. 
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Table 4-1: Water contact angle of uncoated 45S5 BG disk, PHBV coated 45S5 BG disk and PHBV 

film. 

Sample uncoated 45S5 BG disk PHBV coated 45S5 BG disk PHBV film 

Contact angle (°) 14 ± 3 51 ± 2 100 ± 4 

 

4.3.1.3. Mechanical properties 

Typical compressive stress–strain curves of uncoated and PHBV coated 45S5 BG scaffolds are 

shown in Fig. 4-2. The compressive strength of the scaffolds was significantly increased by 

PHBV coating. The average compressive strengths of uncoated and PHBV coated scaffolds were 

determined to be 0.02 ± 0.01 MPa and 0.10 ± 0.02 MPa, respectively. The area under the stress–

displacement curve of PHBV coated scaffolds was calculated to be ~8.7 N·mm, whereas it was 

only ~1.2 N·mm for the uncoated scaffolds. In addition, it was observed that uncoated scaffolds 

completely crumbled into powder during compressive strength test, while the PHBV coated 

scaffolds partly retained the configuration and did not collapse (Fig. 4-3). 

 

Fig. 4-2: Compressive stress–strain curves of uncoated and PHBV coated 45S5 BG scaffolds. 

  

Fig. 4-3: Digital photographs of (a) uncoated and (b) PHBV coated 45S5 BG scaffolds after 

compressive strength test. 
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As discussed in previous studies [15, 16, 53, 126, 127], it is suggested that the PHBV coating 

covers the struts and fills microcracks on the strut surface, which improves the mechanical 

stability of the flaw sensitive materials and makes the original weak and fragile struts into 

stronger and tougher composite struts. This behavior is in broad agreement with what has been 

known in the field of polymer coated brittle scaffolds [15, 53, 126, 127]. 

The strengthening and toughening effects in the composites could be explained by the micron-

scale crack-bridging mechanism describled by Peroglio et al. [53] and investigated by Pezzotti et 

al. [52], which, in the present case, was evidenced by the polymer ligaments that were stretched 

upon crack opening along the crack wake (Fig. 4-1(d)). Similar toughening evidence called 

uncracked-ligament bridging, which involved two-dimensional un-cracked regions that can bridge 

the crack on opening, was observed in specimens made from cadaveric human humerus [128]. It 

suggests that the polymer-glass composite struts obtained in this work mimic the fracture behavior 

of human bones to a certain extent. 

Taking into account the high porosity of the present coated scaffolds (~94 %), the compressive 

strength (0.10 MPa) falls close to the lower bound of the values for cancellous bone (0.15 MPa, 

porosity ~90%) [123]. According to previous experiences with this class of materials, the 

compressive strength achieved with the present scaffolds is sufficient for safe handling in the 

laboratory and for manipulation in in vitro studies [10, 12]. 

4.3.1.4. In vitro bioactivity 

HA formation on the surface of scaffolds upon immersion in SBF, as a measure of the scaffold 

bioactivity, was investigated by using XRD, FTIR and SEM in this work. 

Fig. 4-4 shows the XRD spectra of both uncoated scaffolds and PHBV coated scaffolds before 

and after immersion in SBF for different times. The major peaks in both uncoated scaffolds and 

PHBV coated scaffolds correspond to the Na4Ca4(Si6O18) crystalline phase. Together with major 

Na4Ca4(Si6O18) phase, Na2Ca4(PO4)2SiO4 as a minor second phase was observed. This major [10, 

129-131] and second [129, 132-134] crystalline phases have also been found in previous studies 

on sintered 45S5 BG. Taking into consideration the compositions of 45S5 BG and the 

Na4Ca4(Si6O18) phase, the present 45S5 BG scaffolds are in fact a glass-ceramic material [10]. HA 

peaks were observed on both uncoated scaffolds and PHBV coated scaffolds after immersion in 

SBF for different times. Therefore, the bioactivity of the scaffolds was maintained in the PHBV 

coated scaffolds, which is the result of the polymer covering only partially the struts as discussed 

above (Fig. 4-1(c)). 
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Fig. 4-4: XRD spectra of uncoated scaffolds and PHBV coated scaffolds before and after immersion 

in SBF for different times. 

FTIR spectra of both uncoated and PHBV coated scaffolds before and after immersion in SBF for 

1, 3, 7, 14 and 28 days are presented in Fig. 4-5. 

  

Fig. 4-5: FTIR spectra of (a) uncoated scaffolds and (b) PHBV coated scaffolds before and after 

immersion in SBF for 1, 3, 7, 14 and 28 days. 

All the FTIR spectra of the uncoated scaffolds after 3, 7, 14 and 28 days of immersion in SBF 

present dual peaks at 567 cm
-1

 and 602 cm
-1

 corresponding to the bending vibration of the PO 

bond [135-137]. Furthermore, the peak at 873 cm
-1

 and the dual broad peak at 14201480 cm
-1
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can be assigned to the stretching vibration of CO bond, suggesting the formed HA was HCA 

[138]. The FTIR spectra of PHBV coated scaffolds showed similar peaks corresponding to PO 

and CO bonds (Fig. 4-5(b)). However, these peaks were only visible after 7 days of immersion 

in SBF. The FTIR characterization confirmed that both uncoated and PHBV coated scaffolds 

exhibited formation of HCA. Therefore, the PHBV coating slightly retarded but it did not inhibit 

the formation of HCA, which indicates that bioactivity was still well maintained in the PHBV 

coated scaffolds. 

The surface morphologies of uncoated and PHBV coated scaffolds after immersion in SBF for 

different times are shown in Fig. 4-6(a)(f). HCA-like crystalline apatite on the surface of 

uncoated scaffolds was clearly observed by SEM after immersion in SBF for 3 days. HCA 

crystals can be recognized by their well-known globular, cauliflower shape (see insets in Fig. 

4-6(c) and (f)). 

 

  

Fig. 4-6: SEM images of HCA formation on the surfaces of (a)–(c) uncoated scaffolds and (d)–(f) 

PHBV coated scaffolds after immersion in SBF for 3 days ((a), (d)), 7 days ((b), (e)) and 28 days ((c), 

(f)). The insets in (c) and (f) indicate the globular and cauliflower shape of HCA crystals. (Continued 

on next page) 
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Fig. 4-6: (Continued from previous page) 

As mentioned above and shown in Fig. 4-1, the PHBV coating was not homogeneous due to the 

surface roughness of the original struts. The uncoated areas of struts are exposed to SBF, 

providing paths for SBF to penetrate the area underneath the coating, thus establishing direct 

contact with the bioactive glass surface. After 3 days immersion, the strut surface was unevenly 

covered by apatite precipitates. However, after 7 days, the HCA layer on both the uncoated and 

PHBV coated scaffolds had grown fairly homogeneously throughout the struts. Therefore, the 

HCA crystals seem to grow not only on the uncoated areas but also on the PHBV coating 

confirming the maintenance of bioactive behavior of the PHBV coated scaffolds. 

4.3.2. 45S5 bioactive glass scaffolds coated with PHBV microspheres 

4.3.2.1. PHBV microspheres 

Since the PHBV microspheres will be incorporated into the 45S5 BG scaffolds not only for 

reinforcing the scaffolds but also acting as drug carriers, the particle size of these microspheres 

should be small enough in order to avoid obvious negative effect on the pore interconnectivity, 

large pore size and high porosity of the scaffolds. Ideally, the microspheres should be 

significantly smaller than the thickness of the scaffold struts and the pore size of the scaffolds, 

which were determined to be 30100 µm and 200550 µm (Fig. 4-9(a)), respectively. Moreover, 

the particle size distribution of the microspheres should be taken into consideration since it may 

significantly affects the drug release profiles. Narrow particle size distribution is favorable for 

drug delivery since it provides more controlled and reproducible release profiles, which is more 

easily to be customized for a particular application. 

4.3.2.1.1. Particle size and shape 

PHBV microspheres were prepared by O/W single emulsion method as described in Section 3.4. 

The used preparation parameters are listed in Table 3-1 (Section 3.4). All the prepared samples 

were firstly observed by optical microscope, and the images are shown in Fig. 4-7. The particle 

size of these microspheres was determined by analyzing the images, and the results were given as 
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mean  standard deviation. The standard deviation reflects how wide or narrow the particles 

distribute. 

All the microspheres prepared at 3500 rpm (Fig. 4-7(a)–(c)) had much bigger particle size than 

those prepared at 7000 rpm (Fig. 4-7(d)–(f)) and 11000 rpm (Fig. 4-7(g)–(i)), and the particle size 

distribution of the microspheres prepared at 3500 rpm became wider when the PHBV 

concentration increased to 3% w/v (Fig. 4-7(b)) or 5% w/v (Fig. 4-7(c)) although the PVA 

concentration also increased. The wider particle size distribution of microspheres prepared by 

using higher polymer concentration is likely due to its higher viscosity [90]. Lower polymer 

concentration is beneficial for obtaining microspheres with narrower particle size distribution, 

which however will lead to a lower yield. Therefore, 3% w/v PHBV is considered as a 

compromise between the particle size distribution and yield of the prepared microspheres, which 

thus is chosen as the optimized polymer concentration in this work.  

When the stirring rate increased to 7000 rpm (Fig. 4-7(d)–(f)), the particle sizes of the 

microspheres significantly decreased and most of the microspheres were less than 5 µm. The 

particle sizes only slightly decreased when the stirring rate further increased to 11000 rpm (Fig. 

4-7(g)–(i)). Microspheres with smaller particle size are more suitable for coating the 45S5 BG 

scaffolds prepared in this work. 11000 rpm indeed produced the microspheres with the smallest 

particle size. However, higher stirring rate is likely to result in lower drug encapsulation 

efficiency especially when double emulsion method is used [90]. Therefore, 7000 rpm is chosen 

as the optimized stirring rate for double emulsion method in this work when taking the particle 

size and drug encapsulation efficiency of the microspheres into consideration.  

Higher surfactant concentration is beneficial for obtaining microspheres with narrower particle 

size distribution and more spherical morphology, which however will lead to more residual 

surfactant on the surface of the microspheres. In contrast, insufficient surfactant concentration 

will lead to wide particle size distribution and even irregular morphology of the microspheres [90]. 

In order to further study the influence of PVA concentration on particle size distribution, 

microspheres were also prepared using 2% w/v or 1% w/v PVA at 7000 rpm and 3% w/v PHBV. 

With 1% w/v PVA (Fig. 4-7(k)), the microspheres were less homogeneous than those of 2% w/v 

(Fig. 4-7(j)) and 3% w/v PVA (Fig. 4-7(e)). However, there was no significant difference between 

the particle size distribution of microspheres prepared with 2% w/v PVA (Fig. 4-7(j)) and 3% w/v 

PVA (Fig. 4-7(e)), which means 2% w/v PVA is already sufficient to stabilize the emulsion 

prepared at 3% w/v PHBV and 7000 rpm. Therefore, 2% w/v PVA is considered as the optimized 

surfactant concentration in this work. 
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Fig. 4-7: Optical microscope images and particle sizes of PHBV microspheres prepared using 

different parameters. The particle sizes are given as mean  standard deviation. 

Microspheres prepared at 2% w/v PVA and 3% w/v PVA were further observed by SEM (Fig. 

4-8). These two samples show similar particle size and surface morphology, which are in 

agreement with the optical microscope images. Therefore, the parameter combination of 7000 

rpm, 3% w/v PHBV and 2% w/v PVA is confirmed to be the optimized parameters in this work, 

and will be used for preparing the microspheres for the following investigations. 
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Fig. 4-8: SEM images of PHBV microspheres prepared using parameters of (a) 7000 rpm, 3% w/v 

PHBV, 2% w/v PVA, and (b) 7000 rpm, 3% w/v PHBV, 3% w/v PVA. 

4.3.2.1.2. Zeta potential 

The zeta potential of PHBV microspheres prepared using the optimized parameters was 33.5 mV 

in water at pH of 7. The negative zeta potential of these microspheres is likely due to the presence 

of terminal carboxylic groups of residual PVA on the surface of PHBV microspheres which 

deprotonated at pH of 7 [66, 139]. 

4.3.2.1.3. Crystallinity 

The thermal behavior and crystallization of the raw PHBV and as-prepared PHBV microspheres 

were determined by DSC. The melting temperature (Tm), crystallization temperature (Tc), melting 

enthalpy (Hm) and crystallinity (Xc) are summarized in Table 4-2. PHBV microspheres showed 

relatively lower Tm than its raw material, while the Tc did not change significantly. The 

crystallinity of the raw PHBV decreased after the emulsion solvent extraction/evaporation process. 

The reduction of crystallinity could be due to the fast removal rate of the organic solvent which is 

likely too fast for the polymer to crystalize [140]. 

Table 4-2: Thermal parameters of PHBV and as-prepared PHBV microspheres. 

Sample             Tm (°C) Tc (°C) Hm (J/g) Xc (%) 

Raw PHBV 143.9 155.2 93.4 53.8 36.8 

Microspheres 137.2 152.7 94.9 43.1 29.5 

 

4.3.2.2. PHBV microsphere coated scaffolds 

4.3.2.2.1. Microstructure characterization 

Typical SEM images of the 45S5 BG scaffolds without and with PHBV microsphere coating are 

shown in Fig. 4-9. The porosity and pore size of uncoated scaffolds were determined to be 94% 

and 200–550 µm, respectively. After coating, the interconnected pore structure was well 

maintained, as shown in Fig. 4-9(c). The amount of PHBV microspheres in the coated scaffolds 
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was determined to be 6.3 wt%, and the porosity of the microsphere coated scaffolds was 93%. As 

shown in the higher magnification images (Fig. 4-9(d)–(e)), the surface of the scaffold struts was 

fairly homogeneously covered by the microspheres. 

 

 

 

Fig. 4-9: SEM images of 45S5 BG scaffolds (a)–(b) before and (c)–(e) after coating with PHBV 

microspheres at different magnifications showing homogeneous microsphere coating. 

In order to obtain such homogeneous PHBV microsphere coating throughout the porous structure 

of the scaffold, the dip coating process was repeated. In addition, the use of a probe sonicator 

enabled the microspheres to be homogenously dispersed in the solvent. 

The incorporated PHBV microspheres are supposed to release the drug locally in a relatively long 

period (e.g., > 4 weeks) which is another aspect of this work, thus the immobilization or adhesion 



Chapter 4: 45S5 bioactive glass scaffolds reinforced with polymer coatings 

45 

 

property of the microsphere coating on the struts of the scaffolds is important. In order to 

determine the adhesion strength of the microsphere coating, 45S5 BG disks were fabricated and 

further coated with microspheres. The sintering and coating procedures used to fabricate the disks 

were the same as for the scaffolds. The microsphere coated disks were immersed for 28 days in 

water (refreshed twice a week) in the shaking incubator used for in vitro bioactivity and drug 

release tests, and the weight of the disks before and after immersion was recorded. The weight 

loss of the microspheres was calculated to be only 2 wt% on average. In order to further confirm 

the good adhesion of the microsphere coating to the bioactive glass substrates, a coated scaffold 

was also immersed in water as well as the coated disks. After 28 days immersion, the possible 

microsphere detachment was assessed by SEM observations. Fig. 4-10 confirms that most 

microspheres remained adhered to the struts of the scaffold, indicating qualitatively the 

satisfactory adhesion of the microsphere coating. Considering the expected HA formation on the 

45S5 BG scaffolds in contact with SBF [51, 102], the likelihood of microsphere detachment from 

the scaffolds will be further reduced with increasing time in SBF. This result also indicates that 

the adhesion of the microspheres to the scaffold struts is sufficient for further manipulation of the 

scaffolds, such as for cell test. 

 

Fig. 4-10: SEM image of a PHBV microsphere coated 45S5 BG scaffold after immersion in water for 

28 days. The sample was kept in a shaking incubator at 37 °C and 90 rpm. 

4.3.2.2.2. Surface hydrophilicity measurement 

Water contact angle was measured to evaluate the surface hydrophilicity of the samples. Table 4-3 

shows contact angle values of the uncoated 45S5 BG disk, PHBV microsphere coated 45S5 BG 

disk and of PHBV film for comparison. The low contact angle of the uncoated 45S5 BG disk is 

attributed to the highly hydrophilic surface of bioactive glass. The contact angle measured on 

45S5 BG disk was slightly increased in the presence of PHBV microsphere coating. This 

phenomenon could be explained by the fact that the microspheres were made by a relatively 

hydrophobic polymer (see the contact angle of pure PHBV film). Even though coated by the 

hydrophobic PHBV, the surface of the PHBV microsphere coated 45S5 BG disk remained 
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relatively hydrophilic. This is mainly due to the fact that the coating, which consists of individual 

microspheres, is porous and the as-prepared PHBV microspheres may contain surface-associated 

PVA residue which is hydrophilic. 

Table 4-3: Contact angle values of uncoated 45S5 BG disk, PHBV microsphere coated 45S5 BG disk 

and PHBV film. 

Sample Uncoated 45S5 BG disk 
PHBV microsphere coated 

45S5 BG disk 
PHBV film 

Contact angle (°) 14 ± 3 26 ± 4 100 ± 4 

 

4.3.2.2.3. Mechanical properties 

Typical compressive stress–strain curves of uncoated and PHBV microsphere coated 45S5 BG 

scaffolds are shown in Fig. 4-11. The average compressive strength of the microsphere coated 

scaffolds was determined to be 0.08 ± 0.01 MPa, which is double the value of the uncoated 

scaffolds (0.04 ± 0.01 MPa). The area under the load–displacement curve of microsphere coated 

scaffolds was calculated to be 10.0 ± 2.2 N·mm, whereas it was only 4.9 ± 1.2 N·mm for the 

uncoated scaffolds. This indicates that the microsphere coating improved the compressive 

strength of the scaffolds and made the scaffolds tougher. However, it should be pointed out that 

both of the uncoated and microsphere coated scaffolds crumbled into powder upon fracture during 

compressive strength test (data not shown). 

 

Fig. 4-11: Compressive stress–strain curves of uncoated and PHBV microsphere coated 45S5 BG 

scaffolds. 

As discussed in the literature [15, 126, 141], continuous polymer coatings on scaffolds should 

cover the struts and fill the microcracks on the strut surfaces, in order to improve the mechanical 
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stability of the struts and transform the original weak and fragile scaffolds into stronger and 

tougher composites. The strengthening and toughening effects in polymer coated scaffolds are 

related to the activation of crack-bridging [15]. However, in the present case the microsphere 

coating cannot provide such strengthening and toughening effects, since these microspheres do 

not form a continuous polymer film that able to infiltrate the microcracks in the struts, and thus 

such crack bridging effect does not occur in microsphere coated scaffolds [102, 105]. Even so, the 

mechanical properties of PHBV microsphere coated scaffolds are still improved, which can be 

attributed to the slight decrease of porosity and possible limited infiltration of large cracks/pores 

on the struts by individual microspheres. 

4.3.2.2.4. In vitro bioactivity 

Fig. 4-12 shows the XRD spectra of PHBV microsphere coated scaffolds before and after 

immersion in SBF. The major peaks observed on scaffolds before immersion in SBF (0 day) 

correspond to the Na4Ca4(Si6O18) crystalline phase. Na2Ca4(PO4)2SiO4 as a minor second phase 

was also observed. HA peaks were detected in the spectra corresponding to scaffolds immersed in 

SBF, and the intensity of the HA peaks significantly increased while the crystallinity of the 

silicate matrix decreased with increasing immersion time in SBF. Therefore, it was confirmed that 

the intrinsic bioactivity of the bioactive glass was maintained in the PHBV microsphere coated 

scaffolds. 

 

Fig. 4-12: XRD spectra of PHBV microsphere coated 45S5 BG scaffolds before and after immersion 

in SBF for 7 and 14 days. 

Fig. 4-13 shows FTIR spectra of PHBV microsphere coated 45S5 BG scaffolds after immersion 

in SBF for 1, 3, 7, 14 and 28 days. The FTIR spectra of the microsphere coated scaffolds after 7, 

14 and 28 days of immersion in SBF present dual bands at 565 cm
-1

 and 603 cm
-1

 corresponding 

to the bending vibration of the P–O bond [135-137]. Furthermore, the band at 874 cm
-1

 and the 
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dual broad bands at 1421–1452 cm
-1

 can be assigned to the stretching vibration of C–O bond, 

suggesting the formed HA was HCA [138]. 

 

Fig. 4-13: FTIR spectra of PHBV microsphere coated 45S5 BG scaffolds before and after immersion 

in SBF for 1, 3, 7, 14 and 28 days. 

SEM surface morphology images of PHBV microsphere coated scaffolds after immersion in SBF 

for different times are presented in Fig. 4-14. Fig. 4-14(a) shows only microspheres were visible 

on the strut of scaffolds after immersion for 1 day. After 3 days immersion in SBF, the strut of the 

scaffold was unevenly covered by apatite precipitates, as illustrated in Fig. 4-14(b). As the 

immersion time increased to 7 days (Fig. 4-14(c)), the strut was almost fully covered by HCA 

crystals. It is worth pointing out that the HCA crystals covered not only the uncoated area of the 

strut but also the surface of the microspheres (Fig. 4-14(d)). From Fig. 4-14(f), HCA crystals can 

be clearly recognized by their well-known globular and cauliflower-like shape.  

As shown in Fig. 4-9, even though the struts of the scaffolds were fairly homogeneously coated 

with microspheres, there were still uncoated areas which provide direct exposure of the bioactive 

glass surface to SBF. Moreover, the microsphere coating, which is a stacking of individual 

spheres, is porous and thus pores provide paths for SBF to penetrate the area underneath the 

microsphere coating, thus establishing the direct contact with the strut surface. As expected, the 

contact between bioactive glass-ceramic struts and SBF leads to HCA formation on the surface. In 

Section 4.3.1.4, HCA was shown to form on the uncoated scaffolds after 3 days immersion in 

SBF. Thus, the microsphere coating in the present scaffolds is confirmed to retard the bioactivity 

of the scaffolds. However, as shown in Fig. 4-14(d) and (f), the HCA crystals also form and grow 

on the microspheres, and finally a fairly homogeneous HCA layer covers most microspheres. This 

observation indicates therefore that the microspheres did not severely inhibit the bioactivity of the 

scaffolds, suggesting that the mechanisms leading to strong bond to bone, characteristic of 45S5 

BG, will be also active in the present PHBV microspheres coated scaffolds. 
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Fig. 4-14: SEM images of HCA formation on the surfaces of PHBV microsphere coated 45S5 BG 

scaffolds after immersion in SBF for (a) 1 day, (b) 3 days, (c)–(d) 7 days and (e)–(f)14 days.  

4.3.3. 45S5 bioactive glass scaffolds coated with genipin cross-linked gelatin 

4.3.3.1. Microstructure characterization 

Typical morphologies of the uncoated (Fig. 4-15(a)–(b)) and GCG coated (Fig. 4-15(c)–(d)) 45S5 

BG scaffolds were observed by SEM. The porosity and pore size of the uncoated scaffolds were 

determined to be 95% and 200–550 µm, respectively. After coating with GCG (Fig. 4-15(c)), the 

interconnected pore structure of the scaffolds was maintained since only few pores were clogged 

by the GCG coating, and the porosity slightly decreased to 93%. The well interconnected porous 

structure of GCG coated 45S5 BG scaffolds was further confirmed by micro-CT scan (Fig. 4-16). 
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The amount of GCG in the coated scaffolds was determined to be 15 ± 2 wt%. As shown in the 

cross-section image at a high magnification, the strut of the scaffold is homogeneously covered by 

the GCG coating (Fig. 4-15(d)), and the GCG coating firmly adheres to the strut (Fig. 4-15(d)–

(e)), which is qualitatively confirmed by the fact that the GCG coating did not peel off during 

cutting the scaffolds. Moreover, it is worth noting that the voids of the hollow struts, which result 

from the burning out of PU foams during the foam replication method (Fig. 4-15(b)) [10], were 

mostly filled with the GCG (Fig. 4-15(d)). This filling effect could be attributed to the infiltration 

of the polymer solution into the hollow struts under the applied vacuum condition for coating the 

scaffolds, and it means many defects and cracks on the struts can be "repaired" by the GCG 

coating, as evidenced by the quite smooth surface of the GCG coated strut (Fig. 4-15(e)), thus 

expecting a positive contribution to the mechanical behavior of the scaffolds. 

 

 

 

Fig. 4-15: SEM images of 45S5 BG scaffolds (a)–(b) before and (c)–(e) after coating with GCG. 
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Fig. 4-16: Micro-CT of GCG coated 45S5 BG scaffolds. (a) Corner cut view and (b) orthoslice view. 

4.3.3.2. In vitro degradation behavior 

Gelatin films without any crosslinking completely dissolved at 37 °C in SBF within a few minutes 

(data not shown), which would lead to the loss of their potential strengthening and toughening 

effects as coating on scaffolds. Therefore, the main aim to crosslink gelatin is to decrease its 

dissolution/degradation rate. GCG films only exhibited 24% weight loss after immersion in SBF 

for 1 day, and their weight loss increased to 62% after 7 days (Fig. 4-17). GCG films were still 

present in SBF after 14 days, but they already broke up into small gelatinous blue pieces which 

therefore made the weight loss measurement impossible. Also, only small gelatinous blue pieces 

were visible in the SBF solution after 28 days. The decrease of dissolution/degradation rate of 

gelatin after crosslinking with genipin has also been reported in other study [82]. It should be 

pointed out that although the dissolution/degradation behavior of GCG film cannot be considered 

as GCG coating existed on the 45S5 BG scaffolds equally, it still could represent the gradual 

dissolution/degradation trend of GCG coating. Actually, this gradually dissolution/degradation 

trend of GCG coating on 45S5 BG scaffolds can be proved by the FTIR results of GCG coated 

scaffolds before and after immersion in SBF for different times. As shown in Fig. 4-18, compared 

to the spectra of uncoated 45S5 BG scaffolds, two new bands can be observed at 1660 cm
-1

 and 

1540 cm
-1

. These bands are identified as amide C=O stretching vibration (amide I) and amide N–

H bending vibration (amide II) [82, 142, 143], which indicate the presence of gelatin, in this 

particular case GCG. The intensity of the amide I band (1660–1650 cm
-1

) and amide II band 

(1540 cm
-1

) decreased and almost disappeared as immersion time in SBF increased, suggesting 

the gradual dissolution/degradation of the GCG coating. 

As shown in Fig. 4-17, the weight loss of uncoated 45S5 BG scaffolds increases with immersion 

time; however the degradation rate is reduced with immersion time. The degradation of bioactive 

glass/ceramic-based scaffolds consists of the partial dissolution of the glass and crystalline phases 

and the formation of HA on the scaffold surface [34]. The rapid weight loss at initial immersion 
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times is due to the fast dissolution of 45S5 BG surface upon immersion in SBF. As the immersion 

time increases, HA begins to form on the 45S5 BG scaffolds [51], which compensates the weight 

loss caused by dissolution and therefore reduces the overall degradation rate of the 45S5 BG 

scaffolds. The weight loss of GCG coated 45S5 BG scaffolds was similar to that of uncoated 

45S5 BG scaffolds for up to 7 days, and then increased faster after 7 days. The weight loss caused 

by the dissolution of the 45S5 BG surface should be slower in the presence of GCG coating at the 

initial immersion stage; however the GCG coating begins to gradually dissolve upon immersion 

in SBF which therefore results in the overall weight loss of the GCG coated 45S5 BG scaffolds 

increasing and eventually it becomes similar to that of the uncoated 45S5 BG scaffolds. As 

suggested by the dissolution/degradation behavior of the GCG film, the GCG coating on the 45S5 

BG scaffolds is also likely to largely dissolve/degrade in SBF after 7 days. Moreover, as HA 

forms on both uncoated and GCG coated 45S5 BG scaffolds after 7 days, the higher weight loss 

of GCG coated scaffolds over uncoated scaffolds is assumed to be mainly attributed to the loss of 

the GCG coating. To a certain extent, this assumption is confirmed by the fact that the 12 wt% 

difference of the weight loss of uncoated and GCG coated scaffolds after 14 days of immersion in 

SBF is close to the amount (15 wt%) of GCG in the coated scaffolds. 

 

Fig. 4-17: Degradation behaviors in SBF of GCG films, uncoated and GCG coated 45S5 BG scaffolds. 

4.3.3.3. In vitro bioactivity 

Fig. 4-18 shows FTIR spectra of GCG coated 45S5 BG scaffolds before and after immersion in 

SBF. The FTIR spectra of GCG coated scaffolds after 3, 7, 14 and 28 days of immersion in SBF 

present dual bands at 564 cm
-1

 and 602 cm
-1

 corresponding to the bending vibration of P–O bond, 

which is characteristic of a crystalline phosphate phase [138, 144, 145]. Furthermore, the band at 

876 cm
-1

 and the dual broad bands at 1423–1455 cm
-1

 can be assigned to the stretching vibration 

of C–O bond, suggesting the formed HA is HCA rather than stoichiometric HA [51, 138, 144, 146, 

147]. It should be noted that, for GCG coated 45S5 BG scaffolds, the characteristic bands of HCA 

after 3 days of immersion in SBF were relatively weaker than that of 7 days. As shown in Section 
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4.3.1.4, for uncoated 45S5 BG scaffolds, the characteristic bands of HCA did not appear after 1 

day of immersion in SBF, while these bands occurred after 3 days and their relative intensity were 

quite close to that of 7 days [51]. This comparison between the FTIR spectra of uncoated and 

GCG coated 45S5 BG scaffolds after immersion in SBF suggests that the bioactivity of 45S5 BG 

scaffolds was maintained after coating with GCG, although the GCG coating may slightly retard 

the formation rate of HCA at the initial stage of immersion in SBF. 

 

Fig. 4-18: FTIR spectra of uncoated 45S5 BG scaffolds (labelled as uncoated), and GCG coated 45S5 

BG scaffolds before (0 d) and after immersion in SBF for 3, 7, 14 and 28 days. 

Fig. 4-19 shows the XRD spectra of GCG coated scaffolds before and after immersion in SBF. 

The peaks in scaffolds before immersion in SBF correspond to the Na4Ca4(Si6O18) and 

Na2Ca4(PO4)2SiO4 phases [51, 131]. Growing HA peaks (e.g., at 2 = 25.8 and 31.7) were 

observed on coated scaffolds after immersion in SBF for 7, 14 and 28 days. In addition, the 

crystallinity of the sintered scaffolds decreased with increasing immersion time in SBF as 

indicated by the gradual disappearance of the sharp peaks of the Na4Ca4(Si6O18) phase. 

 

Fig. 4-19: XRD spectra of GCG coated 45S5 BG scaffolds before (0 d) and after immersion in SBF for 

3, 7, 14 and 28 days. 
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SEM images of GCG coated scaffolds after immersion in SBF for different times are shown in 

Fig. 4-20. After 3 days immersion in SBF, there were some apatite-like precipitates on the surface 

of struts. As the immersion time increased to 7 days, the struts were almost fully covered by HA 

crystals which can be clearly recognized by their well-known globular and cauliflower-like shape. 

 

  

Fig. 4-20: SEM images showing HA formation on the surfaces of GCG coated 45S5 BG scaffolds after 

immersion in SBF for (a)–(b) 3 days and (c)–(d) 7 days. 

Based on the XRD, FTIR and SEM results described above, the bioactivity of the 45S5 BG 

scaffolds is confirmed to be maintained after coating with GCG. The explanation for HA 

formation on coated bioactive glass/ceramic scaffolds was given in Sections 4.3.1.4 and 4.3.2.2.4. 

Besides, particularly for GCG coated scaffolds, GCG will gradually dissolve/degrade in the SBF 

in a faster rate than PHBV which enables coated areas of the bioactive struts to be increasingly 

exposed to SBF. 

4.3.3.4. Mechanical properties 

As indicated by the typical compressive stress–strain curves of uncoated and GCG coated 45S5 

BG scaffolds (Fig. 4-21), the compressive strength of GCG coated scaffolds (1.04 ± 0.11 MPa) 

was significantly higher than that of uncoated scaffolds (0.04 ± 0.01 MPa). The area under the 

load–displacement curve of GCG coated scaffolds was calculated to be 285.6 ± 23.3 N·mm, 

whereas it was only 5.0 ± 1.1 N·mm for the uncoated scaffolds. It is worth pointing out that the 
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uncoated scaffolds were completely broken into little pieces during compressive strength test, 

while the GCG coated scaffolds were able to partly maintain their cuboid shape despite being 

compressed (Fig. 4-22). Taking into consideration the high porosity (93%) of the fabricated GCG 

coated scaffolds, the achieved compressive strength (1.04 MPa) is obviously higher than the lower 

bound of the values for human cancellous bone (>0.15 MPa, porosity ~90%) [123]. The 

strengthening and toughening effects in this GCG coated 45S5 BG scaffolds are in broad 

agreement with other studies about polymer coated scaffolds [51, 53, 72, 76], and they can be 

explained by the micron-scale crack-bridging mechanism as mentioned in Section 4.3.1.3. 

It is worth mentioning that the GCG coating provides much more significant strengthening and 

toughening effects than PHBV as well as poly(L-lactic acid), chitosan and PCL/chitosan on 45S5 

BG scaffolds [80, 148, 149]. Similarly, significant strengthening and toughening effects were also 

observed on non-cross-linked gelatin coated Biosilicate
®
 scaffolds [76]. The different degrees of 

strengthening and toughening effects obtained from different polymer coatings are likely to be 

determined by the wettability of polymer solution on the scaffold struts and the adhesion ability of 

the obtained polymer coating on the scaffold struts. Obviously, low viscosity gelatin aqueous 

solution is much easier to spread on and also infiltrate into the hydrophilic glass/ceramic struts 

than other polymer solutions in which synthetic polymers (e.g., PHBV or PCL) are dissolved in 

organic solvent (e.g., DCM or chloroform). Also, the interface between the hydrophilic polymer 

(i.e. gelatin) and hydrophilic glass/ceramic strut is likely to be stronger than that between the 

hydrophobic polymer (e.g., PHBV or PCL) and hydrophilic struts, given the evidence that GCG 

adheres well to the surface of scaffold strut (Fig. 4-15(d)). 

 

Fig. 4-21: Typical compressive stress–strain curves of uncoated and GCG coated 45S5 BG scaffolds, 

showing remarkable improvement of mechanical properties by the presence of the GCG coating. 
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Fig. 4-22: Digital photographs of (a)–(b) uncoated and (c)–(d) GCG coated 45S5 BG scaffolds before 

((a), (c)) and after ((b), (d)) compressive strength test. 

4.4. Conclusions 

45S5 BG scaffolds and PHBV microspheres were successfully prepared by foam replication 

method and emulsion solvent extraction/evaporation method, respectively. The parameters for 

preparing 45S5 BG scaffolds and PHBV microspheres were optimized. The optimized 45S5 BG 

scaffolds had high porosity (~95%), suitable pore size (200550 µm) and well interconnected 

pore structure. PHBV microspheres with suitable particle size (~4 µm) were obtained for coating 

the 45S5 BG scaffolds (strut size 30100 µm). 

Various polymer (PHBV film, GCG or PHBV microsphere) coated 45S5 BG scaffolds were 

successfully fabricated by dip coating method in order to develop scaffolds with improved 

mechanical properties. All polymer coatings did not obviously affect the pore size, porosity and 

pore interconnectivity of the 45S5 BG scaffolds, and they slightly retarded but did not inhibit the 

bioactivity of 45S5 BG scaffolds upon immersion in SBF as HCA was confirmed to form on all 

types of the polymer coated scaffolds by SEM, FTIR and XRD. 

Coating of 45S5 BG scaffolds with GCG lead to much higher mechanical properties (strength and 

toughness) in comparison to those coated by PHBV either in the form of film or microspheres. 

The compressive strength of GCG coated scaffolds was 1.04 MPa, which is significantly higher 

than that of (dry) human cancellous bone at the same porosity. 

In addition, in terms of reinforcing the scaffolds, PHBV microspheres was not as effective as 

PHBV film. Nevertheless, PHBV microspheres had sufficient adhesion on the scaffold struts 

which is attractive for drug delivery applications. 
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 Chapter 5

Ultrasonic elasticity determination of 45S5 bioactive glass-

based scaffolds 

 

5.1. Introduction 

Regarding mechanical properties, besides the strength and toughness, the stiffness of implants 

(here scaffolds) also plays an important role in their successful application, because stiffness 

predominantly determines the stress distribution in bone-implant systems [6, 150-152]. Stiffness 

mismatch between biomaterials and the surrounding bone has been identified as a major reason 

for implant failure following stress shielding [152]. In addition, the stiffness of biomaterials could 

affect cell morphology, cytoskeletal structure and adhesion [153, 154]. Therefore, reasonable 

design, as well as accurate measurement of scaffold stiffness is critical for the development and 

successful application of scaffolds in the context of bone tissue engineering. 

Normally, uniaxial compressive tests and three-point bending tests are used to measure the 

strength (e.g., compressive strength and bending strength) and toughness (e.g., work of fracture) 

of the scaffolds. However, it is very difficult or even impossible to determine the elastic modulus 

of the highly porous scaffolds from the stress–strain curves obtained in a mechanical test, because 

their highly porous and open pore structure lead to a zigzag type rather than monotonic type 

stress–strain curve [10, 51, 148, 155]. In other words, a ‘linear portion’ or ‘linear region’ needed 

for calculating the elastic modulus does not exist in the aforementioned stress–strain curves. 

Moreover, the determination of elastic properties of porous materials may be strongly biased by 

inelastic deformations occurring in the samples, especially in the vicinity of the load transfer 

device such as the loading platen [156, 157]. These problems can be avoided by applying 

ultrasonic measurement techniques, as they apply only very small stresses to the material, which 

avoid inelastic phenomena such as plasticity even in very small size struts of the tested samples 

[158]. In previous studies, the elastic properties (stiffness) of porous 45S5 BG-based scaffolds 

have been successfully characterized by ultrasonic measurements [156, 159]. The latter indicated 

that the stiffness of these scaffolds could be increased through PCL and collagen coatings [159].  

The elasticity of such a composite systems, here polymer coated scaffolds, is related to the 

elasticity of the components (material phases) [160]. As shown in the literature [68, 161, 162], the 

elastic modulus of natural polymers such as gelatin and alginate, which was extracted from stress–

strain curves, could be adjusted by chemical crosslinking. Hence, for the natural polymer coated 
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45S5 BG scaffolds, it is anticipated that their elasticity can be conveniently tailored by further 

modifying the properties of the used polymer coatings (e.g., chemical crosslinking). It should be 

noted that although investigating the degradation behavior and bioactivity of the scaffolds is 

beyond the scope of this chapter, they should also be considered in designing the composition of 

this type of bone scaffolds. If the natural polymers are highly or completely cross-linked, they will 

degrade/dissolve more slowly, which delays the contact between the bioactive glass struts and 

(simulated) body fluid. As a consequence, the bioactivity of the scaffolds may be significantly 

retarded. Thus, natural polymers used as coatings will need to be only partially cross-linked in 

order to balance the requirement for sound mechanical properties and sufficient bioactivity. 

In this work, 45S5 BG scaffolds were coated with synthetic (PHBV) and natural (gelatin and 

alginate) polymers. Furthermore, the natural polymer coatings (i.e., gelatin and alginate) were 

chemically cross-linked. The ultrasonic measurement technique was used to characterize the 

elasticity of these polymer coated scaffolds with and without crosslinking. We anticipate that the 

non-destructive ultrasonic measurement could be an effective, reliable and convenient technique 

to determine the influence of polymer coatings and their property evolution on the overall 

elasticity of polymer coated composite scaffolds. Moreover, as an attempt to establish a 

mathematical relationship between the stiffness of composite scaffolds and their constituents, a 

combined multiscale ultrasound-nanoindentation investigation was carried out. 

5.2. Experimental methods 

5.2.1. Polymer coating procedure 

The 45S5 BG scaffolds were coated with different polymers by the dip coating method. In order 

to obtain a comparable amount of polymer coating during the dip coating process, the same 

polymer concentration was used for PHBV and gelatin. However, the concentration of alginate 

solution was reduced, because the viscosity of this solution significantly increased as its 

concentration increased, which may lead to blocked pores. The amount of alginate coating was 

approximately increased to that of PHBV and gelatin coating by repeating the dip coating process. 

The coating procedures for the 45S5 BG scaffolds are described in the following sections. 

5.2.1.1. PHBV coated 45S5 bioactive glass scaffolds 

The coating process of scaffolds by PHBV was given in Section 4.2.1.1. 

5.2.1.2. Gelatin coated 45S5 bioactive glass scaffolds 

The coating solution was prepared by dissolving gelatin in distilled water at a concentration of 5 % 

w/v by magnetic stirring at 50 °C. The sintered scaffolds were completely immersed in the gelatin 

solution for 5 min, and then taken out and dried in fume hood at room temperature for 72 h. 
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5.2.1.3. Genipin cross-linked gelatin coated 45S5 bioactive glass scaffolds 

The coating process of scaffolds by GCG was given in Section 4.2.1.2. 

5.2.1.4. Alginate coated 45S5 bioactive glass scaffolds 

The coating solution was prepared by dissolving sodium alginate (Sigma-Aldrich, St. Louis, MO, 

USA) in distilled water at a concentration of 2 % w/v by vigorous magnetic stirring at room 

temperature. The sintered scaffolds were completely immersed in the alginate solution for 5 min, 

and then taken out and dried in fume hood for 24 h. The coating process described above was 

repeated, and then the samples were dried in fume hood at room temperature for 72 h. 

5.2.1.5. Cross-linked alginate coated 45S5 bioactive glass scaffolds 

Cross-linked alginate coated scaffolds were prepared by crosslinking the alginate coating present 

in the alginate coated scaffolds with CaCl2 solution. The CaCl2 solution was prepared by 

dissolving calcium chloride dihydrate (Sigma-Aldrich, St. Louis, MO, USA) in distilled water at a 

concentration of 0.1 mol/L. The alginate coated scaffolds, which were obtained as described in 

Section 5.2.1.4, were immersed in the CaCl2 solution for 5 min, and then taken out and dried in 

fume hood at room temperature for 72 h. 

5.2.2. Fabrication of polymer films and 45S5 bioactive glass disk 

In order to separately measure the elastic properties of the constituents of the coated “composite” 

scaffolds, namely those of the different polymers and of 45S5 BG, samples consisting of polymer 

or 45S5 BG only were produced as well. As regards the polymers, films were prepared by 

solution casting using exactly the same polymer solution and crosslinking agent used for coating 

the scaffolds, since it is known that the physical properties of polymers, e.g., density and elastic 

modulus, are very sensitive to the processing history. Accordingly, also the drying process of 

these films was the same as the one applied to the polymer coated scaffolds. For determining the 

elastic modulus of sintered 45S5 BG, a disk was produced as described in Section 3.3. 

5.2.3. Ultrasonic measurement of elastic properties of scaffolds
2
 

Elastic properties of the scaffolds were obtained by acoustic measurements, and the measurements 

were performed in pulse transmission mode as described in a previously published protocol [156, 

157, 159]. The used ultrasonic device consists of a pulser-receiver (5077PR, Olympus NDT, 

USA), an oscilloscope (WaveRunner 62Xi, Lecroy, USA) and several ultrasonic transducers. The 

pulser unit can emit an electrical square-pulse of up to 400 V. The piezoelectric elements inside 

                                                      
2
 Ultrasonic measurement of elastic properties of scaffolds was carried out under assistance of Maria-Ioana 

Pastrama at the Institute for Mechanics of Materials and Structures (Prof. Christian Hellmich), Vienna 

University of Technology, Vienna, Austria. 
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the transducers transform signals from electrical to mechanical when operating in the sending 

mode, and from mechanical to electrical when receiving mechanical signals from the opposite 

side of the sample. Honey was used as a coupling medium between transducers and sample. In 

this work, ultrasonic waves were restricted to longitudinal waves, which means the directions of 

material’s particle movement and wave propagation were parallel. The receiver unit of the pulser-

receiver has a bandwidth of 0.1 MHz–35 MHz and a voltage gain up to 59 dB. The amplified 

signal is displayed on an oscilloscope with a bandwidth of 600 MHz and a sample rate of 10 GS/s 

(Gigasamples per second). The oscilloscope enables the determination of the time of flight (∆t) of 

the longitudinal ultrasonic wave through the sample. The sample height (h) is the travel distance 

of the longitudinal wave through the sample, hence, the signal velocity was denoted as 

ν = h / ∆t  (5-1) 

The wavelength of the transmitted longitudinal wave follows Newton’s relationship 

λ = ν / f   (5-2) 

in which f is the frequency of signal, here 0.1 MHz. Reported data were obtained by averaging the 

results of at least five measurements. 

5.2.4. Measurement of elastic modulus of polymers and 45S5 bioactive glass 
3
 

The elasticity of the polymer films was determined by means of nanoindentation tests with a 

Berkovich diamond tip (TI 900, Hysitron, Minneapolis, MN, USA). Before testing, small coupons 

(approximately 7 mm × 7 mm) were cut from each film and glued onto metal sample holder disks. 

The samples were then manually polished with diamond spray with particle size of 3 µm and, 

subsequently, 1.5 µm. On each sample a number of nine indentations were performed, at equal 

distance from each other. Following pertinent studies in the field [163], the loading protocol 

consisted of a maximum indentation load of 600 µN, reached with a constant loading rate of 30 

µN/s, and holding time of 10 s. The load–displacement curves were converted into elastic moduli 

through the standard technique of Oliver and Pharr [164]. 

Similarly, the elastic modulus of 45S5 BG was measured by nanoindentation with a CSM Nano 

Hardness Tester
®
, using a Berkovich tip. A 45S5 BG disk with a diameter of ~13 mm was glued 

onto a metal sample holder. Prior to testing, the sample was polished with increasingly fine 

sandpaper and finished with diamond spray with a particle size of 1.5 µm. During preparation, the 

sample was inspected with a microscope, to ensure the existence of sufficient scratch-free 

                                                      
3
 Determination of the elastic modulus of polymers and 45S5 bioactive glass by nanoindentation was 

carried out by Maria-Ioana Pastrama at the Institute for Mechanics of Materials and Structures, Vienna 

University of Technology. 
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surfaces. 10 indentations were performed at maximum load of 15 mN, with a constant loading rate 

of 30 mN/min and a holding time of 10 s. 

5.2.5. Statistical analysis
4
 

All data were presented as mean ± standard deviation. Multi-linear regression was done using the 

statistical analysis software DataLab (http://www.lohninger.com/datalab/). 

5.3. Results 

5.3.1. Density of polymers and sintered 45S5 bioactive glass 

Experimental values of density of the used polymers and sintered 45S5 BG are given in Table 5-1. 

Table 5-1: Density of used polymers and sintered 45S5 BG. 

Sample PHBV Gelatin 
Cross-linked 

gelatin 
Alginate 

Cross-linked 

alginate 

Sintered 

45S5 BG 

Density (g·cm
-3

) 1.26±0.01 1.30±0.02 1.28±0.01 1.58±0.02 1.61±0.02 2.74±0.02 

 

The measured density of PHBV is very close to the density of PHBV granules (1.25 g·cm
-3

) 

provided by the manufacturer. The measured density of gelatin is in the range of reported values 

(1.25–1.37 g·cm
-3

) [110, 165]. The measured density of cross-linked gelatin is shown to be 

similar to (uncross-linked) gelatin. Also, the measured density of cross-linked alginate is close to 

(uncross-linked) alginate. The obtained density of alginate in this work is in good agreement with 

its density calculated with one water molecule per residue (1.60 g·cm
-3

), but it is slightly higher 

than the value obtained for the anhydrous molecule (1.45 g·cm
-3

) [166]. The density of sintered 

45S5 BG determined from crushed 45S5 BG scaffolds is slightly higher than the theoretical 

density of 45S5 BG (2.66 g·cm
-3

) [33], but it is still lower than the value obtained from sintered 

45S5 BG powder or frit (~2.91 g·cm
-3

) [133, 167]. 

5.3.2. Elastic modulus of polymers and sintered 45S5 bioactive glass 

The elastic modulus of different polymers used for coating the scaffolds is given in Table 5-2. 

PHBV exhibited the lowest value of elastic or Young’s modulus. Also, as can be seen from the 

load–displacement curves (Fig. 5-1), the highest indentation depth (over 600 nm) was reached 

when testing PHBV compared to the other polymers. The elastic modulus of gelatin was slightly 

reduced after crosslinking, although the stiffness component C1111 obtained by ultrasonic 

                                                      
4
 Statistical analysis using DataLab was carried out by Maria-Ioana Pastrama at the Institute for Mechanics 

of Materials and Structures (Prof. Christian Hellmich), Vienna University of Technology, Vienna, Austria. 
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measurement was determined to be higher for cross-linked gelatin coated scaffolds (Table 5-5). 

Cross-linked alginate displayed a significantly higher elastic modulus than uncross-linked alginate. 

The elastic modulus of sintered 45S5 BG in this work was determined to be 110 ± 13 GPa, which 

is in the range of reported values for 45S5 BG after heat treatment (90–110 GPa) [167, 168]. The 

elastic modulus of sintered (crystallized) 45S5 BG is much higher than that of (amorphous) 45S5 

BG as occurring before heat treatment, the latter modulus amounting to 35 GPa [33]. 

Table 5-2: Elastic modulus of different polymers used for coating scaffolds. 

Sample PHBV Gelatin 
Cross-linked 

gelatin 
Alginate 

Cross-linked 

alginate 

Elastic modulus (GPa) 1.0±0.1 4.2±0.3 3.8±0.8 5.6±1.0 8.5±0.7 

 

 

Fig. 5-1: Typical load–displacement curves of different polymers used for coating the 45S5 BG 

scaffolds. 

5.3.3. Structure characterization 

The typical microstructure of uncoated 45S5 BG scaffolds is shown in Fig. 5-2(a). The highly 

interconnected porous structure was maintained in different polymer coated scaffolds using an 

optimized coating procedure (Fig. 5-2(b)–(f)). Only a few pores were clogged by the polymer 

coatings. The polymer coatings did not significantly change the pore size of any of the scaffolds, 

so that it remained in the range of 200–500 µm for all the polymer coated scaffolds. 

Table 5-3 shows the mass, dimensions, density and porosity of the investigated uncoated and 

polymer coated 45S5 BG scaffolds. All of these scaffolds were of cylindrical shape, and they 
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were similar in size. The porosity of uncoated scaffolds was as high as 95.2%. The polymer 

coatings only slightly reduced the porosity, down to 93.3%–94.1%. 

Table 5-3: Characteristics of uncoated and polymer coated 45S5 BG scaffolds: mass (m), diameter 

(D), height (h), mass density (ρ) and porosity (P). 

Sample m (g) D (mm) h (mm) ρ (g/cm
3
) P (%) 

Uncoated 0.0691±0.0077 8.77±0.11 8.75±0.46 0.130±0.010 95.2±0.4 

PHBV coated 0.0778±0.0087 8.78±0.24 8.44±0.33 0.127±0.007 93.3±0.8 

Gelatin coated 0.0781±0.0130 8.82±0.31 8.70±0.51 0.129±0.013 93.9±0.6 

Cross-linked gelatin coated 0.0711±0.0045 8.56±0.28 8.53±0.25 0.128±0.006 94.0±0.4 

Alginate coated 0.0866±0.0135 9.06±0.22 8.90±0.14 0.134±0.016 94.0±1.0 

Cross-linked alginate coated 0.0860±0.0065 9.06±0.19 9.14±0.21 0.128 ±0.006 94.1±0.2 

 

 

  

Fig. 5-2: SEM images of (a) uncoated, (b) PHBV coated, (c) gelatin coated, (d) cross-linked gelatin 

coated, (e) alginate coated and (f) cross-linked alginate coated 45S5 BG scaffolds. (Continued on next 

page) 
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Fig. 5-2: (Continued from previous page) 

5.3.4. Ultrasound characterization of scaffolds 

Wave propagation characteristics (time of flight, signal velocities, wavelengths) at 0.1 MHz signal 

frequency are shown in Table 5-4. The relationship between signal velocities and elasticity tensor 

components which characterize the overall scaffolds or their solid compartments is mainly 

dependent on the sample geometry (diameter D and height h), the size of its microheterogeneities 

(d) and the wavelength (λ) of the transmitted signal. The size of the microheterogeneities (d) was 

equal to the diameter of the largest pores in the scaffolds, which was ~ 0.5 mm (Fig. 5-2). 

Table 5-4: Time of flight (Δt), signal velocity (v) and wavelength (λ) of the transmitted signal in 

uncoated and polymer coated 45S5 BG scaffolds. 

Sample Δt (µs) v (m/s) λ (mm) 

Uncoated 5.228±0.214 1677.8±140.0 16.8±1.4 

PHBV coated 4.127±0.193 2050.1±130.0 20.5±1.3 

Gelatin coated 4.339±0.110 2007.5±150.0 20.1±1.5 

Cross-linked gelatin coated 3.823±0.129 2234.5±103.9 22.3±1.0 

Alginate coated 4.670±0.449 1919.3±168.9 19.2±1.7 

Cross-linked alginate coated 3.816±0.083 2396.4±68.7 24.0±0.7 

 

The ratio of sample geometry over wavelength determines whether a bulk wave travels through an 

approximately infinite medium or the sample acts as an oscillating bar [169]. Specifically, bulk 

waves propagate when the diameter over height ratio (D/h) and the height over wavelength ratio 

(h/λ) fulfill the following relationship 

F1 (D/h, h/λ) = A × log (D/h) + B × log (h/λ) + 1 ≥ 0  (5-3) 

with A = 1.426 and B = 0.530 [170]. 
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At the frequency of 0.1 MHz, the measurements on all the scaffolds fulfill the requirement 

indicated in Eq.  (5-3) (see fourth column of Table 5-5). Thus, this frequency triggers bulk waves. 

According to the theory of elastic waves [171], the propagation velocity of such bulk waves gives 

access to the normal stiffness component of the investigated material 

C1111= ρ × v
2
  (5-4) 

where ρ is the mass density of the material [156]. 

According to continuum micromechanics [160], the elasticity or stiffness of a material is related 

to a representative volume element (RVE) subjected to a homogeneous stress or strain state. On 

one hand, the characteristic length of the RVE (lRVE) should be significantly larger than the size d 

of microheterogeneities inside the RVE. On the other hand, the characteristic length of the RVE 

(lRVE) needs to be considerably smaller than the wavelength λ of the signal which is transmitted 

through the investigated sample. Therefore, these requirements can be mathematically expressed 

as 

d ≪ lRVE ≪ λ  (5-5) 

The requirements in Eq.  (5-5) were experimentally quantified in a previous study [170], and the 

results showed that the stiffness of the overall porous materials can be characterized when d/λ ≤ 

0.03 (see triangle-labeled curve in Figure 10(a) of reference [170]). This prerequisite is fulfilled 

for the measurements carried out at 0.1 MHz in this work (see column five of Table 5-5). Thus, 

Eq.  (5-4) gives access to C1111 = 𝐶1111
scaff , i.e., the normal stiffness component of the overall 

scaffold, as is shown for all the uncoated and coated scaffolds (𝐶1111
scaff) in Table 5-5. It can be 

observed that the stiffness of uncoated scaffolds was increased by coating them with both 

synthetic polymer (PHBV) and natural polymers (gelatin and alginate). Moreover, the stiffness of 

gelatin and alginate coated scaffolds was further enhanced by crosslinking these natural polymers. 

Table 5-5: Calculation of the normal stiffness tensor component of overall scaffolds from ultrasonic 

pulses with 0.1 MHz frequency. 

Sample D/h h/λ F1 (D/h, h/λ) d/λ 𝐶1111
𝑠𝑐𝑎𝑓𝑓

(GPa) 

Uncoated 1.00±0.06 0.52±0.02 0.85±0.04 0.03±0.00 0.373±0.095 

PHBV coated 1.04±0.05 0.41±0.02 0.82±0.04 0.02±0.00 0.536±0.071 

Gelatin coated 1.01±0.05 0.43±0.01 0.82±0.03 0.03±0.00 0.527±0.118 

Cross-linked gelatin coated 1.00±0.03 0.38±0.01 0.78±0.02 0.02±0.00 0.639±0.050 

Alginate coated 1.02±0.03 0.47±0.04 0.83±0.03 0.03±0.00 0.489±0.060 

Cross-linked alginate coated 0.99±0.02 0.38±0.01 0.77±0.01 0.02±0.00 0.734±0.065 
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5.4. Discussion 

The density and elastic modulus of polymers are highly dependent on their particular composition, 

molecular weight and processing history. As a consequence, the data collected from literature are 

often variable. In order to obtain reliable values for calculation and analysis in this work, density 

and elastic modulus of the polymers as well of sintered 45S5 BG were measured. As shown in 

Table 5-1 and mentioned in Section 5.3.1, the measured densities are close to the values provided 

by the manufacturers or those reported in the literature. Thus, the density data is considered to be 

reliable for further calculation and analysis. As regards the elastic modulus, highly scattered data 

are reported for PHBV, gelatin and alginate, while the elastic moduli of cross-linked gelatin or 

alginate-related materials are rarely reported at all. Therefore, in this work, the elastic modulus of 

the used polymers was determined by nanoindentation, a widely used technique, which has been 

shown to be effective for measuring the Young’s modulus of polymers [163, 172]. In addition, the 

elastic modulus of sintered 45S5 BG was also measured by nanoindentation, and the result was in 

good agreement with the values reported in the literature. 

As shown in Fig. 5-2, the highly interconnected porous structure of 45S5 BG scaffolds was 

retained after coating with different polymers. In addition, the average porosity of the scaffolds 

only slightly decreased after polymer coating (Table 5-3), and, as a consequence, the pore size of 

polymer coated scaffolds was still in the range of 200–500 µm. Therefore, the microstructure of 

uncoated and polymer coated scaffolds were nearly identical. On one hand, from a biological 

point of view, it is of importance for polymer coated scaffolds to maintain the well-developed 

microstructure of uncoated scaffolds. Namely, scaffolds with a mean pore size of ~300 µm were 

shown to be suitable for bone tissue engineering, as they exhibit increased osteoblast proliferation 

and differentiation throughout the entire 3D scaffold, due to enhanced oxygen and nutrient 

diffusion in comparison with scaffolds with small pore sizes (such as < 200 µm) [4, 6, 29]. On the 

other hand, from a micromechanical point of view, the very similar microstructure between 

uncoated and polymer coated scaffolds allows for identification of one micromechanical 

morphology relevant for both coated and uncoated scaffolds, and, hence, for the use of one 

micromechanical model describing the behavior of all of these scaffolds. 

As indicated in Table 5-5, the stiffness of uncoated scaffolds was increased by coating them with 

any of the used polymers. Moreover, after the crosslinking treatment, the stiffness of gelatin and 

alginate coated scaffolds was further increased. Therefore, the original assumption is confirmed, 

i.e., the stiffness of scaffolds can be conveniently tailored not only by applying polymer coatings, 

but also by further modifying the properties of the applied polymer coatings. These results 

provide a very simple and effective strategy of designing the stiffness of bone tissue engineering 

scaffolds based on bioactive glasses/ceramics in general. In addition, the preliminary results 
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obtained in this work suggest that chemical crosslinking could also be an effective way to adjust 

the stiffness of polymer (e.g., alginate, gelatin, collagen and chitosan) based scaffolds. 

The elastic modulus of cancellous bone is dependent on its density (related to porosity) and the 

loading direction, and it was reported to be in the range of 0.1–0.85 GPa in the axial direction 

[173-175]. The stiffness of the prepared uncoated 45S5 BG scaffolds (0.373 GPa) and polymer 

coated scaffolds (0.489–0.734 GPa) in this work are all in the aforementioned range for 

cancellous bone. In other words, polymer coating and further crosslinking treatment facilitate the 

stiffness of the scaffolds to vary to a large extent, which could better match the specific stiffness 

of cancellous bone at different sites. Stiffness match of implants (here scaffolds) and their 

surrounding bone tissue could promote their enhanced in vivo performance, as stress shielding 

becomes negligible, thus avoiding bone resorption [152]. 

From a micromechanical point of view, the elasticity of a composite is related to the elasticity of 

its constituents, their volume fractions and their mechanical interaction, in which the mechanical 

interaction is determined by the nature of the interface between the constituents and by the 

microstructural morphology [160]. In this work, the constituents of the scaffolds are 45S5 BG, 

polymer coating and zero-stiffness macropores. As shown in Fig. 5-2 and discussed above, the 

microstructure of uncoated and polymer coated scaffolds is very similar, which allows for 

introduction of one type of micromechanical structure-property relationship pertinent to all 

different coated and uncoated scaffolds. Moreover, the microstructure is made up of strut-type 

elements, as seen in Fig. 5-2, and for such microstructures it has been shown that the discussion 

on the constituent stiffness values can be reduced to their Young’s modulus (i.e., EBioglass and 

Epolymer) [159, 176]. As a consequence, the composite stiffness (𝐶1111
scaff) becomes a function F2, 

which represents the micromechanical interaction of the constituents of the composite in the 

scaffold struts. This function F2 is expressed as 

𝐶1111
scaff = 𝐹2(𝐸Bioglass, 𝐸polymer, 𝑓Bioglass, 𝑓polymer)  (5-6) 

where fBioglass and fpolymer denote the volume fractions of 45S5 BG and polymer coating, 

respectively. The remaining macro porosity (p) fulfils 𝑝 = 1 − 𝑓Bioglass − 𝑓polymer. 

A simple dimensional analysis provides the following relationship between dimensionless 

quantities [177]: 

𝐶1111
scaff/𝐸Bioglass = 𝐹2(𝐸polymer/𝐸Bioglass, 𝑓Bioglass, 𝑓polymer)  (5-7) 

As shown in Table 5-6, fBioglass was almost constant for all types of scaffolds in this work. Thus, 

Eq.  (5-7) could be simplified to 

𝐶1111
scaff/𝐸Bioglass = 𝐹2(𝐸polymer/𝐸Bioglass, 𝑓polymer)  (5-8) 
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Table 5-6: Volume fraction of pores (fpore), 45S5 BG (fBioglass) and polymer coating (fpolymer) in the 

scaffolds. 

Sample fpore (-) fBioglass (-) fpolymer (-) 

Uncoated 0.952±0.004 0.048±0.004 0 

PHBV coated 0.933±0.008 0.047±0.003 0.020±0.006 

Gelatin coated 0.939±0.006 0.048±0.005 0.013±0.002 

Cross-linked gelatin coated 0.940±0.004 0.047±0.002 0.013±0.004 

Alginate coated 0.940±0.010 0.049±0.006 0.011±0.005 

Cross-linked alginate coated 0.941±0.002 0.047±0.002 0.011±0.002 

 

A multi-linear regression (MLR) of the form z = a × x + b × y + c performed on this dependence 

delivered a = 6.06 × 10
-2

, b = 2.22 × 10
-1

, c = 1.04 × 10
-4

 (R
2
 = 0.72). A significance test showed 

that the statistical significance of the influence of Epolymer/EBioglass on 𝐶1111
scaff/𝐸Bioglass  is much 

higher than that of fpolymer. In fact, the confidence interval for the factor fpolymer in the MLR is 

approximately 61% (level of confidence α = 1 – 0.61 = 0.39), which means that it can only be 

stated with a certainty of 61% that this factor may have an influence on the result. On the other 

hand, the level of confidence for Epolymer/EBioglass is α = 0.19. The 81% confidence interval 

confirms that this factor indeed has a more significant influence on the result. This may lead us to 

suggest approximating Eq.  (5-8) through 

𝐶1111
scaff/𝐸Bioglass = 𝐹2(𝐸polymer/𝐸Bioglass)  (5-9) 

This statistically suggested relationship once again reinforces the qualitative conclusions of the 

experimental results: coating of 45S5 BG scaffolds with any of the used polymers indeed 

increases their overall stiffness. Moreover, there is a direct dependence of the resulting stiffness of 

the coated scaffold on the stiffness of the polymer coating. Therefore, the goal of tailoring the 

elasticity of the scaffolds by applying polymer coatings and further crosslinking these coatings is 

realized. Furthermore, the subtle variation of the elasticity values of these modified 45S5 BG 

scaffolds is successfully detected by the non-destructive ultrasonic technique. It is therefore 

proposed that the micromechanical analysis based on the results obtained from ultrasonic 

measurements has a potential for improving the stiffness design of the scaffolds, which is usually 

done by a trial-and-error process. 
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5.5. Conclusions 

The elastic properties predominantly determine the stress distribution in bone-implant systems, 

which have a great influence on the successful application of the implants, including scaffolds. 

Thus, it is of importance to properly design/adjust and accurately measure the elastic properties of 

the scaffolds. In this work, the stiffness of 45S5 BG scaffolds before and after polymer coating 

was successfully determined by the non-destructive ultrasonic technique. The results showed that 

the stiffness of all the uncoated and coated scaffolds were in the range of cancellous bone, and the 

stiffness of uncoated scaffolds was increased by applying polymer coatings, and further increased 

by crosslinking the used natural polymer coatings. The combined multiscale ultrasound-

nanoindentation measurement, as well as statistical analysis, indicated that there is a direct 

dependence of the resulting stiffness of the coated scaffold on the stiffness of the polymer coating. 
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 Chapter 6

45S5 bioactive glass scaffolds loaded with therapeutic agents 

 

6.1. Introduction 

Bacterial infections and bone diseases could lead to delayed bone healing, nonunion of fractures, 

and implant (scaffold) loosening [85]. Traditionally, drugs have been systemically administrated 

to treat infections or diseases, which however would not be immediately effective after 

implantation since the scaffolds are still not vascularized [86]. Furthermore, systemic 

administration may reduce the drug bioavailability and has the risk of overdose. Further 

enhancing the functionality of the scaffolds by loading therapeutic agents into them to treat 

infections or bone diseases with an adequate therapeutic concentration level and for a desired time 

frame is recognized as being highly beneficial in bone tissue engineering applications [3]. Thus, 

there is an increasing interest in incorporating a drug delivery function in scaffolds. 

Besides reinforcing the scaffolds, polymer coatings have also been shown to be able to release 

relevant therapeutic drugs, such as antibiotics, from bioactive glass scaffolds [16]. The drugs 

incorporated in the polymer coatings were generally completely released within 1 week [108, 

141], which in some cases is not sufficient for treating infections and bone diseases. For example, 

the usual treatment time for most patients with bone infection caused by bacteria should be at 

least 4–6 weeks [20]. Therefore there is a strong demand to develop scaffolds capable of releasing 

drugs for a longer period. Polymer microspheres are well-known for controlled and sustained drug 

delivery. In Section 4.3.2, it was presented how PHBV microspheres could be successfully 

incorporated into 45S5 BG scaffolds. It is anticipated that PHBV microsphere coated scaffolds 

could release the drug in a long term. VCM and daidzein were selected as typical antibiotic and 

anti-osteoporosis drug in this work. Meanwhile, VCM and daidzein served as model drugs of 

hydrophilic and hydrophobic characteristic, respectively. 

The emergence of resistance of bacteria to antibiotics becomes a common and worrying 

phenomenon, because inappropriate antibacterial treatment and overuse of antibiotics accelerate 

the evolution of resistant strains [178]. Thus, as an addition to antibiotics, there is a particular 

interest in the development of new biocides in order to fight infections. Biocidal cationic 

polymers, such as polyguanidines, have attracted considerable attention for their high antibacterial 

activity and low toxicity to humans, and they have been widely investigated or used as 

disinfectants or biocides in ophthalmology, water systems and topical wounds [112-115]. The 
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antibacterial action of the polyguanidines starts with the interaction of positively charged polymer 

molecules with the bacteria which carry a net negative charge on their surface due to negatively 

charged lipids in the cell membrane, and followed by hole-formation i.e., perturbations of the 

polar headgroups and hydrophobic core region of the lipids membranes killing the bacteria [117, 

118]. In order to incorporate an effective antibacterial function to the 45S5 BG scaffolds, poly(p-

xylyleneguanidine) hydrochloride (PPXG), which belongs to the polyguanidines, was also used as 

an antibacterial agent in this work in addition to antibiotics. The antibacterial effect and 

biocompatibility that PPXG can confer to the 45S5 BG scaffolds will be investigated.  

6.2. Experimental methods 

6.2.1. Loading of vancomycin in 45S5 bioactive glass scaffolds 

6.2.1.1. Direct loading of vancomycin 

In order to directly load VCM into the scaffolds for comparison purposes, VCM was dissolved in 

deionized water at a concentration of 10 mg/mL. The scaffolds (10 mm × 8 mm × 8 mm) were 

immersed into the aqueous drug solution for 30 min at room temperature, and then placed on 

tissue paper, followed by drying at room temperature for 1 day. For comparison purposes, the 

selected concentration of VCM was based on trial-and-error in order to obtain a comparable 

amount of drug loading in the coated and uncoated scaffolds. 

6.2.1.2. Loading of vancomycin using PHBV coating 

In order to load the drug together with PHBV in the scaffolds, VCM (0.5% w/v) was 

ultrasonicated for 30 s in the PHBV-chloroform solution (as mentioned in Section 4.2.1.1) by 

using a probe sonicator. For comparison purposes, the selected concentration of VCM in the 

polymer solution was based on trial-and-error in order to obtain a comparable amount of drug 

loading in the coated and uncoated scaffolds. The coating procedure of scaffolds was the same as 

mentioned in Section 4.2.1.1. It has been shown in a previous study that VCM is compatible with 

chloroform [179]. 

6.2.1.3. Loading of vancomycin using PHBV microspheres 

VCM loaded PHBV microspheres were prepared as described in Section 3.4. The coating 

procedure of 45S5 BG scaffolds by VCM loaded PHBV microspheres was the same as that 

described in Section 4.2.1.3. 

6.2.1.4. Vancomycin release study 

In order to determine the drug release profile at a comparable amount of drug loading, uncoated 

scaffolds (3 pieces), microspheres (20 mg) and PHBV microsphere coated scaffolds (3 pieces) 

were placed in a dialysis bag (Spectra/Por
®
 1, molecular weight cut-off 6000 to 8000, Carl Roth, 
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Germany), respectively, and then immersed in glass vials containing 5 mL PBS solution (pH 7.4). 

At pre-determined time intervals, 1 mL medium from each sample was extracted and the medium 

was replenished with 1 mL fresh PBS solution. For determining VCM release profile of PHBV 

coated scaffolds, the same amount of uncoated scaffolds were used as control, and the samples 

were immersed in glass vials containing 10 mL PBS solution. 2 mL medium from each sample 

was extracted at pre-determined time intervals, and the medium was replenished with 2 mL fresh 

PBS solution. All the samples were incubated in a shaking incubator (90 rpm, 37 °C). The amount 

of VCM was measured using the UV–Vis spectrophotometer (Specord
®
 40, Analytik Jena, 

Germany) at a wavelength of 281 nm. The drug release study was performed in triplicate. 

6.2.2. Loading of daidzein in 45S5 bioactive glass scaffolds 

6.2.2.1. Direct loading of daidzein 

In order to directly load daidzein into scaffolds, daidzein was dissolved in ethanol at a 

concentration of 0.2 mg/mL. The scaffolds (10 mm × 8 mm × 8 mm) were immersed into the drug 

solution for 30 min at room temperature, and then taken out, followed by drying at room 

temperature for 1 day. The selected concentration of daidzein was based on trial-and-error in 

order to obtain a comparable amount of drug loading in the coated and uncoated scaffolds. 

6.2.2.2. Loading of daidzein using PHBV microspheres 

Daidzein loaded PHBV microspheres were prepared as described in Section 3.4. It has been 

shown in a previous study that daidzein does not denature in DCM [180]. The mass ratio of 

daidzein to PHBV uses for this study was 1:10. The coating procedure of 45S5 BG scaffolds by 

daidzein loaded PHBV microspheres was as the same as that in Section 4.2.1.3.  

6.2.2.3. Daidzein release study 

Since daidzein is poorly soluble in water [181], a release medium consisted of 75 vol% PBS and 

25 vol% ethanol was used in order to meet sink conditions [182, 183]. Uncoated scaffolds (1 

piece), microspheres (2 mg) and PHBV microsphere coated scaffolds (1 piece) were placed in a 

dialysis bag and then immersed in 5 mL release medium. The samples were placed in a shaking 

incubator (37 °C, 90 rpm). At pre-determined time points, 1 mL solution was taken out and 

replaced by 1 mL fresh solution. Daidzein concentration was measured using UV–Vis 

spectrophotometer at a wavelength of 252 nm. The drug release study was performed in triplicate. 

6.2.3. Drug release kinetics 

Peppas equation was used to analyze the drug release kinetics from the samples, which is 

represented by Eq.  (6-1) [184, 185]: 

Qt = kt
n
  (6-1) 
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where Qt is the cumulative percentage drug release, k is the kinetic constant, n is the release 

exponent which defines the mechanism of drug release and t is the release time. This equation is 

generally valid for the first 60% of total amount of drug release. 

In the case of thin films with negligible edge effects, Fickian drug diffusion and relaxational drug 

transport are defined by n equal to 1/2 and n equal to 1, respectively. Anomalous drug transport 

behavior is intermediate between Fickian and Case II; this is reflected by the fact that anomalous 

behavior is defined by values of n between 1/2 and 1. For other geometries, different n-values are 

indicative for diffusion or polymer relaxation controlled drug release, as shown in Table 6-1 [184, 

185]. 

Table 6-1: Exponent n of the Peppas equation and drug release mechanism from polymeric 

controlled delivery system for different geometries. 

Thin film Cylinder Sphere Drug release mechanism 

0.5 0.45 0.43 Fickian diffusion 

0.5 < n < 1.0 0.45 < n < 0.89 0.43 < n < 0.85 Anomalous transport 

1.0 0.89 0.85 Case II transport 

 

6.2.4. Loading of PPXG 

6.2.4.1. Synthesis and antibacterial activity of PPXG
5
 

Poly(p-xylyleneguanidine) hydrochloride (PPXG) was synthesized by condensation 

polymerization of p-xylylenediamine and guanidine hydrochloride in melt according to the 

literature [115, 186]. A dry 100 mL three necked round bottom flask equipped with a thermometer 

and a reflux condenser was charged with guanidine hydrochloride (6.18 g, 50.00 mmol) and p-

xylylenediamine (4.78 g, 50.00 mmol). The reagents were heated up to 150 °C. The 

polycondensation reaction was stopped after 5 hours by cooling the reaction flask in an ice bath 

and the polymer was obtained as colorless transparent solid. The polymer was structurally 

characterized using 1D (
1
H and 

13
C), 2D heteronuclear single quantum coherence (HSQC) NMR 

and atmospheric pressure chemical ionization (APCI) spectroscopic techniques (Fig.A. 2 and 

Fig.A. 3). The molecular weight of the polymer (Mn: 2200, Mw: 2500, PDI: 1.12) was determined 

by MALDI-TOF MS (Fig.A. 4). In addition, the thermal behaviors of the polymer were analyzed 

using DSC and TGA (Fig.A. 5(a) and Fig.A. 5(b)). 

                                                      
5
 Synthesis and characterization of PPXG were carried out by Hui Wang at the Macromolecular Chemistry 

II (Prof. Seema Agarwal), University of Bayreuth, Bayreuth, Germany. 
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Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) were 

evaluated to determine the antibacterial activity of PPXG. A dilution series of the PPXG solution 

starting from 1000 µg/mL, each 500 µL was prepared in a sterile 24 well plate (Greiner bio-

online). Equal volume of bacteria (Bacillus subtilis (B. subtilis) or Escherichia coli (E. coli); 10
6
 

cfu/mL) were added and incubated for 24 h at 37
 
°C. After this the wells were visually evaluated 

for bacteria growth. The lowest concentration which remained transparent was taken as the MIC. 

To determine the MBC, 100 µL solution was removed from each clear well and spread on nutrient 

agar plates and incubated for a further 24 h at 37 °C. The lowest concentration of biocide at which 

no colony formation was observed was taken as the MBC. Each test was done in quadruplicate. 

6.2.4.2. Loading of PPXG 

Before the loading of PPXG, GCG coating was incorporated into the 45S5 BG scaffolds using the 

procedure described in Section 4.2.1.2. In order to load different amount of PPXG directly into 

the GCG coated scaffolds, PPXG was dissolved in methanol at concentrations of 40, 120 and 200 

µg/mL, respectively. Then 0.5 mL PPXG solution of each concentration was dripped onto the 

GCG coated scaffolds from different sides, followed by drying at room temperature for 1 day. 

6.2.5. Antibacterial test
6
 

Antibacterial activity was characterized by Kirby-Bauer test and time-dependent shaking flask test. 

E. coli (DSM No. 1077, K12 strain 343/113, DSMZ) as Gram-negative and B. subtilis (DSM No. 

2109, ATCC 11774, ICI 2/4 strain, DSMZ) as Gram-positive test organism were used [115]. 

Tryptic soy broth (TSB) (Sigma-Aldrich, Germany) was used as nutrient for E. coli (30 g∙L
-1

 in 

distilled water for liquid nutrient; 15 g∙L
-1

 agar-agar in addition for nutrient agar plates) and 

peptone/meat extract medium for B. subtilis (5 g∙L
-1

 peptone and 3 g∙L
-1

 meat extract in distilled 

water for liquid nutrient; 15 g∙L
-1

 agar-agar in addition for nutrient agar plates). Both strains were 

preserved on nutrient agar plates and liquid cultures were grown by inoculation of liquid nutrient 

with a single bacteria colony using an inoculation loop. The inoculated broth was incubated under 

shaking at 37 °C until the optical density at 578 nm had increased by 0.125 indicating a cell 

density of 10
7
–10

8
 cfu∙mL

-1
. To obtain the final bacterial suspensions the inoculated broth was 

diluted with liquid nutrient to an approximate cell density of 10
6
 cfu∙mL

-1
. 

6.2.5.1. Kirby-Bauer test 

To determine the antibacterial activity, samples of approximate 10 mm (width) × 10 mm (length) 

were placed on a nutrient agar plate previously inoculated with 100 µL inoculum and incubated at 

37 °C for 24 h. The plates were visually evaluated for a zone of inhibition and colony formation 

                                                      
6
 Antibacterial test was carried out by Hui Wang at the Macromolecular Chemistry II (Prof. Seema 

Agarwal), University of Bayreuth, Bayreuth, Germany. 
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on the surface of the sample. The samples were removed from the incubated agar plate and a swab 

from the area under the samples with a sterile inoculation loop was transferred to a new TSB agar 

plate. After incubation for 24 h at 37 °C, the colony formation was visually checked. 

6.2.5.2. Time-dependent shaking flask test 

The time-dependent antibacterial activity was determined by the shaking flask method: samples 

incorporated with different amount of PPXG were incubated with equal volume of bacteria 

suspension at ambient temperature in microcentrifuge tubes, and contact times of 60, 120, 240 and 

360 min were chosen. After each time interval, 100 μL specimens were drawn and spread on 

nutrient agar plates. After 24 h at 37 °C incubation, colonies were counted and the reduction was 

calculated relative to the initial cell density of the inoculum [115]. 

6.2.6. In vitro cytotoxicity test 

In vitro biocompatibility tests were carried out using human osteosarcoma cell line MG-63 

(Sigma-Aldrich, Germany). Cells were cultured at 37 °C in a humidified atmosphere of 95% air 

and 5% CO2 in DMEM (Dulbecco's modified Eagle's medium, Gibco, Germany) containing 10 

vol% fetal bovine serum (Sigma-Aldrich, Germany) and 1 vol% penicillin/streptomycin (Gibco, 

Germany). Cells were grown to confluence in 75 cm
2
 culture flasks (Nunc, Denmark), and 

afterwards harvested using Trypsin/EDTA (Gibco, Germany) and counted by a hemocytometer 

(Roth, Germany). 

PPXG is water soluble and dissolves in aqueous medium rather quickly. Since the pH of 45S5 BG 

scaffolds needs to be regulated in aqueous medium before seeding the cells, PPXG preloaded on 

GCG coated 45S5 BG scaffolds will not present in the scaffold anymore after the pH regulation. 

Therefore, in this study, the in vitro biocompatibility tests were carried out in two steps rather 

than directly on GCG coated 45S5 BG scaffolds loaded with PPXG. Firstly, a preliminary test 

was performed on PPXG, genipin and GCG in order to understand the behavior of MG-63 cells in 

the presence of these individual components of the GCG coated 45S5 BG scaffolds. This test was 

carried out in a short term (2 days), because these components will rather quickly dissolve in the 

cell culture medium which thus makes long term test impossible as the cell culture medium needs 

to be changed every few days. Cell cultivation in the well plate without any material was used as a 

control. Secondly, MG-63 cells were directly cultured onto the uncoated and GCG coated 45S5 

BG scaffolds. Uncoated 45S5 BG scaffolds were used as a control.  

For preparing the samples, PPXG, genipin and GCG were sterilized by filtering their respective 

solution through a 0.22 µm syringe filter. PPXG was dissolved in distilled water, while genipin or 

gelatin-genipin mixture was dissolved in a distilled water-ethanol mixture solution (5 vol% 

ethanol). Uncoated 45S5 BG scaffolds were sterilized at 160 °C for 2 h in a furnace (Nabertherm, 
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Germany). GCG coated 45S5 BG scaffolds were prepared by using sterilized GCG solution and 

sterilized uncoated 45S5 BG scaffolds. 

6.2.6.1. In vitro biocompatibility of PPXG, genipin and GCG 

Various amounts of PPXG (6 µg, 18 µg and 30 µg), genipin (30 µg) and GCG (0.6 mg and 3 mg) 

were obtained by adding different volumes of their respective solution into a 48-well cell culture 

plate and left to dry in the sterile bench. 60000 MG-63 cells in 0.6 mL cell culture medium were 

seeded into each well, and cells were cultivated for 2 days without change of the culture medium. 

Therefore, the tested concentration of PPXG was 10 µg/mL, 30 µg/mL and 50 µg/mL, genipin 

was 50 µg/mL, and GCG was 1 mg/mL and 5 mg/mL. Water soluble tetrasodium (WST) test, a 

colorimetric assay, was used to assess the cell viability. After cell cultivation, cell culture medium 

was removed and samples were washed with 0.5 mL PBS. Afterwards, 0.25 mL WST medium 

(containing 1 vol% of WST reagent (Cell Counting Kit-8, Sigma) and 99 vol% of DMEM 

medium) was added and incubated for 2 h. After incubation, 0.1 mL of the supernatant was 

transferred to a 96-well culture plate and spectrometically measured using a microplate reader 

(PHOmo, anthos Mikrosysteme GmbH, Germany) at 450 nm. To analyze the adherent growth of 

cells on the samples, green Calcein AM (Molecular Probes, The Netherlands) cell-labelling 

solution were used for staining the cytoplasm of the cells. After removing the cell culture medium, 

0.25 mL staining solution (0.5 vol% of dye labelling solution and 99.5 vol% of PBS) was added 

and incubated for 30 min. Afterwards, the solution was removed and the samples were washed 

with 0.5 mL PBS. Cells on the surfaces were fixed by 3.7 vol% paraformaldehyde. Samples were 

washed again and blue fluorescent DAPI (4’,6-diamidino-2-phenylindole dihydrochloride, Roche, 

Basel, Switzerland) was added to label the nucleus. After 5 minutes of incubation, the solution 

was removed and the samples were left in PBS for microscopic viewing using a fluorescence 

microscope (Axio Scope, ZEISS, Germany). 

6.2.6.2. In vitro biocompatibility of scaffolds 

Scaffolds (6 mm × 6 mm × 4 mm) were soaked in DMEM medium to regulate the pH value. To 

evaluate the cell behavior of osteoblast-like cells on the scaffolds, 0.3 million MG-63 cells in 0.6 

mL cell culture medium were seeded on each scaffold, and cells were cultivated for 2 weeks with 

change of culture medium every 2–3 days. After cell cultivation, mitochondrial activity, cell 

distribution, cell attachment and cell morphology were determined. Mitochondrial activity was 

measured using WST test as described in Section 6.2.6.1. To visualize the adherent grown cells on 

the scaffolds, Vybrant™ cell-labelling solution (Molecular Probes, The Netherlands) was used. 

After incubation, cell culture medium was removed and staining solution (5 µL dye labelling 

solution to 1 mL of growth medium) was added and incubated for 15 min. Afterwards the solution 

was removed, the samples were washed with PBS and cells on the surfaces were fixed by 3.7 vol% 
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paraformaldehyde. Samples were washed again and left in PBS for microscopic viewing with a 

confocal laser scanning microscope (CLSM, Leica TCS SP5 II, Germany). The CLSM images 

were taken from the outside surface of the scaffolds. For cell morphology characterization, cells 

on scaffolds were fixed in 3 vol% paraformaldehyde, 3 vol% glutaraldehyde (Sigma-Aldrich, 

Germany) and 0.2 M sodiumcacodylate (Sigma-Aldrich, Germany). After dehydration through 

incubation with a series of graded ethanol series (30, 50, 70, 80, 90, 95 and 100 vol%), the 

samples were critical point dried with CO2 (EM CPD300, Leica, Germany) and sputtered with 

gold. The cell morphology was analyzed by SEM. 

6.2.6.3. Statistical analysis 

All quantitative data were expressed as the mean ± standard deviation. Statistical analysis was 

performed with one-way analysis of variance (ANOVA) using Microsoft Excel 2010 (Microsoft, 

Redmond, WA, USA). A value of P < 0.05 was considered statistically significant. 

6.3. Results and discussion 

6.3.1. 45S5 bioactive glass scaffolds loaded with vancomycin 

6.3.1.1. Vancomycin loaded PHBV microspheres 

VCM loaded PHBV microspheres were prepared by the W/O/W double emulsion method as 

described in Section 3.4. The shape and surface morphology of the microspheres, as observed by 

SEM, are shown in Fig. 6-1. The microspheres appeared spherical in shape, and most of the 

microspheres had quite uniform surface morphology. The particle size distribution is represented 

in Fig. 6-2, which shows that 50% of the microspheres had diameter below 3.5 µm and 90% of 

the microspheres below 7 µm. 

It is well-known that the particle size and size distribution of the microspheres have significant 

effects on the drug release kinetics [89, 90]. Thus, a number of parameters, such as PHBV 

concentration, stirring speed and PVA concentration, were optimized to produce homogenous and 

relatively small microspheres. Porosity of microspheres is usually associated with an initial burst 

release effect and it affects the drug release profile of microspheres [89]. The pores present on the 

surface of microspheres facilitate the penetration of water into the interior, enabling water soluble 

drugs to be dissolved and fast released into the external medium [187]. Due to the absence of 

obvious pores in the microspheres obtained in this work (Fig. 6-1), a long term sustained release 

profile is expected. 
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Fig. 6-1: SEM images of VCM loaded PHBV microspheres at different magnifications. 

 

Fig. 6-2: Particle size distribution analysis of VCM loaded PHBV microspheres. 

The encapsulation efficiency of VCM was 27% in this work. The relatively low encapsulation 

efficiency is due to the fact that VCM is highly water soluble (> 100 mg/mL, manufacturer's data), 

thus, it has a strong tendency to escape to the external aqueous phase during microsphere 

formation as well as during washing of the microspheres.  

6.3.1.2. Vancomycin release profiles 

The amount of loaded VCM was determined by measuring the total amount of VCM released 

from the samples using UV-Vis spectrophotometer. The cumulative percentage of drug release 

was normalized to the total amount of VCM. Fig. 6-3 shows the cumulative percentage of VCM 

released from the uncoated scaffold, PHBV (film) coated scaffold, free PHBV microspheres and 

PHBV microsphere coated scaffolds. Compared to the initial burst release (as high as 77%) from 

uncoated scaffolds, the PHBV coated scaffolds showed a much lower initial burst release of 33%. 

The VCM release was found to occur in a controlled manner over a period of 6 days from the 

PHBV (film) coated scaffolds (99.9% release), which is a more preferable result than that of 

uncoated scaffolds which exhibited 99.5% release over a short period of 3 days. By comparison, 

the PHBV microsphere coated scaffolds showed further decreased initial burst release, which was 
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21%. Furthermore, the VCM within the microspheres and microsphere coated scaffolds was 

released in a controlled manner over a period close to 1 month, which represents a more 

convenient and sustained release behavior than that of the uncoated scaffolds and PHBV (film) 

coated scaffolds, which released the drug completely within 4 days and 6 days, respectively. It 

also should be pointed out that the initial burst release and cumulative drug release at the early 

stage (before 10 days) of the microsphere coated scaffolds were lower than those of the free 

microspheres. 

 

Fig. 6-3: VCM release from uncoated 45S5 BG scaffolds, PHBV (film) coated 45S5 BG scaffolds, free 

PHBV microspheres and PHBV microsphere coated 45S5 BG scaffolds. 

For the uncoated scaffolds, the initial burst release could be due to the drug being loosely bound 

on the struts of the scaffold, and the followed gradual release resulted from the drug being tightly 

bound on the struts or entrapped within the micropores present on the struts. The encapsulation of 

drug within the PHBV coating significantly reduced the initial burst release which was observed 

in the uncoated scaffolds (77%). It is interesting to highlight the slightly different drug release 

behavior of the uncoated scaffolds in this work with that of the previous investigation [141] which 

can attributed to the different microstructure of the struts as the two scaffolds were fabricated 

from different powders and different slurries. The initial burst release (33%) in the coated 

scaffolds was probably due to the hydrophilic drug not being efficiently encapsulated inside the 

hydrophobic PHBV coating, as observed in similar studies [188, 189].  

The initial burst release from PHBV microspheres could be attributed to surface attached drug 

molecules, which are expected on this type of microspheres [89, 190]. The sustained drug release 

profile of the free microspheres was due to the fact that the hydrophilic VCM was entrapped 

inside the microspheres as a result of the double emulsion method used. Moreover, the PHBV 

microspheres did not show any porosity in the micrometer-scale. Therefore, drug diffusion will 

not take place rapidly within macroscopic pores, but it will be slow within possible nanopores and 
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between the gaps existing among the polymer chains. These pores and gaps are filled with release 

medium, and act as the continuous phase for drug diffusion as described in the literature [191]. 

The sustained drug release profile of free PHBV microspheres in this work is more favorable than 

those faster release profiles in relevant previous studies on P(3HB) microspheres incorporating 

gentamycin or TCH [102, 105]. Factors affecting the drug release profiles of free microspheres 

include preparation process, material and drug used as well as release medium used for the drug 

release test. Among these factors, the preparation process is key to determine the different drug 

release profiles found in different studies, since it influences the distribution of the drug within 

microspheres. Both gentamycin and TCH loaded P(3HB) microspheres were prepared by O/W 

single emulsion method, in which the drugs were added to the water phase [102, 105]. Both 

gentamycin and TCH are highly hydrophilic/water soluble, and hence it is difficult to encapsulate 

them within the microsphere matrix in an aqueous environment. Therefore, the loaded drugs are 

likely to be adsorbed on the surface or entrapped in the shallow surface of the microsphere matrix. 

As a consequence, the initial burst release is high and the drugs are quickly released in a relatively 

short period [102, 105]. In order to overcome these problems, in this work, W/O/W double 

emulsion method was used for encapsulating the highly water soluble VCM into PHBV 

microspheres. VCM is dissolved in the inner water phase, and separated from the external water 

phase by the immiscible oil phase which consists of PHBV and DCM. VCM is thus supposed to 

be mainly entrapped inside the PHBV matrix, which is the typical drug distribution characteristic 

of microspheres obtained by double emulsion method [89]. Therefore, the initial burst release is 

low and the drug can be released in a sustained behavior. 

The lower initial burst release and subsequent sustained drug release of microsphere coated 

scaffolds in comparison to free microspheres indicates that the drug release profile of the 

microspheres changes after the microspheres are fixed on the struts of the scaffolds. This result 

could be explained by the decrease of the surface area of microspheres exposed to the PBS 

solution after being fixed on the scaffold struts. The VCM release from microsphere coated 

scaffolds was sustained for about 1 month, which indicates a more sustained behavior not only in 

comparison to uncoated scaffolds (4 days) but also compared to PHBV (film) coated scaffolds (1 

week) [51] and PLGA/P(NIPAM-co-AAc) microgel coated scaffolds (4 days) [192]. This drug 

release timescale (1 month) represents a more favorable result for the prophylaxis and treatment 

of bone infection considering that the usual treatment time for most patients with bone infection 

caused by bacteria should be at least 4–6 weeks [193]. It should be noted that the in vitro drug 

release profile in PBS may be different from that under relatively stagnant conditions expected to 

occur in a biological environment such as a bone defect. As the release kinetic may by slower in 

such cases, a more prolonged release profile could be expected in actual in vivo conditions [190]. 



Chapter 6: 45S5 bioactive glass scaffolds loaded with therapeutic agents 

81 

 

There are very few reports available on VCM release from porous scaffolds [108, 109, 141, 192, 

194]. Table 6-2 summarizes the characteristics of porous scaffolds with VCM release function 

developed earlier, including information on porosity, compressive strength and drug release 

profile after coating (except for the study of reference [109] in which the scaffolds had no 

coating). 

Table 6-2: Overview of porous scaffolds with VCM release function. 

Scaffold Coating 

Porosity 

/% 

Compressive 

strength/MPa 

Initial burst 

release*/% 

Cumulative 

release/% Ref. 

uncoated coated 1 d 3 d 

45S5 

BG 

PHBV 

microsphere 
93 0.08 77 21 46 61 

Present 

study 45S5 

BG 
PHBV (film) 94 0.10 77 33 74 95 

45S5 

BG 

PCL+ 

Chitosan 
- 0.20 71 63 85 95 [141] 

45S5 

BG 

PLGA/micro

-gel+PLGA 
- - - 13–77 91–96 97–98 [192] 

HA PCL/HA 83 0.45 70–80 44 70 85 [108] 

β-TCP/ 

agarose 

- 50–80 1.7–17.7 35–70 - 75–90 100 [109] 

PDLLA/ 

BCP 

Cross-linked 

alginate 
53–85 0.58–1.12 - 7–27 20–57 40–85 [194] 

* Initial burst release was determined as the cumulative percentage of VCM release at 1 h. 

In previous studies, PCL, alginate, PCL/chitosan and PLGA/P(NIPAM-co-AAc) microgel 

coatings were investigated. It is unwise to directly compare the compressive strength of scaffolds 

with different porosities. In general, higher porosity will lead to lower compressive strength. 

Therefore, it is not surprising that the obtained scaffolds in this work, which possess the highest 

porosity, exhibit also the lowest compressive strength. 

Compared with the results from references [141] and [108], the polymer coating in this work 

seems to be more effective in reducing the initial burst release, which could be attributed to the 

suitable dispersion of the drug in the PHBV coating or encapsulation of the drug in PHBV 

microspheres and the negligible degradation and swelling of PHBV in the early stages of drug 

release. By contrast, in a coating strategy using chitosan [141] the effect of swelling and rapid 
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dissolution of this polymer when immersed in PBS solution must be taken into account and it will 

determine a different drug release behavior than in the present scaffolds. These properties of 

chitosan are likely the reason for the relatively high initial burst release of the PCL/chitosan 

coated scaffolds in which VCM was loaded within the chitosan film [141]. As also seen in Table 

6-2, the initial burst release from the β-TCP/agarose scaffold was much higher than that in this 

work even if the scaffolds possessed a lower porosity, while the cross-linked alginate coated 

PDLLA/BCP scaffold with a lower porosity had an initial burst release close to the microsphere 

coated scaffolds measured in this work [109]. 

The reduction of initial burst release is of great importance in controlled drug release systems, 

because excessive initial burst release can be pharmacologically dangerous and economically 

inefficient [195]. Taking into account the porosity differences between scaffolds investigated, the 

reported VCM release profile should be fairly similar to the PHBV (film) coated scaffolds, but not 

as sustained as PHBV microsphere coated scaffolds [108, 194]. 

6.3.1.3. Vancomycin release kinetics 

The drug release mechanism of uncoated 45S5 BG scaffolds was not analyzed in this work due to 

their very high initial burst release and overall short release period. Fig. 6-4 shows the fitting of 

VCM release from PHBV (film) coated 45S5 BG scaffolds, free PHBV microspheres and PHBV 

microsphere coated 45S5 BG scaffolds using Peppas equation. Linearity (R
2
) of more than 0.95 

was obtained for all of these samples, indicating that the VCM release from these samples can be 

well described by Peppas equation. For PHBV (film) coated scaffolds, the PHBV could be 

considered as thin film on the scaffolds struts. The release exponent n values of these three types 

of samples are all less than their respective characteristic n value for Fickian diffusion (0.5 for 

thin film, 0.43 for sphere), suggesting that the VCM release from all of these samples are 

diffusion controlled. 

For PHBV (film) coated scaffolds, free PHBV microspheres and PHBV microsphere coated 

scaffolds, the drug carrier was PHBV. The swelling of the hydrophobic PHBV is very low [58], 

and PHBV degrades very slowly in PBS [196, 197]. As a result, the rate of drug diffusion is 

considered to be significantly higher than that of PHBV degradation, and therefore the drug 

release mechanism is mainly based on diffusion rather than polymer degradation [198]. 
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Fig. 6-4: Fitting of VCM release from (a) PHBV (film) coated 45S5 BG scaffolds, (b) free PHBV 

microspheres and (c) PHBV microsphere coated 45S5 BG scaffolds using Peppas equation. 

6.3.2. 45S5 bioactive glass scaffolds loaded with daidzein 

6.3.2.1. Daidzein loaded PHBV microspheres 

Daidzein loaded PHBV microspheres were prepared by the O/W single emulsion method as 

described in detail in Section 3.4. The mass ratio of daidzein to PHBV was 1:10 or 1:20. The 

shape and surface morphology of the microspheres, as observed by SEM, are shown in Fig. 6-5. 

The microspheres appeared spherical in shape. The surface of the daidzein loaded microspheres 

seems to be rougher than unloaded microspheres (Fig. 4-8 in Section 4.3.2.1.1) and VCM loaded 

microspheres (Fig. 6-1 in Section 6.3.1.1). This may be due to the faster solvent extraction 

process during the preparation process of daidzein loaded microspheres (Section 3.4), in which an 

extra external aqueous phase was applied. The particle size distribution is represented in Fig. 6-6, 

which is 4.0 ± 1.9 µm and 3.8 ± 1.9 µm for the microspheres loaded with high and low amount of 

daidzein, respectively. The different amount of loaded drug in this work had no significant 

influence on the particle size distribution of the prepared PHBV microspheres. 
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Fig. 6-5: SEM images of daidzein loaded PHBV microspheres. Mass ratios of daidzein to PHBV were 

(a)–(b) 1:10 and (c)–(d) 1:20. 

  

Fig. 6-6: Particle size distribution of daidzein loaded PHBV microspheres. Mass ratios of daidzein to 

PHBV were (a) 1:10 and (b) 1:20. 

The encapsulation efficiency of daidzein was 54% and 71% in this work when the mass ratio of 

daidzein to PHBV was 1:10 and 1:20, respectively. It seems that the higher drug/polymer ratio 

used for preparing microspheres leads to lower encapsulation efficiency. On one hand, this may 

be due to the fact that higher drug loading causes an increased drug concentration gradient 

between the polymer matrix and the external aqueous phase, which leads to increased loss of drug 

during the fabrication process. On the other hand, the polymer itself may have a limited capacity 

to encapsulate a particular drug. Beyond its maximum capacity, drug may be expelled from the 
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polymer matrix during the solidifying process [199, 200]. The encapsulation efficiency of 

daidzein in PHBV microspheres is much higher than that (27%) of VCM loaded PHBV 

microspheres. This is due to fact that daidzein is poorly water soluble while VCM is highly water 

soluble, therefore VCM has a stronger tendency to escape to the external aqueous phase during 

microsphere formation as well as during washing of the microspheres. 

6.3.2.2. Daidzein release profiles 

Fig. 6-7 shows the release profiles of daidzein from PHBV microspheres prepared by using 

various drug/polymer mass ratios in the preparation process. As loading amount of drug in PHBV 

microspheres increased, the release rate decreased. Similar phenomenon has also been reported in 

other studies [201, 202], and a possible reason is that lower drug loading leads to relatively more 

drug being located in the region close to the surface of the microspheres [201]. PHBV 

microspheres with higher daidzein loading was used for coating the 45S5BG scaffolds in the 

following studies due to its reduced burst release, longer release time and the ability to deliver 

higher amount of drug. 

 

Fig. 6-7: Daidzein release from PHBV microspheres with different levels of drug loading. 

For in vitro drug release measurements, uncoated 45S5 BG scaffolds and free PHBV 

microspheres were used as control to compare with the daidzein release profile of PHBV 

microsphere coated scaffolds. Results of cumulative release in PBS-ethanol solution are shown in 

Fig. 6-8. Uncoated scaffolds exhibited a very high initial burst release, and the daidzein was 

completely released within 4 hours. Compared to VCM release from uncoated scaffolds (see Fig. 

6-3 in Section 6.3.1.2), the daidzein release from uncoated scaffolds was much faster. The 

different release profiles obtained for VCM and daidzein are likely to be determined by the 

different infiltration behavior of the drug solution into the scaffold struts and the different affinity 

of the adsorbed drug on the scaffold struts. Obviously, the VCM aqueous solution is much easier 

to spread on and also infiltrate into the hydrophilic glass-ceramic struts of 45S5 BG scaffolds than 
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the daidzein-ethanol solution. Furthermore, the affinity between the hydrophilic VCM and 

hydrophilic glass-ceramic strut is likely to be stronger than that between the hydrophilic VCM 

and hydrophobic daidzein. 

The initial burst release of free microspheres and microsphere coated scaffolds were both around 

15%. The burst release is mainly due to the release of the surface attached molecules. The release 

of daidzein in the microsphere coated scaffolds was slower than that from the free microspheres, 

and therefore a longer release period was achieved. The reason for the slower drug release from 

microsphere coated scaffolds in comparison to free microspheres was given in Section 6.3.1.2. 

In this work, an ethanol containing solution was used as the release medium for the in vitro 

daidzein release study in order to meet the sink conditions. A longer daidzein release period is 

highly expected if mild in vitro release condition is applied, although the obtained release profile 

does not predict the expected in vivo release behavior [183]. Nevertheless, the current study 

demonstrates that daidzein can be successfully encapsulated in PHBV microspheres using 

emulsion solvent extraction/evaporation method, and a low burst release followed by sustained 

release profile can be obtained. 

 

Fig. 6-8: Daidzein release from uncoated 45S5 BG scaffolds, free PHBV microspheres and PHBV 

microsphere coated 45S5 BG scaffolds. 

6.3.2.3. Daidzein release kinetics 

The daidzein release mechanism of uncoated 45S5 BG scaffolds was not analyzed in this work 

due to the very short release period. Fig. 6-9 shows the fitting of daidzein release from free PHBV 

microspheres and PHBV microsphere coated 45S5 BG scaffolds using Peppas equation. Linearity 

(R
2
) of more than 0.95 was obtained for both samples, indicating that the daidzein release from 

these samples can be well described by Peppas equation. The n values of both samples are all less 

than the characteristic n value for Fickian diffusion (i.e., 0.43 for sphere), suggesting that the 

VCM release from all these samples are diffusion controlled. In addition, the fitting of drug 
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release from PHBV microspheres loaded with lower amount of daidzein (Fig. 6-7) also showed 

good linearity (R
2
 = 0.958) (fitting curve not shown), which indicates the drug release mechanism 

is not affected by the amount of daidzein loading. 

  

Fig. 6-9: Fitting of daidzein release from (a) free PHBV microspheres and (b) PHBV microsphere 

coated 45S5 BG scaffolds using Peppas equation. 

The components (PBS and ethanol) of the release medium used in this work are non-solvent of 

PHBV. Therefore, the shrinkage or swelling of the polymer is negligible [119, 203], which results 

in a diffusion controlled drug release behavior as discussed in Section 6.3.1.3. 

6.3.3. Polyguanidine containing 45S5 bioactive glass scaffolds 

6.3.3.1. Antibacterial properties 

PPXG exhibited high antibacterial activity as determined by MIC and MBC values. It showed 

MIC values of 7.81 μg/mL and 32.25 μg/mL while MBC values of 31.25 μg/mL and 62.50 μg/mL 

for B. subtilis and E. coli, respectively (Fig.A. 6 and Fig.A. 7). PPXG was used for providing 

antibacterial property to GCG coated 45S5 BG scaffolds. The antibacterial property was tested 

using Kirby-Bauer test and the samples were qualitatively checked for the zone of inhibition after 

incubation (Fig. 6-10(a)(b)). Both the uncoated and GCG coated 45S5 BG scaffolds (labelled 1 

and 2) without PPXG did not show any zone of inhibition to the B. subtilis and E. coli (Fig. 

6-10(c)(d)). GCG coated scaffolds loaded with PPXG showed an increasing zone of inhibition to 

the B. subtilis as the PPXG concentration, which is based on the used bacteria suspension in time-

dependent test, increased (Fig. 6-10(c)). GCG coated scaffolds loaded with 10 μg/mL PPXG did 

not clearly exhibit a zone of inhibition to E. coli (Fig. 6-10(d)). However, the zone of inhibition 

occurred and was further increased as the PPXG concentration increased. After checking the zone 

of inhibition, a swab from the area under the samples (Fig. 6-10(c)(d)) was further transferred to 

a new agar plate by sterile inoculation loop. After incubation, the colony formation was visually 

inspected. As shown in Fig. 6-10(e)(f), for the PPXG loaded samples, the only bacteria which 

obviously existed under the scaffolds were E. coli at the PPXG concentration of 10 μg/mL. 



Chapter 6: 45S5 bioactive glass scaffolds loaded with therapeutic agents 

88 

 

 

Fig. 6-10: Kirby-Bauer test using B. subtilis and E. coli for samples 1: uncoated scaffold without 

PPXG, 2: GCG coated scaffold without PPXG, 3: GCG coated scaffold loaded with 10 µg/mL PPXG, 

4: GCG coated scaffold loaded with 30 µg/mL PPXG, and 5: GCG coated scaffold loaded with 50 

µg/mL PPXG. (a) and (b): after incubation for 24 h, (c) and (d): area under the incubated samples, (e) 

and (f): smears on agar plate (bacterial growth after transferring swab from area under the samples 

to a new agar plate). 

In order to quantify the antibacterial properties, time-dependent shaking flask test was further 

performed for up to 6 hours. A 6 hours post-implantation period has been identified during which 

prevention of bacterial adhesion is critical to the long-term success of an implant [204]. Since 

both of the uncoated and GCG coated scaffolds without PPXG did not clearly show antibacterial 

properties to both of the B. subtilis and E. coli, they were not further included in time-dependent 

test. As shown in Fig. 6-11, more than 95% of B. subtilis and E. coli were killed until 2 hours in 

the presence of GCG coated scaffolds loaded with 1050 μg/mL PPXG, and these antibacterial 

effects were kept until 6 hours with the only exception that the E. coli began to grow after 2 hours 

in the presence of GCG coated scaffolds only incorporated with 10 μg/mL PPXG. In other words, 

the difference of sensitiveness of B. subtilis and E. coli to PPXG becomes evident at 10 μg/mL 

after 2 hours. This would be explained by the different feature of the bacterial cell wall. Although 

all bacteria have an inner membrane in their walls, Gram-negative bacteria have a unique outer 

membrane which envelops a barrier function, i.e., prevents drugs from penetrating the cell wall. 

Therefore, E. coli, as one species of Gram-negative bacteria, is likely to be more resistant to 

PPXG than B. subtilis which belongs to Gram-positive bacteria. 
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Fig. 6-11: Time-dependent shaking flask test results of samples 3: GCG coated scaffold loaded with 

10 µg/mL PPXG, 4: GCG coated scaffold loaded with 30 µg/mL PPXG, and 5: GCG coated scaffold 

loaded with 50 µg/mL PPXG. 

Incorporating antibacterial agent in scaffolds can allow the scaffolds themselves to fight bacterial 

infection. GCG coated 45S5 BG scaffolds incorporated with PPXG show effective antibacterial 

effects on both Gram-positive and Gram-negative bacteria, and the antibacterial effects increase 

with PPXG concentration, suggesting that PPXG and also other biocidal cationic polymers 

belonging to polyguanidines are promising for the antibacterial purpose in bone tissue engineering 

scaffolds. 

6.3.3.2. In vitro cytotoxicity 

6.3.3.2.1. Biocompatibility of PPXG, genipin and GCG 

The in vitro biocompatibility of PPXG, genipin and GCG was characterized by evaluating the cell 

proliferation and cell morphology. Cell proliferation was measured in terms of mitochondrial 

activity, and the cell morphology was observed using calcein AM that stains the cytoplasm of 

living cells. Apart from the calcein staining, cells were also stained with DAPI which gives 

information about the integrity of the nucleus. The concentration of the materials was calculated 

based on the volume of the used cell culture medium. The cell culture plate without any addition 

of material was used as a control. 

As shown in Fig. 6-12, the mitochondrial activity of MG-63 cells grown in the presence of 10 

µg/mL PPXG is 79%, while it significantly decreases when PPXG concentration increases. This 

result is in accordance with the fluorescence staining results of MG-63 cells as presented in Fig. 

6-13(a)–(d), which also indicates a reduction in viable cell numbers as PPXG concentration 

increases. As shown in Fig. 6-13(a)–(b), the cell shape, cell membrane integrity and nucleus 

integrity of MG-63 cells cultured in 10 µg/mL PPXG solution are quite similar to that of the 
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control group. Taking into consideration antibacterial test results in Section 6.3.3.1, PPXG 

concentration between 10–30 µg/mL would be a balanced concentration for both antibacterial 

properties and biocompatibility. 

As a natural crosslinking reagent, 50 µg/mL genipin enabled MG-63 cells to show 51% 

mitochondrial activity (Fig. 6-12), and the viable cells possessed intact nuclei and cell membrane 

(Fig. 6-13(e)). In addition, compared to the control group, the cell shape did not seem to be 

affected by the genipin. 

MG-63 cells exhibited 59% mitochondrial activity at a GCG amount of 1 mg/mL, and the 

mitochondrial activity decreased when the GCG amount increased to 5 mg/mL. The relatively low 

mitochondrial activity of MG-63 cells in this work on one hand may be due to the existence of 

genipin, while on the other hand may mainly be due to the inhibition of MG-63 cell growth under 

overdose of gelatin [205, 206]. As shown in Fig. 6-13(f)–(g), compared to the control group, 

although an obvious reduction in viable cell numbers is observed, the cell shape is still similar to 

that of the control group. Interestingly, many of MG-63 cells formed clusters on the 1 mg/mL 

GCG films (Fig. 6-13(f)) and were found to be considerably agglomerated on the 5 mg/mL GCG 

films, as indicated by the large blue dot in Fig. 6-13(g). This result indicates that on such 

concentration of GCG, cell-material interactions are weaker than cell-cell interactions, which 

becomes even more obvious when the GCG concentration increases. 

 

Fig. 6-12: Mitochondrial activity measurement of MG-63 cells in the presence of PPXG, genipin and 

GCG at different concentrations after 2 days of cultivation. The values are mean ± standard 

deviation. The asterisks indicate significant difference. *** P < 0.001. 



Chapter 6: 45S5 bioactive glass scaffolds loaded with therapeutic agents 

91 

 

 

 

 

 

Fig. 6-13: Fluorescence images of MG-63 cells after 2 days of cultivation in the presence of PPXG, 

genipin and GCG at different concentrations. (a) control group (cell culture plate), (b) PPXG 10 

µg/mL, (c) PPXG 30 µg/mL, (d) PPXG 50 µg/mL, (e) genipin 50 µg/mL, (f) GCG 1 mg/mL and (g) 

GCG 5 mg/mL. Calcein/DAPI staining: living cells (green)/nuclei (blue). 
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6.3.3.2.2. Biocompatibility of scaffolds 

Fig. 6-14 shows that the mitochondrial activity of MG-63 cells on GCG coated 45S5 BG scaffolds 

is slightly higher than on uncoated 45S5 BG scaffolds after 2 weeks of cultivation, which 

however is not statistically significant (P > 0.05). 

 

Fig. 6-14: Mitochondrial activity measurement of MG-63 cells on GCG coated 45S5 BG scaffolds 

after 2 weeks of incubation, using uncoated 45S5 BG scaffolds as a control. The values are mean ± 

standard deviation. 

To visualize cell adhesion and cell distribution on the scaffolds, MG-63 cells were labelled with 

Vybrant™ cell-labelling solution. CLSM-images of uncoated and GCG coated scaffolds after 2 

weeks of cell cultivation are shown in Fig. 6-15. MG-63 cells were seen to have grown on the 

strut surfaces of both uncoated and GCG coated scaffolds. As judged by visual inspection of the 

images, the amount of cells on GCG coated scaffolds seems to be higher than on uncoated 

scaffolds. After cell cultivation for 2 weeks, the pores of uncoated scaffolds as well as GCG 

coated scaffolds were still open. This can be attributed to the highly porous and interconnected 

large pore structure of the scaffolds which facilitate oxygen and nutrient supply for the cells. 

  

Fig. 6-15: CLSM images of MG-63 cells on the surfaces of (a) uncoated and (b) GCG coated 45S5 BG 

scaffolds after 2 weeks of cultivation. The cells were stained red and the 45S5 BG surface is green. 
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Furthermore, in order to reveal the cell-cell and cell-material interactions, the cell morphology, 

especially considering how cells attach and spread on both uncoated and GCG coated scaffolds, 

were observed by SEM. Representative images are presented in Fig. 6-16. Fig. 6-16(a) and (d) 

show that the strut surfaces of both uncoated and GCG coated scaffolds are well covered by cells, 

and the well flattened cells covering the scaffold struts tend to form a monolayer in both scaffold 

types. A closer observation of the gap among the cells showed that the strut surface of GCG 

coated scaffold was smooth (Fig. 6-16(e)), while that of uncoated scaffold was rougher (Fig. 

6-16(b)). The smooth strut surface of GCG coated scaffold is likely due to the remaining GCG 

coating on GCG coated scaffolds after 2 weeks of cell cultivation. Indeed, as shown in the FTIR 

results (Fig. 4-18 in Section 4.3.3.3), GCG does exist on GCG coated scaffolds after immersion in 

SBF for 14 days. At higher magnifications (Fig. 6-16(c) and (f)), the cells on both scaffold types 

displayed a typical osteoblastic phenotype with mainly elongated polygonal and flat structures as 

well as expressed filopodias in contact with the scaffold surface [12, 207]. Moreover, well 

developed microvilli were observed on the spread cells on both scaffold types, which indicates 

that the cells are highly active. 

 

  

Fig. 6-16: SEM images of MG-63 cells on the strut surfaces of (a)–(c) uncoated and (d)–(f) GCG 

coated 45S5 BG scaffolds after 2 weeks of cultivation. The inset in (f) indicates the typical 

morphology of the microvilli. (Continued on next page) 
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Fig. 6-16: (Continued from previous page) 

The quantitative result of WST assay indicates that GCG coating may have a slightly positive 

effect on the cell proliferation of MG-63 cells on 45S5 BG scaffolds. Indeed, GCG coating has 

been shown to be able to significantly increase the mitochondrial activity of human mesenchymal 

stem cells on porous PCL scaffolds, however, the realization of this significant improvement of 

cell response is due to the fact that pure PCL scaffolds were less satisfactory in supporting cell 

adhesion and growth because of their hydrophobic nature [73]. In contrast, uncoated 45S5 BG 

scaffolds (with their hydrophilic nature [51]) in this work already could support suitable cell 

attachment and growth, as described above. The qualitative studies, i.e., CLSM and SEM images, 

confirmed that MG-63 cells could attach well and spread on uncoated 45S5 BG scaffolds, and the 

cell attachment, cell spreading and cell morphology were not significantly changed in the 

presence of GCG coating. All these results indicate that the GCG coating on the scaffolds seems 

to have no negative effects on the cell activity, which is different from the biocompatibility results 

of GCG films, as shown in Section 6.3.3.2.1. The better biocompatibility of the GCG coating on 

scaffolds is due to the fact that part of the GCG is lost during the pH regulation of GCG coated 

scaffolds (pretreatment in DMEM) before staring the cell cultivation. The remained GCG on the 

scaffolds is in a reduced amount. As discussed in Section 6.3.3.2.1, relatively lower concentration 

of gelatin is able to favor the growth of MG-63 cells [205, 206]. Therefore, GCG coated 45S5 BG 

scaffolds, as well as GCG coating itself at a relatively low concentration, is biocompatible to MG-

63 cells. The biocompatibility of GCG was also demonstrated in other studies [143, 161, 208, 

209]. Especially, MG-63 cells were shown to attach on genipin cross-linked gelatin porous 

scaffolds, and the cells exhibited a fibroblastic and a polygonal like morphology after 2 weeks of 

cell culture [208]. 
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6.4. Conclusions 

Both hydrophilic and hydrophobic drugs have been successfully loaded into PHBV microspheres 

by emulsion solvent extraction/evaporation method. PHBV microspheres were incorporated into 

45S5 BG scaffolds for drug delivery purpose. Also, PHBV in the form of a film was used as drug 

carrier. 

The VCM loaded within the PHBV (film) coated 45S5 BG scaffolds was released in a more 

sustained and controlled manner as compared to the VCM directly adsorbed on the scaffolds 

without the PHBV coating, and the VCM release was further increased to a period close to 1 

month when PHBV microspheres were used as the drug carriers in the scaffolds. The VCM 

release from PHBV microsphere coated scaffolds exhibits therefore a more favorable release 

profile than not only uncoated scaffolds but also PHBV (film) coated scaffolds. 

In addition to antibiotics (VCM), 45S5 BG scaffolds were also loaded with anti-osteoporosis drug 

(daidzein). Daidzein, as a hydrophobic drug, encapsulated in the PHBV microsphere coated 

scaffolds was released for about 1 month, which is much longer than that of daidzein being 

directly loaded into uncoated scaffolds (4 hours). 

These results proved that PHBV microspheres could effectively and conveniently endow the 45S5 

BG scaffolds with controlled and sustained release of drugs with various physicochemical 

properties. Furthermore, the VCM and daidzein release from the PHBV microspheres is 

determined to be diffusion controlled. 

Besides antibiotics, PPXG, which belongs to polyguanidine, was also incorporated into GCG 

coated 45S5 BG scaffolds for antibacterial purposes. The scaffolds were antibacterial against both 

Gram-positive and Gram-negative bacteria after the incorporation of PPXG. In vitro 

biocompatible test indicated that PPXG was biocompatible to MG-63 cells at a low concentration, 

and the MG-63 cells could attach, spread and proliferate on the GCG coated scaffolds as on the 

uncoated scaffolds. 
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 Chapter 7

Chitosan-45S5 bioactive glass-PHBV microsphere composites 

for bone regeneration 

 

7.1. Introduction 

Chitosan (CS), an alkaline polysaccharide obtained from the deacetylation of chitin, is one of the 

most widely used polymers for tissue engineering applications due to its biodegradability, 

biocompatibility and non-antigenic properties [210-214]. CS can support cell attachment and 

proliferation [215]. However, CS is not an ideal material for bone regeneration because of its 

insufficient osteoconductivity [212, 216]. For example, it has been reported that no apatite was 

formed on the surface of pure CS in vitro [124, 216, 217]. The incorporation of bioactive 

glass/ceramic has been shown to improve the bioactivity as well as the mechanical properties of 

polymer based composite materials [218, 219]. As mentioned in Chapter 2, 45S5 BG has received 

increasing attention in bone tissue engineering due to its excellent bioactivity, biocompatibility, 

osteogenic and potential angiogenic effects [36, 38, 41, 148, 220]. 

As indicated in Section 6.1, there is a demand to incorporate drug release function into implant 

materials to treat infections and diseases. For polymer based composite materials, drugs can be 

directly blended with the polymer matrix. However, the drugs are rapidly released from the 

polymer matrix, therefore high doses of the drug are released in a short time period, which could 

not meet the demand of sustained and controlled release which is required for treating infections 

and diseases. Hence, it is of importance to develop novel sustained and controlled drug delivery 

systems. Compared to direct blending with polymers, drugs encapsulated in PHBV microspheres 

can be released in a controlled manner for a longer period of time, as shown in Chapter 6. 

In this chapter, PHBV microspheres were embedded into CS matrix to serve as drug carriers 

aiming to release the drug in a controlled and sustained manner, and the CS membranes were 

expected to be bioactive after the incorporation of 45S5 BG. Chitosan (CS), chitosan-45S5 BG 

(CS-BG) and chitosan-45S5 BG-PHBV microsphere (CS-BG-MS) membranes were prepared 

through solution casting method, and the physicochemical properties, in vitro bioactivity and cell 

response of these membranes were studied. In order to demonstrate the drug delivery capability 

and to investigate the drug release behavior, TCH, a highly water soluble and widely used 

antibiotic, was chosen as a model drug. The cell biology evaluation was carried out using 

osteoblast-like MG-63 cells. 
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7.2. Experimental methods 

7.2.1. Fabrication of PHBV microspheres 

TCH loaded PHBV microspheres were prepared using double emulsion method (see Section 3.4.). 

7.2.2. Fabrication of membranes 

The membranes were obtained by solution casting. 0.7 g CS (from shrimp shells, low viscosity) 

(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 35 mL aqueous acetic acid solution (1% 

v/v) to a concentration of 2% w/v. For pure CS membranes, 35 mL ethanol was added to the 

above CS solution. For CS-BG membranes, 0.175 g 45S5 BG (particle size ~2 µm) was dispersed 

in 35 mL ethanol, and then added to the CS solution, while for CS-BG-MS membranes, 0.2 g 

45S5 BG and 0.1 g MS were dispersed together in 35 mL ethanol before being added to the CS 

solution. After homogenization for 10 min, the CS, CS-BG and CS-BG-MS solutions were cast 

onto  7 cm × 1 cm Teflon petri dishes and then left to dry at room temperature for 3 days. 

7.2.3. Drug release study 

MS, CS membranes and CS-BG-MS membranes were used for drug release study. For both MS 

and CS-BG-MS membranes, TCH was incorporated by using TCH loaded MS. While for CS 

membranes, TCH was incorporated by adding TCH into the CS solution at a mass ratio of 1:200 

during the membrane preparation. 50 mg MS, 0.25 g CS membranes and 0.5 g CS-BG-MS 

membranes were placed in a dialysis bag, respectively, and then immersed in centrifuge tubes 

containing 10 mL PBS solution (pH 7.4). The samples were incubated in a shaking incubator (90 

rpm, 37 °C). At pre-determined time intervals, 1 mL medium from each sample was extracted and 

the medium was replenished with 1 mL fresh PBS solution. The amount of TCH was measured 

using the UV–Vis spectrophotometer at a wavelength of 362 nm. 

7.2.4. Drug release kinetics 

Peppas equation was used to analyze the drug release kinetics as described in Section 6.2.3. 

7.2.5. Cell biology study
7
 

MG-63 cells were cultured in a Dulbecco's modification of Eagle's medium (Gibco, Invitrogen, 

USA), containing 10% fetal bovine serum (Gibco, Invitrogen, USA) and 6 µg/mL gentamicin 

(Gibco, Invitrogen, USA). Cells were cultured under a humidified atmosphere with 5% CO2 at 

37C. The medium was changed every 2 or 3 days.  

                                                      
7
 Cell biology experiments in this chapter were carried out by Qingqing Yao at the Institute of Advanced 

Materials for Nano-Bio Applications, School of Ophthalmology & Optometry, Wenzhou Medical 

University, Wenzhou, China. 
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7.2.5.1. Sample preparation 

The CS, CS-BG and CS-BG-MS membranes for the cell biology study were prepared by casting 

the corresponding solution prepared in Section 7.2.2 into well plates. In order to obtain 

membranes with the same thickness, 0.554 mL and 0.078 mL solution were added into each well 

of the 24-well plates and 96-well plates, respectively. The samples were left to dry at room 

temperature for 3 days, and then sterilized under UV light for 2 h. 

7.2.5.2. Cell viability 

Cell viability was quantitatively analyzed using Cell Counting Kit-8 (CCK8, Dojindo, Japan). 

Cells were seeded into 96-well plates at 2000 cells/well and incubated for 1 and 2 days. The 

absorbance of produced WST-8 formazan at 450 nm was measured by a microplate reader (Model 

680, Bio-Rad Laboratories, USA). The results were demonstrated as optical density (OD) values. 

7.2.5.3. Live/Dead assay 

For Live/Dead staining, 1×10
5
 cells were seeded into each well of 24-well plates and cultured for 

1 and 4 days. The samples were subsequently washed with PBS solution for 3 times. Cells were 

labelled with a freshly made solution of dyes taken from a final concentration of 10 μM calcein 

AM and 15 μM PI in PBS. After stained 15 min at 37C, the samples were washed with PBS for 3 

times and observed with fluorescence microscope (IX 2-UCB, Olympus, Germany). 

7.2.5.4. Cell skeleton and morphology 

The cytoskeleton organization of MG-63 cells grown on the extracts of the membranes was 

analyzed using Filamentous actin (F-actin) staining. The sterilized samples (1 × 1 cm
2
) were 

placed into a 24-well flat culture plate, and a 1 × 1 cm
2
 glass coverslip was then located on the top 

completely covering each sample. 1×10
4
 cells/mL were seeded into each well, and cultured for 1 

and 4 days, respectively. Cells were subsequently fixed with 4% paraformaldehyde for 10 min, 

permeabilized with 0.1% TritonX-100 for 5 min, blocked with 1% bovine serum albumin for 20 

min, stained with Rhodamine Phalloidin for 20 min and stained with DAPI for 5 min in the dark. 

The stained cells were observed under laser scanning microscopy (LSM 710, Zeiss, Germany). 

7.2.5.5. Alkaline phosphatase activity 

Alkaline phosphatase (ALP) activity was measured using an ALP assay kit (Beyondtime Bio-

Tech, China). 5×10
3
 MG-63 cells were seeded into membranes in 24-well plates and cultured for 

7 and 14 days. At every specific time point, samples were rinsed with PBS solution and lysed 

with 0.1% Trion X-100 solution for 30 min at 4 C, the solution was then transferred into a tube 

and centrifuged at 3000 rpm for 2 min at 4 C. 50 μL of the prepared supernatant of each sample 

was mixed with 50 μL chromogenic substrate (para-Nitrophenylphosphate) and cultured for 10 
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min at 37 C. Following the incubation, the reaction was stopped by adding 100 μL terminated 

liquid. ALP activity was measured at 405 nm using a microplate reader. 

7.2.6. Statistical analysis 

Statistical differences were determined by SPSS 16.0. All results were expressed as the mean ± 

standard deviation. P < 0.05 was considered as statistically significant. 

7.3. Results and discussion 

7.3.1. Surface morphology 

In this study, BG and MS were introduced into a CS matrix. The surface morphology of the 

prepared membranes is shown in Fig. 7-1. The pure CS membrane presented a flat and smooth 

surface (Fig. 7-1(a)). The few visible particles may be the result of impurities deposited on the 

membranes during the drying process. Micron-sized particles were seen to be quite 

homogeneously dispersed in the CS matrix of CS-BG and CS-BG-MS membranes (Fig. 7-1(b)–

(c)). CS-BG and CS-BG-MS membranes showed a rougher surface in comparison to the CS 

membranes. Fig. 7-1(d) shows the cross-section of a typical CS-BG-MS membrane, where micro-

sized MS and BG particles were found to be quite homogeneously dispersed in the CS matrix. 

 

  

Fig. 7-1: SEM images of (a) CS membranes, (b) CS-BG membranes, (c) CS-BG-MS membranes and 

(d) cross-section of CS-BG-MS membranes. 
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The homogeneous distribution of BG particles on the cross-section of the CS-BG-MS membrane 

was further confirmed by EDS mapping (Fig.A. 8). The homogeneous distribution of BG and MS 

in the CS matrix was attributed to the optimized fabrication process of the membranes, in which 

the BG and MS were firstly dispersed in ethanol which possesses a low viscosity, and then added 

into the high viscous CS solution. 

7.3.2. Surface roughness 

The surface roughness results are shown in Table 7-1. An increase of roughness after the addition 

of BG was obtained on the CS-BG membranes, and the roughness was further increased after the 

addition of MS. Compared to the average particle size of BG and MS, the Ra did not increase to a 

large extend. This is likely due to the relatively fine and homogeneous particle size of BG and MS 

used in this work. The significant increase of Rmax and RzDIN was probably due to the existed few 

agglomerated BG and MS in the membranes (Fig. 7-1(b)–(c)). 

Table 7-1: Surface roughness parameters of CS, CS-BG and CS-BG-MS membranes. 

Sample 

Roughness (µm) 

Ra Rmax RzDIN 

CS 0.20 ± 0.02 3.1 ± 0.3 2.0 ± 0.2 

CS-BG 0.40 ± 0.09 6.4 ± 1.6 4.8 ± 1.4 

CS-BG-MS 0.70 ± 0.18 9.7 ± 2.8 7.2 ± 2.0 

 

7.3.3. Mechanical properties 

Table 7-2 summarizes the tensile strength, elongation at break, work of fracture and Young’s 

modulus of CS, CS-BG and CS-BG-MS membranes, and Fig. 7-2 displays the representative 

stress–strain curves. As shown in Fig. 7-2, the fracture behavior of CS-BG-MS membranes turned 

into ductile fracture despite the brittle character of the pure CS membranes, which indicates the 

great enhancement of toughness due to the incorporation of BG and MS. The increase of 

elongation at break and work of fracture quantitatively confirmed the toughening effect of BG and 

MS (Table 7-2). The toughening effect could be attributed to crack pinning and crack deflection 

mechanisms, introduced by the incorporated rigid BG and MS particles, which resulted in the 

slowing down of the propagation of cracks during the tensile loading, leading to the enhancement 

of toughness and elongation at break [221]. However, the tensile strength and Young’s modulus 

of the membranes decreased 41% and 39% owing to the BG and MS addition, which may be 

caused by stress concentration in the matrix that result from mismatch of the elastic modulus 

between the added particles (BG and MS) and the CS matrix. Similar phenomenon has been 
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observed in other studies about polymers filled with particles [221]. Overall, the membranes were 

less strong but more flexible than pure CS after the addition of BG and MS. 

Table 7-2: Mechanical properties of CS, CS-BG and CS-BG-MS membranes. 

Sample 
Tensile strength 

(MPa) 

Elongation at 

break (%) 

Work of fracture 

(J) 

Young's modulus 

(GPa) 

CS 43 ± 2 8.0 ± 0.6 5.4 ± 0.5 0.83 ± 0.02 

CS-BG 38 ± 1 10 ± 1 7.2 ± 0.5 0.72 ± 0.07 

CS-BG-MS 25 ± 2 16 ± 4 10 ± 1 0.51 ± 0.07 

 

 

Fig. 7-2: Typical stress–strain curves of CS, CS-BG and CS-BG-MS membranes during tensile 

strength test. 

7.3.4. Contact angle 

The hydrophilicity of the prepared membranes was measured by determining the contact angle 

with water in this work. The contact angle of the CS membranes (103° ± 5°) decreased to 78° ± 6° 

with the addition of hydrophilic BG, and further decreased to 63° ± 4° after the incorporation of 

MS. The contact angle of PHBV film was reported to be 100° ± 4° (See Table 4-1 in Section 

4.3.1.2) indicating a potential hydrophobic characteristic of PHBV MS, while the contact angle of 

the CS-BG-MS membranes was lower than that of the CS-BG membranes. It is well-known that 

both topographic features and surface chemistry could influence the surface hydrophilicity of 

materials [222]. The decrease of contact angle in the CS-BG-MS membranes may be due to their 

rougher surface compared to the CS-BG membranes, as indicated in Table 7-1. 

7.3.5. In vitro bioactivity test 

The in vitro bioactivity of the membranes was analyzed by assessing their ability to induce HA 

formation in SBF. Fig. 7-4 shows the XRD spectra of the CS-BG-MS membranes before and after 
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immersion in SBF. HA peaks were found after 1 day of immersion, and their intensity increased 

with the extension of immersion time. 

FTIR spectra of the CS-BG and CS-BG-MS membranes before and after immersion in SBF are 

presented in Fig. 7-4. Before immersion, CS-BG and CS-BG-MS membranes presented the 

characteristic bands of PHBV at 1726 cm
-1

, due to the C=O stretching vibrational bands. The 

bands at around 1560 cm
-1

 can be assigned to the stretching vibration of amide II in CS, while the 

bands at around 1650 cm
-1

 are due to the stretching vibration of amide I. After immersion for 

different times, CS-BG and CS-BG-MS membranes exhibited P–O bands at around 567 cm
-1

 and 

603 cm
-1

, which is characteristic of a crystalline phosphate phase [207]. The formation of the 

bands at round 897 cm
-1

 and the dual broad band between 1420 and 1480 cm
-1

 are attributed to the 

stretching and bending vibrations of C–O bond, respectively, suggesting the formed HA is HCA 

rather than stoichiometric HA [146, 207]. Furthermore, the characteristic band of CS at around 

1565 cm
-1

 shifted to 1595 cm
-1

, implying that inter hydrogen bonds existed between CS and HCA 

[223, 224]. 

Surface morphologies of the CS-BG and CS-BG-MS membranes after 7 days of immersion in 

SBF were observed by SEM (Fig. 7-5). BG and MS particles were no longer clearly visible after 

the immersion due to the formation of apatite-like layer on the surface of both types of the 

membranes (Fig. 7-5). EDS analysis was performed to detect the nature of the formed apatite-like 

layer by evaluating the Ca/P ratio. Fig.A. 9 shows that the Ca/P molar ratio for CS-BG-MS 

membranes was 1.5 ± 0.1, indicating a non-stoichiometric HA layer.  

All results presented in this chapter demonstrated that HCA began to form on the CS-BG and CS-

BG-MS membranes after 1 day of immersion in SBF confirming that the presence of MS did not 

inhibit the bioactivity that BG endowed to the CS-BG membranes. The superior bioactivity of the 

composite membranes suggests that they have the potential ability to bond with bone tissue. 

 

Fig. 7-3: XRD spectra of CS-BG-MS membranes before and after immersion in SBF. 
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Fig. 7-4: FTIR spectra of (a) CS-BG membranes and (b) CS-BG-MS membranes before and after 

immersion in SBF. 

   

Fig. 7-5: SEM images of (a) CS-BG membranes and (b) CS-BG-MS membranes after immersion in 

SBF for 7 days. 

7.3.6. Swelling and degradation 

The pure CS membranes exhibited a relatively higher swelling capacity in a period of 14 days, 

and the incorporation of BG and MS decreased the swelling ratio gradually (Fig. 7-6(a)). This 

behavior may be due to the decrease of CS content (wt%) in the CS-BG and CS-BG-MS 

membranes, and the incorporated BG as well as MS however does not significantly absorb water 

as CS does. A significant reduction in water uptake was also found on the addition of bioactive 

glass nanoparticles to the chitosan scaffolds [225]. 

According to Fig. 7-6(b), weight loss of the CS membranes increased gradually, while that of both 

CS-BG and CS-BG-MS membranes decreased after 1 day of SBF immersion. During immersion 

in SBF, two processes take place, namely the degradation of membranes and the formation of HA 

on the membranes surfaces. The results of the in vitro bioactivity test demonstrated that HA 

formed on the CS-BG and CS-BG-MS membranes after 1 day of SBF immersion. Therefore, it is 

likely that the HA formation rate was higher than the degradation rate of the CS-BG and CS-BG-

MS membranes after 1 day, which leads to the reduced weight loss. 
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Fig. 7-6: (a) Swelling and (b) degradation of CS, CS-BG and CS-BG-MS membranes in SBF. 

7.3.7. Drug release  

Fig. 7-7(a) shows the cumulative percentage of TCH released from the samples. All samples 

showed an initial burst release in the first 12 hours, in which the highest (93%) was the CS 

membranes and the lowest (45%) was the CS-BG-MS membranes. The drug directly loaded in the 

CS membranes was completely released within 48 hours, while the TCH release was found to be 

much sustained in the MS and CS-BG-MS membranes over a period of ~7 days. Such a release 

profile demonstrates that the encapsulation of TCH in MS was effective in reducing the release 

rate. It was interesting to note that the release rate of TCH in the MS was higher than that in the 

CS-BG-MS membranes during the initial stage of release. This may be due to the fact that most of 

the MS were embedded in the CS matrix (Fig. 7-1 (d)), therefore, the CS matrix acts as a barrier 

for TCH release from the MS. Similar delayed release phenomenon has also been observed in 

other study [86]. 

As discussed in Section 6.3.1.3, VCM release from the MS was diffusion controlled. In terms of 

water solubility, the hydrophilic TCH is similar to VCM. Therefore, TCH released from the MS is 

expected to be also controlled by diffusion, and this assumption is verified by the good linearity 

(R
2
 = 0.987) when fitting the release data of TCH loaded MS using Peppas equation (fitting curve 

not shown). In addition, the release time of TCH from the MS (~ 7 days) was shorter than that of 

VCM release from the MS (~ 1 month, Fig. 6-3 in Section 6.3.1.2). The faster release of TCH via 

diffusion is likely related to its smaller molecular weight (480.90 g/mol) compared to VCM 

(1485.71 g/mol). 

The release data of TCH loaded CS-BG-MS membranes was also analyzed using Peppas equation, 

and the fitting result is represented in Fig. 7-7(b). A good linearity of R
2
 = 0.995 was obtained, 

and the release exponent n was 0.63, which indicates that the CS-BG-MS system, overall, 

exhibited an anomalous drug transport behavior [185]. If compared to the characteristic release 

exponent of Fickian diffusion (n = 0.5) and Case-II transport (n = 1.0), the CS-BG-MS system (n 
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= 0.63) is relatively closer to Fickian diffusion rather than Case-II transport, suggesting that the 

TCH release from CS-BG-MS is still mainly dependent on diffusion. This release behavior is 

different from the diffusion controlled drug release from the PHBV/45S5 BG composite scaffolds, 

as shown in Chapter 6. The reason is that the components of the PHBV/45S5 BG scaffolds do not 

obviously swell in the release medium, while CS, as the matrix of the CS-BG-MS membranes, 

will significantly swell and begin to degrade upon immersion in aqueous solution (Fig. 7-6). The 

contribution of the swelling to the drug release from the CS-BG-MS is reflected by the release 

exponent n = 0.63, which is larger than 0.5. 

  

Fig. 7-7: (a) TCH release behavior from MS, CS membranes and CS-BG-MS membranes, (b) Fitting 

TCH release from CS-BG-MS membranes using Peppas equation. 

7.3.8. Cytotoxicity and Live/Dead assay 

Cytotoxicity of the CS, CS-BG and CS-BG-MS membranes towards MG-63 cells is shown in Fig. 

7-8. Cells cultured in the absence of membranes were taken as control. On day 1, the cell viability 

was not significantly different among the control and the three types of membranes, indicating 

similar cell viability on the three types of membranes. On day 2, a significant difference in cell 

viability was observed between the control and CS-BG membranes (P < 0.001) as well as 

between the control and CS-BG-MS membranes (P < 0.01). In addition, no statistical difference 

was found between the CS-BG and CS-BG-MS membranes. The presence of cells on the CS, CS-

BG, CS-BG-MS membranes was also evaluated using a Live/Dead assay (Fig. 7-9). On day 1, the 

fluorescence microscope micrograph showed more live cells on the CS-BG membranes (Fig. 

7-9(c)) than on the CS membranes (Fig. 7-9(a)) and CS-BG-MS membranes (Fig. 7-9(e)), which 

is consistent with the CCK8 results (Fig. 7-8). After 4 days of cultivation, MG-63 cells 

proliferated in all three types of membranes, and the CS-BG membranes (Fig. 7-9(d)) exhibited 

relatively more live cells. These results demonstrate that the existence of BG particles promoted 

the proliferation of MG-63 cells, while the incorporation of MS has no significant effect on the 

cell viability. 
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Fig. 7-8: Cell viability of MG-63 cells cultured on CS, CS-BG and CS-BG-MS membranes for 1 and 2 

days. (**P < 0.01, ***P < 0.001). 

 

 

  

Fig. 7-9: Live (green)/Dead (red) assay of MG-63 cells cultured on (a)–(b) CS membranes, (c)–(d) CS-

BG membranes and (e)–(f) CS-BG-MS membranes for 1 day (left column) and 4 days (right column). 
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7.3.9. Cell skeleton and morphology 

Fig. 7-10 shows the cytoskeleton of MG-63 cells grown on the extracts of the membranes. 

 

 

  

Fig. 7-10: Fluorescence images of cell skeletons of MG-63 cells grown on the extracts of: (a)–(b) CS 

membranes, (c)–(d) CS-BG membranes and (e)–(f) CS-BG-MS membranes for 1 day (left column) 

and 4 days (right column).  
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After 1 day of cultivation, cell phenotype on the CS membranes was comparatively round (Fig. 

7-10(a)), while cells on the CS-BG and CS-BG-MS membranes showed elongated filopodia (Fig. 

7-10(c) and (e)). On day 4, cells were grouped on the CS-BG membranes, and well-organized 

fibrous F-actin was observed on the CS, CS-BG and CS-BG-MS membranes. Cell filopodia 

extension is dependent on the substrate properties. These results suggest that the CS membranes 

do not favor cell spreading on day 1, while the cell spreading was better on day 4. Furthermore, 

the addition of BG particles has a positive influence on the F-actin cytoskeletal organization after 

4 days of cultivation. 

The morphologies of MG-63 cells on the CS, CS-BG and CS-BG-MS membranes are shown in 

Fig. 7-11. After 1 day of cultivation, the cells adhered on the surface of the CS-BG and CS-BG-

MS membranes exhibited more expressed filopodia than the cells on the CS membranes, 

indicating that BG particles significantly promoted the adhesion of MG-63 cells on the CS 

membranes. The addition of BG particles induced increased surface roughness on the membranes 

that might help the anchorage and attachment of the cells to the surface [226]. 

 

 

Fig. 7-11: SEM images of MG-63 cells cultured on (a) CS membranes, (b) CS-BG membranes and (c) 

CS-BG-MS membranes after 1 day of cultivation. 
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7.3.10. Alkaline phosphatase activity  

ALP is a common marker of early interim osteoblast activity. ALP activity was measured at 7 and 

14 days on the CS, CS-BG and CS-BG-MS membranes (Fig. 7-12). Cells cultured without the 

presence of membranes were chosen as control. In a culture period of 7 days, no significant 

differences were observed between the control and the three types of membranes. However, MG-

63 cells expressed higher ALP activities on the CS-BG and CS-BG-MS membranes (P < 0.001) 

after 14 days of cultivation, while the difference between the control and CS membranes was still 

not significantly different. All the results above demonstrate that CS has no obvious effect on the 

osteoblast activity of MG-63 cells, while BG particles can significantly increase the osteoblast 

activity of MG-63 cells with the extension of cultivation time. Similar effect of BG on MG-63 cell 

activity is also reported in the literature [226-228]. For example, the ALP activity was enhanced 

when MG-63 cells were grown on the P(3HB) films incorporated with 45S5 BG nanoparticles 

[226]. The enhanced ALP activity of bioactive glass/polymer composites compared to the pure 

polymer may be related to the release of ions from the bioactive glass contained in the composites 

known to induce osteoblast differentiation [226, 228]. 

 

Fig. 7-12: ALP activity of MG-63 cells on CS, CS-BG and CS-BG-MS membranes after 1 and 2 weeks 

of cultivation. 

7.4. Conclusions 

CS, CS-BG and CS-BG-MS membranes were prepared by solution casting method. The 

introduction of 45S5 BG and PHBV microspheres into CS increased the hydrophilicity of the 

membranes. CS-BG and CS-BG-MS membranes showed HCA formation after immersion in SBF 

for 1 day, which indicates a superior bioactivity. MS was used as drug carriers in the CS-BG-MS 

membranes. Compared to the CS membranes, MS as well as CS-BG-MS membranes exhibited a 

more controlled and sustained drug release behavior in PBS. In vitro cell tests revealed that the 

CS-BG and CS-BG-MS membranes showed higher cell viability and adhesion compared to the 
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CS membranes. Furthermore, the incorporation of BG particles into the CS membranes 

significantly promoted the ALP activity, which confirmed the osteoconductive character of the 

CS-BG and CS-BG-MS membranes. In summary, CS-BG-MS membranes showed superior 

bioactivity and sustained drug release behavior, and they possessed adequate hydrophilicity and 

roughness for cell adhesion, proliferation and to further promote osteoconductivity as tested using 

MG-63 cells. The developed CS-BG-MS membranes are thus a promising polymer/bioactive 

glass composite material for bone tissue engineering applications.  
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 Chapter 8

Summary, conclusion and future work 

 

8.1. Summary and conclusion 

In this work, 45S5 BG scaffolds and PHBV microspheres were successfully prepared by foam 

replication method and emulsion solvent extraction/evaporation method, respectively. The 

prepared scaffolds exhibited high porosity (~95%), suitable pore size (200550 µm) and well 

interconnected pore structure. PHBV microspheres with suitable particle size (~4 µm) were 

obtained, which were used for coating the scaffolds. 

Various polymer (PHBV film, GCG or PHBV microsphere) coated 45S5 BG scaffolds were 

successfully fabricated by dip coating method in order to develop scaffolds with improved 

mechanical properties. All of these polymer coatings did not significantly affect the pore size, 

porosity and pore interconnectivity of the 45S5 BG scaffolds. These coatings slightly retarded but 

did not inhibit the bioactivity of the 45S5 BG scaffolds upon immersion in SBF as HCA was 

confirmed to form on all types of polymer coated scaffolds by SEM, XRD and FTIR 

characterization techniques. 

GCG coating considerably improved the strength and toughness of the 45S5 BG scaffolds, and 

the reinforcing effects of GCG were more significant than that of PHBV either in the form of film 

or microspheres. Specifically, the compressive strength of the GCG coated scaffolds (porosity 

~93%) reached 1.04 MPa, which is significantly higher than that of the (dry) human cancellous 

bone at the same porosity. The strengthening and toughening effects of the polymer coatings were 

ascribed to the micron-scale crack-bridging mechanism. In addition, although PHBV 

microspheres were not as effective as the PHBV film in reinforcing the scaffolds, they had 

sufficient adhesion on the scaffold struts, which makes them attractive for local drug delivery 

applications in the scaffolds. 

Besides the strength and toughness, stiffness of the developed polymer coated 45S5 BG scaffolds 

was also investigated. The stiffness of the 45S5 BG scaffolds before and after polymer coating 

was successfully determined by a non-destructive ultrasonic technique. The results showed that 

the stiffness of all uncoated and polymer coated scaffolds were in the range of the stiffness of 

human cancellous bone, and the stiffness of the uncoated scaffolds was found to be increased by 

applying polymer coatings, and further increased by crosslinking the used natural polymer 

coatings. The combined multiscale ultrasound-nanoindentation measurements, as well as 
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statistical analysis, indicated that there is a direct dependence of the resulting stiffness of the 

coated scaffold on the intrinsic stiffness of the polymer coating. 

Hydrophilic (VCM and TCH) and hydrophobic (daidzein) drugs were successfully loaded into 

PHBV microspheres by double emulsion and single emulsion method, respectively. VCM loaded 

PHBV microspheres were incorporated into the 45S5 BG scaffolds for potential antibacterial 

effects. Also, PHBV coating in the form of a film was used as drug carrier. VCM loaded within 

the PHBV film coated 45S5 BG scaffolds was released in a more sustained manner as compared 

to the VCM directly adsorbed on the uncoated scaffolds, and the VCM release time was further 

increased to ~1 month when PHBV microspheres were used as drug carriers in the scaffolds. The 

VCM release from PHBV microsphere coated scaffolds exhibits thus a more favorable release 

profile than that from uncoated scaffolds and PHBV film coated scaffolds. 

In addition to antibiotics (VCM), 45S5 BG scaffolds were also loaded with anti-osteoporosis drug 

(daidzein). Daidzein encapsulated in the PHBV microsphere coated scaffolds was released for ~1 

month, which is much more sustained than that of daidzein directly loaded onto the uncoated 

scaffolds. 

These results proved that PHBV microspheres could effectively and conveniently provide the 

basic 45S5 BG scaffolds with controlled and sustained release of drugs with various 

physicochemical properties. Furthermore, the drug release from the PHBV microspheres as well 

as from PHBV (film or microsphere) coated scaffolds was determined to be diffusion controlled. 

Besides antibiotics, PPXG, which belongs to polyguanidine, was incorporated into the GCG 

coated 45S5 BG scaffolds for antibacterial purposes due to its potential for overcoming antitiotic 

resistance. The scaffolds were antibacterial against both Gram-positive and Gram-negative 

bacteria after the incorporation of PPXG. In vitro biocompatible tests indicated that PPXG was 

biocompatible to MG-63 cells at a low concentration, and the MG-63 cells could attach, spread 

and proliferate on the GCG coated scaffolds as on the uncoated scaffolds. 

Moreover, PHBV microspheres were used as drug delivery vehicle in polymer based composite 

materials for bone tissue engineering applications. CS, CS-BG and CS-BG-MS membranes were 

prepared by solution casting method. The introduction of 45S5 BG particles and PHBV 

microspheres into CS increased the roughness, hydrophilicity and flexibility while decreased the 

swelling of the membranes. All membranes showed slow degradation at the early stage of 

immersion in SBF. HCA began to form on CS-BG and CS-BG-MS membranes after immersion 

in SBF for 1 day, indicating a superior bioactivity. Compared to the CS membranes, PHBV 

microspheres and CS-BG-MS membranes exhibited a more sustained and controlled release of 

TCH. In vitro cell tests revealed that the CS-BG and CS-BG-MS membranes showed higher cell 
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viability and adhesion compared to the CS membranes. Furthermore, the incorporation of 45S5 

BG particles into the CS membranes significantly promoted the ALP activity, which confirmed 

the osteoconductive character of the CS-BG and CS-BG-MS membranes. The developed CS-BG-

MS membranes are thus a promising polymer/bioactive glass composite material for bone tissue 

engineering applications. 

In conclusion, polymer coating is an effective approach to not only strengthen and toughen the 

porous bioactive glass/ceramic scaffolds without sacrificing their high porosity, large pore size, 

pore interconnectivity and bioactivity, but also endow the bioactive glass/ceramic scaffolds with 

favorable release profile of various therapeutic agents such as antibiotics and anti-osteoporosis 

drugs. Furthermore, polymer microspheres are powerful tool to encapsulate and release drugs 

with different physicochemical properties. Drug loaded polymer microspheres with diameter of a 

few microns can be widely incorporated into bioactive glass/ceramic scaffolds as well as polymer 

scaffolds. The introduced sustained and controlled drug release function via polymer 

microspheres is promising for enhancing the performance of scaffolds in tissue engineering 

therapeutics. 

8.2. Future work 

Based on the results obtained and discussed in this work, the future work that is suggested to be 

carried out on the developed polymer coated 45S5 BG scaffolds is presented and discussed as 

follows. 

(1) Evaluation of the polymers used for coating bioactive glass/ceramic scaffolds 

The scaffolds developed in this work belong to a rapidly enlarging family of polymer coated 

bioactive glass/ceramic scaffolds developed for bone tissue engineering. The key purpose of the 

polymer coating on bioactive glass/ceramic scaffolds is to improve the mechanical properties and 

also to incorporate a drug release function. At the same time, the intrinsic bioactivity of the 

scaffolds should be maintained after polymer coating. Therefore, it is useful to suggest a “figure 

of merit” to evaluate the key characteristics of polymers for scaffold coating in future work, 

which should capture at least three key markers of the scaffold performance: mechanical 

properties, drug release capability and bioactivity. The proposed “figure of merit” could be 

expressed as: 

𝐹𝑖𝑔𝑢𝑟𝑒 𝑜𝑓 𝑚𝑒𝑟𝑖𝑡 =
𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑜𝑓 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠 × 𝐷𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑝𝑒𝑟𝑖𝑜𝑑 

𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑥𝑦𝑎𝑝𝑎𝑡𝑖𝑡𝑒 × 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑏𝑢𝑟𝑠𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒
 

The optimal polymer coating should be able to improve the mechanical properties (strength and 

toughness) of the scaffolds, provide a low initial burst release and long drug release period. 
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Furthermore, the formation time of hydroxyapatite should be short or close to that of uncoated 

scaffolds. 

Such a “figure of merit” would enable the researchers to overall compare the polymer coatings 

used in different studies and aid the designing of novel polymer coated bioactive glass/ceramic 

scaffolds. 

(2) Combination of superior mechanical properties and favorable drug release profile 

As shown in this work, cross-linked gelatin coating possesses superior strengthening and 

toughening effects over other polymers. PHBV microspheres release the drug in a more controlled 

and sustained manner than polymer coating in the form of film. Furthermore, both of the cross-

linked gelatin coating and PHBV microsphere coating did not inhibit the bioactivity of the 45S5 

BG scaffolds. Therefore, using a cross-linked gelatin coating on top of the PHBV microsphere 

coating would be a simple and effective strategy to simultaneous realization of superior 

mechanical properties and favorable drug release profile in bioactive glass/ceramic scaffolds. The 

typical morphology of such proposed scaffolds is shown in Fig. 8-1 (fabricated as preliminary 

sample). 

 

Fig. 8-1: Gelatin coating on top of PHBV microsphere coating on the strut of 45S5 BG scaffolds. 

The arrows indicate the presence of PHBV microspheres underneath the gelatin coating. 

(Preliminary sample indicating potential for future investigations) 

(3) Multi-drug delivery of bioactive glass/ceramic scaffolds 

Loading scaffolds with therapeutic drugs is recognized as being highly beneficial. Drug has been 

incorporated solely into 45S5 BG scaffolds in this work in order to combat either bacterial 

infection or osteoporosis. Since both bacterial infection and bone disease could adversely affect 

the success of a tissue engineering approach, it is necessary to develop scaffolds capable of 

simultaneously releasing multiple drugs to combat both bacterial infection and bone disease. It is 

challenging to load multiple drugs together because drugs with different physicochemical 

properties normally cannot be processed by a same method and may become inactive upon 
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contacting each other. These problems may be solved by loading drugs separately in PHBV 

microspheres as well as in polymer coatings. In addition to the drugs, bioactive macromolecules 

such as growth factors are also interesting therapeutic agents being loaded into the scaffolds. The 

goal should be to decouple the intrinsic degradation of the basic scaffold from the release kinetic 

of the incorporated drugs. 

(4) Long term in vitro and in vivo study of polymer coated 45S5 BG scaffolds 

From the materials science perspective, the main focus will be to design polymer coated 45S5 BG 

scaffolds with sufficient mechanical properties and optimized functionalization such as drug 

delivery for specific applications. In addition, long term in vitro study of the developed polymer 

coated 45S5 BG scaffolds using more types of relevant cells involved in bone regeneration and 

further in vivo studies are required in order to bridge the gap between current studies performed in 

laboratory and clinical applications. The recommended cells for in vitro study include bone 

marrow stem cells, osteoblast cells and osteoclast cells. Bone marrow stem cells attract interest 

due to their potential to response to the osteogenic or angiogenic effects of the scaffolds or the 

incorporated bioactive molecules. Co-culture of osteoblast and osteoclast cells on scaffolds is also 

interested as they are the specialized cells responsible for bone formation and resorption. For 

preliminary in vivo study, scaffolds could be implanted into rat calvarial defects.  
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Appendix 

 

 

Fig.A. 1: Particle size distribution of 45S5 BG powder after milling. 

 

Poly(p-xylyleneguanidine) hydrochloride synthesis and structural characterization 

Synthesis and NMR characterization 

Poly(p-xylyleneguanidine) hydrochloride (PPXG) was made by condensation polymerization 

according to the following scheme. 

 

guanidine hydrochloride [95.54] 0.050 mol 6.18 g 1 eq 

p-xylylenediamine [136.19] 0.050 mol 4.78 g 1 eq 

 

The polymer was structurally characterized using NMR. 
1
H- (300 MHz) and 

13
C- (75 MHz) NMR 

spectra were recorded on a Bruker Ultrashied-300 spectrometer in MeOD. The peaks were 

assigned as follows: 

1
H-NMR: 300 MHz, MeOD; δ (ppm) = 3.81(s, 2H, (CH2)NH2) 4.45 (m, 2H, NHCH2C6H5); 7.02 

(m, Ar-H); 7.35 (m, Ar-H). 

13
C-NMR: 75 MHz, MeOD; δ (ppm) = 45.56 (s, NHCH2C6H5); 46.13 (s, (CH2)NH2); 128.81, 

137.55 (m, Ar-C); 157.64, 158.64 (s, C=NH). 
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1
H-

13
C correlation experiments were conducted on a Bruker Avance 600 spectrometer with a 5 

mm multinuclear gradient probe at 25 °C using MeOD as solvent. 2D NMR spectrum 

heteronuclear single quantum coherence (HSQC) was used to assign peak positions in 
13

C-NMR, 

as shown in Fig.A. 2. 

 

 

Fig.A. 2: 2D 
1
H-

13
C HSQC NMR spectrum of PPXG in MeOD. 

 

APCI analysis 

APCI-mass spectrum was recorded on a Thermo Fisher Scientific Finnigan LTQ-FT spectrometer. 

The sample was dissolved in methanol. APCI-mass spectra were used to confirm the chain ends 

of PPXG (Fig.A. 3). Four different types of chain structures were found i.e. PPXG chains with 

one guanidine and one amino group (structure A), guanidine and amino groups at both chain-ends 

(structures B and C) and ring structure without any chain-ends (structure D). No attempts were 

made to separate different structures and the sample was used as such for antibacterial tests and 

coating of scaffolds. 
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Fig.A. 3: APCI-Spectrum of PPXG. 

 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF-

MS) analysis 

MALDI-TOF MS was used for determination of molecular weight of PPXG. Bruker Reflex III 

apparatus equipped with a N2 laser ( = 337 nm) in linear mode at an acceleration voltage of 20 

kV was used. Indole-3-acetic acid (IAA, Fluka, 99.0%) was used as a matrix material. Samples 

were prepared with the dried droplet method from methanol solution by mixing matrix and 

polymer in a ratio of 20:5 (v/v) and applying approximately 1 μL to the target spot. 

The molecular weight of the PPXG determined by MALDI-TOF MS was Mn: 2200, Mw: 2500 and 

PDI: 1.12. 
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Fig.A. 4: MALDI-ToF-MS-Spectrum of PPXG. 

 

Thermal characterization 

Thermal analysis was performed on Mettler Toledo thermal analyzers comprising 821 DSC and 

851 TG modules. By recording thermogravimetric (TG) traces in nitrogen atmosphere with a flow 

rate of 60 mL·min
-1

, the thermal stability was determined; a sample size of 12 ± 2 mg and a 

heating rate of 10 K·min
-1

 was used for each measurement. The temperature of thermal decay (Td) 

was taken as the inflection point of the TG curve. DSC was performed in nitrogen atmosphere 

(flow rate 80 mL·min
-1

) with a heating rate of 20 K·min
-1

; the inflection point of the baseline in 

the second heating cycle was taken as glass transition temperature (Tg). PPXG showed high glass 

transition temperature (Tg =150 °C; Fig.A. 5(a)). TG analysis (Fig.A. 5(b)) showed that the 

significant mass loss (85%) took place only after 350 °C thereby showing high thermal stability.  

    

Fig.A. 5: (a) DSC analysis of PPXG showing Tg at 150
 
°C, and (b) TG analysis of PPXG. 
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Antibacterial test (MIC and MBC test) 

E. coli (Gram-negative) 

 

Fig.A. 6: Photographs of MIC and MBC test with E. coli as test organism. 

 

B. subtilis (Gram-positive) 

 

Fig.A. 7: Photographs of MIC and MBC test with B. subtilis as test organism. 
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Fig.A. 8: EDS mapping of the cross-section of CS-BG-MS membrane showing homogeneous 

distribution of Si, Na, Ca and P elements which belong to 45S5 BG. 

  

Fig.A. 9: EDS analysis of the formed apatite-like layer on the surface of CS-BG-MS membranes after 

7 days of immersion in SBF. The Ca/P molar ratio was 1.5 ± 0.1 (n = 3).  
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