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Abstract  

To repair massive bone defects caused by disease and trauma, a bone grafting 

procedure is required. The limitations associated with the use of autografts (tissue 

grafts from one point to another of the same individual's body) and allografts (tissue 

grafts between genetically nonidentical individuals) have boosted the research and 

development of bone graft substitutes.  

Calcium phosphate cement (CPC) is a promising bone graft substitute because of its 

bioactivity, osteoconductivity and bone replacement capability. However, difficulties 

with injectability and slow resorption rate have limited the wider applications of CPC. 

To overcome these limitations, premixed and injectable calcium deficient apatite 

biocement (cd-AB) were prepared in the initial phase of this study. Using a 

non-aqueous solution as the liquid phase, the resulting premixed cd-AB had the 

advantage of remaining stable in the syringe and only hardened following delivery to 

the defect site. As well, when injected into an aqueous environment, this premixed 

cd-AB exhibited improved washout resistance when compared to the conventional 

cd-AB using water as the liquid phase. However, the premixed cd-AB required a 

longer setting time and developed a reduced compressive strength compared to the 

conventional cd-AB. The hydration products of premixed cd-AB were a mixture of 

calcium deficient hydroxyapatite (cd-HA) and PLA. In vitro Tris-HCl immersion 

tests demonstrated that the premixed cd-AB was degradable. The results revealed 
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that the premixed cd-AB was cytocompatible and no adverse effects were observed 

after attachment and proliferation of MG-63 osteoblast-like cells in vitro. The most 

distinct advantages of premixed and injectable PLA-modified cd-AB were its 

excellent washout resistance and in vitro degradability, suggesting that it may be a 

promising candidate for future bone reconstruction. 

In recent years, bone tissue engineering has emerged as a promising approach for the 

repair of bone damage and defects. In this approach, a scaffold is normally used alone 

or in combination with growth factors and/or cells to guide bone regeneration. Among 

the synthetic polymers used as scaffold materials, poly(ε-caprolactone) (PCL) has 

been widely used given its excellent biocompatibility and ease of processing. However, 

the use of PCL scaffolds is limited as a consequence of potential drawbacks 

including a slow degradation rate and their hydrophobic surface. These disadvantages 

may be overcome by incorporating additional natural polymer or inorganic fillers into 

the PCL matrix.  

In the second section of this study, porous scaffolds of zein/PCL biocomposite were 

fabricated and characterized. These scaffolds were prepared using the particulate 

leaching method with sodium chloride particles as porogen. Porous biocomposite 

scaffolds with porosity around 70% and well-interconnected network were obtained. 

The incorporation of zein into PCL led to an improvement of the surface 

hydrophilicity as confirmed by the results of water contact angle measurement. 
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Following immersion in a phosphate buffered saline solution (PBS) in vitro for 28 

days, it was observed that the zein/PCL scaffolds degraded more rapidly than the PCL 

scaffolds and the degradation rate could be controlled by adjusting the amount of zein 

in the composite. These results demonstrated the potential of the zein/PCL 

biocomposite scaffolds to be exploited in tissue engineering strategies for the repair of 

bone defects. 

In the final section of this study, porous scaffolds using a magnesium phosphate 

(MP)/PCL biocomposite were developed for bone tissue engineering applications. 

The composite scaffolds were fabricated by the particulate leaching method again 

using sodium chloride particles as porogen. The resulting scaffolds had interconnected 

macroporous structure with porosity around 73%. The surface hydrophilicity of the 

scaffolds was enhanced by the incorporation of MP component and confirmed by 

water contact angle measurement. The results from subsequent in vitro degradation 

experiments showed that the MP/PCL composite scaffolds degraded faster than PCL 

scaffolds in a PBS solution. An additional benefit was that the degradation rate of the 

scaffolds could be tuned by adjusting the content of MP component in the composite. 

These results indicated that the MP/PCL composite scaffolds have potential 

application in bone tissue engineering. 
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Chapter 1 Introduction 

1.1 Background 

Bone is a physiologically dynamic tissue with considerable self-regeneration 

capability. However, for the treatment of critical size defects (defects that would not 

fully heal spontaneously), bone grafting procedures are often necessary [1]. It is 

estimated that more than 500,000 bone grafting procedures per annum are performed 

in the United States [2].  

For many years, autologous bone (bone harvested in a second surgery from a skeletal 

site remote from the defective site in the same patient) has been considered as the 

gold standard for bone graft material [3, 4]. Autografts incorporate the three essential 

elements for bone regeneration, namely osteogenicity, osteoconductivity and 

osteoinductivity [5]. However, there are some drawbacks associated with the use of 

autografts such as donor site morbidity, limited availability and contouring difficulty 

[6, 7]. The use of allografts is also limited due to the concerns of immune rejection and 

disease transmission [6, 8]. As a result, a variety of biomaterials have been developed 

as bone graft substitutes.  

Calcium phosphate cement (CPC) is a promising biomaterial as a bone graft substitute. 

It consists of a powder phase and a liquid phase. The powder is mixed with the liquid 

to form a paste that can be easily shaped and fitted to the defect area. Subsequently, the 

paste can harden in situ. Due to its excellent biocompatibility, osteoconductivity and 
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bone replacement capability, CPC has been applied in a wide range of clinical 

applications. However, wider use of CPC is limited by some drawbacks, such as the 

poor injectability and low in vivo resorption rate.  

Over the past few years, bone tissue engineering has been proposed as a promising 

approach to the repair of bone defects. Tissue engineering was defined by Langer and 

Vacanti [9] as “an interdisciplinary field that applies the principles of engineering 

and life sciences toward the development of biological substitutes that restore, 

maintain, or improve tissue or organ function”. In this approach, scaffolds alone or in 

combination with growth factors and/or cells are used to guide bone regeneration and 

repair defects [10]. Thus, the design and fabrication of scaffolds with optimal 

characteristics are of great importance. Poly(ε-caprolactone) (PCL) has been widely 

used as the scaffold material due to its superior biocompatibility and ease of 

processing. However, some disadvantages associated with the use of PCL in particular 

its slow degradation rate and surface hydrophobicity.  

1.2 Thesis aims  

The work presented in this thesis addresses two main research aims.  

The first aim was to develop a premixed, injectable calcium-deficient apatite 

biocement (cd-AB) for use in the reconstruction of bone defects. PLA was dissolved 

in NMP to form PLA-NMP solutions which were then used as the liquid phase for 

premixed cd-AB. The influences of PLA concentration on physicochemical properties 
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of the premixed cd-AB were investigated. The in vitro degradability of the premixed 

cd-AB was studied by immersion in a Tris-HCl solution. The in vitro 

cytocompatibility of the premixed cd-AB to MG-63 osteoblast-like cells was also 

evaluated.  

The second aim was to fabricate biodegradable composite scaffolds for bone tissue 

engineering applications. One group of scaffolds was prepared using a blend of PCL 

and zein (a corn protein). The other group of scaffolds was made using a blend of PCL 

and magnesium phosphate (MP) powder. The composite scaffolds were prepared by 

the particulate leaching method. The microstructure of the scaffolds was determined 

using micro-computed tomography (micro-CT) and scanning electron microscopy 

(SEM). The mechanical properties were examined by compression tests. The 

hydrophilicity and in vitro degradability were also investigated.  

1.3 Scope of the thesis  

Chapter 2 provides an overview of bone biology, bone graft substitutes, CPC and its 

recent development, bone tissue engineering, materials and the methods used to 

fabricate bone tissue engineering scaffolds. Chapter 3 reports the development of 

premixed, injectable PLA-modified calcium deficient apatite biocement (cd-AB) with 

washout resistance. Chapter 4 presents the fabrication and properties of porous 

scaffold of zein/PCL biocomposite for bone tissue engineering. Chapter 5 contains the 

preparation and characterization of MP/PCL biocomposite scaffold for bone tissue 
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engineering. Chapter 6 presents a summary of the current findings, together with 

future directions.  



 

5 

Chapter 2 Literature review 

2.1 Bone 

Bone is a highly complex tissue that provides many important functions in the body: 

(1) it protects vital organs; (2) it provides mechanical support for soft tissues; (3) it 

serves as a reservoir of calcium, phosphate, magnesium and other important ions; 

and (4) it is the major site of hematopoiesis (the production of blood cells) in the 

body [11, 12] . 

Bone is composed of hydroxyapatite (HA) crystals and an organic matrix (~ 95% is 

type I collagen) [13]. In an adult human skeleton, there are two types of bone tissue: 

cortical (compact) bone and trabecular (cancellous) bone. Cortical bone, which 

represents approximately 80% of the skeletal mass, has a dense and compact 

structure [14]. Cortical bone is located in the outer part of the skeleton and its major 

function is to provide mechanical support and protection [11]. Trabecular bone 

comprises 20% of the skeletal mass [14]. Compared to cortical bone, trabecular bone 

is more elastic and has a higher turn-over rate [11].  

Bone is a dynamic tissue that constantly undergoes remodeling [15]. Bone 

remodeling involves the resorption and synthesis of bone [16]. According to their 

function in bone remodeling, cells present in bone may be divided into two principal 

groups: osteoblasts and osteoclasts [17]. Osteoblasts are responsible for the 

formation of new bone [17]. Osteoclasts play an important role in the resorption of 
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bone [18]. 

As a tissue with considerable self-regenerative potential, bone can heal some small 

defects by itself without surgical intervention [19]. However, in the case of extensive 

bone defects, such as critical size defect and bone fracture, this self-regeneration 

capability is insufficient for bone reconstruction [19, 20]. Therefore, a bone grafting 

procedure is required to repair massive bone defects caused by disease and trauma. 

2.2 Bone graft substitutes 

A majority of current bone grafting procedures were involved with the use of 

autografts or allografts. However, the limitations related to the use of autografts 

include donor site morbidity, limited availability and contouring difficulty [6, 7]. The 

applications of allografts are limited due to the concerns about immunorejection and 

disease transmission [6, 8]. 

To overcome the disadvantages of autograft and allograft, a wide range of materials 

have been developed as bone graft substitutes: including metals such as titanium, iron, 

and magnesium; polymers such as polylactide (PLA), polyglycolide (PGA), and 

polycaprolactone (PCL); and ceramics such as bioactive glasses, sintered 

hydroxyapatite, calcium carbonate, calcium sulphate hemihydrate (CSH), calcium 

sulphate dihydrate (CSD), and calcium phosphates [21].  

In the early days, bone graft substitutes in the form of granules [22] or porous blocks 
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[23] were principally used. Later on, bone graft substitutes were developed in the form 

of self-hardening pastes, which offered the advantages of easy shaping and good 

adaptation to the defect site.  

2.3 Calcium phosphate cement (CPC) 

In late 1980s, Brown and Chow [24, 25] developed the first self-hardening calcium 

phosphate cement (CPC). It is made from the combination of a powder phase and a 

liquid phase. The powder phase is mixed with the aqueous solution to form a paste 

which can be easily shaped and fitted to the damaged area. Subsequently, the paste 

hardened in situ to provide a solid restoration [6, 25]. 

2.3.1 Formulations of CPC 

The CPC powder was composed of one or several calcium phosphate compounds [26]. 

Table 2.1 lists the main calcium phosphate compounds [26, 27]. The first CPC, 

developed by Brown and Chow [24, 25], contained TTCP and DCPA or DCPD. Since 

then, many other combinations of different calcium phosphate compounds have been 

proposed and investigated as the CPC powder.  

A wide range of aqueous solutions have been used as the liquid phase of CPC in the 

literature. For instance, distilled water, phosphate buffer saline (PBS), sodium 

phosphate aqueous solution with 1% sodium alginate [28], hydroxypropyl 

methylcellulose (HPMC) aqueous solution [29], aqueous solution of sodium or 

calcium salts of the oligocarboxylic acids (malic, tartaric, and citric acids) [30], citric  
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Table 2.1 Principal calcium phosphate compounds [26, 27]. 

Ca/P  

molar ratio 
Compound Chemical formula 

0.5 
Monocalcium phosphate 

monohydrate (MCPM)   
Ca(H2PO4)2·H2O 

0.5 
Monocalcium phosphate anhydrous 

(MCPA) 
Ca(H2PO4)2 

1.0 
Dicalcium phosphate dihydrate 

(DCPD) 
CaHPO4·2H2O 

1.0 
Dicalcium phosphate anhydrous 

(DCPA) 
CaHPO4 

1.33 Octacalcium phosphate (OCP) Ca8(HPO4)2(PO4)4·5H2O 

1.5 α-Tricalcium phosphate (α-TCP) α-Ca3(PO4)2 

1.5 β-Tricalcium phosphate (β-TCP) β-Ca3(PO4)2 

1.2–2.2 
Amorphous calcium phosphate 

(ACP) 

CaxHy(PO4)z· nH2O, n=3–4.5; 

15–20% H2O 

1.5–1.67 
Calcium-deficient hydroxyapatite 

(CDHA) 

Ca10-x(HPO4)x(PO4)6-x(OH)2-x 

(0 < x < 1)  

1.67 Hydroxyapatite (HA) Ca10(PO4)6(OH)2 

2.0 Tetracalcium phosphate (TTCP) Ca4(PO4)2O 
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acid solution [31] and aqueous solution of Na2HPO4 [32].  

Powder-to-liquid (P/L) ratio is an important parameter in the formulation of CPC. P/L 

ratio has been found to influence the handling and mechanical properties of CPC. 

Previous studies have demonstrated that a decrease of P/L ratio contributed to a better 

injectability, but had an adverse effect on the mechanical properties of hardened 

cement body because of the high porosity [32-34]. An increase in P/L ratio shortened 

the setting time of cement paste and decreased the porosity of hardened cement [35, 

36]. However, the injectability of cement paste may decrease due to its high viscosity 

[35, 36].  

2.3.2 The setting reaction of CPC 

CPC undergoes two major setting reaction. The first type occurs as an acid-base 

reaction. For instance, a relatively acidic calcium phosphate compound reacts with a 

relatively basic calcium phosphate compound to produce a relatively neutral 

compound [26]. The CPC proposed by Brown and Chow [24, 25] provides a typical 

example: 

 2Ca4(PO4)2O + 2CaHPO4 → Ca10(PO4)6(OH)2      (2.1) 

TTCP which is basic reacts with DCPA which is neutral in an aqueous solution to form 

a precipitated HA which is slightly basic [26]. The cement proposed by Lemaitre et al. 

[37] is another example, where β-TCP (slightly basic) reacts with MCPM (acidic) to 

form DCPD (neutral) [26].  
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 β-Ca3(PO4)2 + Ca(H2PO4)2·H2O + 7H2O → 4CaHPO4·2H2O    (2.2)  

The second type of setting reaction occurs when the initial and final calcium phosphate 

compounds have the same Ca/P molar ratio [26]. Typical examples are cements 

composed of α-TCP and an aqueous solution [38], β-TCP and an aqueous solution 

[39]. 

 3 α-Ca3(PO4)2 + H2O → Ca9(HPO4)(PO4)5(OH)    (2.3) 

 3 β-Ca3(PO4)2 + H2O → Ca9(HPO4)(PO4)5(OH)   (2.4) 

According to the end products of setting reaction, all CPC formulations could be 

divided into two groups: apatite CPC and brushite CPC [26, 27]. Apatite cements 

usually form precipitated HA or CDHA as the main end product [26]. Brushite 

cements form DCPD as the end product of setting reaction [26].  

2.3.3 Biological properties of CPC 

Several in vivo studies have demonstrated the excellent biocompatibility and 

osteoconductivity of CPC [40-43]. CPC is also resorbable. The resorption of CPC is 

influenced by its physicochemical properties, such as chemical composition, crystal 

structure, density and porosity [27]. Experimental conditions, for instance, 

implantation sites, experimental models and animal species, also influence the 

resorption of CPC [44]. Brushite CPC undergoes faster resorption than apatite CPC 

since DCPD has higher solubility than HA under normal physiological conditions [45]. 

During resorption, CPC is gradually replaced by new bone [43, 46]. To achieve 
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optimum clinical results, the rate of cement resorption should be adjusted to match that 

of new bone formation [27].  

2.3.4 Clinical and medical applications of CPC 

Due to its excellent biocompatibility, osteoconductivity and bone replacement 

capability, CPC has been used in a wide range of clinical applications. Examples 

include the treatment of maxillofacial defects and deformities, unstable fractures, and 

osteoporosis related fractures [47-50]. CPC is also promising for dental applications, 

including root canal filling [51], ridge augmentation [52] and periodontal defects 

healing [40]. 

2.4 New developments in CPC 

In recent years, several CPCs with improved properties have been developed to meet 

the clinical requirements.  

2.4.1 Injectable CPC  

Over the last few years, the application of CPC in minimally invasive surgery aimed 

for the reconstruction of bone defects has attracted much attention [6, 53, 54]. The 

cement paste can be extruded into the defective area through a thin long needle 

attached with a syringe. Unfortunately, the injectability of most CPCs is not 

satisfactory for their potential clinical use [55].  

Bohner and Baroud [56] investigated the injectability of calcium phosphate pastes 

using a theoretical approach. They related the poor injectability to the concept of 
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“filter pressing”, in which the pressure applied to the cement paste leads to the 

separation of the solid and liquid phases [56]. Habib et al. [57] further studied the 

mechanisms underlying the poor injectability. These investigators observed that a 

continuous solid–liquid separation process occurred during the course of the injection 

of a poorly injectable paste [57]. The extruded paste contained excess liquid whilst the 

water content in the paste remaining in the syringe was reduced [57]. These results 

suggest that the poor injectability of the paste is consequence of migration of the liquid 

phase [57]. The solid particles plugged the tip of the syringe while the liquid phase 

passed through.  

Factors that influence the injectability of CPC have been extensively investigated [32, 

36, 56-59]. Key factors relating to the cement composition included the powder to 

liquid ratio, the particle shape, the particle size distribution and the liquid viscosity [32, 

56, 60, 61]. Important process parameters included the post-mixing time interval, the 

injection force, the delivery rate and the geometry of the injection system [36, 54, 56, 

58, 59, 62].  

In the literature, several approaches have been proposed to improve the injectability of 

calcium phosphate pastes [58, 63, 64]. One approach involved the modification of 

liquid phase with additives. Gbureck et al. [58] used a trisodium citrate solution as the 

liquid phase. Adsorption of citrate ions onto the particle’s surface led to a high surface 

charge for the calcium phosphate particles [58]. The viscosity of the cement paste 
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decreased and its injectability improved [58]. Baroud et al. [63] found that the addition 

of xanthan into the liquid phase increased the viscosity of the cement paste and 

improved the injectability. Leroux et al. [64] experimented with lactic acid, glycerol 

and sodium glycerophosphate to improve the injectability of a CPC. 

As well, physical changes have also been used to improve the injectability. Ishikawa et 

al. [55] noted that the cement injectability could be improved by utilizing spherical 

TTCP particles. However, this strategy led to a limited apatite formation and reduced 

mechanical strength. Baroud et al. [63] improved the cement’s injectability through 

optimizing the particle size distribution by milling. Habib et al. [65] confirmed that 

ultrasonication provides an effective method to improve the injectability of an aqueous 

calcium phosphate paste.  

2.4.2 Premixed CPC 

A drawback of CPC relates to its handling properties. Most of the currently available 

CPCs consist of a powder and a liquid [60]. The cement paste must be prepared just 

before use because the setting reaction commences when the powder comes in 

contact with water [50]. This raises concerns about insufficient mixing and resulting 

product inhomogenity which may compromise the performance of the implant 

[66-68]. Chow [60] noted that “the ability of the surgeon to properly mix the cement 

and then place the cement paste in the defect within the prescribed time is a crucial 

factor in achieving optimum results.” It has been reported that the clinically induced 



 

14 

variability has an influence on the mechanical strength of zinc phosphate dental 

cement [69]. A further concern relates to the increase of the surgery time required for 

preparation of cement paste in the operation theatre [50]. In total knee replacement 

surgery, the duration of the surgical procedure has been found to increase the risk of 

postoperative infection [70]. 

Consequently, it is desirable to develop a premixed CPC that can be prepared in 

advance which is also stable in the package until use. The key point is to use a 

non-aqueous but water-miscible liquid to prepare the cement paste. The water-free 

cement paste is stable in the package and hardens only upon being delivered to the 

damaged area. The exchange of non-aqueous liquid with the surrounding 

physiological liquid leads to the hardening of CPC [71]. The principal advantages of 

premixed CPCs include: (1) as the cement paste is prepared in advance under 

well-controlled conditions, the risk of operator-induced error is reduced [72]; (2) the 

premixed cement paste can be directly applied by the surgeon, resulting in a reduced 

surgery time; (3) the cement paste won’t harden until get contact with physiological 

liquid, thereby providing the surgeon with sufficient operating time as needed.  

In 1990, Sugawara et al. [73] developed a premixed CPC formulation containing 

glycerol as the liquid phase. The glycerol containing cement paste was stable in the 

syringe and hardened only after delivery to the root canal [73]. Subsequently, 

Sugawara et al. [74] proposed the use of polyethylene glycol (PEG) as the liquid 
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phase for premixed CPC. These premixed CPCs, designed as endodontic materials 

for root canal sealing, exhibited strong biocompatibility to periapical bone tissue [74]. 

However, the glycerol containing CPC paste did not provide good washout resistance 

when used in an open wet field [71]. To improve the washout resistance, different 

gelling agents such as hydroxypropyl methylcellulose (HPMC) [71] and chitosan 

malate [66] were added to the premixed CPC formulations. Xu et al. [67] developed 

fast-setting premixed CPC formulations by incorporating hardening accelerators 

including tartaric acid, malic acid, malonic acid, citric acid and glycolic acid. Xu et al. 

[68] fabricated premixed macroporous CPC scaffold by the addition of mannitol as 

porogen.  

Table 2.2 summarizes the formulations of some premixed CPCs. Most of the 

premixed CPCs are apatite cements which form HA as the major product. Recently, 

several premixed brushite cements have been developed [75, 76].  

2.5 Bone tissue engineering scaffolds 

2.5.1 Bone tissue engineering 

During the last few years, bone tissue engineering has emerged as a promising 

approach to the repair of bone defects. A common tissue engineering approach is to 

seed specific cells on a scaffold under controlled culture conditions [77]. 

Subsequently, the resulting tissue engineering construct is implanted into the 

defective bone area of the patient in order to generate new tissue formation [77]. In  
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Table 2.2 Formulations of some premixed CPCs. 

Cement powder 
Non-aqueous, 

water-miscible liquid 
Gelling agent Hardening accelerator Ref 

(TTCP + DCPA) or (TTCP + DCPD) 

+ 2.8 wt% HA + 0.2 wt% NaF  

Glycerol   
[73] 

TTCP + DCPA + 15 wt% ZrO2 PEG   [74] 

TTCP + DCPA, α-TCP + CaCO3, 

DCPA + Ca(OH)2 

Glycerol HPMC Na2HPO4 
[71] 

TTCP + DCPA Glycerol (a,c),  

Polypropylene glycol (b) 

HPMC(a,b),  

chitosan malate (c) 

MCPM (a), D-tartaric acid (b),  

Ca(OH)2 (c)  
[66] 

TTCP + DCPA PEG HPMC Tartaric acid, malic acid, malonic acid, 

citric acid, glycolic acid 
[67] 

TTCP + DCPA Glycerol HPMC MCPM [68] 

β-TCP + MCPM Glycerol, PEG   [75] 

β-TCP + MCPM Glycerol HPMC  [76] 
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this approach, the scaffold serves as an adhesive substrate for the seeded cells and to 

support cell proliferation, differentiation and the formation of new tissues [10, 78]. 

In parallel with tissue formation, the scaffold gradually degrades and is eventually 

eliminated [78]. 

2.5.2 Characteristics of an ideal tissue engineering scaffold 

Hutmacher [79] has summarized the characteristics of an ideal scaffold for tissue 

engineering applications: 

(1) The scaffold should have a three-dimensional and highly porous structure with 

an interconnected pore network for cell growth and flow transport of nutrients 

and metabolic waste [79]. 

(2) The scaffold should be biocompatible [79]. 

(3) The scaffold should be bioresorbable with a controllable degradation and 

resorption rate to match the ingrowth rate of cell/tissue in vitro and/or in vivo 

[79]. 

(4) The scaffold should provide suitable surface chemistry for cell attachment, 

proliferation and differentiation [79].  

(5) The mechanical properties of the scaffolds should match as closely as possible 

those of the tissues at the implantation site [79].  

In addition, Rezwan et al. [77] noted some other highly desirable features 

concerning the scaffold processing, such as “near-net-shape fabrication” and 
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“scalability for cost-effective industrial production”.  

2.5.3 Scaffold materials 

The key properties of a scaffold depend primarily on the nature of material and the 

fabrication process [13]. In the following section, several scaffold materials are 

reviewed.  

A wide variety of materials, both natural and synthetic, have been studied for the 

design and fabrication of bone tissue engineering scaffolds [10]. These include 

ceramics, natural and synthetic polymers.  

2.5.3.1 Ceramics 

Bioceramics, such as HA, β-TCP and bioactive glasses, have been intensively 

investigated as scaffold materials for bone tissue engineering scaffolds. 

HA ceramic has a chemical composition similar to the mineral component of bone 

[80]. Previous studies have demonstrated that HA ceramic is biocompatible and 

osteoconductive [81-83]. HA ceramics have been used in dental, craniofacial and 

orthopaedic surgery in the form of granules or blocks [84, 85]. However, the major 

limitations to the use of HA ceramic as scaffold material are its brittleness and 

difficulty to processing [86].   

β-TCP is a calcium phosphate ceramic with a Ca/P ratio of 1.5. It has a 

stoichiometry similar to amorphous bone precursors [3]. Both in vitro and in vivo 



 

19 

assessments have demonstrated that β-TCP provides excellent biocompatibility and 

osteoconductivity [87, 88]. β-TCP has been used in orthopaedic and dental 

applications [89, 90]. However, the use of β-TCP is limited by its rapid and 

uncontrolled rate of degradation, coupled with poor mechanical properties [91, 92].  

An important biological property of bioactive glasses is their bioactivity, which 

means they can bond to hard and soft tissues [93]. The bone bonding ability of the 

glasses has been attributed to their ability to form a surface layer of 

hydroxycarbonate apatite (HCA) [94]. Hench LL and his colleagues [95] first 

observed this bioactive behavior in a group of glasses belonging to the 

SiO2–Na2O–CaO–P2O5 system. The biocompatibility and osteoconductivity of 

bioactive glasses were confirmed [96, 97]. Bioactive glasses have been exploited in 

dental, orthopaedic, maxillofacial and otolaryngological applications [98].  

2.5.3.2 Natural polymers  

A number of natural polymers have been studied and proposed for biomedical 

applications, namely polysaccharides (alginate, agarose, chitin/chitosan, starch, 

hyaluronic acid derivatives) or proteins (collagen, fibrin gels, silk, soy) and, as 

reinforcement, various biofibres such as lignocellulosic natural fibres [77, 99].  

Starch is a polysaccharide present as granules in the roots, stems and seeds of a 

variety of plants, such as rice, wheat, barley, corn and potatoes [100]. Starch consists 

of two major components: amylose and amylopectin. Amylose is a linear polymer 
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consisting of α-(1→4)-glucan while amylopectin is a highly branched polymer [99]. 

Starch-based blends have been widely used in a range of biomedical applications, 

such as tissue engineering scaffolds [101, 102], bone cements [103, 104], drug 

delivery devices [103, 105, 106], and bone replacement applications [107].  

Chitosan is a basic linear polysaccharide. It is a partially deacetylated derivative of 

chitin, which is the second most abundant natural polysaccharide on the earth’s 

surface [108]. Chitosan is soluble in weak acids (pH < 6.3) and can be easily 

processed and purified [108]. Chitosan has several advantages including 

biocompatibility, biodegradability, low toxicity, high anti-microbial activity and low 

production cost [109, 110]. Chitosan has been studied for use in various biomedical 

applications, including wound dressings [109], drug delivery systems [110, 111] and 

tissue engineering scaffolds [112]. 

Collagen is the most abundant protein in the human body [113]. It is a key 

constituent of the extracellular matrix (ECM), and it provides structural integrity and 

tensile strength to tissues [113]. To date, 28 collagen types have been identified 

[114]. I, II, III, and V are the main types which make up the essential part of 

collagen in bone, tendon, cartilage, muscle and skin [114]. Collagen has been used 

in a variety of tissue engineering applications since it has low antigenicity, high 

water affinity, very good cell compatibility and ability to promote tissue 

regeneration [115]. It is naturally degraded by metalloproteases, in particular, 
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collagenase and serine proteases [116]. Thus, its degradation can be locally 

controlled by cells present in the engineered tissue [116].  

2.5.3.3 Synthetic polymers 

Compared with natural polymers, synthetic polymers are postulated to be more 

promising. Since the synthesis process can be strictly controlled, synthetic polymers 

have in general predictable and reproducible physical and mechanical properties [77].  

The most extensively used synthetic biodegradable polymers in tissue engineering 

applications are saturated poly(α-hydroxy esters), including PLA, PGA, PCL, as well 

as poly(lactic-co-glycolide) (PLGA) copolymers [77]. The chemical structures of 

PLA, PGA, PLGA and PCL are listed in Table 2.3. These polymers have been shown 

to degrade primarily as a consequence of hydrolysis of ester bonds into acidic 

monomers, which then may be removed from the body by normal metabolic pathways 

[117, 118]. Furthermore, the degradation rates can be adjusted by using various 

molecular weights and copolymers [77]. PLA, PGA and PLGA are biocompatible and 

have been approved by the United Sates Food and Drug Administration (FDA) for 

specific human clinical applications such as surgical sutures [78].  

PGA is the simplest linear aliphatic polyester [119]. It has a high melting point  
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Table 2.3 Synthetic biodegradable polymers. 

 

 

Synthetic  

biodegradable polymers 
Chemical structure 

PLA 

 

PGA 

 

PLGA 

 

PCL 
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(220–225 °C) and a high glass transition temperature (35–40 °C) [120]. PGA is 

insoluble in most organic solvents as a consequence of its high crystallinity [119].  

PLA has three forms: poly(L-lactide) (PLLA), poly(D-lactide) (PDLA), and racemic 

mixture of poly(DL-lactide) (PDLLA) [77]. Because of the hydrophobic methyl 

group in the backbone, PLA has a slower degradation rate than PGA [121].  

PLGA is a copolymer of lactide and glycolide. There is no linear relationship between 

the composition of copolymer and the mechanical and degradation properties [119]. 

For example, a copolymer of 50% glycolide and 50% DL-lactide degraded faster than 

either homopolymer [122]. 

Some disadvantages of PLA and PLGA are their hydrophobicity, which hinders even 

seeding of sufficient cell mass in three dimensions, and the release of acidic 

degradation products, which may adversely affect biocompatibility [78, 123].  

PCL is biodegradable and biocompatible aliphatic polyester. Its glass transition 

temperature is around –60 °C, thereby producing in the compound a rubbery state at 

room temperature [124]. PCL has a relatively low melting point around 60 °C, thus 

can be easily processed by conventional procedures [99]. The degradation of PCL 

involves random hydrolytic chain scission of the ester linkages [99]. PCL has been 

approved as safe by the United Sates FDA for clinical use [124].  

However, drawbacks have limited the use of PCL as scaffold material. Owing to its 
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semicrystalline nature and hydrophobicity, the degradation of PCL is rather slow and 

may require 3–4 years for total degradation in some conditions [125, 126]. The 

hydrophobicity of PCL has also led to limited cell-scaffold interactions [127].  

2.5.4 Composite scaffolds of PCL/natural polymer 

As previously mentioned, the necessary requirements for successful scaffold 

materials are numerous. In order to satisfy as many requirements as possible, 

scaffolds that are made of composites and contain at least two or more materials 

appear to be a promising choice. This review focuses on the development of 

PCL-based composite scaffolds for tissue engineering applications. 

Blending PCL with natural polymer offers an attractive approach to develop 

composite scaffold materials.  

2.5.4.1 PCL/starch composite scaffolds 

Blends of PCL with starch have been proposed as potential biodegradable materials 

for fabricating tissue engineering scaffolds. Ciardelli et al. [100] found that blending 

PCL with hydrophilic natural polymer such as starch was a promising way to improve 

the biocompatibility of PCL. The results of cell adhesion tests confirmed that the 

inclusion of starch greatly increased fibroblast adhesion when compared to PCL alone 

[100]. Gomes et al. [128] prepared starch-PCL fibre-mesh scaffolds by a 

fibre-bonding process. The results of in vitro degradation tests indicated that the 

obtained scaffolds are susceptible to enzymatic degradation [128]. Moreover, Duarte 
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et al. [129] systematically investigated the enzymatic degradation of starch-PCL 

scaffolds prepared by supercritical fluid technology and found that the scaffolds 

underwent bulk degradation. 

2.5.4.2 PCL/chitosan composite scaffolds 

The use of PCL-chitosan blends for tissue engineering applications has also been 

studied [130, 131]. Sarasam et al. [130] reported the production of porous scaffolds by 

freeze drying using 25% acetic acid solution as the solvent. Wan et al. [131] used 

particulate leaching method to fabricate the scaffolds. The authors investigated the 

degradation behavior of the scaffolds in PBS or enzymatic solutions [131]. The results 

showed that degradation of the PCL component can be accelerated depending on the 

scaffold composition and the media [131]. In addition, the acidic degradation 

products of the PCL component were effectively buffered by chitosan [131]. Recently, 

processing of PCL-chitosan blend in the form of fibers has been reported. Malheiro et 

al. [132] produced PCL–chitosan blend fibers by wet spinning using a common 

solvent mixture. Moreover, Neves et al. [133] developed PCL–chitosan blend 

fiber-mesh scaffolds and examined their suitability as support structures for articular 

cartilage tissue repair.  

2.5.4.3 PCL/collagen composite scaffolds 

Collagen in the native ECM serves as an adhesive protein that enhances attachment 

and subsequent proliferation of cell [114]. Clearly, the incorporation of collagen into 
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PCL scaffolds may help improve the biocompatibility of the scaffolds. Lee et al. [134] 

developed composite vascular scaffolds by electrospinning PCL and type I collagen. 

The composite scaffolds exhibited excellent biomechanical properties and provided a 

favorable environment that supports adhesion and proliferation of vascular cells [134]. 

Venugopal et al. [135] fabricated PCL-collagen biocomposite nanofibre scaffolds by 

electrospinning. Human coronary artery smooth muscle cells were seeded onto the 

scaffolds and their proliferation was quantified. Compared to PCL nanofibre scaffolds, 

cell proliferation on PCL-collagen nanofibre scaffolds increased up to 63%, 73% and 

82% after 2, 4 and 6 days [135]. 

2.5.5 Composite scaffolds of PCL/ceramic 

Incorporating an inorganic ceramic phase into PCL is another attractive approach to 

develop successful composite scaffold materials. Combining a ceramic phase with 

PCL may provide a promising combination of bioactivity, mechanical strength and 

biodegradability [136, 137].  

2.5.5.1 PCL/HA composite scaffolds 

HA has been used in clinic applications for bone regeneration due to its excellent 

biocompatibility and osteoconductivity [81, 82]. However, a significant limitation of 

HA is its intrinsic brittleness [86]. As well, a drawback of PCL is a lack of bioactivity 

[137]. However, the inclusion of HA into PCL matrix presents a potential way to 

combine the mechanical reliability of the polymer phase with the excellent 
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osteoconductivity of the HA phase. 

Lebourg et al. [138] investigated in vitro mineralization of the PCL-HA scaffolds in 

SBF after or without a nucleation treatment. The composite scaffolds demonstrated 

enhanced bioactivity caused by the incorporation of HA and the nucleation treatment. 

Moreover, Heo et al. [137] examined the effect of HA particle size on the mechanical 

properties, wettability and in vitro biocompatibility of the PCL-HA composite 

scaffolds. The results showed that the scaffolds containing nano-sized HA particles 

had higher compressive modulus and hydrophilicity than the scaffolds containing 

micro-sized HA. The cell attachment and proliferation were better on the scaffolds 

with nano-sized HA.  

2.5.5.2 PCL/TCP composite scaffolds  

As a bioactive and biocompatible ceramic, TCP has been incorporated into PCL to 

fabricate composite scaffolds with both bioactive and biodegradable properties. 

Lei et al. [139] investigated the bioactivity of PCL-TCP composite scaffolds  

composed of 80% PCL and 20% TCP. These scaffolds exhibited a bioactive nature 

by nucleating the formation of HA on their surface upon immersion in SBF 

(simulated body fluid). Yeo et al. [140] studied the in vitro and in vivo degradation 

behavior of PCL-TCP composite scaffolds. Their results revealed that the 

degradation in vivo was more rapid than that in vitro. After implantation in the rats’ 

abdomen for 6 months, a decrease of 88.7% by molecular weight average was 
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reported. Lam et al. [141] investigated the degradation of PCL-TCP and PCL 

scaffolds in alkaline medium. The results indicated that the incorporation of β-TCP 

reduced the hydrophobicity of the polymer and significantly increased the 

degradation rate. 

2.5.5.3 PCL/bioactive glasses composite scaffolds 

In recent studies [142-144], bioactive glasses have been incorporated into PCL 

matrix to enhance the bioactivity. 

Li et al. [143] produced PCL–mesoporous bioactive glass composite scaffolds and 

demonstrated that the incorporation of bioglass can improve the hydrophilicity and 

the bioactivity of the resulting composites. Fabbri et al. [142] developed highly 

porous PCL–Bioglass®45S5 scaffolds and evaluated the ability of the composites to 

induce HA precipitation by in vitro immersion tests. After 4 weeks of immersion in 

SBF, only the samples containing 50 wt% of bioglass developed a stable layer of 

apatite [142]. The results indicated that high contents of bioglass and long 

immersion time in SBF favored the precipitation of HA. 

2.5.6 Zein  

Zein is a corn protein which represents about 80% of the total proteins in corn grains 

[145]. It has been used in a wide range of applications, such as adhesives, 

biodegradable plastics, coating for food products and fibers [146]. Owing to its 

nontoxicity, good biodegradability and biocompatibility, zein has a great potential for 
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use in biomedical applications. Zein has been used for preparing microspheres as drug 

delivery systems [147, 148]. Both zein and its degradation products exhibited good 

cell compatibility [147, 149, 150]. Recently, three-dimensional porous zein scaffolds 

have been developed for tissue engineering applications [151-153]. In vitro tests 

showed that porous zein scaffolds could support the adhesion, proliferation and 

osteoblastic differentiation of human mesenchymal stem cells (hMSCs) [153]. The 

results of an in vivo study using a rabbit subcutaneous implantation model 

demonstrated the good tissue compatibility and degradability of the zein scaffolds 

[152]. In addition, the porous zein scaffolds degraded completely within 8 months 

[152]. 

2.5.7 Magnesium phosphate cement  

Given its fast setting and high early strength properties, magnesium phosphate 

cement (MPC) has been used in civil engineering for rapid repair of concrete [154]. 

The principal components of MPC include magnesium oxide (MgO) and ammonium 

dihydrogen phosphate (NH4H2PO4) [155]. MPC powder reacts with water to form 

NH4MgPO4·6H2O (struvite) as the major hydration product [156]. In recent years, 

clinic applications of MPC as bone substitution materials have attracted much 

attention [157]. Liu [158] first applied MPC as inorganic bone adhesive in screw 

fixation, artificial joints fixation and comminuted fracture fixation. Wu et al. [159, 

160] investigated the use of MPC in the treatment of tibial plateau fractures of 

rabbits. The results indicated that MPC degraded gradually and the ingrowth of new 
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bone was detected after implantation for 3 weeks. At 9 weeks after implantation, the 

fracture was healed without displacement and MPC was completely resorbed. Yu et 

al. [161] evaluated the in vivo biocompatibility of MPC by implantation into the 

cavities of rabbits’ femur condyles for 6 months. No foreign body reaction, 

inflammation and necrosis were observed throughout the observation period [161]. 

It was observed that MPC formed direct bonding with host bone [161]. The results 

of histological studies and macroscopic evaluation suggested that MPC has good in 

vivo biocompatibility and degradability.  

2.5.8 Processing techniques for composite scaffolds 

There are numerous techniques to fabricate composite scaffolds, including solvent 

casting and particulate leaching [143, 144], thermally induced phase separation [136, 

162], microsphere sintering [163], scaffold coating [164, 165], solid freeform 

fabrication [166], precision extrusion deposition [167], selective laser sintering [100, 

168] and electrospinning [134]. 

In the present research, the PCL-based composite scaffolds were fabricated using 

particulate leaching technique. This technique was chosen because of its ease of 

processing. The pores are created by washing out the particles. Moreover, the 

particulate leaching is a low-temperature processing method which helps preserve 

the properties of polymer [144]. Blaker et al. [169] produced composites of PDLLA 

and Bioglass® using high-temperature extrusion and compression moulding. They 
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demonstrated that, in the presence of Bioglass®, the high-temperature processing 

method led to the degradation of PDLLA [169]. 

The ideal particulates could be NaCl and/or NaHCO3, as suggested by Cannillo et al. 

[144]. The chloride and bicarbonate salts can be easily removed from the matrix due 

to their high solubility in water. Furthermore, if trapped in the scaffold, these salts do 

not release any dangerous ions for human body [144]. Na+, Cl and 
3HCO  ions are 

abundant in the human plasma [170]. 

The suitability of the particulate leaching technique for producing PCL-based 

composite scaffolds has been proven by several studies reported in literature. For 

instance, Li et al. [143] produced composite scaffolds of PCL and mesoporous 

bioactive glass by the solvent casting–particulate leaching method. Moreover, via 

the particulate leaching technique, Cannillo et al. [144] fabricated 

Bioglass®45S5-PCL composite scaffolds with interconnected pore structure suitable 

for bone regeneration and vascularization. Guarino et al. [171] produced PCL-HA 

porous scaffolds by the phase inversion and particulate leaching method. 

2.6 The research gap 

Owing to its bioactivity, osteoconductivity and bone replacement capability, CPC is 

a promising candidate as bone graft substitute. However, the injectability of most 

CPCs cannot meet the stringent requirement of clinical use [55]. The cement’s 

injectability has been found to relate to the post-mixing time interval [32, 62]. The 



 

32 

injectability worsened with the extension of time after mixing [32, 62]. Based on this 

observation, premixed CPC should be advantageous since the injectability would 

“remain essentially constant with time”, as noted by Chow [60]. Most CPCs reported 

in the literature hardened to form apatite as the final product [172]. A significant  

disadvantage of CPC is its slow resorption rate in vivo due to the low solubility of 

stoichiometric HA with Ca/P ratio of 1.67 [173]. Liu et al. [174] suggested that the 

resorption rate of CPC in vivo could be controlled to certain extent by adjusting its 

Ca/P ratio. A CPC with Ca/P ratio of 1.5 was reported to degrade faster than the CPC 

with Ca/P ratio of 1.67 after implantation in vivo [175]. There are few previous 

reports about the preparation of premixed CPC forming calcium deficient apatite as 

the final product [66, 67, 71].  

Bone tissue engineering is a promising approach to the repair of bone defects. In this 

approach, scaffolds alone or in combination with growth factors and/or cells are used 

to guide bone regeneration and repair defects [10]. One of the key challenges 

associated with bone tissue engineering is the design and fabrication of scaffolds with 

optimal characteristics. Among the synthetic polymers used for fabrication of 

scaffolds, PCL has been commonly used because of its high biocompatibility and ease 

of processing property. However, some drawbacks have limited the use of PCL as 

scaffold material, such as its slow degradation rate and hydrophobic surface property. 
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Chapter 3 Premixed, injectable PLA-modified calcium 

deficient apatite biocement (cd-AB) with washout resistance 

3.1 Introduction 

The use of CPC as a biomaterial for bone reconstruction has been well studied [71, 

174]. CPC consists of an equimolar mixture of TTCP and DCPA. Upon mixing with 

water, the cement paste hardens within 30 min and forms HA as the final product 

[25]. With characteristics of easy manipulation, good moldability, excellent 

biocompatibility and osteoconductivity, CPC is a promising material for bone 

regeneration [27]. One disadvantage of CPC is the need to mix the cement powder 

uniformly with the liquid and place the paste into the defect in a prescribed time 

before the paste hardens [66-68, 71]. This increases the surgical operating time and 

raises concerns about insufficient mixing which may compromise the implant 

performance [66-68]. Thus, premixed CPC was developed to overcome such 

problems. The CPC powder was mixed with a non-aqueous but water-miscible liquid 

in advance under well-controlled conditions [71]. This water-free cement paste was 

stable in the package and hardened only upon contact with an aqueous environment. 

Once the paste was placed into a physiological solution, the exchange of 

non-aqueous liquid with aqueous liquid occurred, resulting in the hardening of CPC 

[71]. Most of the CPCs reported in the literature hardened to form apatite as the final 

product [172]. There were few previous reports about the preparation of premixed 

CPC forming calcium deficient apatite as the final product [66, 67, 71].  
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A major shortcoming of CPC is its slow resorption rate in vivo due to the low 

solubility of stoichiometric HA with a Ca/P ratio of 1.67 [173]. For some clinical 

applications, it would be desirable to obtain a more rapid resorption and replacement 

by new bone. The resorption properties of bioceramics are generally believed to relate 

to their solubility [27] and porosity [176]. Driessens [177] found that CDHA had a 

higher solubility than stoichiometric HA due to calcium deficiency in the crystal. A 

CPC with Ca/P ratio of 1.5 was reported to degrade faster than the CPC with Ca/P ratio 

of 1.67 after implantation in vivo [175]. Liu et al. [174] suggested that the resorption 

rate of CPC in vivo could be controlled to certain extent by adjusting its Ca/P ratio. 

Previous studies demonstrated that HA with Ca/P ratios ranging from 1.67 to 1.5 can 

be formed from cement-type reaction between TTCP and DCPA in physiological 

environment [174]. Brown and Fulmer [178] reported a calcium deficient apatite with 

a Ca/P of 1.5 formed from the hardening of a mixture of TTCP and DCPA with molar 

ratio of 0.5.  

With the increasing demand of minimally invasive techniques in surgical procedures, 

much effort has been invested in the development of injectable CPC [6, 54]. The 

factors affecting the injectability of CPC have been investigated extensively [32, 36, 

56-59]. Some factors relate to the cement composition, such as: powder to liquid ratio, 

particle size and shape, particle size distribution, liquid viscosity [32, 56, 60, 61]. 

Other factors relate to process parameters, such as: the injection force, the delivery rate 

and geometry of the injection system [36, 54, 56, 58, 59]. Several researchers have 
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found the injectability of CPC had a strong dependence on the post-mixing time 

interval [32, 62]. The injectability worsened with the increase of time after mixing [32, 

62]. Considering this, premixed CPC might be advantageous since the injectability 

would “remain essentially constant with time”, as noted by Chow [60].  

The aim of this work was to develop a premixed, injectable calcium deficient apatite 

biocement (cd-AB) with a Ca/P ratio of 1.5. The cement paste could be produced 

under well-controlled conditions in advance, avoiding the need for on-site 

powder-liquid mixing during surgery [67]. It was assumed that the low Ca/P ratio 

would be beneficial to the rapid resorption of the apatite precipitate. PLA was 

dissolved in N-methyl-2-pyrrolidone (NMP) to form PLA-NMP solutions which were 

used as the liquid phase of the premixed cd-AB. NMP was selected since it is 

water-miscible and has been used in a few commercially available injectable 

formulations [179-181]. PLA is a biocompatible polymer widely used in biomedical 

applications [182]. The influences of PLA content on the physicochemical properties 

of the premixed cd-AB were investigated. The in vitro degradability of premixed 

cd-AB was studied by immersion in Tris-HCl solution, and the cytocompatibility of 

premixed cd-AB to MG-63 osteoblast-like cells was assessed. 

3.2 Materials and methods 

3.2.1 Cement powder and cement liquids 

The calcium phosphates used in this experiment were prepared in our laboratory, and 
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the preparation methods can be obtained from the relevant literature [49]. The cd-AB 

powder was composed of TTCP and DCPA in a molar ratio of 1:2 [174]. TTCP was 

synthesized by a solid-to-solid reaction between calcium phosphate and calcium 

carbonate at a temperature of 1500 °C for 8 h [49]. DCPD was prepared from 

(NH4)2HPO4 and Ca(NO3)2 in an acidic environment [49]. DCPA was obtained by 

removing the crystallization water in DCPD by heating at 120 °C [49].  

Deionized water was used as the liquid phase for conventional cd-AB. The liquid 

phases for premixed cd-AB were PLA-NMP solutions prepared by dissolving PLA 

pellets in NMP (Sinopham Chemical Reagent Co., Ltd.) at 60 °C for 6 h. The PLA 

concentrations of 10%, 15% and 20% were selected based on achieving good washout 

resistance in preliminary results.  

3.2.2 Evaluation of washout resistance 

The powder-to-liquid (P/L) ratio of 3 g/g was used for preparing premixed cd-AB and 

conventional cd-AB pastes. The cement powder and liquid were mixed properly to 

form a homogeneous paste, which was then placed into a 2.5 mL disposable syringe 

with a nozzle diameter of 2.0 mm. The paste was extruded through the syringe into the 

water and shaken at 100 rpm for 5 min at 37 °C. The material was considered to pass 

the washout resistance test if the paste did not visibly disintegrate in the water [66, 

71]. Quantitative measurements of, e.g. washout mass loss ratio, were not done 

considering the exchange of the solutions [75]. 
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3.2.3 Setting time  

The premixed cd-AB and conventional cd-AB pastes were prepared with P/L ratios 

ranging from 2 to 3.5 g/g. The cement powder and liquid were mixed using a spatula 

to form a homogeneous paste which was then placed into plastic tubes (diameter: 6 

mm, height: 3 mm). The tubes containing premixed cd-AB were immersed in 

deionized water kept in a 100% relative humidity environment at 37 °C. The tubes 

containing conventional cd-AB were stored in the 100% relative humidity 

environment at 37 °C.  

The setting time was measured according to the method described in ASTM Test 

Method C 187–98 using a Vicat apparatus which consists of a frame bearing a 

movable rod, weighing 300 g, with a 1 mm stainless steel needle at the end [183, 

184]. At different time point, the cement samples were removed from the 100% 

relative humidity environment and centered under the 1 mm end of the needle. The rod 

was lowered vertically onto the cement surface. The cement is considered to have set 

when the needle penetrates less than 1 mm into the sample. The time measured from 

the paste being immersed in the water to this point was taken as the setting time. 

Each experiment was performed in triplicates. 

3.2.4 Compressive strength  

The premixed cd-AB and conventional cd-AB pastes were prepared with P/L ratios 

ranging from 2 to 3.5 g/g. The premixed cd-AB paste was loaded into a 

polytetrafluoroethylene (PTFE) mold (diameter: 6 mm, height: 10 mm), which was 
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immersed in deionized water kept in a 100% relative humidity (RH) environment at 37 

°C. After 6 h, samples were removed from the mold and immersed in deionized 

water for 66 h. The conventional cd-AB paste was placed into a glass tube (diameter: 

6 mm, height: 10 mm), which was then stored in a 100% relative humidity 

environment at 37 °C for 3 days. 

Before testing, both sides of the hardened samples were uniformly polished. The 

compressive strength of the sample was measured at a loading rate of 1 mm/min 

using a universal testing machine (AG-2000A, Shimadzu Autograph, Shimadzu Co., 

Ltd., Japan). Three replicates were performed for each group. 

3.2.5 Analysis by XRD, FTIR and SEM 

The premixed cd-AB and conventional cd-AB samples (diameter: 6 mm, height: 10 

mm) were prepared as the method described in Section 3.2.4 with P/L ratio of 3 g/g. 

After hardening for 3 days, the cement samples were dried and ground into powder 

by mortar and pestle. The composition of the hardened samples was characterized by 

X-ray diffraction (XRD; D/MAX 2550, Rigaku) with Cu Kα radiation and Ni filter (λ 

=1.5406 A, 100 mA, 40 kV) in a continuous scan mode. The 2θ range was from 10° 

to 80° at a scanning speed of 10 °/min. The cement samples and PLA pellets were 

also analysed by Fourier transform infrared (FTIR) spectroscopy (Magna-IR 550, 

Nicolet). Scanning electron microscopy (SEM; JSM6360, JEOL) was used to 

examine the fracture surface morphology of the cement samples. 
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3.2.6 Injectability of the cement 

The premixed cd-AB and conventional cd-AB pastes were prepared with P/L ratios 

ranging from 2 to 3.5 g/g. The injectability of the cement paste was measured 

according to the method described by Khairoun et al. [32] with some modifications. 

The 2.5 mL disposable syringes with a nozzle diameter of 2.0 mm were used for 

injectability measurement. The effect of P/L ratio on the injectability of cement pastes 

was studied when prepared with 10%, 15% and 20% PLA-NMP solutions. First, the 

cement powder and liquid were manually mixed properly using a spatula to form a 

homogeneous paste. The paste was placed into a syringe 2 min after the start of mixing. 

Then the paste was extruded through the syringe by a force of 10 N. The “injectability” 

was calculated by the weight of the paste extruded through the syringe divided by the 

original weight of paste in the syringe [6, 32, 58, 62]. Three replicates were carried out 

for each group. 

3.2.7 In vitro degradation  

The degradation rates of the samples were characterized by their weight loss ratios in 

0.05 M Tris-HCl solution (pH 7.4) at different time periods. The premixed cd-AB 

and conventional cd-AB samples (diameter: 10 mm, height: 3 mm) were prepared as 

the method described in Section 3.2.4 with P/L ratio of 3 g/g.  

Prior to immersion, cement samples were dried at 60 °C for 6 h. The sample, with 

initial weight W0, was immersed in Tris-HCl solution at 37 °C with a 

volume-to-weight ratio of 200 mL/g. The solution was continuously shaken at a rate 
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of 100 rpm at 37 °C and refreshed every 3 days. After the preselected immersing 

time, the samples were removed from the solution, rinsed with deionized water and 

dried at 60 °C for 2 h. Its new weight Wt was recorded. The weight loss ratio of each 

sample was calculated according to the equation (3.1): 

%100
W

)WW(
(%)lossweight

0

t0 


  

Three samples of each kind of cement were tested and the results presented as mean ± 

SD. The surface morphology of the samples after immersion in Tris-HCl solution for 

1 and 28 days was characterized by SEM (JSM6360, JEOL; XL30 FEGSEM, 

Philips). The pH change of the Tris-HCl solution during the immersion of samples 

was measured using a pH meter (FE20, Mettler Toledo).  

3.2.8 In vitro cytocompatibility 

In vitro cell culture was performed to evaluate the cytocompatibility of the cements. 

MG-63 osteoblast-like cells were cultured in DMEM medium supplemented with 10% 

volume fraction of fetal bovine serum (FBS) at 37 °C in a humid atmosphere of 5% 

CO2 in air. The medium was replaced every 2 days. 

3.2.8.1 Cell proliferation 

Three materials were tested: premixed cd-AB, conventional cd-AB, and tissue 

culture polystyrene (TCP) as a control. The proliferation of MG-63 cells cultured on 

the samples was assessed quantitatively using a methyl thiazoly tetrazolium (MTT) 

(3.1) 
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assay. The disc-shaped (diameter: 5 mm, height: 2 mm) samples were prepared as the 

method described in Section 3.2.4 with P/L ratio of 3 g/g. The set samples were 

sterilized by autoclaving at 121 °C for 20 min and then put in a 96-well plate. Cells 

were added to each well at a density of 5 × 104 cells/well. The cell-seeded samples 

were incubated in DMEM–FBS medium at 37 °C in a humid atmosphere of 5% CO2 in 

air. The medium was replaced every 2 days. After culturing for 3 and 5 days, 100 μL 

MTT solution was added into each well. The plate was incubated for further 4 h. The 

supernatant of each well was then removed and 200 μL dimethyl sulfoxide (DMSO) 

solution added. After shaking for 10 min, the optical density (OD) at 490 nm was 

measured with an enzyme-linked immunoadsorbent assay plate reader. Three samples 

of each kind of cement were tested for each culture time and each test was performed 

in triplicate.  

3.2.8.2 Cell attachment 

Three disc-shaped (diameter: 10 mm, height: 2 mm) samples of each cement group 

were used for cell attachment study. The sterilized samples were put in a 24-well plate. 

MG-63 cells were seeded onto the cement samples at a density of 1 × 105 cells/well, 

followed by incubation at 37 °C and 100% humidity with 5% CO2 in a DMEM–FBS 

medium. The medium was replaced every 2 days. After culturing for 3 days, the 

sample-cell constructs were rinsed twice with PBS, fixed with 1% volume fraction of 

glutaraldehyde and subjected to graded ethanol dehydrations. The samples were 

air-dried in a desiccator overnight and sputter-coated with gold palladium prior to 
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SEM observation. The morphology of the cells was observed using SEM (JSM6360, 

JEOL). 

3.2.9 Statistical analysis 

All quantitative data are expressed as mean ± standard deviation (SD). Comparisons 

between the groups were made by using the analysis of variance (ANOVA) test. The 

level of statistical significance was defined as p < 0.05. 

3.3 Results 

3.3.1 Washout resistance 

In Figure 3.1 A, slight disintegration was observed for conventional cd-AB paste. As 

shown in Figure 3.1 B, no noticeable disintegration occurred for the premixed cd-AB 

paste prepared with 20% PLA-NMP solution. The premixed cd-AB paste remained 

stable and began to harden into a solid, exhibiting excellent washout resistance. The 

preliminary results indicated that the premixed cd-AB paste prepared with higher 

content of PLA in the liquid phase showed better washout resistance. Thus, 20% 

PLA-NMP solution was chosen as the liquid phase for premixed cd-AB. 

3.3.2 Setting time and compressive strength 

Figure 3.2 presents the effect of P/L ratio on the setting time and compressive 

strength of the different cements. The setting time of premixed cd-AB significantly 

decreased with increasing P/L ratio (p < 0.05). For the lower P/L ratio of 2 g/g, the 

setting time was over 60 min, whereas for higher P/L ratio of 3.5 g/g, the setting time  
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Figure 3.1 Behaviour of cement pastes after 5-min immersion in deionized water at 

37 °C: (A) conventional cd-AB and (B) premixed cd-AB (prepared with 20% 

PLA-NMP solution). 
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Figure 3.2 The effect of P/L ratio on the setting time and compressive strength of the 

different cements 
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was less than 30 min. For conventional cd-AB, the setting time shortened from 21 

min to 11 min as the P/L ratio increased. For both conventional cd-AB and premixed 

cd-AB, the compressive strength significantly increased as the P/L ratio increased 

from 2 g/g to 3 g/g (p < 0.05). However, a decrease of compressive strength was 

observed when the P/L ratio increased from 3 g/g to 3.5 g/g (p < 0.05). Considering 

the effects of P/L ratio on setting time and compressive strength, the P/L ratio of 3 

g/g was chosen to prepare premixed cd-AB samples for other experiments. 

3.3.3 Chemical compositions  

Figure 3.3 shows the XRD patterns of the different cements. In Figure 3.3 A, the 

hydration product of the premixed cd-AB was cd-HA as shown by the typical peaks 

at 2θ = 25.9°, 31.8°, 32.2°, 32.9°, 34.0°, 39.8°, 46.7°, 49.5°, 52.2°. It was found that 

unreacted TTCP appeared in the premixed cd-AB sample. As illustrated in Figure 3.3 

B, the hydration product of the conventional cd-AB was cd-HA. Remains of 

unreacted TTCP were also detected (Figure 3.3 B).  

Figure 3.4 presents the FTIR spectra of PLA, conventional cd-AB and premixed 

cd-AB samples after hardening for 3 days. In Figure 3.4 C, the υ2 peak (469 cm1), υ3 

peak (1032 cm1) and υ4 peaks (603 cm1 and 564 cm1) of 3
4PO group in cd-HA [182] 

were observed. The band at 3570 cm1 is related to the stretching vibration of –OH in 

cd-HA [185]. The band at 872 cm1 arises from the υ5 P–O(H) deformation of 

2
4HPO groups, confirming the calcium deficiency of HA [186]. A strong absorption  
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Figure 3.3 XRD patterns of the cements after hardening for 3 days: (A) premixed 

cd-AB and (B) conventional cd-AB. 
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Figure 3.4 FTIR spectra of (A) conventional cd-AB after hardening for 3 days, (B) 

PLA and (C) premixed cd-AB after hardening for 3 days. 

 

 

 



 

48 

band at 1760 cm1, corresponding to the carbonyl group (C=O) of PLA [182], was 

shown in Figure 3.4 B. The FTIR analysis results suggested that the hydration 

products of premixed cd-AB were a mixture of cd-HA and PLA. 

3.3.4 Microstructural morphology 

The fracture surface morphology of the hardened cements is shown in Figure 3.5. In 

Figure 3.5 A, a mixture of needle-like and plate-like apatite crystals appeared on the 

fracture surface of premixed cd-AB. The needle-like crystal’s length varied from 500 

nm to 1 μm and a diameter of approximately 100 nm. Some plate-like crystals were 

observed with a thickness of about 100–200 nm and a width of 1 μm. As shown in 

Figure 3.5 B, the fracture surface of conventional cd-AB mainly consisted of 

needle-like crystals with a length from 500 nm to 1 μm.  

3.3.5 Injectability 

Table 3.1 presents the percent injectability of premixed cd-AB pastes prepared at 

different P/L ratios as a function of PLA content in the liquid phase 2 min after the 

start of mixing. For pastes made with the same PLA-NMP solution, the injectability 

increased with decreasing P/L ratio. Pastes made with the P/L ratio of 2 g/g had 

adequate injectability. Pastes made at the P/L ratio of 3.5 g/g were relatively difficult 

to extrude from the syringe. The PLA content in the liquid phase had an obvious 

influence on the paste injectability. When prepared with the same P/L ratio, the paste 

injectability decreased with increasing PLA content in the liquid phase.  
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Figure 3.5 SEM micrographs of the fracture surface of cements after hardening for 3 

days: (A) premixed cd-AB and (B) conventional cd-AB. 
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Table 3.1 Injectability of premixed cd-AB pastes made with different liquids and P/L 

ratios. 

 

 

 

 

 Injectability (%)  

Liquid phase 

P/L = 2 g/g P/L = 2.5 g/g P/L = 3 g/g P/L = 3.5 g/g 

PLA-NMP (10%) 98 ± 2 98 ± 2 63 ± 3 15 ± 3 

PLA-NMP (15%) 97 ± 2 69 ± 3 38 ± 2 not injectable 

PLA-NMP (20%) 97 ± 2 56 ± 2 27 ± 3 not injectable 
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3.3.6 In vitro degradability  

Figure 3.6 shows the weight loss ratios of the different cements after immersion in 

Tris-HCl solution for 28 days. With the addition of PLA in the liquid phase, the 

degradation rate of premixed cd-AB was higher than conventional cd-AB. 

Conventional cd-AB showed a weight loss ratio of approximately 5.6 wt% after 

immersion for 28 days. For the premixed cd-AB prepared with 20 wt% PLA-NMP 

solution, the weight loss ratio reached 15.6 wt% after 28-day immersion. Moreover, 

the degradation rate of premixed cd-AB increased with the increasing content of PLA 

in the liquid phase. 

Figure 3.7 shows the pH variations of Tris-HCl solution after the immersion of 

different cements. In the early stage of immersion, both premixed cd-AB and 

conventional cd-AB caused an increase of pH value of the solution. The initial 

increase in pH value could be attributed to the dissolution of cd-HA that released 

OH into the solution. After 10 days, the pH value of the solution containing 

premixed cd-AB reached its maximum and then decreased with the extension of 

immersion time. The decrease in pH value could be explained by the release of acidic 

degradation products of PLA. As for the conventional cd-AB, the pH value of the 

solution decreased slightly after about 13 days of immersion. This might be 

attributed to the buffer-mediating effect of tris(hydroxymethyl)aminomethane (Tris) 

[187, 188].  
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Figure 3.6 Weight loss ratios of the different cements after immersion in Tris-HCl 

solution for different time. 
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Figure 3.7 Variations in the pH value of Tris-HCl solution after the immersion of 

different cements. 
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Figure 3.8 SEM micrographs of premixed cd-AB samples after immersion in 

Tris-HCl solution for (A and B) 1 day and (C and D) 28 days. 
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Figure 3.8 exhibits the surface morphology of premixed cd-AB after immersion in 

Tris-HCl solution for different time. As shown in Figure 3.8 A and B, some tiny 

cracks were observed on the cement surface after 1-day immersion. After 28 days of 

immersion, a more marked degradation of the cement was noted (Figure 3.8 C and 

D). Larger pits and deeper cracks appeared on the cement surface. 

3.3.7 Cytocompatibility 

The results of MTT assay for MG-63 cell proliferation are shown in Figure 3.9. The 

OD value for both cements increased with the extension of incubation time. 

Moreover, the OD value for premixed cd-AB was not significantly different from 

conventional cd-AB or for the TCP control at 3 and 5 days (p > 0.05). This 

demonstrated that the number of viable cells on the premixed cd-AB was not 

significantly different from the conventional cd-AB, indicating that premixed cd-AB 

was as non-cytotoxic as conventional cd-AB. 

The SEM micrographs of MG-63 cells cultured on conventional cd-AB and 

premixed cd-AB samples for 3 days are shown in Figure 3.10. The cells were 

attached to and spread well on both cements. The cells exhibited similar spindle-like 

morphology and had developed cytoplasmic extensions with lengths up to 50 µm. 

The cytoplasmic extensions were firmly anchored on the apatite crystals and the 

connection between neighbouring cells had been established. Both MTT assay results 

and SEM images suggested that premixed cd-AB was as cytocompatible as 

conventional cd-AB. 
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Figure 3.9 MTT assay for proliferation of MG-63 cells cultured on different cements 

at 3 and 5 days of incubation. 
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Figure 3.10 SEM micrographs of MG-63 cells attached to: (A and B) conventional 

cd-AB; (C and D) premixed cd-AB. 
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3.4 Discussion 

In this study, the applicability of using PLA-NMP solution as the liquid phase to 

prepare premixed and injectable cd-AB for bone reconstruction was investigated. 

When premixed cd-AB paste came in contact with water, the exchange of NMP for 

water occurred. Since PLA is hydrophobic, the removal of NMP resulted in the 

deposition of PLA. Meanwhile, the reach of water into the bulk of the cement paste 

initiated the hydration of calcium phosphates. Since both TTCP and DCPA are more 

soluble than cd-HA, the dissolution of TTCP and DCPA resulted in a solution that is 

supersaturated with respect to cd-HA [60, 189]. Subsequently, cd-HA precipitated. 

The hydration products of premixed cd-AB were a mixture of cd-HA and PLA. A 

schematic representation of the hardening process of premixed cd-AB paste is shown 

in Figure 3.11. 

Zhou et al. [182] observed a blue-shift of the C=O vibration peak (1755 cm1) of PLA 

from the IR spectrum of PDLLA/HA nanocomposites. The blue-shift phenomena 

could be attributed to the interaction between PLA and HA [182]. However, no 

blue-shift of C=O vibration peak was observed in present work, implying that the 

carbonyl group (C=O) of PLA was free and not bonded with cd-HA particles. It is 

assumed that the molecular chains of PLA were dispersed in the calcium phosphate 

matrix.  

The premixed cd-AB paste exhibited much better washout resistance than 
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Figure 3.11 Schematic representation of the hardening process of premixed cd-AB  
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conventional cd-AB paste. With the incorporation of viscous PLA-NMP solution, the 

viscosity of premixed CPC paste increased, reducing the risk of paste disintegration 

when got in contact with fluids [59, 190]. When the premixed cd-AB paste came in 

contact with water, NMP diffused into water thus causing the precipitation of PLA. 

The precipitation of PLA could help trap calcium phosphate particles and avoid 

potentially deleterious migration of those particles, contributing to the excellent 

washout resistance of premixed cd-AB. Le Renard et al. [191] investigated the use of 

organogels based on precipitating polymers as carriers for magnetic microparticles. 

They thought that the solvent diffusion through exchange with circulating water could 

trigger precipitation of polymers, leading to “an entangled network trapping magnetic 

microparticles” [191]. 

Premixed cd-AB had longer setting time than conventional cd-AB. The hardening of 

premixed cd-AB strongly depends on the solvent exchange. NMP must be exchanged 

by water to trigger the hydration of calcium phosphates. Similar extension of setting 

time was previously observed by Takagi et al. [71] for premixed CPC using glycerol as 

the non-aqueous liquid. Compared with conventional cd-AB, premixed cd-AB 

exhibited lower compressive strength. This might be attributed to a higher porosity 

produced by the solvent exchange. The influence of P/L ratio on the mechanical 

properties of the cements was investigated. A higher P/L ratio was beneficial to the 

improvement of mechanical properties, implying that less mixing liquid results in a 

more compact cement bulk after hardening. However, it should be noted that if the P/L 
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ratio is too high, it may result in inhomogeneous mixing of the cement paste, 

compromising the cement performance [59]. Too low P/L ratio would cause high 

porosity in the hardened cement body, which is adverse to the enhancement of 

mechanical strength.  

A decrease of P/L ratio led to an improvement of the cement injectability. Previous 

studies indicated that decreasing P/L ratio is a common method to increase the 

injectability [32]. In addition, a higher PLA content in the liquid phase decreased the 

cement injectability. This effect might be attributed to the increase of the paste 

viscosity. The viscosity of PLA-NMP solution increased with the addition of PLA, 

leading to an increase of the paste viscosity. Although the increase of PLA content 

reduced the paste injectability, it might be effective in preventing “filter pressing” 

during injection. The “filter pressing” was termed by Bohner and Baroud [56, 57] as 

the phase separation phenomenon during injection where “the liquid comes out 

without the particles”. The increase of the viscosity of PLA-NMP solution could 

reduce the possibility of the mixing liquid to pass through the calcium phosphate 

particles, thus lowering the risk of “filter pressing”. 

Proper degradability is an important characteristic for bone grafting material. The 

results demonstrated that the premixed cd-AB could be degradable during the 

incubation in Tris-HCl solution. The premixed cd-AB prepared with 20% PLA-NMP 

solution lost 15.6 wt% of its initial weight after immersion for 28 days. In contrast, 
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conventional cd-AB did not show significant weight loss and lost only 5.6% of its 

initial weight by the end of immersion. The results showed that the degradation of 

premixed cd-AB was faster than conventional cd-AB in Tris-HCl solution. 

Comparison of the premixed cd-AB prepared with different PLA contents in the liquid 

phases indicated that the cement made with 20% PLA-NMP solution showed the 

highest degradation rate.  

According to the results of XRD and FTIR analysis, the hydration products of the 

premixed cd-AB were a mixture of cd-HA and PLA. When immersed in Tris-HCl 

solution, the hardened premixed cd-AB underwent two degradation processes: that of 

PLA and that of cd-HA [192]. The degradation of PLA was generally considered to be 

a hydrolytic process [193]. The release of the acidic hydrolytic products of PLA could 

result in a slight increase of the acidity of the surrounding medium. This explained the 

faster decrease of pH value of solution containing premixed cd-AB, as shown in 

Figure 3.7. Wang et al. [194] noted that in vitro degradation of HA was relatively more 

rapid in the environment with lower pH value. Thus, the hydrolysis of PLA might help 

accelerate the degradation of cd-HA. As shown in Figure 3.8 C and D, a more marked 

degradation of premixed cd-AB was observed after 28-day immersion. The presence 

of large pits and deep cracks could facilitate the penetration of fluids and the leakage 

of degradation products, furthermore accelerating the cement degradation [195].  

The cytocompatibility of premixed cd-AB was evaluated by monitoring the 
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attachment and proliferation of MG-63 osteoblast-like cells cultured on the cement. 

The cell proliferation of premixed cd-AB was not significantly different from 

conventional cd-AB. MG-63 cells attained normal spindle-like morphology on both 

premixed and conventional cd-AB with cytoplasmic extensions adhering to the 

cd-HA crystals. The results suggested that premixed cd-AB was as cytocompatible as 

conventional cd-AB. The conventional cd-AB was cytocompatible since the 

individual components (TTCP and DCPA) and the hydration product (cd-HA) were 

non-cytotoxic, as demonstrated in previous work [66, 196]. Among the constituents of 

premixed cd-AB, NMP is known to be non-cytotoxic and has been approved by FDA 

to be used in fabrication of in situ forming drug delivery system [179]. PLA is 

semicrystalline aliphatic polyester and has good biocompatibility [182]. Thus, from 

the view of cement composition, it is not surprised that premixed cd-AB was 

compatible to MG-63 cells in present study.  

3.5 Conclusion 

The work presented within this chapter describes a premixed and injectable cd-AB. 

The cement pastes could be prepared in advance under well-controlled environment 

thus eliminating the on-site mixing in surgery. The premixed cd-AB paste remained 

stable in the syringe and hardened only after being injected into the defect site. When 

contacted with an aqueous environment, the premixed cd-AB paste exhibited 

excellent washout resistance. Due to the exchange of solvent with water, premixed 

cd-AB had longer setting time than conventional cd-AB. The hydration products of 
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premixed cd-AB were a mixture of nanocrystalline cd-HA and PLA. The degradation 

of premixed cd-AB was faster than that of conventional cd-AB in Tris-HCl solution. 

The premixed cd-AB supported the attachment and proliferation of MG-63 

osteoblast-like cells, indicating good cytocompatibility. Premixed and injectable 

PLA-modified cd-AB may be useful in dental, craniofacial and periodontal repairs.  
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Chapter 4 Fabrication and properties of porous scaffold of 

zein/PCL biocomposite for bone tissue engineering 

4.1 Introduction 

Reconstruction or regeneration of hard tissue (such as bone and cartilage) using tissue 

engineering techniques requires the use of temporary porous scaffolds within which 

the cells are seeded and cultured in vitro before implantation. The scaffolds should 

provide an appropriate environment for cell attachment, proliferation and 

differentiation, as well as the formation of new tissue [13]. Scaffolds for bone tissue 

engineering should satisfy some requirements [197]. Appropriate porosity, pore size 

and pore structure are necessary to facilitate the ingrowth of cells and new tissue. The 

scaffolds should possess good biodegradability and suitable degradation rate to match 

the new tissue formation rate. Good biocompatibility and suitable mechanical property 

are also required.  

Among the polymeric materials used for fabrication of bone tissue engineering 

scaffolds, PCL has been widely used due to its (a) good biocompatibility, (b) 

easy-processing ability, and (c) non-toxic degradation products [124]. The degradation 

of PCL is considered to occur by the hydrolysis of ester bonds into acidic monomers, 

which can be removed from the body by physiological metabolic pathways [117, 198]. 

However, some drawbacks have limited the wider applications of PCL scaffolds: (1) 

slow degradation rate, which might be related with the highly crystalline character of 
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PCL; (2) hydrophobicity, which is adverse for the cell attachment and penetration into 

the porous structure; and (3) acidic degradation products, which might lead to side 

effects [133].  

Blending PCL with natural polymer is an approach to overcoming those limitations. 

For example, the degradation of PCL was accelerated by blending with chitosan [131]. 

In addition, the acidic degradation products of PCL were effectively buffered by 

chitosan [131]. Ciardelli et al. [100] found that blending PCL with hydrophilic natural 

polymer such as starch is a promising way to improve the biocompatibility of PCL.  

In this study, we used a blend of zein, a natural polymer, and PCL to prepare scaffolds. 

It is expected that blending PCL with zein could have a synergic effect on the control 

of hydrophilicity and degradation behavior of the scaffolds. 

Zein is a corn protein which represents about 80% of the total proteins in corn grains 

[145]. It has been used in a wide range of applications, such as adhesives, 

biodegradable plastics, coating for food products and fibers [146]. Due to its 

nontoxicity, good biodegradability and biocompatibility, zein has a great potential for 

use in biomedical applications. Zein has been used for preparing microspheres as drug 

delivery systems [147, 148]. Both zein and its degradation products exhibited good 

cell compatibility [147, 149, 150]. Recently, three-dimensional porous zein scaffolds 

have been developed for tissue engineering applications [151-153]. In vitro tests 

showed that porous zein scaffolds could support the adhesion, proliferation and 
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osteoblastic differentiation of human mesenchymal stem cells (hMSCs) [153]. The 

results of an in vivo study using a rabbit subcutaneous implantation model 

demonstrated the good tissue compatibility and degradability of the zein scaffolds 

[152]. In addition, the porous zein scaffolds degraded completely within 8 months 

[152]. 

This work reported the fabrication of porous scaffolds of zein/PCL biocomposite for 

bone tissue engineering. The scaffolds were fabricated using particulate leaching 

technique. The pore structure, hydrophilicity and mechanical properties of the 

scaffolds were determined. In vitro degradation behavior of the scaffolds in PBS was 

monitored.  

4.2 Materials and methods 

4.2.1 Materials 

PCL (Mn = 80,000, Tm = 60 °C and ρ = 1.145 g/cm3) was purchased from 

Sigma–Aldrich. Zein (Z3625-250 g) was purchased from Shanghai CpG Biotech Co., 

Ltd. NaCl particulates with diameter ranging from 300 to 500 µm were used as 

porogen.  

4.2.2 Preparation of composite scaffolds 

Porous zein/PCL scaffolds were prepared by the particulate leaching method [144, 

199]. PCL pellets were weighed and dissolved in selected volumes of 

dichloromethane. A selected amount of zein was added into the solution, 
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followed by continuous stirring to disperse uniformly. NaCl particulates were 

added into the zein/PCL solution and stirred for 10 min. The mixture was then cast into 

the molds. The samples were air-dried by natural evaporation for 24 h and 

subsequently vacuum-dried at 40 °C for 48 h to completely remove the solvent. The 

salt particulates were leached out by immersing the samples in deionized water for 72 

h at 37 °C. The water was refreshed three times a day to favor the complete dissolution 

of the salt. After leaching, the scaffolds were air-dried for 24 h and then vacuum-dried 

for 12 h. The zein/PCL biocomposite scaffolds with the incorporation of 20 wt% and 

40 wt% zein were prepared, respectively. Pure PCL scaffolds were prepared as the 

control. Table 4.1 lists the compositions of the scaffolds prepared.  

4.2.3 Scaffold characterization  

4.2.3.1 Micro-CT analysis 

The scaffolds (4 × 4 × 20 mm3) were analyzed using a high-resolution 

micro-computed tomography (micro-CT) scanner (Skyscan 1072, Kontich, Belgium). 

The samples (n = 3 for each group) were scanned at 11.01 µm resolution. The X-ray 

source was set at 50 kV of energy and 120 μA of current. No filter was applied. The 

obtained isotropic slice data were reconstructed into 2D images. These 2D images 

were compiled to build 3D models in CTan (Skyscan). The 3D models were visualized 

using CTvol (Skyscan). The 3D analysis was performed in CTan (Skyscan) for 

porosity calculation.  
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4.2.3.2 Analysis by FTIR and SEM 

The FTIR spectra of the different scaffolds were recorded on a FTIR spectroscopy 

(Magna-IR 550, Nicolet) from 4000 to 400 cm1. SEM (XL30 FEGSEM, Philips) was 

used to examine the cross-sectional morphology of the scaffolds (4 × 4 × 10 mm3). 

The scaffolds were cut by a blade and coated with gold.  

4.2.3.3 Mechanical properties 

The mechanical properties of the scaffolds were tested by compression experiments 

using a universal testing machine (AG-2000A, Shimadzu Autograph, Shimadzu Co., 

Ltd.). Compression tests were carried out at a loading rate of 1 mm/min, until 

obtaining a maximum reduction in samples’ height of 80%. Three samples (diameter: 

6 mm, height: 12 mm) of each group were tested. 

4.2.3.4 Hydrophilicity  

Water contact angle measurements were conducted using a contact angle system 

(JC2000D3, Shanghai Zhongchen Digital Technology Apparatus Co., Ltd.). A water 

droplet (1 µL) was poured on the material surface and the water contact angle was 

measured after 30 s. The results are presented as mean ± SD of five measurements per 

sample.  

4.2.4 In vitro degradation  

To assess the in vitro degradation behavior of the scaffolds, the samples (10 × 10 × 3 

mm3) were weighed (Wi), immersed in PBS (0.01 M, pH 7.4) and incubated at 37 °C 
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with constant shaking at 100 rpm for 28 days. Three samples of each group were 

tested. The PBS solutions were changed twice a week. At preselected time point, the 

samples were removed from the solution, rinsed gently with deionized water, dried at 

37 °C until exhaustion and weighed (Wf). The weight loss was calculated according 

to the following equation [128]:  

%100
W

)WW(
(%)lossweight

i

fi 


  

The surface morphology of the scaffolds before and after degradation was 

characterized by SEM (JSM6360, JEOL). The FTIR spectra of the scaffolds after 

immersion in PBS for different time were assessed by a FTIR spectroscopy 

(Magna-IR 550, Nicolet). The pH variation of PBS during the whole immersion 

period was monitored using a pH meter (FE20, Mettler Toledo).  

4.3 Results 

Porous scaffolds of zein/PCL biocomposite were successfully fabricated using the 

solvent casting–particulate leaching method. The as-prepared zein/PCL-40 scaffold 

presented a sponge-like structure (Figure 4.1).  

4.3.1 SEM analysis 

Figure 4.2 presents the cross-sectional morphology of the scaffolds examined by SEM. 

Macropores with sizes ranging from a few microns to hundreds of microns were 

observed for PCL scaffold (Figure 4.2 A and B). As shown in Figure 4.2 C,  

(4.1) 
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Figure 4.1 Macroscopic image of the zein/PCL-40 scaffold 
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Figure 4.2 SEM images of the cross-sectional morphology of (A and B) PCL scaffold 

and (C and D) zein/PCL-40 scaffold. 
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for zein/PCL-40 scaffold, the majority of the macropores are larger than 300 μm. 

Several macropores varying from 5 to 20 μm were observed on the walls of the 

scaffold (Figure 4.2 D). 

4.3.2 Micro-CT analysis 

Representative 3D images of the zein/PCL-40 scaffold reconstructed by micro-CT are 

presented in Figure 4.3. The 3D model reveals a highly porous structure (Figure 4.3 A). 

To show clearly the pores and interconnections between pores, a semi-transparent 

overlay was put over a cross-section of the 3D model. A well-interconnected pore 

structure was observed from the micro-CT image shown in Figure 4.3 B.  

The porosities of the scaffolds determined from micro-CT data is shown in Table 4.1. 

The introduction of 20 wt% and 40 wt% zein into the PCL matrix did not noticeably 

change the porosity of the PCL scaffold.  

4.3.3 FTIR analysis 

The FTIR spectra of zein powder, PCL scaffold and zein/PCL-40 scaffold are 

illustrated in Figure 4.4 A–C. The characteristic band of PCL appears at 1730 cm1, 

corresponding to the C=O stretching of the ester carbonyl group. In Figure 4.4 B, the 

peaks at 1500–1550 cm1, 1600–1700 cm1 and 3100–3500 cm1 correspond to the 

characteristic absorptions of amide II, amide Ι and amide A, which are typical protein 

absorption bands [200]. As can be seen in Figure 4.4 C, the spectrum of the 

zein/PCL-40 scaffold exhibits the characteristic bands from both PCL and zein.  
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A

B

 

Figure 4.3 Micro-CT visualizations of the zein/PCL-40 scaffold: (A) 3D model and (B) 

semi-transparent overlay of a cross-section of the 3D model (the overlapping area is 

shown in light blue). 
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Table 4.1 Compositions and porosities of the PCL/zein composite scaffolds. 

 

 

 

 

 

Matrix materials 

Scaffold 

zein (wt%) PCL (wt%)

NaCl/matrix 

(wt/wt) 

 

Porosity (%) 

 

PCL 0 100 8:1 76.32 ± 1.93 

zein/PCL-20 20 80 8:1 74.01 ± 1.92 

zein/PCL-40 40 60 8:1 70.99 ± 1.72 
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Figure 4.4 FTIR spectra: (A) PCL scaffold, (B) zein powder, (C) zein/PCL-40 

scaffold, (D) zein/PCL-40 scaffold after immersion in PBS for 14 days and (E) 

zein/PCL-40 scaffold after immersion in PBS for 28 days. 

 

 



 

77 

4.3.4 Mechanical properties 

Figure 4.5 shows the compressive stress–strain curves of the PCL and zein/PCL 

composite scaffolds. All of the curves show distinct characteristics of polymeric foam: 

a linear elastic region appeared at small strain, followed by a plateau region at larger 

strain and a densification region where the stress increased sharply at very large strain 

[201]. Compared to the PCL scaffold, the zein/PCL composite scaffolds exhibited 

lower σ10 value (the compressive stress at 10% strain). In addition, the σ10 value for the 

zein/PCL scaffolds decreased with the increasing amount of zein in the composite.  

4.3.5 Hydrophilicity 

Figure 4.6 shows the water contact angles of the different scaffolds. The presence of 

zein in the composite had an apparent effect on the water contact angles of the 

scaffolds. Compared with the PCL scaffold, the zein/PCL scaffolds had lower water 

contact angles. Moreover, the water contact angles of the zein/PCL scaffolds 

decreased with the increasing amount of zein in the composite.  

4.3.6 In vitro degradation  

In vitro degradation study was carried out to investigate the effect of zein content on 

the degradability of the zein/PCL scaffolds. Figure 4.7 illustrates the weight loss of the 

scaffolds after immersion in PBS for different time. A slight weight loss was observed 

for the PCL scaffold, which lost about 1.4% of its initial weight after immersion in 

PBS for 28 days. However, the zein/PCL biocomposite scaffolds presented noticeable 
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Figure 4.5 Compressive stress-strain curves of the different scaffolds. 

 

 

 

 



 

79 

 

 

 

PCL zein/PCL-20 zein/PCL-40
0

20

40

60

80

100

W
at

er
 c

on
ta

ct
 a

ng
le

 (
)

 

Figure 4.6 Water contact angles of the different scaffolds. 
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degradation during the 28-day immersion in PBS. Furthermore, the weight loss of the 

zein/PCL scaffolds increased with the increasing amount of zein in the composite. 

After immersion in PBS for 28 days, the weight loss for the zein/PCL-20 scaffold and 

the zein/PCL-40 scaffold were 15% and 32%, respectively. Considering that the 

original weight ratio of zein in the zein/PCL-40 scaffold was approximately 40%, it is 

estimated that a majority of the zein component degraded after 28-day immersion. 

The FTIR spectra of the zein/PCL-40 scaffolds after immersion in PBS for 14 and 28 

days are given in Figure 4.4 D and E. A decrease in the intensity of the peak at 

1500–1550 cm1 corresponding to amide II in zein was observed after 14-day 

immersion in PBS (Figure 4.4 D). This phenomenon can be attributed to the 

degradation of zein. As the immersion time prolonged, the characteristic peak of 

amide II at 1500–1550 cm1 disappeared due to the continuous degradation of zein 

(Figure 4.4 E). The band at 1730 cm1 corresponding to the C=O stretching of the ester 

bond in PCL remained unchanged after 28-day immersion, indicating that no obvious 

hydrolysis of the ester bonds occurred during that period. The weight loss results and 

the FTIR spectra suggest that a majority of the zein component degraded after 28-day 

immersion, while the hydrolysis of PCL was not obvious. 

Figure 4.8 shows the pH variations of PBS during the 28-day immersion. No obvious 

pH variation was observed for the PCL scaffold during the whole immersion period. 

As for the zein/PCL composite scaffolds, only a slight decrease of pH value was  
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Figure 4.7 Weight loss of the different scaffolds during the immersion period. 
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Figure 4.8 The pH variations of PBS during the immersion period. 
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Figure 4.9 SEM images of the surface morphology of the zein/PCL-40 scaffolds: (A 

and B) before immersion and (C and D) after immersion in PBS for 28 days. 
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observed, which might be related to the degradation of zein.  

Figure 4.9 shows the SEM images of the surface morphology of zein/PCL-40 scaffolds 

before and after immersion in PBS for 28 days. The in vitro degradation had a 

remarkable influence on the surface morphology of the scaffolds. A more irregular 

macroporous structure with larger voids was detected on the scaffold surface after 

28-day immersion, which could be ascribed to the degradation of zein (Figure 4.9 C). 

Several small fissures and tiny pores appeared on the walls of the scaffold (Figure 4.9 

D), which may possibly enhance the interconnectivity of the scaffold. 

4.4 Discussion 

In the present study, a blend of zein and PCL was used to fabricate porous scaffolds for 

bone tissue engineering. Among several processing techniques, the particulate 

leaching method was chosen since it could provide easy control of the pore structure 

[144]. Previous studies reported that the porous structure with pore size between 300 

and 500 μm is suitable for cell penetration, tissue ingrowth and vascularization [13, 

197, 202]. Thus, NaCl particles in the range of 300–500 μm were used as the porogen.  

Both SEM and micro-CT were used to characterize the pore architecture of the 

scaffolds. SEM can qualitatively evaluate pore size and morphology. However, it is 

difficult to perform quantitative measurements from 2D SEM images [203]. Micro-CT 

can nondestructively quantify porosity and provide 3D visualization of the scaffold 

from any angle of view [203].  
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Due to the random porogen distribution in the bulk, the resulting scaffolds exhibited 

irregular pore structures as shown in Figure 4.2. Shi et al. [203] also reported the 

irregular pore architectures of the scaffolds fabricated by 

thermal-crosslinking–particulate-leaching technique. As observed from the SEM 

images (Figure 4.2 C and D), the zein/PCL-40 scaffold had macropores larger than 300 

μm, which were formed due to the removal of NaCl particles. The formation of those 

macropores with sizes between 5 and 20 μm was a result of solvent extraction from 

polymer matrix. In addition, the micro-CT slice shown in (Figure 4.3 B) displays a 

well-interconnected pore structure. The co-existence of macropores with different 

sizes is not only favorable for the ingrowth of cells and new tissue but also beneficial 

to the exchange of nutrients and metabolic waste [79]. 

Mechanical property is an important factor in the design of bone tissue engineering 

scaffolds. Figure 4.5 shows the compressive stress–strain curves of the different 

scaffolds. All scaffolds behaved as polymeric foams with distinct linear elastic, 

collapse plateau and densification regions [201]. The σ10 value of the composite 

scaffolds decreased with the increasing content of zein. This might be attributed to a 

lower degree of crystallinity caused by the presence of zein. 

Tuning the hydrophilicity of the biomaterial surface has strong influence on the 

adhesion and proliferation of cells [204]. The results showed that the surface of the 

zein/PCL composite scaffolds was more hydrophilic than that of the PCL scaffold, as 
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indicated by the decrease in the water contact angle. This phenomenon corresponds to 

the relatively more hydrophilic property of zein in comparison with the hydrophobic 

characteristic of PCL. Salerno et al. also found that the incorporation of zein in the 

composite improved the hydrophilicity of PCL [205]. 

The degradation property is crucial to the long-term success of a bone tissue 

engineering scaffold. In the present study, in vitro degradation behavior of the 

scaffolds in PBS was monitored in terms of changes in pH, weight loss and 

morphology. As shown in Figure 4.7, only a slight weight loss was observed for the 

PCL scaffold. The weight loss of the zein/PCL composite scaffolds was noticeable and 

increased with the increasing content of zein in the composite. Considering a 

negligible PCL weight loss during the 28-day immersion in PBS, the weight loss of the 

zein/PCL composite scaffold was ascribed to the degradation of zein.  

This consideration was supported by the changes in FTIR spectra of the scaffolds 

during the immersion period. In Figure 4.4 D and E, a significant decrease in the 

intensity of characteristic bands of zein was observed while the C=O stretching of the 

ester bond in PCL remained unchanged. Compared to PCL, zein is characterized by 

improved solubility in aqueous environment [151, 153, 206]. The zein molecules on 

the surface or the superficial layer of the zein/PCL scaffolds might degrade first due to 

their exposure to the surrounding degradation medium. The degradation of those 

surface molecules then leave more space in the composite scaffolds, facilitating the 
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flow of degradation medium into the interior of scaffolds. The relatively faster 

degradation of zein leads to a more porous structure with enhanced interconnectivity, 

which is beneficial to cell colonization and new tissue ingrowth [206]. The slower 

degradation of PCL could help maintain the scaffolds’ structure and strength, which is 

necessary for cell adhesion, proliferation and tissue infiltration [206].  

The SEM images shown in Figure 4.9 provide evidence for the above consideration. 

After immersion in PBS for 28 days, an irregular macroporous structure with large 

voids and small fissures was observed. The gradual degradation of the zein/PCL 

composite scaffold is favorable to the objective of tissue engineering strategy, which is 

the substitution of the temporary matrix by the native tissue [128]. By adjusting the 

content of zein in the composite, the degradation rate of the zein/PCL composite 

scaffolds could be tailored to match with the rate of tissue regeneration. 

Once implanted in vivo, the scaffolds will face a more complex environment. The 

results of the in vitro degradation tests could only provide a prediction of the in vivo 

degradation behavior of the scaffolds. Thus, a long-term in vivo implantation test is 

planned to investigate the biocompatibility and biodegradability of the zein/PCL 

biocomposite scaffolds. 

4.5 Conclusion 

The work presented in this chapter shows the fabrication and properties of the 

zein/PCL biocomposite scaffolds. The scaffolds fabricated by the particulate leaching 
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method have well-interconnected macroporous structure. The composite scaffolds 

exhibit enhanced hydrophilicity compared with the PCL scaffold. The results of the in 

vitro degradation study showed that the zein/PCL composite scaffolds degraded faster 

than the PCL scaffold during the 28-day immersion in PBS. Furthermore, the 

degradation rate of the scaffold could be tuned by adjusting the content of zein in the 

composite. These findings suggest that the zein/PCL biocomposite scaffolds may have 

potential application in bone tissue engineering. 
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Chapter 5 Preparation and characterization of porous 

scaffold of magnesium phosphate/polycaprolactone 

biocomposite for bone tissue engineering 

5.1 Introduction 

In bone tissue engineering strategy, scaffolds are of crucial importance since they act 

as temporary substrates for cell adhesion, proliferation and ultimately the 

regeneration of new tissue. From this perspective, scaffolds for bone regeneration 

should meet certain criteria: (1) the minimal requirement for pore size is considered 

to be 100 μm [13]. To enhance osteogenesis and the formation of capillaries, pore 

sizes > 300 μm are recommended [13]. (2) A highly porous structure is considered to 

favor osteogenesis [13]. (3) The scaffold should possess mechanical property similar 

to that of the bone repair site [13]. (4) The scaffold should have good biocompatibility. 

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

PCL is a biodegradable aliphatic polyester. Owing to its good biocompatibility and 

easy-processing capability, PCL has been used for the fabrication of scaffolds for 

tissue engineering purposes [124]. Unfortunately, applications of PCL scaffolds 

might be limited due to its hydrophobicity and slow degradation rate. The 

hydrophobic property of PCL may adversely affect cell attachment and penetration 

into the porous structure. The degradation of PCL is considered through the 

hydrolytic cleavage of ester groups causing random chain scissions [124]. Previous 
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research demonstrated that some PCL-based polymers took about 3–4 years to 

degrade completely [125, 126].  

With features of fast setting and high early strength, MPC has been widely used in 

civil engineering as rapid-repair materials. Recently, much attention has been paid to 

its clinic applications as bone substitution materials [157]. Liu [158] first reported the 

use of MPC as inorganic bone adhesive in screw fixation, artificial joints fixation and 

comminuted fracture fixation. Previous research has confirmed its good in vivo 

degradability and biocompatibility [159, 161, 207]. However, it is difficult to process 

MPC into porous scaffolds for tissue engineering applications due to its brittleness.  

Since it is impossible to prepare scaffolds made of single material satisfying the 

numerous requirements, the fabrication of scaffolds using composite materials is 

promising. Researchers have combined PCL with bioactive glasses [143, 144] and 

bioceramics such as HA [137, 138, 168], TCP [139, 208] to produce composite 

scaffolds for bone regeneration. The presence of HA has been demonstrated to 

enhance the bioactivity [138]. The incorporation of bioglass has been shown to 

improve the hydrophilicity and bioactivity of the PCL scaffold [143]. 

In this study, we first synthesized magnesium phosphate (MP) powder through the 

hardening process of MPC. Then we used a blend of PCL and MP as the scaffolding 

material. The composite scaffolds were prepared using the particulate leaching 

method. The microstructure of the scaffolds was evaluated using micro-CT and SEM. 
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The mechanical properties were examined by compression tests. The hydrophilicity 

and degradability of the composite scaffolds were also investigated.  

5.2 Materials and methods 

5.2.1 Materials 

PCL (Mn = 80,000, Tm = 60 °C and ρ = 1.145 g/cm3) was purchased from 

Sigma–Aldrich. MP powder was synthesized through the hardening reaction of MPC. 

The cement powder was composed of MgO and NH4H2PO4 in a molar ratio of 3.8:1. 

MgO was prepared by heating basic magnesium carbonate pentahydrate 

[(MgCO3)4·Mg(OH)2·5H2O] in a furnace at 1500 °C for 6 h. The resultant powder was 

first cooled to room temperature, and then grounded in a planetary ball mill for 5 min, 

followed by sieving into 48–74 μm particles. The cement powder was then mixed with 

deionized water to form a homogeneous paste and stored in a 100% relative humidity 

environment at 37 °C for hardening. After hardening for 24 h, the cement sample was 

dried, ground and sieved into 48–74 μm powder. NaCl particles with size in the 

range of 250–450 μm were used as the porogen. All the chemicals except PCL were 

purchased from Sinopham Chemical Reagent Co., Ltd. 

5.2.2 Preparation of composite scaffolds 

The MP/PCL composite scaffolds were prepared by the particulate leaching method. 

PCL pellets were dissolved in dichloromethane and a certain amount of MP powder 

was added. The solution was sonicated for 10 min to disperse MP powder uniformly 

[162]. The ratio of the MP/PCL mixture to dichloromethane was fixed at 10% 
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(w/v). NaCl particles were then added into the MP/PCL mixture and stirred for 10 min. 

Subsequently, the mixture was transferred into the molds. The samples were air-dried 

by natural evaporation for 24 h and then vacuum-dried at 40 °C for 48 h to remove the 

solvent completely. The salt particles were leached out by immersing the samples in 

deionized water for 72 h at 37 °C. The water was refreshed three times a day to favor 

the complete dissolution of the salt. After leaching, the scaffolds were air-dried for 24 

h and then vacuum-dried for 12 h. Two groups of composite scaffolds were prepared 

as described above by blending different amounts of MP powder (20 and 40 wt%) with 

PCL. Pure PCL scaffolds were prepared as the control. The compositions of the 

scaffolds prepared are listed in Table 5.1.  

5.2.3 Characterization  

5.2.3.1 Micro-CT analysis 

The scaffolds (4 × 4 × 20 mm3) were analyzed using a high-resolution micro-CT 

scanner (Skyscan 1072, Kontich, Belgium). The samples (n=3 for each group) were 

scanned at 11.01 μm resolution. The scan was carried out at a voltage of 50 kV and a 

current of 120 μA. No filter was applied. The obtained isotropic slice data were 

reconstructed into 2D images. These 2D images were compiled to build 3D models in 

CTan (Skyscan). The 3D models were visualized using CTvol (Skyscan). The 3D 

analysis was performed in CTan (Skyscan) for the calculation of porosity and pore size 

distribution.  
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5.2.3.2 Analysis by XRD and SEM 

The scaffolds were characterized by XRD (D/MAX 2550, Rigaku) with Cu Kα 

radiation and Ni filter (λ =1.5406 A, 100 mA, 40 kV) in a continuous scan mode. 

The 2θ range was from 10° to 70° at a scanning speed of 10 °/min. The 

cross-sectional morphology of the scaffolds (4 × 4 × 10 mm3) was examined by SEM 

(XL30 FEGSEM, Philips). The scaffolds were cut by a blade and coated with gold.  

5.2.3.3 Mechanical properties 

The compressive mechanical properties were measured according to the ASTM 

standard D695-02a with a universal testing machine (AG-2000A, Shimadzu 

Autograph, Shimadzu Co., Ltd.). Three cylindrical samples (diameter: 6 mm, height: 

12 mm) of each composition were measured. The compression tests were carried out 

at a loading rate of 1 mm/min, until obtaining a maximum reduction in samples’ 

height of 70%. The elastic modulus was calculated as the slope of the initial linear 

region of the stress-strain curve.  

5.2.3.4 Hydrophilicity  

The hydrophilicity of the scaffolds was evaluated by water contact angle 

measurements performed on a contact angle system (JC2000D3, Shanghai 

Zhongchen Digital Technology Apparatus Co., Ltd.). A water droplet (1 µL) was 

poured on the material surface and the water contact angle was measured after 30 s. 

Five measurements for each sample were performed and the results were expressed 
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as mean ± SD.  

5.2.4 In vitro degradation study 

For degradation experiments, samples (10 × 10 × 3 mm3) were weighed (Wi), 

immersed in 0.01 M PBS (pH 7.4) and incubated at 37 °C with constant shaking at 100 

rpm for 28 days. Three samples for each group were tested. The PBS solutions were 

changed twice a week. At preselected time point, the samples were removed from the 

solution and rinsed gently with deionized water. The samples were then dried at 37 

°C until exhaustion and weighed (Wf). The weight loss was calculated according to 

the following equation [128]:  

%100
W

)WW(
(%)lossweight

i

fi 


  

The surface morphology of the scaffolds before and after degradation was 

characterized by SEM (JSM6360, JEOL). After immersion in PBS for several time 

periods, the scaffolds were analyzed using XRD (D/MAX 2550, Rigaku) with Cu Kα 

radiation and Ni filter (λ =1.5406 A, 100 mA, 40 kV) in a continuous scan mode. 

The 2θ range was from 10° to 70° at a scanning speed of 10 °/min.  

5.3 Results 

5.3.1 Micro-CT analysis 

Micro-CT was used to characterize the pore structure of the scaffolds. As shown in 

Figure 5.1, the 3D reconstruction model of MP/PCL-40 scaffold showed a highly  

(5.1) 
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Figure 5.1 Micro-CT 3D reconstruction model of the MP/PCL-40 scaffold. 
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Table 5.1 Compositions and porosities of the MP/PCL composite scaffolds. 

 

 

 

 

 

Matrix materials 

Scaffold 
MP (wt%) PCL (wt%)

NaCl/matrix 

(wt/wt) 

 

Porosity (%) 

 

PCL 0 100 8:1 76.23 ± 1.39 

MP/PCL-20 20 80 8:1 72.50 ± 2.08 

MP/PCL-40 40 60 8:1 73.91 ± 3.67 
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Figure 5.2 Pore size distribution of the MP/PCL-40 scaffold. 
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Figure 5.3 Micro-CT visualizations of a cross-section of MP/PCL-40 scaffold: (A) 

positive image (gray: scaffold; black: pore) and (B) negative image (black: scaffold; 

white: pore). 
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porous structure. From micro-CT data, structural parameters such as porosity and pore 

size distribution were calculated. Table 5.1 presents the porosities of the different 

scaffolds. The addition of 20 and 40 wt% MP particles into PCL matrix did not 

noticeably influence the porosity of PCL scaffolds. The porosity of the composite 

scaffolds could reach about 73%.  

The MP/PCL-40 scaffold exhibits a wide pore size distribution as shown in Figure 5.2. 

Leaching of the porogen and extraction of the solvent led to the formation of pores 

with a range of sizes. 

Figure 5.3 presents the micro-CT visualizations of a cross-section of MP/PCL-40 

scaffold. In Figure 5.3 A, the scaffold appears in gray and the pores in black. The 

interconnectivity of the pores could be clearly observed from the negative image 

shown in Figure 5.3 B where black represents the scaffold and white represents the 

pores. 

5.3.2 SEM analysis 

SEM micrographs shown in Figure 5.4 present the cross-sectional morphology of the 

MP/PCL-40 scaffold. The composite scaffold shows macroporous structure with pore 

size varying from several microns to hundreds of microns.  

5.3.3 XRD analysis 

The XRD patterns of MP particles, PCL and MP/PCL-40 composite scaffold are  
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Figure 5.4 SEM images of the cross-sectional morphology of MP/PCL-40 scaffold: 

(A) macropores larger than 200 μm and (B) macropores less than 10 μm.  
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Figure 5.5 XRD patterns of (A) MP particles, (B) PCL, (C) MP/PCL-40 scaffold, (D) 

MP/PCL-40 scaffold after immersion in PBS for 14 days and (E) MP/PCL-40 scaffold 

after immersion in PBS for 28 days. 
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shown in Figure 5.5 A–C. The peaks of NH4MgPO4·6H2O can be seen at 2θ = 15.7°, 

20.8°, 21.4°, 27.0°, 30.6°, 31.8° and 33.2° in Figure 5.5 A. In addition, the peaks of 

unreacted MgO are observed at 2θ = 42.8° and 62.2°. Figure 5.5 A indicates that the 

chemical composition of the MP particles is a mixture of struvite and MgO. As shown 

in Figure 5.5 C, the composite scaffold exhibits two strong peaks at 2θ = 21.5° and 

23.8° belonging to PCL, together with the peaks of struvite and MgO.  

5.3.4 Mechanical properties 

The compressive stress–strain curves of the PCL and MP/PCL composite scaffolds 

are shown in Figure 5.6. All curves exhibit distinct characteristics of porous polymer 

foam: a linear elastic region appeared at small strain, followed by a plateau region at 

larger strain and a solidifying region where the stress increased sharply at very large 

strain [201]. The PCL scaffolds had compressive modulus of 4.32 ± 0.13 MPa. The 

compressive moduli for MP/PCL-20 and MP/PCL-40 scaffolds were 3.62 ± 0.15 MPa 

and 2.37 ± 0.15 MPa, respectively. 

5.3.5 Hydrophilicity 

As shown in Figure 5.7, the water contact angle of the MP/PCL-40 scaffold was 68°, 

which was less than the corresponding 79° observed for the PCL scaffold. This implies 

that the surface of the MP/PCL composite scaffold was more hydrophilic than that of 

the PCL scaffold. 
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Figure 5.6 Compressive stress–strain curves of the different scaffolds. 
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Figure 5.7 Water contact angles of the different scaffolds. 
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5.3.6 In vitro degradation  

The weight loss data for the MP/PCL composite scaffolds and PCL scaffolds are 

summarized in Figure 5.8. The PCL scaffolds had a slight weight loss (less than 2%) 

during the incubation period. As for the composite scaffolds, the weight loss 

increased over the whole incubation period and proportionally to the MP content. At 

the end of the degradation period (28 days), the weight losses were around 17% for 

the MP/PCL-20 scaffolds and 32% for the MP/PCL-40 scaffolds, respectively. 

The XRD patterns of the MP/PCL-40 scaffolds after immersion in PBS for 14 and 28 

days are shown in Figure 5.5 D and E. The peak intensities of struvite and MgO 

distinctly decreased with the extension of incubation time.  

Figure 5.9 shows the surface morphology of the MP/PCL-40 scaffolds before and 

after immersion in PBS for 28 days. After 28-day incubation in PBS, more 

macropores with sizes less than 100 μm appeared on the walls of the scaffolds 

(Figure 5.9 C). Under higher magnification (Figure 5.9 D), the presence of 

indentations and cracks was evident on the scaffold surface. The scaffold exhibited 

more surface roughness after immersion for 28 days. 
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Figure 5.8 Weight losses of the different scaffolds during the immersion period. 
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Figure 5.9 SEM images of the surface morphology of MP/PCL-40 scaffolds: (A and B) 

before immersion and (C and D) after immersion in PBS for 28 days. 
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5.4 Discussion 

The architectural characteristics of a scaffold, including porosity, pore size and 

interconnectivity, play an important role in tissue regeneration [209]. In this study, 

both SEM and micro-CT were used to characterize the pore architecture of the 

scaffolds. The MP/PCL-40 composite scaffold exhibits a highly porous structure with 

porosity around 73%. The macropores with large sizes were formed due to the 

leaching of salt. As shown in Figure 5.4 A, the composite scaffold presents cubical 

macropores with pore morphology similar to the geometry of salt particles. Several 

macropores with sizes ranging from 1 to 10 μm are present on the walls of the 

scaffolds as shown in Figure 5.4 B. The formation of those macropores with smaller 

sizes was a result of solvent extraction. A proper combination of macropores with 

different sizes is favorable to cell adhesion and proliferation as well as the ingrowth 

of new tissue [79].  

Pore interconnectivity plays an important role in promoting the ingrowth of cells and 

new tissue. Bernardo et al. [210] qualitatively assessed pore interconnectivity by 

observing the positive and negative slices of selected scaffold cross-section. From 

Figure 5.3, it can be seen that most of the macropores are well-interconnected. Good 

interconnectivity is believed to be beneficial to the flow transport of nutrients and 

wastes [203]. 

Hydrophilicity is an important characteristic that would affect the performance of a 
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biomaterial in application. Wei et al. [211] demonstrated that a more hydrophilic 

surface is favorable to cell attachment and spreading. Moreover, osteoblast prefers a 

more hydrophilic surface [212]. Water contact angle (WCA) has been used as an 

indicator of hydrophilicity in several studies [213-215].  

Considering the hydrophilic nature of MP particles, we hypothesize that the 

incorporation of MP component may help reduce the hydrophobicity of PCL. This 

hypothesis was confirmed by the results of WCA measurement presented in Figure 

5.7. Compared to PCL scaffold, a 13.8% decrease in WCA was observed for the 

MP/PCL-40 scaffold. This indicates that the incorporation of MP particles into the 

PCL matrix improved the hydrophilic property of polymer. In addition, depending on 

the amount of MP particles incorporated, the composite surface wettability can be 

adjusted to obtain different degrees of hydrophilicity.  

Such an improvement of hydrophilicity indicated by a decrease in WCA has also 

been observed for other polymer/bioceramic composite scaffolds [199, 213, 214]. 

For instance, Yeo et al. [213] fabricated a composite scaffold consisting of 

PCL/β-TCP struts and collagen nanofibers. A decrease of 18.9% or 6.7% in WCA 

value was observed for composite scaffolds with or without collagen nanofibers 

[213]. Navarro et al. [214] developed a biodegradable scaffold made of PLA/calcium 

phosphate glass composite. The incorporation of 50% bioglass into the PLA matrix 

induced an 8% decrease in WCA [214].  
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In the design and manufacture of scaffolds for bone tissue engineering, appropriate 

degradability is an important factor that must be taken into account. As shown in 

Figure 5.8, only a slight weight loss was observed for the PCL scaffolds during the 

whole incubation period. Compared with the PCL scaffolds, the weight loss of the 

composite scaffolds was more obvious and gradually increased with the extension of 

incubation time. Taking the negligible weight loss of PCL into consideration, the 

weight loss of the composite scaffolds could be attributed to the degradation of 

struvite and the removal of MgO particles.  

The degradation of struvite occurred through chemical dissolution. Both in vitro [216] 

and in vivo [217] studies have confirmed the good degradability of struvite. Gbureck 

and co-workers [217] evaluated the chemical dissolution of struvite-forming 

biocement in vivo in a heterotopic model without osteoclastic degradation. After 15 

months’ intramuscular implantation, the struvite phase completely dissolved as 

indicated by the disappearance of the main diffraction peaks of struvite in XRD 

pattern [217]. As indicated by XRD patterns in Figure 5.5, the peak intensity of 

struvite decreased with the extension of incubation time. A decrease in the peak 

intensity of MgO was also noticed in Figure 5.5. Considering the low solubility of 

MgO, a possible explanation for this result is the rinsing step during the degradation 

study, which likely caused the removal of MgO particles. 

The removal of MP particles created several macropores with sizes smaller than 100 



 

111 

μm on the walls of the scaffolds, as can be seen from Figure 5.9. These macropores 

could assist in the diffusion of degradation medium into the interior of scaffolds, thus 

facilitating the hydrolytic degradation of PCL. Moreover, increased surface 

roughness of the composite scaffolds was observed after immersion for 28 days. The 

increased surface roughness may result from the surface erosion during the 

immersion period. Some researchers indicated that the surface erosion occurred via a 

random and bulk hydrolysis of the ester bonds in the PCL polymer chain [218]. 

Surface roughness of scaffolds has been shown to influence the adhesion and 

proliferation of osteoblast cells [219, 220].  

In addition, the weight loss of the composite scaffolds increased with the MP content 

at each time point. The degradation rate of the composite scaffolds could be tailored to 

match with the rate of tissue regeneration by adjusting the MP content in the composite. 

The mechanical testing results show that the compressive modulus of the MP/PCL 

composite scaffold is lower than that of human trabecular bone (50 MPa) [221]. The 

composite scaffold is not suitable to be applied in high-load-bearing sites. With highly 

interconnected porous structure and fast degradation rate, the MP/PCL composite 

scaffold can be used in non-load-bearing applications or in combination with internal 

or external fixation devices, as suggested by Hutmacher et al. [10]. Guan and Davies 

[222] developed a composite scaffold for bone tissue engineering by combining 

PLGA with bioresorbable calcium phosphate cement particles. The scaffold was 

characterized by a highly interconnected macroporosity, with macropores of 0.8–1.8 
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mm and porosities ranging from 81% to 91% [222]. The compressive modulus of the 

composite scaffold was in the range of 2–7.5 MPa [222]. This composite scaffold can 

be applied as trabecular bone graft substitute [222]. 

5.5 Conclusion 

The work presented in this chapter describes the preparation and characterization of 

the MP/PCL composite scaffolds. The composite scaffold exhibits an interconnected 

macroporous structure with porosity around 73%. The incorporation of MP particles 

led to an enhanced hydrophilicity of the composite scaffolds. The results of the in 

vitro degradation study indicate that the degradation rate of the composite scaffolds 

could be modulated by varying the amount of MP particles introduced into the 

polymer matrix. The results suggest that the MP/PCL composite scaffolds might be 

promising materials for bone tissue engineering applications. Future developments 

will be focused on the assessment of in vivo biocompatibility and degradability of the 

composite scaffolds.  
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Chapter 6 Conclusion 

Overall, it has been demonstrated that the premixed and injectable PLA-modified 

cd-AB is a promising material for the reconstruction of bone defects. Both zein/PCL 

biocomposite scaffolds and MP/PCL composite scaffolds exhibited potential for 

applications in bone tissue engineering. 

6.1 Premixed and injectable calcium deficient apatite biocement  

To facilitate ease of handling by surgeons and to improve the properties of calcium 

phosphate cement, this study aimed to develop premixed and injectable bone cement 

as a potential bone graft substitute. In Chapter 3, a new premixed and injectable 

cd-AB was developed. The cement pastes could be prepared prior to surgery in a 

well-controlled environment thereby eliminating on-site mixing during surgery. The 

premixed cd-AB paste remained stable in the syringe and hardened only after being 

injected into the damaged site. When contacted with an aqueous environment, the 

premixed cd-AB paste exhibited excellent washout resistance. Due to the exchange 

of solvent with water, the premixed cd-AB required a longer setting time than that 

for the conventional cd-AB. The hydration products of premixed cd-AB were a 

mixture of nanocrystalline cd-HA and PLA. The degradation of premixed cd-AB was 

faster than conventional cd-AB in Tris-HCl solution. The premixed cd-AB supported 

the attachment and proliferation of MG-63 osteoblast-like cells, confirming good 

cytocompatibility. The premixed and injectable PLA-modified cd-AB may be useful 
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in dental, craniofacial and periodontal repairs.  

6.2 Biocomposite scaffolds for bone tissue engineering  

To overcome the limitations associated with the use of PCL scaffolds, zein (a natural 

corn protein) was incorporated into PCL matrix to develop zein/PCL biocomposite 

scaffolds for bone tissue engineering applications. The resulting composite scaffolds 

contained a well-interconnected macroporous structure and were fabricated via the 

solvent casting–particulate leaching method. Compared to the PCL scaffold, the 

composite scaffolds exhibited enhanced surface hydrophilicity. The results of the in 

vitro degradation study confirmed that the zein/PCL composite scaffolds degraded 

faster than the PCL scaffold during the 28-day immersion in PBS. Furthermore, the 

degradation rate of the scaffold could be tuned by adjusting the content of zein in the 

composite. These findings suggest that the zein/PCL biocomposite scaffolds may have 

potential application in bone tissue engineering. In Chapter 5, MP particles were 

introduced into PCL to fabricate MP/PCL composite scaffolds. The composite 

scaffold exhibited a strongly interconnected macroporous structure with porosity 

around 73%. The incorporation of MP particles led to an enhanced hydrophilicity of 

the composite scaffolds. The results of the in vitro degradation study indicate that the 

degradation rate of the composite scaffolds could be modulated by varying the 

amount of MP particles introduced into the polymer matrix. In conclusion, this study 

suggests that the MP/PCL composite scaffolds may provide promising materials for 

tissue engineering applications for bone regeneration.  
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6.3 Future work   

There is still a need to evaluate and improve some properties for the materials 

developed in this study. Some ideas on future work are listed below.  

6.3.1 Future work regarding premixed and injectable cd-AB 

1. The long-term stability of premixed cd-AB should be investigated. The premixed 

cement pastes were prepared then stored in sealed syringes. The possibility to 

inject or handle the pastes after certain storage time needs to be studied. Critical 

factors influencing the pastes’ stability include storage conditions (humidity and 

temperature) and the presence of water impurities in the liquid phase and/or the 

powder phase. 

2. The rheological properties of premixed cd-AB need to be quantified to determine 

the key factors that influence the flow behavior of the cement paste.  

3. To satisfy the requirement of clinical use, the setting time of premixed cd-AB must 

be shortened. More rapid setting could be achieved by the addition of a hardening 

accelerator and the optimization of particle sizes of TTCP and DCPA.  

4. Likewise, the mechanical strength of premixed cd-AB should be improved to meet 

the requirement for potential applications in load-bearing areas. A texture 

measurement will be performed to explain the lower mechanical strength of 

premixed cd-AB in comparison with conventional cd-AB.  
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5. In vivo experiments need to be performed to determine the overall 

biocompatibility of premixed cd-AB. Meanwhile, the long-term in vivo 

degradability of the cement should be examined. 

6. The cytotoxicity and biocompatibility of NMP will be assessed.  

6.3.2 Future work regarding the zein/PCL scaffolds 

1. The distribution of zein throughout the polymer matrix will be characterized to 

develop a greater understanding of its influence on the degradation behavior and 

mechanical properties of the scaffolds. 

2. The mechanical properties of the zein/PCL composite scaffolds appeared to be 

insufficient for load-bearing applications. Therefore, there remains a clear need to 

improve their mechanical properties.  

3. The effect of the NaCl concentration on the porosity of the scaffolds will be 

investigated. Samples prepared in the absence as well as in the presence of 

different amounts of NaCl particles will be characterized using micro-CT.  

4. The hydrophilicity of the PCL/zein scaffolds should be further improved. Possible 

solution may involve a chemical surface modification of the scaffolds, e.g. surface 

treatment with sodium hydroxide solution.   

5. This thesis presents the results from a short-term degradation study. A long-term in 
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vitro degradation test should be performed to understand the degradation 

mechanism and determine the kinetics of the degradation for the composite 

scaffolds. The influence of zein on the degradation of PCL should be further 

investigated.  

6. The effects of zein within the PCL matrix on the biological function of 

bone-associated cells, such as cell adhesion, migration, differentiation and 

proliferation, need to be studied. 

7. In vivo studies are needed to examine the biocompatibility and degradability of 

the zein/ PCL composite scaffolds.  

8. Composites made of PCL and some other plant-derived proteins such as pea 

protein isolate and soy protein isolate will be used to fabricate tissue engineering 

scaffolds. 

6.3.3 Future work regarding the PCL/MP scaffolds 

1. The possibility of further improvement in the hydrophilicity of the MP/PCL 

scaffolds should be explored. A potential solution could be the modification of the 

distribution of MP particles. Hutmacher et al. [10] indicated that the ceramic 

particles should not only be embedded into the polymer matrix, but also exposed 

on the surface to improve osteoconductivity. The influence of MP particle size on 

the hydrophilicity of the composite scaffolds requires investigation. 
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2. The distribution of MP particles throughout the PCL matrix will be characterized 

to investigate its influence on the degradation behavior and mechanical properties 

of the scaffolds. 

3. Micro-CT analysis will be performed to investigate whether the large macropores 

generated by the leaching of NaCl are homogeneously distributed in the scaffold. 

The effect of the sedimentation of NaCl particles during the solvent evaporation 

process on the distribution of macropores will be studied. 

4. The influence of the incorporation of MP particles into the PCL scaffolds on the 

biological function of bone-associated cells needs to be studied. In particular, the 

synergistic effects of Mg2+ and PO4
3- on the cellular responses require 

investigation.  

5. In vivo studies will examine the biocompatibility and degradability of the MP/PCL 

composite scaffolds. 
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Appendix 1 Equations 

Appendix 1.1 Assessment of the weight loss of cement  

%100
W

)WW(
(%)lossweight

0

t0 


  

Where: 

W0   weight of cement before degradation 

Wt  weight of cement after degradation for certain time 

Appendix 1.2 Assessment of the weight loss of scaffold  

%100
W

)WW(
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i

fi 


  

Where: 

Wi   weight of scaffold before degradation 

Wf  weight of scaffold after degradation for certain time 
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Appendix 2 Raw data 

Appendix 2.1 Weight of the premixed cd-AB and conventional cd-AB samples during degradation 

Day 0 Day 3 Day 7 Day 10 Day 13 Day 17 Day 22 Day 25 Day 28 
Group Name 

weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) 

cd-AB + H2O 1 0.1793 0.1764 0.1759 0.1751 0.1741 0.1731 0.1722 0.1709 0.1684 

cd-AB + H2O 2 0.1659 0.1633 0.1626 0.1617 0.1612 0.1608 0.1597 0.158 0.157 

cd-AB + H2O 3 0.1538 0.1513 0.1509 0.1505 0.1495 0.1486 0.147 0.1462 0.1454 

cd-AB + 10% PLA-NMP 4 0.1729 0.1678 0.1657 0.1636 0.1616 0.1593 0.1575 0.1556 0.1535 

cd-AB + 10% PLA-NMP 5 0.1557 0.1511 0.1494 0.1485 0.1476 0.1455 0.1433 0.1421 0.1403 

cd-AB + 10% PLA-NMP 6 0.1428 0.1395 0.138 0.1367 0.1358 0.1347 0.1333 0.1322 0.1309 

cd-AB + 15% PLA-NMP 7 0.1824 0.1766 0.1734 0.1704 0.168 0.1654 0.1632 0.1608 0.1586 

cd-AB + 15% PLA-NMP 8 0.1651 0.1601 0.1579 0.1549 0.1526 0.1499 0.1481 0.1457 0.1439 

cd-AB + 15% PLA-NMP 9 0.1502 0.1458 0.1444 0.1424 0.1404 0.1383 0.1366 0.1343 0.1322 

cd-AB + 20% PLA-NMP 10 0.1697 0.1642 0.1605 0.1577 0.1545 0.1516 0.1486 0.146 0.1412 

cd-AB + 20% PLA-NMP 11 0.1571 0.1522 0.1491 0.1482 0.1454 0.1436 0.1412 0.1396 0.1353 

cd-AB + 20% PLA-NMP 12 0.1437 0.139 0.1358 0.1339 0.1319 0.1294 0.1267 0.1237 0.1203 
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Appendix 2.2 Weight loss ratios of the premixed cd-AB and conventional cd-AB samples during degradation 

Day 0 Day 3 Day 7 Day 10 Day 13 Day 17 Day 22 Day 25 Day 28 

Group Name weight loss  

(%) 

weight loss 

(%) 

weight loss 

(%) 

weight loss 

(%) 

weight loss 

(%) 

weight loss 

(%) 

weight loss 

(%) 

weight loss 

(%) 

weight loss 

(%) 

cd-AB + H2O 1 0 1.6174 1.8963 2.3424 2.9002 3.4579 3.9598 4.6849 6.0792 

cd-AB + H2O 2 0 1.5672 1.9892 2.5316 2.833 3.0741 3.7372 4.7619 5.3647 

cd-AB + H2O 3 0 1.6255 1.8856 2.1456 2.7958 3.381 4.4213 4.9415 5.4616 

cd-AB + 10% PLA-NMP 4 0 2.9497 4.1643 5.3788 6.5356 7.8658 8.9069 10.0058 11.2204 

cd-AB + 10% PLA-NMP 5 0 2.9544 4.0462 4.6243 5.2023 6.5511 7.964 8.7347 9.8908 

cd-AB + 10% PLA-NMP 6 0 2.3109 3.3613 4.2717 4.902 5.6723 6.6527 7.423 8.3333 

cd-AB + 15% PLA-NMP 7 0 3.1798 4.9342 6.5789 7.8947 9.3202 10.5263 11.8421 13.0482 

cd-AB + 15% PLA-NMP 8 0 3.0285 4.361 6.1781 7.5712 9.2065 10.2968 11.7505 12.8407 

cd-AB + 15% PLA-NMP 9 0 2.9294 3.8615 5.1931 6.5246 7.9228 9.0546 10.5859 11.984 

cd-AB + 20% PLA-NMP 10 0 3.241 5.4213 7.0713 8.957 10.6659 12.4337 13.9658 16.7943 

cd-AB + 20% PLA-NMP 11 0 3.119 5.0923 5.6652 7.4475 8.5933 10.1209 11.1394 13.8765 

cd-AB + 20% PLA-NMP 12 0 3.2707 5.4976 6.8198 8.2116 9.9513 11.8302 13.9179 16.2839 
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Appendix 2.3 Weight of the PCL scaffolds and zein/PCL composite scaffolds during degradation 

Day 0 Day 3 Day 7 Day 10 Day 14 Day 17 Day 21 Day 24 Day 28 
Group Name 

weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) 

PCL 1 0.1594 0.1593 0.1591 0.1587 0.1584 0.1582 0.1577 0.1574 0.1570 

PCL 2 0.1701 0.1700 0.1697 0.1694 0.1691 0.1688 0.1685 0.1682 0.1678 

PCL 3 0.1221 0.1220 0.1219 0.1217 0.1215 0.1213 0.1210 0.1207 0.1202 

zein/PCL-20 4 0.0798 0.0785 0.0769 0.0751 0.0732 0.0719 0.0711 0.0689 0.0678 

zein/PCL-20 5 0.0857 0.0846 0.0833 0.0815 0.0795 0.0779 0.0758 0.0748 0.0729 

zein/PCL-20 6 0.0925 0.0916 0.0902 0.0872 0.0847 0.0832 0.0813 0.0791 0.0776 

zein/PCL-40 7 0.0668 0.0647 0.0612 0.0593 0.0573 0.0543 0.0521 0.0485 0.0453 

zein/PCL-40 8 0.0751 0.0728 0.0695 0.0656 0.0636 0.0618 0.0588 0.0536 0.0502 

zein/PCL-40 9 0.0614 0.0592 0.0568 0.0541 0.0526 0.0502 0.0473 0.0447 0.0419 
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Appendix 2.4 Weight loss ratios of the PCL scaffolds and zein/PCL composite scaffolds during degradation 

Day 0 Day 3 Day 7 Day 10 Day 14 Day 17 Day 21 Day 24 Day 28 

Group Name weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

PCL 1 0 0.0627 0.1882 0.4391 0.6274 0.7528 1.0665 1.2547 1.5056 

PCL 2 0 0.0588 0.2352 0.4115 0.5879 0.7643 0.9406 1.1170 1.3521 

PCL 3 0 0.0819 0.1638 0.3276 0.4914 0.6552 0.9009 1.1466 1.5561 

zein/PCL-20 4 0 1.6291 3.6341 5.8897 8.2707 9.8997 10.9023 13.6591 15.0376 

zein/PCL-20 5 0 1.2835 2.8005 4.9008 7.2345 9.1015 11.5519 12.7188 14.9358 

zein/PCL-20 6 0 0.9730 2.4865 5.7297 8.4324 10.0541 12.1081 14.4865 16.1081 

zein/PCL-40 7 0 3.1437 8.3832 11.2275 14.2216 18.7126 22.0060 27.3952 32.1856 

zein/PCL-40 8 0 3.0626 7.4567 12.6498 15.3129 17.7097 21.7044 28.6285 33.1558 

zein/PCL-40 9 0 3.5831 7.4919 11.8893 14.3322 18.2410 22.9642 27.1987 31.7590 
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Appendix 2.5 Weight of the PCL scaffolds and MP/PCL composite scaffolds during degradation 

Day 0 Day 3 Day 7 Day 10 Day 14 Day 17 Day 21 Day 24 Day 28 
Group Name 

weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) weight (g) 

PCL 1 0.1565 0.1564 0.1562 0.1559 0.1556 0.1553 0.1550 0.1546 0.1543 

PCL 2 0.1771 0.1769 0.1768 0.1765 0.1762 0.1758 0.1755 0.1750 0.1747 

PCL 3 0.1397 0.1396 0.1395 0.1392 0.1389 0.1387 0.1384 0.1380 0.1377 

MP/PCL-20 4 0.1410 0.1366 0.1332 0.1306 0.1275 0.1258 0.1230 0.1198 0.1158 

MP/PCL-20 5 0.1188 0.1152 0.1118 0.1095 0.1078 0.1056 0.1026 0.0997 0.0986 

MP/PCL-20 6 0.1248 0.1205 0.1172 0.1158 0.1138 0.1108 0.1083 0.1059 0.1019 

MP/PCL-40 7 0.1507 0.1421 0.1349 0.1326 0.1278 0.1212 0.1136 0.1078 0.1036 

MP/PCL-40 8 0.1390 0.1319 0.1249 0.1220 0.1162 0.1123 0.1055 0.0998 0.0942 

MP/PCL-40 9 0.1651 0.1564 0.1498 0.1456 0.1402 0.1338 0.1242 0.1195 0.1122 
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Appendix 2.6 Weight loss ratios of the PCL scaffolds and MP/PCL composite scaffolds during degradation 

Day 0 Day 3 Day 7 Day 10 Day 14 Day 17 Day 21 Day 24 Day 28 

Group Name weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

weight loss  

(%) 

PCL 1 0 0.0639 0.1917 0.3834 0.5751 0.7668 0.9585 1.2141 1.4058 

PCL 2 0 0.1129 0.1694 0.3388 0.5082 0.7340 0.9034 1.1858 1.3552 

PCL 3 0 0.0716 0.1432 0.3579 0.5727 0.7158 0.9306 1.2169 1.4316 

MP/PCL-20 4 0 3.1206 5.5319 7.3759 9.5745 10.7801 12.7660 15.0355 17.8723 

MP/PCL-20 5 0 3.0303 5.8923 7.8283 9.2593 11.1111 13.6364 16.0774 17.0034 

MP/PCL-20 6 0 3.4455 6.0897 7.2115 8.8141 11.2179 13.2212 15.1442 18.3494 

MP/PCL-40 7 0 5.7067 10.4844 12.0106 15.1958 19.5753 24.6184 28.4672 31.2541 

MP/PCL-40 8 0 5.1079 10.1439 12.2302 16.4029 19.2086 24.1007 28.2014 32.2302 

MP/PCL-40 9 0 5.2695 9.2671 11.8110 15.0818 18.9582 24.7729 27.6196 32.0412 
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Appendix 2.7 Porosities of the PCL scaffolds and zein/PCL composite scaffolds obtained from micro-CT analysis 

Group Name Porosity (%) 

PCL 1 76.69 

PCL 2 74.23 

PCL 3 78.04 

zein/PCL-20 4 71.84 

zein/PCL-20 5 74.73 

zein/PCL-20 6 75.46 

zein/PCL-40 7 69.61 

zein/PCL-40 8 70.41 

zein/PCL-40 9 72.92 
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Appendix 2.8 Porosities of the PCL scaffolds and MP/PCL composite scaffolds obtained from micro-CT analysis 

Group Name Porosity (%) 

PCL 1 77.83 

PCL 2 75.43 

PCL 3 75.41 

MP/PCL-20 4 72.21 

MP/PCL-20 5 70.57 

MP/PCL-20 6 74.71 

MP/PCL-40 7 77.51 

MP/PCL-40 8 70.18 

MP/PCL-40 9 74.03 
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