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Abstract 

 

Zinc oxide containing bone regenerative scaffolds have great potential in bone tissue 

engineering since zinc oxide has multifunctional properties and is one of the most researched 

metal oxide. Zinc oxide have been synthesized via different methods and in different 

morphologies such as nanowires, rods and nanoparticles. It is a known antibacterial agent 

and can promote cell growth, differentiation, and angiogenesis. Within this thesis, cerium, 

zirconium and copper doped zinc oxides were synthesized using eco-friendly continuous 

hydrothermal flow system.  The nanoparticles were characterized and change in particle size 

and morphology was seen. The zirconium doping resulted in smallest particle size i.e. from 

83 nm (ZnO_2) to 45 nm (ZrZnO5). The porous polyurethane-hydroxyapatite scaffolds 

containing doped zinc oxides were fabricated using freeze extraction salt leaching process. 

The 1% CeZnO5, ZrZnO5 and CuZnO5 was added to polyurethane-hydroxyapatite scaffold. 

The cell seeding efficiency data revealed 60% cell adhesion for PU-HA-CeZnO5 scaffold, 45% 

cell adhesion for PU-HA-ZrZnO5 and 80% for PU-HA-CuZnO5 scaffolds when compared with 

PU only or PU-HA and PU-HA-ZnO_2. The cell metabolic activity assay revealed highest cell 

metabolic activity for scaffolds incorporated with doped zinc oxide nanoparticles. The raised 

ALP levels were also detected with doped zinc oxide incorporated scaffolds which is an early 

marker for bone regeneration. The current data suggested that the doped zinc oxide 

nanoparticles can be used as additives for bone regenerative applications and angiogenesis.
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1.1 Introduction  

 

Craniofacial Bone is a highly vascularized tissue and its repair and regeneration is 

challenging, especially when the network of blood vessels is disrupted due to disease or injury 

making the healing extremely difficult. Such injuries result mainly from trauma, which disrupts 

the complex network of blood vessels, resulting in lack of blood supply to bone-forming 

osteoblasts and a delay in the healing process. Currently, scaffold implantation when 

undertaken for the purpose of bone repair induces an inflammatory healing response, which 

usually takes weeks to form a network of blood vessels (Bramfeld et al., 2010). The currently 

available scaffolds for craniofacial reconstruction do not induce angiogenesis (formation of 

blood vessels) instead they rely on the inflammatory healing response that results in 

insufficient oxygen and nutrient supply, hence resulting in non-uniform cell differentiation 

and cell death (Bramfeld et al., 2010; Malda et al., 2004; Rouwkema et al., 2008). 

Bone tissue engineering is a therapeutic strategy to combine different ceramic and 

polymeric materials to obtain a graft or scaffold having the ability to induce bone cell 

adhesion, proliferation and leading to bone repair. The scaffold is basically a three-

dimensional porous structure that is used to guide the cells towards bone formation. This 

process is dependent on the surface properties of the scaffold as it comes into direct contact 

with the biological environment. The major challenge is to mimic the extracellular (ECM) 

environment for ideal bone repair. Researchers are identifying different biomaterials which 

fulfil some requirements of ECM. Creating composites by combining different materials with 

different properties might help with successful bone regeneration applications.  

A biomimetic bone scaffold material should be osteoconductive, osteoinductive and 

osteogenic (Vo et al., 2012) along with necessary properties, such as, biocompatibility, 

bioresorbability and reasonable mechanical strength, mainly compressive strength (Butscher 

et al., 2011). Osteoconduction requires enough porosity for cell adhesion and migration, 

osteoinductive properties promote stem cell differentiation towards osteoblast formation 

and osteogenesis. This involves stem cell metabolism, upregulation of growth factors and 

bone regeneration (Gong et al., 2015). 

Zinc oxide has recently caught attention in the field of nanomaterials for its ability to 

induce upregulation of fibroblast growth factor (FGF) and vascular endothelial growth factor 



Introduction 

 

 

13 

(VEGF) which result in angiogenesis and osteogenesis (Augustine, Dominic, et al., 2014b). β-

TCP and zinc oxide containing scaffolds have been found to upregulate bioactivity and 

improve mechanical strength when compared with β-TCP scaffold alone (Feng et al., 2014; 

Macchetta et al., 2009). Nano-Hydroxyapatite mimics natural bone mineral, addition of HA to 

scaffolds has been shown previously to upregulate osteogenic gene expression and 

osteogenic cell attachment to surfaces (Huang et al., 2013; Im et al., 2012). HA when 

combined with β-TCP results in more hard bone with upregulation of the Collagen type I gene, 

resulting in more calcification as compared to HA alone (Sulaiman et al., 2013). Copper is a 

pro-angiogenic metal, Cerium and Zirconium are reported to enhance cell attachment 

properties of material.  

In the following thesis, I propose synthesis of novel composite materials made from 

polyurethane, hydroxyapatite and doped zinc oxide nanoparticles. The dopants used in this 

study are cerium, zirconium and copper. This thesis is focussed on exploring the role of doped 

zinc oxides on cell metabolic activity and scaffold properties. This is the first study reporting 

the cell metabolic activity of doped zinc oxide nanoparticles and their comparison between 

themselves. The cerium, zirconium and copper doped zinc oxide incorporated scaffolds were 

tested for cytotoxicity, metabolic activity, and potential bone regenerative materials. In this 

research, we aim to identify the change in lattice properties by incorporation of above-

mentioned dopants followed by evaluation of variation in cell metabolic activity. This project 

links the tailored chemistry approach with tailored biology. 

One of the key objectives of this thesis was to identify easy and inexpensive methods 

for synthesis of nanoceramics and scaffolds containing nanoceramics. In this study, the 

continuous hydrothermal flow system is utilised for synthesis of zinc oxide and doped zinc 

oxide which works on the principle of green technology and is highly efficient. Fabrication of 

craniofacial scaffolds will be carried out using a solvent casting-salt leaching process.  

In addition, it is envisaged that copper, cerium and zirconium would interact with the 

lattice structure of zinc oxide which may alter its ability to produce reactive oxidative species 

or hypoxia in the biological environment which might help in inducing the process of 

angiogenesis and osteogenesis. 
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1.2 Hypothesis 

 

Polymer/Apatite scaffolds loaded with doped zinc oxide can be synthesised with 

appropriate morphology to act as a bone tissue engineering scaffolds. Such scaffolds will be 

non-toxic to differentiating bone cells and support the cellular synthesis of the pro-angiogenic 

growth factor VEGF.           

It is hypothesised that incorporation of zinc oxide and doped zinc oxide i.e. cerium 

doped zinc oxide, copper doped zinc oxide and zirconium doped zinc oxide will result in a 

change in properties compared to those of zinc oxide alone, which would lead to a unique 

biological properties of the final scaffold. Doped zinc oxide will upregulate cell metabolic 

activity of osteogenic precursor cells and raise ALP activity, an early marker for osteogenesis. 
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1.3 Aims and Objectives 

 

1.3.1 Global Aim:  

To design and test a set of composite scaffolds using ceramic particles known to be 

inhibitors of bacterial growth and facilitators of angiogenesis, with the ability to induce 

osteogenesis. A set of scaffolds will be produced that will be ready to progress to 

angiogenic/osteogenic bone repair and pre-clinical testing.  

 

1.3.2 Aim:  

The main aim of the work presented in this thesis was to explore the properties of the doped 

zinc oxide developed by a continuous hydrothermal flow system. The cytoxicity or cell 

metabolic activity analysis of cerium, zirconium and copper zinc oxide nanoparticles have not 

previously been evaluated. In This research, the cell growth kinetic and cytoxicity in response 

to doped zinc oxide nanopowders will be evaluated. Furthermore, the influence of powders 

containing different ionic dopings within porous scaffolds on cell growth, adhesion efficiency 

and metabolic activity will be investigated. This contributes to the long-term goal of 

fabricating a porous flexible scaffold incorporated with ceramic nanoparticles with potential 

of osteogenesis and angiogenesis for craniofacial repair and regeneration.  

 

To achieve the aim of the research, the project was divided into following objectives:  

 

1. Synthesis and characterisation of zinc oxide and doped zinc oxide nanoparticles. 

a. Two different concentrations of precursors were used to obtain tuneable sized       

nanoparticles.  

b. Different mole percentages of dopants were introduced during synthesis i.e 1, 3 and 5. 

c. Characterisation of nanoparticles was performed to understand the effect of dopant 

introduction. 

d. Cell metabolic activity analysis was performed using nanoparticle suspensions in cell 

culture media. The nanoparticle samples that resulted in high cell metabolic activity were 

selected for scaffold synthesis.  
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2. Porous scaffold synthesis.  

a. The freeze extraction salt leaching process was used for scaffold synthesis. 

b. The soluble products released from scaffolds were tested for cytotoxicity.  

c. Cell attachment, seeding efficiency, growth kinetics were studied. 

d. Alkaline phosphatase activity and VEGF ELISA were also performed to identify the 

osteogenic potential of the scaffolds.  

e. A comparison between cerium, zirconium and copper doped zinc oxide was performed to 

identify potential nanoparticles for future work. 
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1.4 Literature review 

 

 

1.4.1 Craniofacial Bone Anatomy and Physiology  

 

 

Human adult bones are classified into cortical bone or compact bone and cancellous 

or trabecular bone depending upon the porosities. The porosity level of the bone is different 

in different regions of the bone in response to mechanical needs. Mechanical forces are also 

one of the triggers for adjustment of total bone mineral density through the process of bone 

remodelling. Cortical bone is basically compact bone with dense structure and is less porous 

however, the cancellous bone is highly porous (Wolff, 1870).  

Compact Bone: Compact bone mainly contains osteons, which are composed of 

concentrically arranged osteocytes around a central canal which contains blood vessels that 

supply blood to osteons and deep bone tissue. Compact bone is thickest and withstands 

forces along the axis of alignment.  

Trabecular or cancellous bone: Trabecular bone is also known as spongy bone because 

of high porosity. Trabecular bone is composed of meshwork fibres called trabeculae. Red 

bone marrow is present between the trabeculae which produces red blood cells, the blood 

vessels present in this tissue region provides the nutrients to trabeculae and remove the 

waste (Fig 1.1). This bone type is present in regions that are subject to lower mechanical 

forces because it is much lighter compared to compact bone and it reduces the weight of 

skeleton to allow the smooth movement of bones (Hollinger et al., 2004). Depending on 

where it is in the body, trabecular bone may also contain yellow bone marrow; adipose tissue 

cells which act as energy reservoir for the body.    
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Figure 1.1: A diagram of a human femur (thigh bone) illustrating the microstructure of 

compact and trabecular bone. Image used with kind permission of Terese Winslow. 

 

The skull is a complex 3D bony structure that houses the brain which is an essential 

functional part of the human body. The skull acts as a protective barrier for soft tissue and 

protects it from external forces that can lead to deformities. It is composed of compact and 

trabecular bone in the form of three layers. The two rigid bony layers formed of compact bone 

sandwiching trabecular in between are also known as dipole (DeSaix et al., 2013; Hollinger et 

al., 2004)(fig 1.2). 

 

 



Chapter 1 

 

 

9 

 

Figure 1.2: Three layered skull bone structure. Reprinted under Creative Commons Attribution 

License 4.0 license (DeSaix et al., 2013). 

 

The skull is divided into frontal, occipital, temporal and parietal regions. The temporal 

and parietal regions of the skull are involved in the absorption of external forces. The 

temporal region is thinner in comparison to the other regions because of medially concave 

geometry and the parietal region is convex. The temporal and parietal regions are 

constitutively identical despite variations in geometry (fig. 1.3). During aging, the bones of the 

body reduce in density, but that’s not the case for skull bones. The skull bones are composed 

of a high proportion of compact bone, which is less affected by bone resorption than 

cancellous bone (Yoganandan & Pintar, 2004).  
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Figure 1.3 : Skull diagram showing location of Frontal, Parietal, Occipital and temporal 

regions.  

1.4.2 Bone Structure and Osseous Tissue: 

 

1.4.2.1 Bone Structure 

Bone is a strong three-dimensional structure which can tolerate a reasonable range of 

compression, bending and twisting forces. It is composed of matrix and cells. The cells are 

classified as osteocytes, osteoblasts, osteogenic cells, and osteoclasts (fig.1.4). The bone 

tissue or osseous tissue is supporting connective tissue containing specialized cells and 

protein fibres. The tissue is solid and very dense in nature due to the presence of the 

hydroxyapatite-based calcium salts around and embedded in the collagen fibres. The osseous 

matrix contains bone cells-osteocytes which are present within lacunae and lacunae are 

present around the blood vessels (Rizzo, 2015). 
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Figure 1.4: The microstructure of trabecular bone. Reprinted under Creative Commons    

Attribution 3.0 License (Setiawati & Rahardjo, 2019). 

 

 

1.4.2.2 Bone Matrix  

Two third (2/3 by weight) of bone matrix is composed of calcium phosphate 

(Ca3(PO4)2) containing mineral. The calcium phosphate reacts with Calcium hydroxide 

(Ca(OH)2) to form Hydroxyapatite crystals.  

Ca3(PO4)2  +  Ca(OH)2                                 Ca10(PO4)6(OH)2 

Formation of physiological hydroxyapatite crystals induces the incorporation of other 

calcium salts and ions such as Calcium Carbonate, Sodium ion, Magnesium Ion and Fluoride 

Ions. Hydroxyapatite crystals are strong and withstand high compression forces but are 

inflexible and brittle which makes them unfavourable for bending and twisting forces. 

However, one third (by weight) of bone is composed of collagen which is the organic part of 

the bone. Collagen provides the bone with flexible and tough properties. It is present in the 

form of long protein fibres which allow the deposition of Hydroxyapatite crystals in a 

geometrical fashion (Kołodziejska et al., 2020)(plates and rods) (Fig 1.5). This protein crystal 
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complex enables bone to tolerate compression, tension and bending/twisting forces, hence 

prevents it from shattering under loading. 

 

 

 

Figure 1.5: Arrangement of apatite crystals on collagen fibres. Image is used under Creative 

Common CC BY licence (Kołodziejska et al., 2020). 

 

Hydroxyapatite synthesis and different substitutions in hydroxyapatite are being 

carried out to find a bone substitute close to natural bone for reconstruction and regeneration 

(Alhamoudi et al., 2021). Carbonated hydroxyapatite is available commercially and used as a 

moldable bone substitute. Photo-acoustic Fourier transform infrared (FTIR) spectroscopy was 

used to compare hydroxyapatite and carbonated hydroxyapatite to identify the differences 

(Rehman & Bonfield, 1997). Carbonated apatite is a low order crystalline biomaterial that 

resembles natural bone. carbonate apatite as bone substitute resulted in hardened fully 

functional bone in less time. Carbonated apatite was found to be a better alloplastic material 

as compared to hydroxyapatite for craniofacial reconstruction (Baker et al., 2002). It has been 

found to degrade at low acidic environments via osteoclast resorption and promotes bone 

regeneration within the bone graft without the formation of fibrous tissue (Rahyussalim et 

al., 2019).  

1.4.2.3 Bone Cells 

Bone can undergo resorption or formation according to the need, this phenomenon is 

known as bone remodelling. There are four types of bone cells: osteocytes, osteoblasts, 

osteogenic cells and osteoclasts. Osteoclasts are present in the blood and recruited when 
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bone resorption is required, however, the osteocytes, osteoblasts and osteogenic cells are all 

present in the bone. The bone cells are responsible for normal bone function.  

Mature human bone morphology is in the form of layers called lamellae, in between 

lamella, pocket like structures are present called lacunae inhabited by osteocytes. One 

osteocyte resides in each lacuna. Osteocytes are basically mature bone cells and lack the 

ability to divide. All lacunae are connected with one another, with the matrix and to the 

vascular system (Fig 1.4). The vascular system is composed of a network of nerves, veins, and 

arteries responsible for nutrient and oxygen exchange (Fig 1.1). This system is connected via 

a small tubular network of canaliculi which contain the cytoplasmic extensions of osteocytes. 

Neighbouring osteocytes are connected by the gap junctions at the ends of these processes 

for ions and small molecular exchange, such as hormones and nutrients. The interstitial fluid 

surrounding the cells is also involved in the diffusion of the nutrients and waste products 

(Setiawati & Rahardjo, 2019).  

Osteogenic cells or osteoprogenitor cells: Osteogenic cells or osteoprogenitor cells originate 

from mesenchymal stem cells (MSCs), present in a small number in bone tissue. These stem 

cells differentiate into bone, fat, cartilage and muscle. So far no identifying markers have been 

detected for stem cells to differentiate into bone (Pignolo, Robert J., Kaplan, 2008). MSCs 

differentiates into osteogenic progenitor cells which later differentiate into osteoblasts 

(Hollinger et al., 2004; Setiawati & Rahardjo, 2019).   

 

Osteoblasts: The osteoblasts are differentiated form of osteoprogenitor cells which originate 

from pluripotent mesenchymal stem cells of the bone marrow (Mohamed, 2008). Osteoblasts 

are immature bone cells which are involved in new bone matrix formation, a phenomenon 

known as ossification or osteogenesis. In active state they are in cuboidal shape and involve 

in synthesis of proteins and other organic components to create the early stage organic matrix 

called osteoid. Osteoid is then mineralised by deposition of the calcium phosphate-based salts 

(DeSaix et al., 2013; Kołodziejska et al., 2020).  Osteoblasts promote the local increase of the 

calcium phosphates above solubility level to aid their deposition in the organic matrix. This 

process converts osteoid to mineralised bone. Osteoblasts differentiate to osteocytes as they 

become embedded in this matrix (Hollinger et al., 2004). Osteoblasts, in general, facilitate 

mineralization which results in bone formation. They do so by three developmental stages; 
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proliferation, matrix maturation and mineralisation (Karsdal et al., 2002; Katagiri & Takahashi, 

2002).   

 

Bone lining cells and Osteocytes: When is bone it in resting state i.e. it is not undergoing 

formation or resorption, it is covered by flattened bone lining cells which prevent the bone  

from osteoclast activity. These are post proliferative osteoblasts which can become active 

osteoblasts in response to adequate bone formation signal (injury etc.). The osteocytes are 

post-proliferative mature osteoblasts which are entrapped inside the bone. About 90% of all 

bone cells are osteocytes. These are present in lacunae and finely distributed via. Canaliculi 

in all directions. The distribution is in perpendicular to bone surface direction. The 

interconnected distribution of osteocytes acts as main mechanoreceptor of the bone and 

involve in secretion of paracrine factors such as insulin-like growth factor-I (IGF-I) and 

express c-fos in response to mechanical forces (Mohamed, 2008). Osteocytes are involved in 

maintaining the protein and mineral content of the bone matrix. Osteocytes are mature bone 

cells and lack the ability to divide(Wolff, 1870) .Some researchers believe that osteocytes 

induce the dissolution of adjacent matrix to release minerals which enter the circulation, and 

they are involved in rebuilding the matrix by deposition of hydroxyapatite crystals.  However, 

this still needs more research to be accepted as a general fact. They are also involved in bone 

repair in the case of injury, osteocytes can convert to less specialized cells such as osteoblasts, 

upon release from lacunae (Hollinger et al., 2004).  

 

Osteoclasts: Osteoclasts are derived from macrophage-monocyte cell. Osteoclasts are the 

large multinucleated phagocytic cells which are responsible for bone resorption. They migrate 

from bone marrow to required specific skeletal site, either fuse with existing osteoclasts or 

remain as mononuclear cells for future recruitment (Mohamed, 2008). These cells secrete 

protein digesting enzymes which break down the protein matrix and acid to dissolve the 

stored minerals. These are then released into the vascular system to maintain the calcium 

and phosphate ratio in the body fluids. The process is known as osteolysis or resorption.     

In normal bone metabolism osteoblasts and osteoclasts work in a strict balance. 

Osteoclasts continuously degrade bone matrix; however, osteoblasts are continuously 

involved in bone formation. If the balance is disrupted, the bone either becomes weak or 

compact (Florencio-Silva et al., 2015; Setiawati & Rahardjo, 2019).  
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1.4.3 Phenomenon of Bone Growth:  

Osteoblasts and osteoclasts are continuously working to meet functional 

requirements of the bone. Bone development is divided into two main processes: 

Intramembranous ossification: this happens in the development of the mandible, maxilla and 

skull bones; where bones form from mesenchymal connective tissue.  

Endochondral Ossification: In this type of ossification pre-existing hyaline cartilage is 

replaced by bone tissue (DeSaix et al., 2013; Florencio-Silva et al., 2015; Setiawati & Rahardjo, 

2019).  

 

Ossification begins at the centre of the porous bony structure. The osteoid layer is 

formed on top of the porous structure leading to formation of calcified bone. The cells present 

in between the periosteum differentiate into osteoblasts and an increased quantity of alkaline 

phosphatase is reported. The osteoblasts rearrange and begin synthesis of collagen fibres 

around them resulting in trabeculae formation. This process makes the bone multi-layered.  

The rate of formation of primary bone and the calcification process is variable in different 

bone types (Hollinger et al., 2004). Fibroblast growth factor receptors (FGFR) 1 and 3 are 

reported to have a regulatory role in the production of extracellular matrix and chondrocyte 

proliferation and differentiation respectively in endochondral ossification, mutations in 

FGFR3 lead to dwarfism.  Bone development is a well-coordinated event which results due to 

VEGF, FGF, BMPs and other signalling pathways (Setiawati & Rahardjo, 2019; Wolff, 2010).  

 

Bone growth is initiated by perichondrium and tissue forming interzones which lead 

to an increase in intercellular matrix and multiplication of cartilage cells. Immature bone cells 

are localized at the ends of the bone where most growth occurs; such cells are small in size 

and lack specific arrangement. Upon growth signals, the cells start to proliferate and form a 

closely packed cluster of flattened cells which start to produce matrix resulting in an increase 

in intercellular matrix. The cells start to become larger and vesicular and then differentiate 

into hypertrophic chondrocytes.   

Hypertrophic Chondrocytes act as regulatory cells for bone growth process in long 

bones. They are involved in localised mineralisation, induction of vascularisation by producing 
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vascular endothelial growth factor (VEGF) and recruit chondroclasts which are associated with 

matrix digestion. Hypertrophic chondrocytes induce the production of osteoblasts from 

adjacent perichondral cells.  Osteoblasts secrete bone matrix and start the process of bone 

formation. The hypertrophic cells at this stage undergo apoptosis. The cartilage matrix then 

acts as scaffold for osteoblasts, the bone and vessel ingrowth occur resulting in a porous bony 

structure.  

 

 

 

1.4.4. Regulation of Bone formation:  

 

 

The regulation of bone formation was described by Julius Wolff in 1892. According to wolff’s 

law, the bone density and organisation of bone trabeculae correlate with the magnitude and 

direction of tensile and compressive stresses of loading. It is a known fact that the bone is 

mechanosensitive and adapts to mechanical loading such as internal strain. Internal strain 

within the bone results in four tissue level outcomes. 1) net mineral loss, 2) mineral 

homeostasis, 3) net mineral gain, or 4) damage formation. Everyday mechanical strains are 

expressed in terms of microstrains. The strains lie between minimum and lower effective 

strains which were calculated to be approximately 1500-2500μɛ and 50-200μɛ respectively 

(Fuchs et al., 2009). Within this window bone resorption equalled bone formation during 

normal circumstances. When a fracture happens, stress shielding effect plays an important 

role for complete healing. After bone union is performed successfully, the bone starts to 

adapt to new mechanical environment. According to Wolff’s law, the density of new bone 

formation is dependent on the stress conditions bone is under. If the stress is below than 

normal physiological stress levels, the newly forming bone will have reduced bone density 

hence leading to reduced strength (Wolff, 1870).  

 The fracture nature in paediatrics and adults is similar and so is the healing in terms 

of healing phases. The fractured bone go through three phases 1) inflammation, 2) reparation 

and 3) remodelling, before it is completely healed. The difference lies between the density of 

the bone. The paediatric bone is more porous due to presence of haversian canals on a greater 

portion of the bone as compared to adult bone. This makes the paediatric bone more flexible 
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and very well vascularised. The presence of a dense layer of vascular connective tissue 

(periosteum) allows the environment to be oxygen rich hence reducing the fracture healing 

time as compared to adults. The paediatric bone is in growing phase which means the 

osteogenic processes are already ongoing hence it accommodates the fracture healing 

process quickly, however, in adults the bone structure is mature and in case of fracture the 

osteogenic environment has to be created by the body in order to start the healing process 

(Lindaman, 2001).  

The bone fixatives used for bone union (for fracture repair) are crucial as they must 

have optimal rigidity or mechanical stiffness close to natural bone. The stainless-steel 

implants for lower load-bearing extremities is recommended to have 43-53% of fixation, while 

for forearm it is approximately 30%. Inappropriate use of bone implants for fracture repair 

may lead to abnormal stress shielding, leading to failure of fixation or refracture of the bone 

after implant removal (Burke & Goodman, 2008). In case of paediatric fractures, the bone 

union step must be taken immediately in order to obtain the correct healing regime.  

 

The process of bone formation is a controlled mechanism which involves a number of 

growth factors and enzymes working together. As soon as the mechanical signal is received, 

the fracture site undergoes a cascade of chemical signals. As a result, a number of growth 

factors are released which affect the osteoblasts’ regulation and differentiation.  Some 

important growth factors are described below. 

 

1.4.4.1 Bone Morphogenetic Protein (BMPs) 

 

These are among the most widely studied growth factors. About 15 different BMPs 

have been identified in vertebrates which play important roles in bone repair and 

regeneration. The growth factors are secreted primarily by osteoprogenitor cells and mature 

osteoblasts. Upon secretion they act as activators for differentiation of cells. The most 

significant BMPs are BMP-2, BMP-4 and BMP-7 (Karsdal et al., 2002; Katagiri & Takahashi, 

2002). It has been studied that the BMP-2 poses a significant impact on healing of critical sized 

bone defects in animal species which makes it promising for bone tissue engineering 

(Lieberman et al., 2002).  
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1.4.4.2 Transforming Growth Factor β (TGF β)   

 

TGF β is mainly secreted by platelets and it is known to interact with specific receptors 

on osteoblasts which under certain circumstances aid cell differentiation. But the process 

overall is complicated and not clear. It was analysed that to provide significant differentiation 

a very high concentration of TGF β is required. Limited information about the process and 

requirement of higher concentrations makes it less favourable for bone tissue engineering 

(Bonewald, 2002; Karsenty, 1999).   

 

 

 

1.4.4.3 Fibroblast growth Factor (FGF), Insulin Like Growth Factor (IGF-1) & Platelet derived 

growth factor (PDGF) 

 

Bone formation involves a cascade of processes involving FGF, IGF-1 and PDGF as 

assistive factors. FGFs specifically FGF-2 and FGF-18 are involved in promoting osteoblast 

proliferation. FGFs have no role in osteoblastic differentiation. However, IGF-1 and PDGF are 

involved in osteoblastic proliferation and differentiation (Kubota et al., 2002; J.-Y. Lee et al., 

2002; Shimoaka et al., 2002).  

 

1.4.5 Development of the Mandible  

 

Mandible development requires an altered ossification process with respect to bone 

growth patterns and orientation of trabeculae. The central mandible plates develop at a faster 

rate with the borders of the bone being smooth.  

Mandible reconstruction is a very complex process because of the presence of teeth and their 

migration, along with maintaining a proper coordination between the mandible and the 

maxilla. Endochondral ossification begins with the expression of the SOX9 gene by 

chondrocytes which induces cellular proliferation. Hypertrophic chondrocytes produce Type 

X Collagen and VEGF which lead to the onset of endochondral ossification and vascularisation 
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respectively. Parathyroid hormone related protein (PTHrP) induces the differentiation of 

mesenchymal cells into chondroblasts and osteoblasts. 

A study performed on embryonic chicks demonstrated that there are three types of 

mesenchymal cells; Myogenic cells, which migrate from other regions to the mandible region 

and are associated with muscular functions. Chondrogenic and Osteogenic cells originate on 

site and are involved in bone formation.  Osteogenic cells are associated with the formation 

of thick mouth epithelium which act as a ground for enamel organ in mammals. Further, 

Meckel’s cartilage starts to form at 6th week in human embryonic development, which 

undergoes ossification to become the mandible. At the end of the embryonic period, the 

mandible is well defined, and ossification begins to spread to the posterior regions. The 

process of foci calcification in the extracellular matrix occurs due to the expression of the 

extracellular matrix protein osteopontin by chondrocytes, leading to periosteal bone 

formation on upper and lateral regions of cartilage. At this point the functional vascular 

penetrations occur and similarly, intramembranous ossification happens. It was reported that 

the higher levels of VEGF leads to more bone formation (Karsenty, 1999; Katagiri & Takahashi, 

2002).  

 

1.4.6. Parietal and Frontal Bone 

 

Skull bone development starts from the outer skeletogenic membrane. The sutures 

present between the membrane bones of the skull are the active growth centres for skull 

bone development because they house proliferating osteogenic stem cells. Osteogenic cells 

are located at the periphery of membranes and on the inner and outer surfaces. The continual 

skull growth during embryonic development depends on proliferation of osteogenic stem 

cells and their differentiation to mature bone cells. The frontal occipital growth is induced by 

the coronal suture which is present between frontal and parietal bones.  

At suture edges, the osteoprogenitor cells proliferate and higher expression of FGF2 

occurs. However, at the midsutural mesenchymal region, twist expression was reported 

which is not associated with proliferation or differentiation. The area acts as a buffer zone 

between the frontal and parietal proliferating region which connects to the region of cells co-

expressing both genes, FGF2 and twist. Low levels of FGF are associated with the proliferation 
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of osteogenic stem cells, whereas the higher FGF1 levels are involved in their differentiation 

(particularly FGF1). Once the differentiation is well established, FGF is downregulated. Cell 

differentiation is a multi-step process involving several regulatory pathways which work in a 

sequential manner. Osteonectin and alkaline phosphatase activity are differential indicators 

which are generally found in regions of proliferation in preosteoblasts and osteoblasts at 

earlier stages, however, osteopontin expression is recorded in mature osteoblasts in contact 

with the osteoid. FGFR1 functions until the completion of differentiation. The parietal bones 

grow rapidly till they reach a definitive shape, followed by slow growth till birth time. The 

frontal sinuses are formed postnatally (Karsenty, 1999).  

 

 

1.4.7. Angiogenesis 

 

In the last decade, enormous research is being carried out regarding the importance 

of vascularisation in bone tissue engineering. It has been investigated and believed that the 

modification of the angiogenesis phenomenon can be a promising way to deal with life 

threatening diseases such as cancer, cardiovascular abnormalities, wound healing etc. as well 

as bone defect repair and regeneration.   

Angiogenesis is defined as the propagation of blood vessels from a pre-existing 

network of blood vessels. The process starts in the embryo and continues till death and 

ensures that each metabolically active tissue is close to the capillary network (a few hundred 

microns far) to aid exchange of nutrients and waste effectively. The change in hemodynamic 

factors and tissue requirements changes the pattern of angiogenesis such as physical 

activities, leading to angiogenesis in skeletal muscles. However, lack of exercise reduces the 

renewal of blood vessels in the regions hence making it poorly vascularised over a period 

leading to cardiovascular or muscular disorders (Bielenberg & D’Amore, 2008; Figg & 

Folkman, 2008). 
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1.4.8. Origin of Angiogenesis 

 

The first organ that develops in an embryo is the cardiovascular system and circulatory 

system which matures at quite early stages. The circulatory system is derived from mesoderm 

which provides mesodermal stem cells that differentiate to give rise to hematopoietic stem 

cells and angioblasts. Hematopoietic stem cells are blood forming cells; however, angioblasts 

are undifferentiated endothelial cells due to lack of potential endothelial cell marker. The 

Angioblasts act as precursor for the development of blood vessels in the embryo; the process 

is known as vasculogenesis (fig.1.6). It undergoes complex cell to cell and cell to extra cellular  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: The process of vasculogenesis. The mesodermal cells differentiates into 

endothelial cells resulting in tube/vessel formation. 

 

matrix (ECM) interactions, followed by growth factors and morphogens leading to formation 

of clusters of angioblasts and hematopoietic stem cells. The angioblasts with further Growth 

factor signalling differentiate into endothelial cells and results in formation of de novo blood 

vessel synthesis called vasculogenesis (Risau, 1997; Schmidt et al., 2007).  
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1.4.9 Types of Angiogenesis 

 

1.4.9.1 Sprouting Angiogenesis 

 

Sprouting angiogenesis is characterised by formation of an endothelial sprout at the 

end of a capillary towards angiogenic stimulus. The angiogenic stimulus is generally vascular 

endothelial growth factor (VEGF) which is a vascular permeability factor and acts as a 

proangiogenic. Sprouting is initiated in response to a hypoxic environment i.e., whenever a 

tissue is deprived of oxygen it induces hypoxia signals which enable parenchymal cells to 

secrete VEGF which further initiates the sprouting angiogenesis process. The process is 

composed of several steps. 

a. Enzymatic degradation of capillary basement membrane. 

b. Proliferation of Endothelial Cells 

c. Directed migration of Endothelial cells 

d. Tubologenesis 

e. Vessel Fusion  

f. Vessel pruning  

g. Pericyte stabilization 

The sprouting starts with two types of cells; tip cells which are non-proliferating and 

endothelial cells that lack a lumen and Filopodia which are thin cytoplasmic projections that 

are involved in directed angiogenesis. Tip cells control capillary sprouting towards the 

stimulus via the extracellular matrix. Filopodia on tip cells secrete various proteolytic enzymes 

associated with the VEGF receptors. VEGF receptors sense the VEGF and catalyse proteins in 

line towards the stimulus to allow sprout elongation. Endothelial cells proliferate and migrate 

at the growing sprout and there is elongation of capillary towards the stimulus. Once 

sufficient elongation is achieved the lumen is developed within endothelial cells and the 

sprout converges and fuses at the VEGF source. The lumen becomes continuous and 

oxygenated blood starts to flow through it. The hypoxic tissue is supplied with oxygenated 

blood followed by a reduction in hypoxia which reduces the elevated levels of VEGF to normal. 

Furthermore, capillary maturation occurs with the help of pericytes and deposition of 

extracellular matrix in response to shear stress and mechanical signals. Pericytes are basically 
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supporting cells present along the walls of endothelial cells lining the capillaries, and help in 

cell-cell signalling (Carmeliet et al., 2009; Chien, 2007; Gerhardt, 2008; Horowitz & Simons, 

2008; Ruhrberg et al., 2002; Small et al., 2002; Van Hinsbergh & Koolwijk, 2007).  

 

1.4.9.2. Intussusceptive Angiogenesis 

Intussusceptive angiogenesis is also known as splitting angiogenesis which is 

characterised by the splitting of an existing single vessel into two. This process is time efficient 

as compared to sprouting angiogenesis. It requires reorganisation of existing endothelial cells 

instead of de novo vessel formation. It is a common type of angiogenesis in an embryo as well 

as throughout the life. It can only initiate at a site having existing capillaries and involves the 

formation of capillaries, vein bifurcation, pruning of larger vessels and arteries. 

Intussusceptive angiogenesis commonly occurs in choroid of eye, vascular baskets 

around glands, intestinal mucosa, kidney, ovary, uterus, skeletal muscle, heart, and brain 

(Burri et al., 2004; Kurz et al., 2003).  

1.4.10. Influence of Metabolic Factors on Angiogenesis 

 

The vasculature in general depends on metabolic activity, increased metabolic 

activity, increased oxygen and nutrient demand leads to increased vessel formation to fulfil 

the demands of the tissue. Extensive studies have been performed on skeletal muscles with 

reference to angiogenesis and it is concluded that the capillary density is directly proportional 

to metabolism of the tissue; the higher the tissue metabolism the higher would be the growth 

of the vessels and vice versa.  

The process of angiogenesis was studied in endurance training; it increased the 

metabolic activity of the skeletal muscles which stimulated angiogenesis. Long-term muscle 

inactivity reduced skeletal muscle metabolism and lead to deterioration of muscle vasculature 

(Terjung et al., 2002; Wagner, 2001).  The effect of oxygen on angiogenesis was studied in 

developing chick embryos; when the chick was exposed to a hypoxic (low oxygen) 

environment, the micro vessel growth and chorioallantoic membrane was stimulated along 

with major artery formation in the embryo. However, micro vessel growth was inhibited when 

the chick was exposed to a hyperoxic (high oxygen) environment ( Adair et al., 1990; Strick et 

al., 1991). Similar results were obtained for avian and rodent models. An investigation of 
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infants exposed to a hyperoxic environment demonstrated reduced retinal vasculature. 

Oxygen levels are critical for stimulation and regulation of proangiogenic factors and 

receptors to which they attach for functional activation. These include Vascular Endothelial 

Growth Factor (VEGF) and its receptors, Placental Growth factor (PGF), Angiopoietin, 

Fibroblast growth factor-2 (FGF-2), Transforming Growth Factor beta (TGF-β), Hypoxia 

inducible factor-1 (HIF-1) and inducible nitric oxide synthase (iNOS). An oxygen deficient 

environment can also control anti angiogenic factors such as endostatin and 

thrombospondin-1 ( Adair & Montani, 2010).  

 

1.4.11. Reactive Oxygen Species (ROS) in Angiogenesis 

 

At a cellular level, reactive oxygen species are formed as a result of by products 

produced by processes such as mitochondrial electron transport, NADPH oxidase, xanthase 

oxidase and Nitric oxide synthase. ROS chemically are super oxides or hydrogen peroxides 

which are involved in producing oxidative stress which is known to have pro angiogenic or 

anti angiogenic properties depending upon the levels and times of release, the process is 

complex and limited success has been achieved regarding the modulation of ROS as a 

therapeutic agent. At low levels of ROS, it triggers FGF-2 release and induces the binding of 

growth factors to their receptors which lead to angiogenesis signalling initiation. Along with 

angiogenesis, ROS also enhances endothelial cell permeability and cell adhesion. However, 

higher ROS levels are involved in inhibition of angiogenesis, necrosis and apoptosis  (Bhadada 

et al., 2011; Carmeliet, 2003; Simons, 2005).  

 

1.4.12. Angiogenesis and Osteogenesis  

A functional vascular system is very important for any process in the human body. 

Angiogenesis is linked with skeletal development and bone damage repair. Once the bone 

damage happens, the requirement of osteoblast progenitor cells is fulfilled by functional 

blood vessels. So, the increased number of blood vessels increases the cascade of osteoblast 

progenitors, which later mature, and speeds up the bone formation process. The blood 

vessels in bone not only provide oxygen and nutrients at the defect site but also supply 

building blocks such as calcium and phosphate for the mineralisation process.  Angiogenesis 
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and osteogenesis work in coordination for successful bone repair. The low oxygen levels in 

bone and marrow play an important role in the activation of Hypoxia inducible Factors (HIF) 

which results in Vascular endothelial growth factor (VEGF) release. VEGF acts in two ways 

towards osteogenesis. Osteoblasts and Endothelial cells both express VEGF receptors 

(VEGFR). VEGF accumulation directly promotes osteogenesis through VEGFR on osteoblasts 

and indirectly through endothelial cells (fig. 1.7). The endothelial cells upon activation induce 

angiogenesis which results in recruitment of growth factor, O2, nutrients and bone building 

minerals on site which indirectly induce osteogenesis (Schipani et al., 2009; Stegen et al., 

2015).  

 

Figure 1.7: Regulation of angiogenesis and osteogenesis in response to oxygen.  The low 

oxygen levels activate the HIF leading to VEGF accumulation. The VEGF binds to VEGFR on 

endothelial cells and osteoblasts inducing direct and indirect osteogenesis. The schematic 

shows the coordinated function of angiogenesis and osteogenesis for successful bone repair. 

 

1.4.13. The need for bone tissue engineering scaffolds:  

 

Road accidents are the main cause of craniofacial injuries. Statistics reported that 

more than a half of the craniofacial trauma is the result of severe road accidents. Almost 4000 

people die and almost 8000 people are disabled. Injuries at work, while playing sports or due 
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to falls also contribute to cranium injuries (Jones, 1997). The increase in incidence of facial 

fractures has also been reported in England, Germany, Netherlands, and Norway; it is 

increasing by 7% in terms of admissions to hospitals for skull or facial fractures (Rizzo, 2015).  

These injuries happen either by being hit by a moving object or static object such as when a 

motorbike crashes on the road with speed. The fractures can be divided into 1) Skull fractures 

and 2) facial fractures.  

 

 

1.4.13.1 Skull fractures  

 

Skull injuries leading to cracking or breakage of the bone most likely occur because of 

trauma. The fractures can be of varying types such as linear, comminuted, depressed or 

stellate form which are mainly caused by the bruising process. Cranial fractures can allow a 

route for infection which can lead to meningitis. So, the treatment strategy is designed to 

prevent the infection. It is suggested that treatment should be provided within 24 hours which 

is debridement of the wound and removal of the loose bone fragments.  

 

 

1.4.13.2 Facial Fractures 

The fractures to the facial region are classified by their anatomical position. These can be 

scalp and skull fractures, infra-orbital fractures, and maxilla-mandibular fractures (Rizzo, 

2015).  

 Over the past decades, significant advances have been carried out in terms of research 

and management for trauma patients suffering from craniofacial injuries. Such injuries are a 

leading cause of death, disability, and psychological effects. The craniofacial region has 

significant importance in terms of function and aesthetics. Therefore, the approaches based 

on advanced techniques for the survival and repair of congenital deformities along with 

maintaining the aesthetic and functional aspects of the facial region are the focus of surgeons 

and biomaterials scientists. 
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1.4.14 Role of growth factors for bone repair and regeneration 

 

Growth factors play an important role in the recruitment of necessary cells, inducing 

the bone formation cascade and differentiation of cells at the injury site. The delivery of 

growth factors directly at the site is a challenge and not very well understood yet. Several 

studies have been performed on the use of growth factors for fracture repair and 

regeneration. Transforming growth factor-Beta TGF-β is present in bone, platelets and 

cartilage and has been found in increased levels during the early fracture healing period. The 

effect of TGF-β on fracture repair was investigated on tibia fractures in thirty rabbits. 1 or 

10 µg TGF-β was administered for a duration of six weeks and a significant increase in callus 

formation was recorded. However, no difference was seen in bone mineral content or bone 

thickness. With a dose of 1 µg of TGF-β, significant increases in normal bending strength were 

seen as compared to controls (Lind et al., 1993).  Another study reported the use of 4 or 40 

ng TGF-β injected into rats with tibia fractures. The group which received 40 ng demonstrated 

a significant increase in ultimate strength as compared to the group which received 4 ng 

(Nielsen et al., 1994). It was also reported that stable mechanical construct is also necessary 

along with the TGF-β dose. Absence of stable mechanical construct led to minimal cartilage 

and bone formation even with a high dose of TGF-β (600 ng) (Critchlow et al., 1995). The 

current research involved different models and different doses; hence it is difficult to 

conclude the clinical significance of TGF-β (Lieberman et al., 2002).  

 

BMP-2 is a member of TGF- β which has a huge impact in field of bone regeneration 

as it induces osteogenesis when implanted in extra skeletal soft tissue. It was discovered by 

Marshall R. Urist in 1965. BMP-2 and BMP-7are being employed for clinical studies. BMP-2 

injection at a fracture site in a rat model resulted in accelerated healing. Recombinant human 

BMP-2 was found to be effective for patients with resistant non-unions. Recombinant BMP-2 

was delivered, bound to allogenic bone (Johnson et al., 1992). BMP-2 was FDA approved as 

an alternative to autograft for tibial nonunions and maxillofacial reconstructions. In united 

States, 2002 onwards the use of BMP-2 drastically increased from 0.7% to 24.9% and by 2007 

it further increased to 50% (Ong et al., 2010). Another study reported recombinant BMP-2 as 

an additive for a collagen sponge (Govender et al., 2002; Nordsletten, 2006). The BMP-2 
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loaded collagen sponge resulted in speedy fracture healing in open tibial fractures. 

Recombinant BMP-7 was reported to have an 82% successful healing rate in the United 

Kingdom (653 subjects), which included open fractures, non-unions, periprosthetic fractures, 

free fibular grafts etc (Giannoudis & Tzioupis, 2005). The BMP administration was also 

associated with stimulation of angiogenesis and reduced onset of infection (Nordsletten & 

Madsen, 2006). Further, it was associated with the reduced operation and recovery time 

which lead to exponential rise in use of BMP-2 as an alternative to autografts (Garrison et al., 

2007).  

FDA approved 1.5mg/ml BMP-2 concentration for effective fracture healing, however, 

the frequent use of BMP-2 lead to side effects such as ectopic bone formation (Carragee et 

al., 2011; James et al., 2016). This happens due to premature leakage of BMP-2 out of fracture 

site. Another common side effect of BMP-2 treated spinal surgeries is activation of osteolysis. 

The osteoclast activity is increased leading to formation of osteolytic cystic lesions, implant 

loosening or displacement (Burkus et al., 2002; James et al., 2016). Bone cyst formation, 

inflammatory complications and risk of tumor formation were also recorded as adverse 

effects of BMP-2. Though the administration of growth factors was found to be effective in 

many studies but still the autologous bone grafts is considered to be a gold standard (Gautschi 

et al., 2007). The current data shows that use of growth factors with an appropriate carrier 

(collagen, polymer etc) can lead to the development of a non-invasive bone regenerative 

technique. Further clinical studies and dose optimisation of growth factors is required 

(Devescovi et al., 2008; Lieberman et al., 2002).  

 

 

 1.4.15 Biomaterials in Tissue engineering 

 

Biomaterial or biomedical material is defined as “a material designed to take a form 

that can direct, through interactions with living systems, the course of any therapeutic or 

diagnostic procedure”. And the tissue engineering is defined as “the use of cells, biomaterials 

and suitable molecular or physical factors, alone or in combination, to repair or replace tissue 

to improve clinical outcomes”. Tissue engineering and biomaterials are correlated.  
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Tissue engineering using biomaterials having functional properties such as porosity to 

promote cell attachment and regeneration is a key therapeutic approach for regenerative 

medicine. Scaffold materials must be designed in a way that favours cell adhesion and 

attachment on the surface as well as migration into the material and thus promotes 

proliferation. The material architecture should provide a favourable microenvironment for 

nutrient and growth factor transport. The scaffold material plays an important role in eliciting 

the appropriate biological response. If the surface topography, degree of porosity and 

interconnectivity is adequate it should result in enhanced tissue regeneration at the defect 

site (Hollister, 2005; Hollister et al., 2005; S. Wu et al., 2014). Furthermore, properties such 

as cytotoxicity, biocompatibility and biodegradation are also to be considered for designing 

an ideal scaffold for specific applications. Depending upon the intended application, the 

proposed materials need to be screened for chemical and physical properties.  Nanoparticles 

are defined as materials having at least one dimension of a size of <100 nm. Studies have 

shown that nanosized particles have enhanced properties when compared with the same 

material with particle sizes in millimetres. Recent advancement in research have been 

focussed on controlled synthesis of biomaterials and investigations to better understand the 

chemical and physical properties. biomaterials have many applications in a broad range of 

fields such as cancer therapy, drug delivery systems, medical imaging, and electronics field 

(Roduner, 2006; Tsuzuki, 2009).  

 

1.4.16 Effect of Biomaterials on Bone Cell Differentiation and angiogenesis 

 

Biomaterial properties such as surface properties play a significant role in interactions 

with the biological environment. Surface properties can be divided into chemical and 

morphological; morphological properties are very well studied and play a significant role in 

implant integration. The biomaterial surface is capable of inducing or inhibiting cell adhesion 

or proliferation for example a rough, porous surface facilitates cell attachment. Biomaterial 

interactions with the biological environment are basically the interaction between surface, 

cells, and proteins (matrix). This complex is of significant importance because it is the basis 

for mineralisation.  Surface properties of a biomaterial are involved in cytocompatibility, it is 
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known that the same material with different surface treatments can lead to different 

responses in a biological environment (Anselme, 2000). 

  High surface roughness is a morphological feature which assists cell adhesion. Better 

cell adhesion generally assists better proliferation and matrix formation. Finally, bone 

mineralisation happens as a result of enzyme and cell mediated processes.  It is believed that 

increased surface area (high surface porosity or roughness) of the biomaterial will promote 

osteoblast proliferation and differentiation. Some studies performed on titanium implants 

demonstrate higher surface roughness leading to better osteoblast attachment to implants, 

and higher alkaline phosphatase, osteocalcin and TGF β activity which favour osteoblast 

differentiation (Boyan et al., 2001; Morra, 2001). Studies of fibroblast cell culture on 

Polystyrene & Poly (4-Bromostyrene) reported that moving from microscale to nanoscale 

surfaces, cell adhesion and gene upregulation is increased. Nanoscale surface roughness 

further improves the surface to promote osteointegration in bone tissue engineering.  

Surface chemistry plays a significant role in cell adhesion and proliferation. Bioglass is 

a perfect example of surface chemistry assisting cellular responses (Xynos et al., 2000). 

Bioglass, when exposed to aqueous buffer solution undergoes a series of reactions which 

results in formation of a layer of carbonated Hydroxyapatite. The layer changes the surface 

chemistry of the bioglass and promotes osteoblast proliferation on site. Surface chemistry 

can also affect protein adsorption and protein activity on the site which has profound effect 

on osteoblast adhesion and proliferation. It is reported that the addition of a fluorapatite 

layer over a hydroxyapatite surface changes the orientation of some proteins which are 

involved in calcium binding, this process enhances cell attachment (Rezania & Healy, 2000). 

The material sterilisation process is also of significant importance as inadequate sterilisation 

techniques can alter surface properties. Thus, materials used in bone tissue engineering must 

present appropriate signals at appropriate time scale. Surface properties should be 

homogenous in order to induce effective cell attachment and functional differentiation 

(McFarland et al., 2000; Rezania & Healy, 2000; Stephansson et al., 2002; Xynos et al., 2000). 
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1.4.17 Synthesis of Nanoparticles 

 

Nanoparticles can be synthesized via two approaches; Top down and bottom up. The 

top-down approach depends upon the structural decomposition of bulk materials to 

synthesise nano sized materials such as mechanical grinding, milling, etching and lithography 

but these processes have limited control over the size of the particles, are energy intensive 

and imprecise (Cao, 2004; Hornyak et al., 2008; Sebastian et al., 2014; Yu et al., 2013). The 

bottom-up approach initiates at an atomic or molecular level. It utilizes precursors which 

chemically interact and form nano sized particles. Such methods include dry methods, wet 

methods, and high temperature processes. The dry methods include solid state and 

mechanochemical methods, these processes promise high crystallinity but are limited to 

micron sized particles.  Wet methods include chemical precipitation, hydrolysis, and sol-gel, 

these are most commonly used methods for nanoceramic synthesis as they give nanosized 

particles, but limitations lie in terms of crystallinity which is variable and often difficult to 

control. High temperature processes include the combustion method and pyrolysis methods, 

they do give high crystallinity and nanosized particles but require high energy (Sadat-Shojai 

et al., 2013).  Such methods enable precise size control of morphology, hence the research 

advancement is focussing on bottom up approaches for synthesis of biomaterials (Cushing et 

al., 2004; Hornyak et al., 2008). 

 

1.4.17.1 Zinc oxide Synthesis 

Zinc oxide exists in a range of morphologies having high surface areas (sizes from 

micrometres to nanometres). The morphologies may be in the form of thin sheets, nanorods, 

nanowires, nanobelts, nanotubes, nanorings, flower like, multipods and tetrapods (Abd-Ellah 

et al., 2016; Calestani et al., 2010; Chen et al., 2010; Gazia et al., 2012; Laurenti et al., 2014; 

Pacholski et al., 2002; Shi et al., 2012). Zinc oxide is very easy to synthesise using various 

synthesis techniques such as sol-gel, hydrothermal and sonochemical. To obtain nanorods & 

nanowires generally a hydrothermal system is used and to obtain thin sheets solgel is used 

(Baruwati et al., 2006; Dumontel et al., 2017; Kandjani et al., 2008). Zinc oxide has been 

recognised as a safe material by the Food and Drug Administration, it is classified as GRAS 

(generally recognised as safe substance). The FDA has approved the use of zinc oxide as skin 
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protectants, color additive for drugs and cosmetics and food fortification. Zinc oxide can be 

found in food products such as breakfast cereals, nutrition drinks/bars, food supplements etc.  

Due to the ease of synthesis, biosafety and functional properties, zinc oxide is used 

commercially in a number of cosmetics, health care products such as baby creams and sun 

screens (Rasmussen et al., 2010). Furthermore, due to the optical properties of zinc oxide, it 

is also used in the fabrication of biosensors. It has also been investigated that the electrical 

properties of zinc oxide plays and important role in adsorption-desorption of biomolecules 

which can be exploited for different biomedical applications and targeted therapy (Miccoli et 

al., 2016; Sanginario et al., 2016; Zhu et al., 2016). 

 

1.4.17.2 Zinc oxide in biological systems 

Biocompatibility plays an important role when it comes to use of biomaterials. 

Biocompatibility is defined as “the ability of a material to perform with an appropriate host 

response in a specific application”.  To evaluate biocompatibility of zinc oxide several 

biological tests have been reported. A human osteoblast cell line was used to evaluate the 

effect of microphase and nanophase zinc oxide, it was reported that the cells’ adhesion and 

metabolic activity was significantly improved in the presence of nanophase zinc oxide which 

further led to improved protein interaction due to high surface area (Colon et al., 2006). In 

another study, zinc oxide nanoflower morphology and zinc oxide flat thin films were 

compared for improved biological response in the form of lamellipodia, filopodia, DNA 

content and Alkaline Phosphatase Activity. The cell line MC3T3-E1 osteoblasts were incubated 

with both morphologies of zinc oxide for up to 4 days and it was noted that active filopodia 

formation occurred on the zinc oxide nanoflowers morphology. The cell adhesion and 

proliferation was improved in the case of nanoflowers (Z. Li et al., 2008). Porous zinc oxide 

films were cultured with NIH 3T3 fibroblasts, it was observed that a high degree of porosity 

significantly improved the cells’ viability via protein adsorption (H.-J. Wang et al., 2011). Such 

findings depict the significance of topography of zinc oxide in biological environment. The 

differentiation of mesenchymal stem cells into osteoblasts in the presence of zinc oxide 

nanoparticles was also investigated using real-time PCR, alkaline phosphatase activity and the 

expression of osteopontin and osteocalcin. The cells were exposed for 15 days, and evidence 

of osteoblast formation was reported at optimum levels of zinc oxide (30 µg/ml) (Foroutan, 
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2014). Such investigations conclude that zinc oxide is a biocompatible and significantly 

important material in field of bone tissue engineering.  

 

1.4.17.3 Zinc oxide and Angiogenesis 

Angiogenesis is an important mechanism and manipulating angiogenesis is a 

developing therapeutic approach for a number of physical or pathophysiological conditions. 

Proangiogenic growth factors or cytokines are being employed to treat conditions such as 

cardiovascular disorder and ischemia. Proangiogenic factors such as vascular endothelial 

growth factor are effective in the promotion of angiogenesis, but they are expensive and have 

reduced stability which makes their use limited in the field of tissue engineering. Current 

research is focussed on finding materials which are cost effective and can be used in place of 

angiogenic growth factors.  

The proangiogenic potential of flowerlike zinc oxide particles was studied. The 

Microwave technology was used to synthesise the zinc oxide particles followed by in vitro and 

in vivo investigations to evaluate the proangiogenic potential of metal oxides. Zinc oxide 

internalisation, cell cycle & proliferation and chick embryo angiogenesis assay were analysed, 

and a significant difference was observed. Cell cycle analysis demonstrated a significant 

number of cells in S phase which involved DNA and centrosomes. TEM investigations 

confirmed that the zinc oxide particles penetrated the cells while cells were healthy and 

proliferating (Fig.1.8). Finally, chick embryo angiogenesis assay confirmed that zinc oxide 

nanoflowers initiated the formation of new blood vessels from pre-existing ones (Barui et al., 

2012). 
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Figure 1.8: The acceleration of angiogenic process in response to flower shaped Zinc oxide. 

The flower shaped Zinc oxide particles were internalised by the cells (shown by white arrows). 

The increase in vessel formation with 10ng Zinc oxide (d1 black arrows). The positive and 

negative controls are VEGF 10ng and TE buffer respectively. Republished with permission of 

the Royal Society of Chemistry, from (Barui et al., 2012). Permission conveyed through 

Copyright Clearance Center, Inc. 

 

The phenomenon behind angiogenesis is generation of hydrogen peroxide which 

leads to ROS followed by initiation of angiogenic process. An investigation was performed to 

evaluate the chemical factor of zinc oxide which plays an important role in angiogenesis. Zinc 

oxide is a n-type semiconductor having free electrons associated with anion vacancies in the 

zinc oxide crystal lattice. Due to which zinc oxide, upon interaction with cells, chemisorbs 

oxygen as O2 by receiving electrons from oxides and forms hydrogen peroxide in an aqueous 



Chapter 1 

 

 

35 

environment which, as discussed above, leads to oxidative stress hence triggering a natural 

angiogenic process (Augustine et al., 2014b).  The oxidative stress triggers expression of VEGF 

and FGF to initiate the cascade reactions leading to angiogenesis and improved cell adhesion. 

In another study, poly caprolactone-zinc oxide electrospun composite scaffolds were 

synthesised with varying percentages of zinc oxide (0.5%, 1%, 2%, 4%, 6% by wt), it was 

observed that the presence of zinc oxide in the scaffolds significantly improved cell 

attachment and 1wt% zinc oxide (Fig 1.9) supported the formation of mature blood vessels 

with highly branched capillaries (Augustine, Dominic, et al., 2014a). 

  

 

Figure 1.9:  The optimal level of zinc oxide that is suitable for cell migration and 

angiogenesis. A) fibroblast migration from sides of scaffolds was observed (purple dots) The 

vessel sprouting was initiated with 1% Zinc oxide implantation in guinea pigs. The circular 

arrangements of Red blood cells (RBS) indicates the initiation of angiogenesis. B) The 

maximum vessel formation was recorded for 2% zinc oxide in CAM. The number of vessels 

markedly increased (shown by black arrows). Republished with permission of Royal Society 

of Chemistry, from (Augustine, Dominic, et al., 2014b); permission conveyed through 

Copyright Clearance Center, Inc. 

 

Further, it was proposed that the  electron transfer mechanism from zinc oxide to O2 

leading to the formation of hydrogen peroxide and angiogenesis (Fig. 1.9) (Ahtzaz et al., 2017). 

Electrospun poly(vinylidene fluoride-trifluoroethylene)/zinc oxide nanocomposites were 
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analysed with varying percentages of zinc oxide (0%, 0.5%, 1%, 2%, and 4% w/w with respect 

to the polymer) and it was observed that maximum cell attachment/proliferation and 

angiogenesis was seen in samples having 2% zinc oxide (fig. 1.9) (Augustine et al., 2017).  

 

 

 

Figure 1.10: Mechanism of zinc oxide induced angiogenesis and Osteogenesis. 

 

The ROS and O2 production in mitochondria were studied in response to ZnO 

exposure. 25µg/ml and 50µg/ml ZnO was introduced and significant increase in ROS was 

observed. Upregulation of four oxidative stress responsive genes; Aldehyde oxidase 1, Heme 

oxygenase 1, Neutrophil cytosolic factor 2 and Superoxide dismutase 3 in zinc oxide 

nanoparticles treated HEK-293 cells for up to 48hours. Aldehyde oxidase 1 is a xenobiotic 

metabolizing protein which promoted cell damage and fibrogenesis however, the other three 

genes are responsible for antioxidative and anti-inflammatory properties. The higher levels of 

zinc oxide nanoparticles promoted the release of excess production of ROS in mitochondria 

resulting in mitochondrial dysfunction and cell death.  Excess exposure of zinc oxide 

nanoparticles (25µg/ml & 50µg/ml) was reported to have genotoxic effects resulting in DNA 

fragmentation and nuclear condensation (Choudhury et al., 2017). Genotoxic behaviour of 

zinc oxide makes the dose a critical aspect in tissue engineering.  

The material properties of nanoceramics are of significant importance, as mentioned 

above, and surface topography plays an important role in particle internalization. Currently, 

studies are being carried out to investigate the influence of surface charge, zeta potential and 

lattice properties in the biological environment. Titanium thin films were synthesised and 

functionalised with different functional groups (CH CH2, NH2 and COOH groups) in order to 

create a different zeta potential for every sample, which was measured using XPS analysis. 
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Results revealed that a lower the zeta potential would result in lower protein adsorption (Cai 

et al., 2006). Similarly, Cerium oxide nanoparticles with varying zeta potential were evaluated 

for adsorption of fetal bovine albumin and cellular internalization in adenocarcinoma lung 

cells and it was revealed that the positive zeta potential was favourable for albumin 

adsorption and negative zeta potential aided uptake of nanoparticles into the cells (Patil et 

al., 2007). The results report preliminary studies, and more data is required to confirm the 

role of surface charge in the biological environment.  

 

1.4.18 Selection of Dopants 

 

1.4.18.1 Cerium 

Cerium doped zinc oxide is a known photocatalyst. A number of studies have been 

performed where successful cerium doping has been carried out for a number of applications 

such as enhanced ionic and ferroelectric properties (Sinha et al., 2014), breadth sensor to 

detect the levels of acetone and ethanolamine at room temperature which are biomarkers 

for diabetes mellitus and carcinoma (Kulandaisamy et al., 2016), detection of hazardous 

chemicals (Dar et al., 2012), enhanced optical and photoelectrochemical properties (Jinghai 

Yang et al., 2008; Yousefi et al., 2011) and efficient photocatalysts (Rezaei & Habibi-Yangjeh, 

2013). A number of studies reported that cerium in the biological environment is nontoxic 

and also has bacteriostatic properties. It was investigated that cerium introduction into 

bioactive glass scaffold increases the in vitro bioactivity which makes it favourable for bone 

tissue engineering (Deliormanlı, 2015; Shruti et al., 2013).  A few studies have been published 

on the angiogenic potential of CeO2, and results revealed that it is proangiogenic and 

upregulates Hypoxia inducible factor 1 α which leads to angiogenesis. It was also reported 

that the size and morphology of the particles play a significant role in oxygen modulation 

within the cells which leads to hydrogen peroxide production leading to angiogenesis (Das et 

al., 2012; Nethi et al., 2017). Studies demonstrate that cerium incorporation results in zinc 

oxide lattice expansion, reduced grain size and increased bandgap (Kulandaisamy et al., 2016; 

Sinha et al., 2014).  
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1.4.18.2 Copper  

Copper is an emerging element in field of tissue engineering. It has been investigated 

that copper ions interact with receptors on cells which are involved in angiogenic pathways. 

Copper is involved in the upregulation of expression of fibroblast growth factor (FGF) and 

vascular endothelial growth factor (VEGF). A study performed on magnesium-copper alloys 

revealed that the copper ions and Mg-Cu alloys pose no cytotoxic effects to HUVECs and 

MC3T3-E1 cells. Cu improved the biodegradation property of magnesium and stabilised it in 

the cellular environment. Furthermore, the alloy enhanced osteogenesis and angiogenesis in 

invitro so that they can be used in orthopaedic applications (Liu et al., 2016). In another study, 

Cu- doped bioglass (a family of bioactive glasses composed of silicon dioxide, sodium oxide, 

calcium oxide and phosphorus pentoxide) was investigated to have increased VEGF secretion 

as compared to undoped bioglass (Bejarano et al., 2017). The doped bioglass also revealed 

antibacterial and increased bioactive properties which reduced the chance of infection as well 

as biofilm production compared to orthopaedic implants (Bari et al., 2017). Copper is a 

promising element in the field of bone tissue engineering, it has been reported that copper 

doping in zinc oxide improves the electrical properties of zinc oxide and makes the grain size 

more uniform (Shafi et al., 2013).  

 

1.4.18.3. Zirconium  

Zirconium substitution in hydroxyapatite and bioglass is widely reported to improve 

the mechanical properties for orthopaedic applications. Zirconium dioxide and 

Hydroxyapatite composite have been synthesised and results suggested that incorporation of 

ZrO2 leads to uniform porosity and enhanced cellular compatibility (An et al., 2012). 

Incorporation of zirconia into bioactive glasses has been reported to provide radiopacity to 

the final composite which is promising for injectable bone cements which can be visualised 

with the help of fluoroscopic control (Tallia et al., 2014).  ZrO2 is also known to have to high 

wear resistance and is frequently used in hip or joint replacement implants (Chevalier, 2006; 

B. Wang et al., 2012). Multi layered composite scaffolds using biphasic calcium phosphate and 

ZrO2 were successfully synthesised, and it was reported that there was a significant 

improvement in collagen incorporation which led to bone regeneration without any 

immunogenic reactions (Linh et al., 2015), ZrO2 significantly improves the mechanical strength 

specifically the compressive strength and osteointegration of the scaffold (Benic et al., 2017; 
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Sapkal et al., 2017). In this research we plan to investigate the role of zirconium incorporation 

in zinc oxide for angiogenic applications. 

  

1.4.19 Polyurethane as a biomaterial 

 

Polyurethane is a synthetic polymer which has been used in biomedicine since 1958 

as material for implantable medical devices such as intra-aortic balloons, heart valves and 

stents (Grad et al., 2003). It has been demonstrated to have long durability under the 

biological environment and have been examined to have adequate biodegradability, 

biocompatibility, biostability, good hydrolytic and processability properties and mechanical 

strength for bone regenerative applications (S. A. Guelcher, 2008; S. a. Guelcher et al., 2004). 

A range of properties from flexible to rigid scaffolds and from fast degrading to slow degrading 

scaffolds can be prepared by varying the concentrations and choice of basic materials 

(Zdrahala & Zdrahala, 1999). The mechanical properties of a scaffold are a significant factor 

which need to be controlled depending upon the application, in the case of polyurethane the 

microphase between the soft segment and hard segment enables stress resistance, improved 

mechanical resilience, and allows proliferation of osteoprogenitor cells under mechanical 

cycle conditions (Sittichockechaiwut et al., 2009; Sittichokechaiwut et al., 2010; G. Tetteh et 

al., 2014). It also demonstrates mechanical stability under cyclic loading by providing a high 

yield strain and fatigue which is a significant factor in craniofacial bone tissue engineering.  

Such promising properties makes it significant in the field of bone tissue engineering as it can 

be tailored to withstand cyclic loading and fatigue which are very important mechanical 

properties for craniofacial bone grafts (Gorna & Gogolewski, 2003).  

 

1.4.20 Polyurethane and zinc oxide composite materials for tissue engineering 

applications: 

 

Polyurethane and zinc oxide separately are biocompatible and researched well for 

tissue engineering purposes. Recently composite materials have gained much attention, 

especially combining polymers with nanoceramics to obtain added functionality for desired 

applications. 3D porous scaffolds and nanofibers have attracted attention in the field of tissue 
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engineering due to their potential for a number of applications such as repair and 

regeneration of complex 3D skull fractures or load bearing fractures, bone tumours, bone 

defects or for drug delivery (Frenot & Chronakis, 2003). Polyurethane containing calcium 

phosphate sponges were prepared. The resultant sponge/scaffold was three dimensional and 

microporous (500 µm-800 µm). The study reported that the porosity obtained was 

interconnected. As the scaffold contained calcium phosphate, it might be a good candidate 

for bone tissue engineering. Improved interconnected porosity and compressive strength was 

reported but no cell culture studies were performed (Park et al., 2006).  Another study 

reported zinc oxide doped polyurethane nanofibers synthesised via the electrospinning 

process. The composite was made using 10% polyurethane and 5% zinc oxide and electrospun 

to obtain fibres of around 400 nm diameter. Fibroblasts were culture and MTT assay was 

performed at Days 3, 5 and 7. The cells adhered really well and proliferated in presence of 

zinc oxide as compared to the control (Amna et al., 2013).  

Zinc oxide has the ability to generate Reactive Oxidative species (ROS), and the role of 

ROS in cell growth and wound healing is very well established. The zinc ion is a trace element 

which is present naturally in the body and plays a role in DNA and RNA synthesis which lead 

to cell growth, differentiation and cell transcription. 10% Polycaprolactone and (0.1% - 0.9%) 

and (1-6%) zinc oxide electro spun fibres were synthesised and evaluated for antimicrobial 

and fibroblast cell attachment and proliferation. Cell viability assay was performed to analyse 

cell proliferation. Lower zinc oxide percentage (0.1-0.9 %) resulted in smooth fibres (fig. 1.11), 

however as the percentage of zinc oxide was increased the fibre morphology became rough 

and zinc oxide agglomerates were spotted on the fibres. With the increase of zinc oxide 

content over 6 wt%, the solution viscosity was increased and fibre formation was difficult 

(Augustine, Dominic, et al., 2014a).  
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Fig 1.11: The morphology difference between 1% zinc oxide and 2% zinc oxide incorporated 

electrospun fibres. Small pores within fibres were observed with 2% zinc oxide incorporates 

electro spun fibres. Republished with permission of Royal Society of Chemistry, from 

(Augustine, Dominic, et al., 2014b); permission conveyed through Copyright Clearance Center, 

Inc. 
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When cell viability with a fibroblast cell line was evaluated, 1 weight % zinc oxide 

containing nanofibers increased the cell viability, however fibres containing more than 1 wt 

% of zinc oxide showed considerable reduction in cell attachment and proliferation 

(Augustine, Malik, et al., 2014). PLGA nano zinc oxide composites were found to have 

antimicrobial properties against Gram-positive bacteria Staphylococcus 

aureus, Staphylococcus epidermidis, and Bacillus subtilis and the Gram-negative 

bacteria Escherichia coli, Klebsiella pneumoniae, Salmonella abony and Pseudomonas 

aeruginosa, and the yeast Candida albicans. Such properties along with being biocompatible 

make zinc oxide a better candidate for biomedical applications (Stanković et al., 2016). 

Another study on electrospun fibres was reported where polyurethane (8%) was incorporated 

with zinc oxide (0.2%) and carbon nanotubes (0.4%). Randomly oriented fibres were used to 

perform biomineralization and antibacterial studies. The results showed the formation of a 

hydroxyapatite layer at the end of the SBF study. The bio-composite was subjected to 

antibacterial evaluation and the results were favourable when compared to control i.e. 148% 

and 158% higher than the mats containing only PU against S. Aureus and E coli. The 

antimicrobial activity was related to the production of ROS which is destructive for bacterial 

cell membrane and disintegrates the lipids and proteins present the in membrane in a short 

time. The bio-composite was also cytocompatible with cells of the MC3T3-E1 cell line. The 

cells adhered, proliferated and differentiated in a healthy manner. The composite also raised 

ALP levels and collagen type I production (Shrestha et al., 2017).  

 Shitole et al., (2019) synthesised Polycaprolactone, hydroxyapatite and zinc oxide 

composite scaffolds and evaluated the physical, chemical and biological properties. The in 

vitro cell viability assay was performed using the MG-63 cell line and 1% - 5% zinc oxide 

containing scaffolds increased the cell viability, however 10%-30% zinc oxide content caused 

cytotoxic effects. Alkaline phosphatase Activity assay revealed that 1%-5% zinc oxide raised 

ALP levels which were further backed up by a mineralisation assay (Shitole et al., 2019). 

Thermoplastic polyurethane and zinc oxide composite foams with increasing zinc oxide 

content (1%, 2%, 5% and 10%) were synthesised for wound dressing applications. Human 

adipose-derived stem cells (hASC) were used for cell viability and improved cell response was 

recorded with 1%-5% zinc oxide incorporated foams and no significant improvement was 

seen with 10% zinc oxide. It was also revealed that 10% zinc oxide made the cells lose their 
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fibroblast-like shape and become more rounded and they formed tighter groups (Bužarovska 

et al., 2019). Solution casting shape memory polyurethane and zinc oxide composites with 

zinc oxide concentrations 0, 0.5, 1.0, 1.5 and 2.0% were synthesised. The cytocompatibility 

assay was performed using mouse fibroblasts - L929 and Cell Counting kit-8 (CCK-8) assay was 

performed. The assay is a sensitive colorimetric determination of viable cells in proliferation 

assays. The results suggested improved cell viability upon introduction of zinc oxide (Y. Wang 

et al., 2020). 

Finally, Polyurethane zinc oxide composite has been investigated to have important 

antifungal properties as well which are very important in biomedical applications. As 

antimicrobial antifungal properties are very important to avoid the infections related to 

implant and prevents the implant failure (Vlad et al., 2012).  

 

 

1.5 Summary 

 

Antibacterial and angiogenic properties of zinc oxide are well established, however 

the pathway by which zinc oxide induces angiogenesis is still not very clear. Low levels of zinc 

oxide in the form of composite scaffolds have been found to increase cell metabolic activity, 

improve seeding efficiency and angiogenesis. A few studies are published on polyurethane 

and zinc oxide composites concluding that 1-2% of zinc oxide increases cell adhesion and 

proliferation. Cerium, zirconium, and copper doped zinc oxide have previously been 

synthesised for photocatalytic applications but for bone tissue engineering these 

nanoparticles have never been tested. This thesis will elaborate the properties of doped zinc 

oxide as potential bone regenerative additive. 
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Chapter 2.  Material and Methods 

 

2.1 Materials   

Table 2.1 List of materials used in the experiments: 

 Reagents Supplier 

1 Zinc nitrate hexa hydrate 

Zn(NO3)2.6H2O 

Alfa Aesa, 

2 Potassium hydroxide 

KOH 

EMSURE 

3 Cerium (III) Nitrate hexahydrate 99.5% ACROS Organics 

4 Zirconyle (IV) Nitrate hydrate 99.5% ACROS Organics 

5 Copper (III) Nitrate  

hemi(pentahydrate) (Cu(NO3)2.2H2O) 99.9% 

Merck 

6 Hydroxyapatite commercial grade Finceramica 

7 Dimethyle sulfoxide  (DMSO) Sigma Aldrich 

8 DMF Sigma Aldrich 

9 1,4 Dioxane Sigma Aldrich 

10 Ethanol Honeywell 

11 IMS Honeywell 

12 Avalon 85AE Supplied by Huntsman 

Holland BV, Netherlands 

13 Avalon 85AB Supplied by Huntsman 

Holland BV, Netherlands 

14 Irogran CA117-200 Supplied by Huntsman 

Holland BV, Netherlands 

15 Sodium Chloride Sigma Aldrich 

16 Alpha Modified Eagles Medium ((α-MEM) Lonza UK 

17 Fetal Bovine Serum (FBS) Gibco Life Technologies 

18 L-glutamine (L-G) Sigma-Aldrich, UK 
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19 Penicillin and streptomycin (P/S) Sigma-Aldrich, UK 

20 Gelatine Sigma-Aldrich, UK 

21 Human Embryonic Stem Cell-derived Mesenchymal 

Progenitor (hES-MP) cells 
Cellartis, Sweden 

22 Phosphate buffer saline (PBS) Sigma-Aldrich, UK 

23 Trypsin/EDTA (0.25%/0.02%) Sigma-Aldrich, UK 

24 Haemocytometer Sigma-Aldrich, UK  

25 Minimum Essential Medium Eagle (MEME) Sigma-Aldrich, UK 

26 Murine Lone Bone Osteocyte-A5 (MLO-A5) Donated by Professor Lynda 

Bonewald 

27 human vascular endothelial growth factor (hVEGF) 

ELISA kit 
Bio-techne 

28 0.2 M NaOH:MeOH (1:1)  Sigma-Aldrich, UK  

29 3.7% formaldehyde Sigma-Aldrich, UK 

30 5% v/v perchloric acid Sigma-Aldrich, UK  

31 Alizarin Red dye Sigma-Aldrich, UK 

32 Phosphate buffer saline (PBS) Sigma-Aldrich, UK 

33 Sirius Red dye Sigma-Aldrich, UK 

34 4’, 6-diamidino-2-phenylindole dihydrochloride 

(DAPI) fluorescent dye 
Sigma-Aldrich, UK 

35 Immunocytochemistry (ICC) buffer (1% BSA, 0.1% 

Triton X-100 in PBS) 
Sigma-Aldrich, UK 

36 Phalloidin-Tetramethyl Rhodamine Isothiocyanate 

(TRITC) fluorescent dye 
Thermo Fisher Scientific   

37 Phosphate buffer saline (PBS) Sigma-Aldrich, UK 
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2.2. Methods 

 

2.2.1 Synthesis of zinc oxide; continuous hydrothermal flow system (CHFS): 

 

An eco-friendly green technology was used to synthesise the nanoparticles. The first 

step was synthesis of zinc oxide and doped zinc oxide nanoparticles. Cerium, zirconium and 

copper were selected as dopants due to their potential benefits for bone regeneration and 

angiogenesis, as discussed in chapter 1. The synthesis of nanoparticles was performed at 

School of Chemistry, University College London.  

The figure 2.1 shows the schematic of the CHFS pilot plant that was used for synthesis 

of nanoparticles. The pilot lab scale plant was used which was comprised of three pumps to 

supply pressurised precursor feeds into the system. Pump 1 (P1) was used to feed deionized 

water at flow rate of 80 ml/min (supercritical water at 450°C), Pump 2 (P2) was used to feed 

Potassium Hydroxide (KOH) Solution and Pump 3 (P3) was used to feed Zinc nitrate Solution 

at flow rate of 40ml/ml respectively. Supercritical water was produced by pumping water 

through Pump 1 (P1) with flow rate of 80 ml/min, passed through heating chamber where it 

was heated at 450˚C/240 bar in order to keep a temperature of about 335˚C at the reaction 

centre.  

The process was initiated by preparation of precursor solution at room temperature. 

The magnetic stirrer was used to prepare KOH and zinc nitrate solution in deionised water. 

The concentration of precursor solutions was increased to obtain larger particles. 0.2M KOH 

and 0.1M Zn precursor solutions were used to synthesise group 1 bigger nanoparticles. 1M 

KOH and 0.5M Zn solutions were used to obtain relatively small nanoparticles called group 2. 

Table 2.2 shows the concentrations of precursor solution and dopants used (Table 2.2). To 

synthesize doped zinc oxides, pre-weighed dopant sources [Ce(NO3)3.6H2O, copper nitrate 

and zirconium nitrate] were added to zinc nitrate solution which was under continuous 

stirring. (For Amounts See table 2.2) 

The precursor solutions prepared at room temperature were pumped through pumps 

P2 and P3 (Fig.2.1) at a flow rate of 40 ml/min. Both the solutions were pumped through 

Polytetrafluoroethylene (PTFE) tubing which was connected with a 3/4inch SS-316L T-piece 

serving as reaction mixer. The mixture was pumped to the reaction centre (R) where it came 
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into contact with supercritical water which acted as crystallisation medium. The zinc salts 

were converted into zinc oxides due to rapid hydrolysis and dehydration. The resultant 

product was cooled to 40˚C by passing through a pipe in the cooler chamber. The cooled 

product or slurry was then passed through back pressure regulator (BPR) in order to maintain 

the pressure in the system. The resulting nanoparticles in the form of a slurry were collected 

in a beaker at 25˚C.    

The slurry was washed with deionised water twice and suspended in deionised water. 

The washing process was undertaken by suspending the particles in deionised water followed 

by centrifugation to obtain sedimentation of nanoparticles. The nanoparticles were again 

suspended in deionised water and packed in dialysis tubes. The dialysis tubes were sealed 

carefully and left in a tank filled with deionised water to remove any soluble impurities or 

salts present in the slurry. After 24 hours the slurry was separated from deionised water and 

freeze dried (Virtis Genesis 35XL) by slowly heating the samples from −60˚C to 25˚C for 24 

hours at vacuum of <13.3 Pa to obtain nanopowders. The copper doped zinc oxide powders 

were grey to black in colour. The reason might be presence of copper oxide (black colored 

oxide) along with zinc oxide. The further characterisation details will be discussed in later 

chapters. The powders were stored in glass tubes, labelled and stored at room temperatures 

for further experiments (fig. 2.2).  
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Figure 2.1: Schematic diagram of hydrothermal flow system. 
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Figure 2.2: The continuous flow system used for nanoparticle synthesis. A) Lab scale pilot plant 

continuous flow system for nanoparticles synthesis. B) The nanoparticle suspension obtained 

was poured in dialysis tubes. C) Dialysis for 24 hours to remove impurities and salts. D) 

Nanoparticles settle down after 24 hours of dialysis. E) Freeze dried samples obtained. 
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Table 2.2: The concentrations of precursor solutions and dopant quantities used to synthesise 

Zinc oxide, cerium doped Zinc oxide, zirconium doped Zinc oxide and copper doped Zinc oxide. 

NAMES 

[KOH] 

(M) 

[Zn]* 

(M) M precursor [M] 

Volume 

(L) 

Mass 

Zn* (g) 

Mass  

 (g) 

ZnO_1 0.2 0.1 N/A 0 1 29.75 0.00 

ZnO_2 1 0.5 N/A 0 0.5 74.37 0.00 

ZrZnO1 0.2 0.099 ZrO(NO3)2.6H2O 0.001 1 29.45 0.30 

ZrZnO2 0.2 0.097 ZrO(NO3)2.6H2O 0.003 1 28.85 0.89 

ZrZnO3 0.2 0.095 ZrO(NO3)2.6H2O 0.005 1 28.26 1.49 

ZrZnO4 1 0.495 ZrO(NO3)2.6H2O 0.005 0.5 73.62 0.74 

ZrZnO5 1 0.485 ZrO(NO3)2.6H2O 0.015 0.5 72.14 2.23 

ZrZnO6 1 0.475 ZrO(NO3)2.6H2O 0.025 0.5 70.65 3.72 

CeZnO1 0.2 0.099 Ce(NO3)3.6H2O 0.001 1 29.45 0.43 

CeZnO2 0.2 0.097 Ce(NO3)3.6H2O 0.003 1 28.85 1.30 

CeZnO3 0.2 0.095 Ce(NO3)3.6H2O 0.005 1 28.26 2.17 

CeZnO4 1 0.495 Ce(NO3)3.6H2O 0.005 0.5 73.62 1.09 

CeZnO5 1 0.485 Ce(NO3)3.6H2O 0.015 0.5 72.14 3.26 

CeZnO6 1 0.475 Ce(NO3)3.6H2O 0.025 0.5 70.65 5.43 

CuZnO1 0.2 0.099 Cu(NO3)2.3H2O 0.001 1 29.45 0.24 

CuZnO2 0.2 0.097 Cu(NO3)2.3H2O 0.003 1 28.85 0.72 

CuZnO3 0.2 0.095 Cu(NO3)2.3H2O 0.005 1 28.26 1.21 

CuZnO4 1 0.495 Cu(NO3)2.3H2O 0.005 0.5 73.62 0.60 

CuZnO5 1 0.485 Cu(NO3)2.3H2O 0.015 0.5 72.14 1.81 

CuZnO6 1 0.475 Cu(NO3)2.3H2O 0.025 0.5 70.65 3.02 
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2.2.2 Characterisation of nanoparticles: 

 

The nanopowders synthesised using CHFS were subjected to chemical and physical 

characterisation. The aim of characterisation step was to explore if the nanopowders 

obtained had incorporated the dopants and to assess whether the compositions contained 

impurities i.e. oxides etc.   

 

2.2.2.1 Dynamic Light scattering Measurements 

Dynamic light scattering is a process which uses nanoparticle suspension in deionised 

water to determine the hydrodynamic diameter of the particles. The suspension was 

introduced into the machine in a closed cuvette. Electromagnetic light waves were passed 

through the suspension inducing oscillations of electrons in the particles which lead to path 

deviation for the incident light. The scattered light was collected to obtain the diffusion rate. 

The environmental conditions such as temperature have to be the same for all the samples 

as it affects the Brownian motion which is indirectly proportional to the size of the particles.  

     Dynamic Light scattering was used to obtain the hydrodynamic diameter of the 

synthesised particles using a Zeta Ziser Nanoseries (fig. 2.3). The nanoparticles were sonicated 

in 1 ml water for 5min and readings were obtained.  

The hydrodynamic diameter is the diameter of a solid sphere that is created around 

the nanoparticle which in this case is the sphere or bubble created by water molecules around 

the nanoparticles (fig. 2.3). Generally, DLS provides an output value as a range, where the 

boundaries of the range can be smaller or larger than the average value obtained. Overall, 

this average of the range given will be larger than the actual particle size because of 

suspension in water. The DLS analysis is a preliminary method to identify a range of sizes in 

which the nanoparticles lie. It was performed soon after synthesis to check the particle size. 
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Figure 2.3: Theoretical concept of hydrodynamic diameter.  

 

The Zeta Ziser Nanoseries works on the principle of Stokes-Einstein Equation to 

calculate hydrodynamic diameter.  

dH = kT/3πῃD 

dH = hydrodynamic diameter (m) 

k = Boltzman constant (J/K) 

T = Temperature (K) 

ῃ = solvent viscosity (kg/m.s) 

D = diffusion coefficient (m2/s) 

 

It is affected by particle properties such as agglomeration which is not a precise 

measurement of size but provides an approximation of size range (fig. 2.3). The 

measurements were performed three times and a mean calculated was taken to obtain the 

hydrodynamic diameters of zinc oxide and doped zinc oxide nanoparticles. 

2.2.2.2 Raman Spectroscopy of zinc oxide Samples 

Raman characterisation was performed using Raman DXR Xi to obtain Raman spectra 

of the samples. The Raman spectra were obtained using laser 780 nm and Aperture 25 μm. 
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2.2.2.3 X-ray Diffraction (XRD) 

The X-Ray Diffraction analysis was performed by using Brukner D2 Phaser. The 

parameters used were same for all the sample (Table 2.3). 

 

Table 2.3: The XRD parameters used to analyse the zinc oxide samples. 

Effective total time 310.8 s 

Time  0.600 s 

2 theta 30-80 

Voltage 30V 

Current 10A 

 

The Scherrer’s equation was used to calculate the crystallite size. The dominant peak at 36.4 

degrees was selected to calculate crystallite size using Scherrer’s equation.  

Dp = (0.94 * λ)/ β * Cos θ 

Dp= average crystallite size 

β = line broadening in radians 

θ= Braggs angle 

λ= X-ray wavelength  

 

2.2.2.4 Brunauer-Emmett-Teller (BET) 

Physical Adsorption isotherms of N2 at -196˚C were measured by Tristar II 

Micrometrics. All the samples were degassed under N2 at 150˚C for 12 hours before BET 

surface area from N2 isotherms were measured. The measurements were performed at 10 

points. 
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2.2.2.5 Scanning Electron Microscopy 

The morphology of Nano powders was investigated using scanning electron 

microscopy Vega 3 LMU – TESCAN. The nanopowders were suspended in absolute ethanol 

using a sonicator followed by dropping 100 µl on an SEM Stub. The stub was left for ethanol 

evaporation for 5 minutes followed by gold coating with a thickness of 250 Å using a coating 

unit.  Elemental analysis was carried out using an Oxford Instruments SSD detector attached 

to a VEGA3 TESCAN Scanning Electron Microscope. 

2.2.2.6 Transmission Electron Microscopy (TEM) 

To perform TEM, the copper palladium carbon-coated grids were glow discharged 

using an Agar Scientific glow discharge unit attached to Agar scientific turbo carbon coater 

unit (Agar Scientific Stansted Essex UK). The nanoparticles were suspended in absolute 

ethanol and sonicated for 2 hours. The 10 µl sample was dropped onto discharged TEM grids 

and left to dry for 10 minutes. The excess ethanol was removed carefully using clean filter 

paper (Whatman grade 1 GE HealthCare UK, Little Chalfont, UK). TEM grids were visualised 

using FEI Tecnai G2 Biotwin Tranmission Electron Microscope (FEI Cambridge, UK) at an 

operating voltage of 80kv. Micrographs were obtained using Gatan Orius 1000B digital 

camera. The Gatan Digital Micrograph software suite (Gatan Ltd, Corby UK) was used.  

 

2.2.3 Cell Metabolic Activity Assay of Nanoparticles 

 

Sterilisation of Nanoparticles: 2000 microgram nanoparticles were weighed on an 

electronic balance and stored in Eppendorf tubes. The Eppendorf tubes were packed in 

autoclave bags and sealed with autoclave tapes. The bags were autoclaved at 121°C for 30 

minutes to sterilise the nanoparticles. The autoclave bags containing Eppendorf tubes were 

placed in drying cabinet at 70°C overnight to dry the moisture in the bags. The Eppendorf 

tubes containing sterilised nanoparticles were stored in a box on shelf and were only opened 

in cell culture hood (it is installed with HEPA filters and creates sterile environment for cell 

culture experiments, prevents the samples from contamination) to prevent the 

contamination.  
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2.2.3.2 Preparation of stock suspensions of nanoparticles for Cell culture:  

To prepare nanoparticle stock solutions, 2000 µg nanoparticles were weighed in an 

eppendorf. The eppendorf tubes were autoclaved. 2000 µl of serum free media (DMEM for 

MG63 and Alpha MEM for hES-MPs) was added to the eppendorf tubes. The Eppendorf tubes 

were sonicated at room temperature for 30 minutes to create homogenous suspensions. The 

working solutions were prepared by taking the desired amount of stock solution and diluting 

it into serum free media in a sterile environment (table 2.4). The stock suspension was created 

in a way that 1 µl contained 2 µg of nanoparticles. 

Stock Solution concentration: 2 µg/1µl 

Working solution prepared in serum free DMEM or Alpha MEM. 

 

 

 

 

 

Table 2.4: The nanoparticle suspension preparation from stock solution for cell metabolic 

activity assay. 

Desired 

concentration 

Required 

Suspension 

quantity (µl) 

Suspension 

quantity stock 

solution (µl) 

Amount of Serum Free 

Media (DMEM or Alpha 

MEM) (µl) 

5 µg/ml 100  2.5  97.5 

10 µg/ml 100 5  95  

 

2.2.3.5 Cell metabolic activity assay or Resazurin Assay: 

Preparation of Resazurin Stock Solution: 1mM Resazurin stock solution was prepared 

by dissolving 0.013 g in 50 ml deionised water. The resazurin salt was mixed well and filtered 

using a syringe filter inside the cell culture hood to maintain sterility environment. The 

container was wrapped with Aluminium Foil and stored at 4°C. 

 

Preparation of Resazurin Working Solution: The resazurin working solution was 

prepared by making 10% stock solution in Serum free Media (table 2.5). 
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Table 2.5: The type of media used for making cell metabolic activity assay working solution 

for different cell types used in the study. 

Cell Type Media used for working 

solution 

MG63 DMEM 

Y201 cell line DMEM with nucleotides 

hES-MPs Alpha MEM 

 

 

Assay Process: The well plate to be analysed was taken out of the incubator. The media was 

discarded, and each well was washed at least once with PBS. Then 500 µl resazurin working 

solution was added to each well (24 well plate), the plate was wrapped in Aluminium foil to 

prevent light exposure. The plate was stored in the CO2 incubator for 2 hours.  

After 2 hours the resazurin solution was transferred into a new well plate and readings 

were taken in a plate reader. The original 24 well plate was washed with PBS to remove any 

residual resazurin solution. The cell culture media was re-introduced and well plates were 

returned to the CO2 incubator. The resazurin reading was recorded at Day1, Day3, Day5 and 

Day 7 using the microplate reader. 

 

2.2.3.3 Preparation of MG63 cell line for cell metabolic activity assay: 

 The MG63 cells belong to osteosarcoma cell line which is an experimental model of 

osteoblasts. The advantage of this cell line is that it proliferates rapidly as compared to 

primary cells and are immortal. It is the least differentiated cell line and have been in use in a 

number of assays while investigating biomaterials (Gogolewski & Gorna, 2007). 

Media Preparation: The basal media for MG63 cell line consisted of DMEM with 10% FBS and 

0.2% pencillin-streptomycin and 0.2% L-Glutamine. The media was stored in fridge at 4°C until 

used. 

T75 Flask preparation or Cell line propagation from a frozen vial: A frozen cell Vial was taken 

and thawed on water bath at 37°C. Once the vial was thawed, the contents were quickly 
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transferred to a centrifuge tube containing 5ml media. The tube was centrifuged at 10000 

rpm for 5 minutes. The supernatant was discarded, and the pellet was dissolved in fresh 

media. The cell suspension was introduced into a T75 flask containing 10ml prepared media 

which was then placed in CO2 incubator at 37°C. The flask was visualised everyday under light 

microscopy for cell attachment and growth. The media was carefully changed every two days. 

A T75 flask takes about 3-4 days to become confluent. The flask was visualised under light 

microscope for confluence, if there are no spaces between cells, this indicated that the flask 

is confluent and is ready to use (fig. 2.4). 

Cell Freezing: Freezing solution preparation: Freezing solution is prepared by mixing DMSO 

and fetal calf serum at a ratio of 1:9. The cell suspension that is required to be stored was 

counted using a haemocytometer. Cells were stored at a minimum density of 1 X 106 cells per 

ml. 

2.2.3.4 Cells seeding for cell metabolic Activity Assay: 

The cells were counted and suspended in the required amount of media such that 

there was a known number of cells in per ml of cell culture expansion media. For the 

experiment 24 well plates were used, and 1 X 104 cells were used per ml per well. The well 

plates were incubated for 24 hours to allow cells to attach. After 24 hours the media was 

removed, and cells were washed once with PBS to remove any non-attached cell and cell 

waste. The nanoparticle suspension was pipetted onto the cells.  

Two concentrations of nanoparticle suspension were tested 5 µg/ml and 10 µg/ml. 

The experiment was repeated 3 times and the mean calculated. The resazurin assay was 

performed at Day 1, Day 3, Day 5 and Day 7. The assay is a semi quantitative assay to 

determine cell metabolic activity overall in the culture well, the output obtained is an 

indicator of cell number assuming that the metabolic activity per cell remains the same and 

is not affected by the test samples.  

 

2.2.3.6 28 Day Cell metabolic activity Assay using hES-MPs 

 

Introduction: Human Embryonic mesenchymal like stem cells were used to evaluate 

the cell viability of selected nanoparticles for up to 28 days. The study was aimed to analyse 

the long-term cell viability (28 days) in presence of nanoparticles before scaffold synthesis. 
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hES-MPs is a human embryonic stem cell-derived mesenchymal progenitor cell line. The 

advantage of this cell line is reduced risk of donor site morbidity and ample availability for in 

vitro cell culture for tissue engineering experimentations. These cells are capable to 

differentiate towards osteogenic lineages in presence of osteogenic supplements. This 

property makes these cells a good choice for investigation of osteogenic potential of 

biomaterials (Delaine-Smith et al., 2012).   

 

Media Preparation: The α MEM, PS and FBS were placed in water bath at 37°C. The 10% FBS 

(50ml in 450ml αMEM) and 5ml PS was added to αMEM. The ingredients were mixed well 

and stored at 4°C.  

hES-MPs Expansion: The hES-MPs were grown from a frozen vial. The vial was kept at 37°C 

until it melted. The cell solution was transferred to a centrifuge tube containing 10 ml of 

basal/expansion media. The tube was centrifuged at 1000 RPM for 5minutes. The supernatant 

was discarded, and the pellet was resuspended in 3ml media. A T75 flask was used for cell 

expansion, 12 ml Media was introduced in the flask followed by introduction of re-suspended 

cells. The flask was kept at 37°C in a CO2 incubator for at least 5 days until the cells became 

confluent. The media was changed every two days. 

Once the flask was 100% confluent, the cells were transferred to a flask or in a well 

plate depending upon the requirement. In order to do that, the media was removed from a 

T75 flask, followed by PBS washing twice (to remove any debris or dead cells). 3.5 ml of trypsin 

was added and incubated at 37°C for 90 seconds. The flask was given a gentle jerk to promote 

cell detachment. The trypsin was deactivated by the addition of 7ml of cell culture basal media 

(double the amount of Trypsin). The content was transferred to a centrifuge tube for 

centrifugation at 1000 RPM for 5min. The supernatant was removed, and the pellet was 

resuspended in 3ml media.  

The haemocytometer was used to count the cells. The 10 µl cell suspension was used 

and introduced to a clean haemocytometer. The cells were counted under a light microscope.  
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The cell seeding plan is shown in fig 2.4. Only the selected nanoparticles were tested 

with hES-MPs from the previous cell metabolic activity assay performed with MG63. The 10 

µg/500 µl was used for 28 day cell metabolic activity assay.  

 

 

 

Figure 2.4: Experimental plan for Cell viability Assay of selected nanoparticles with hES-MPs 

 

 

2.2.4 Scaffold Synthesis: Method Development troubleshooting 

 

The solvents; 1,4 Dioxane, Dimethyle Sulfoxide and Dimethyle formamide were tested 

with three different polyurethane types; Avalon 85AE, Avalon 85AB and Irogran CA117-200.  

A 10% PU solution was made up in each solvent and a total of 36 samples was prepared (table 

2.6). Each polymer mixture was poured into a petri dish to obtain identical scaffolds. The petri 

dishes were frozen at -20°C or -80°C (table 2.6) for 24 hours. The frozen petri dishes were 
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transferred to 10% ethanol water for salt leaching for 10 days. The ethanol water was changed 

once every 24 hours. The resultant scaffolds were dried in a drying cabinet at 60°C for 24 

hours to obtain PU foams. At this stage qualitative analysis was performed, mainly to identify 

a better solvent. The scaffold strength and porosity were seen visually to identify which ones 

seem better for scanning electron microscopy analysis.
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Table 2.6: The method development for scaffold synthesis. A number of scaffolds were 

synthesised and tested to identify the appropriate solvent, polymer, salt/porogen 

concentration and freezing temperature. 

 Type of solvent Type of Polymer 

(Polymer 

concentration 

10% by weight) 

Freezing 

Condition 

(°C) 

Salt 

quantity 

(g) 

Sample 

name 

1 1,4 Dioxane Avalon 85AE -20 7 DX 1 

2 1,4 Dioxane Avalon 85AB -20 7 DX 2 

3 1,4 Dioxane Irogran CA117-

200 

-20 7 DX 3 

4 1,4 Dioxane Avalon 85AE -20 14 DX 4 

5 1,4 Dioxane Avalon 85AB -20 14 DX 5 

6 1,4 Dioxane Irogran CA117-

200 

-20 14 DX 6 

7 1,4 Dioxane Avalon 85AE -80 7 DX 7 

8 1,4 Dioxane Avalon 85AB -80 7 DX 8 

9 1,4 Dioxane Irogran CA117-

200 

-80 7 DX 9 

10 1,4 Dioxane Avalon 85AE -80 14 DX 10 

11 1,4 Dioxane Avalon 85AB -80 14 DX 11 

12 1,4 Dioxane Irogran CA117-

200 

-80 14 DX 12 

13 Dimethylformamide Avalon 85AE -20 7 DMF 1 

14 Dimethylformamide Avalon 85AB -20 7 DMF 2 

15 Dimethylformamide Irogran CA117-

200 

-20 7 DMF 3 

16 Dimethylformamide Avalon 85AE -20 14 DMF 4 

17 Dimethylformamide Avalon 85AB -20 14 DMF 5 

18 Dimethylformamide Irogran CA117-

200 

-20 14 DMF 6 
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19 Dimethylformamide Avalon 85AE -80 7 DMF 7 

20 Dimethylformamide Avalon 85AB -80 7 DMF 8 

21 Dimethylformamide Irogran CA117-

200 

-80 7 DMF 9 

22 Dimethylformamide Avalon 85AE -80 14 DMF 10 

23 Dimethylformamide Avalon 85AB -80 14 DMF 11 

24 Dimethylformamide Irogran CA117-

200 

-80 14 DMF 12 

25 Dimethylsulfoxide Avalon 85AE -20 7 DMSO 1 

26 Dimethylsulfoxide Avalon 85AB -20 7 DMSO 2 

27 Dimethylsulfoxide Irogran CA117-

200 

-20 7 DMSO 3 

28 Dimethylsulfoxide Avalon 85AE -20 14 DMSO 4 

29 Dimethylsulfoxide Avalon 85AB -20 14 DMSO 5 

30 Dimethylsulfoxide Irogran CA117-

200 

-20 14 DMSO 6 

31 Dimethylsulfoxide Avalon 85AE -80 7 DMSO 7 

32 Dimethylsulfoxide Avalon 85AB -80 7 DMSO 8 

33 Dimethylsulfoxide Irogran CA117-

200 

-80 7 DMSO 9 

34 Dimethylsulfoxide Avalon 85AE -80 14 DMSO 

10 

35 Dimethylsulfoxide Avalon 85AB -80 14 DMSO 

11 

36 Dimethylsulfoxide Irogran CA117-

200 

-80 14 DMSO 

12 
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2.2.4.1 Choice of Solvent: 

     DMF was ruled out as a solvent because its freezing temperature is -61°C. It was not 

possible to completely freeze the polymer mixture even at -80°C in 24 hours. The visual 

appearance of the scaffold was the main criterion for solvent selection. Such as if the 

thickness of the scaffold is uniform, no big pores as a result of air bubbles and if the scaffold 

is fragile etc. DMSO was able to produce foam like porous 3D scaffolds. 1, 4 dixoane were not 

appropriate as the scaffolds stuck to the mould and tore apart upon removal (fig 2.5).  

 

 

Figure 2.5: Scaffold appearance using different solvents. 

 

 

2.2.4.2 Choice of Polymer: 

     SEM was performed to evaluate the porosity of the three polymers. Avalon AE and Avalon 

AB were appropriate because of foam like texture and visible porosity, however, irogran CA 

117-200 was found rough and fragile as compared to other two (fig. 2.6 & 2.7). 
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Figure 2.6: SEM micrograph of porous scaffolds synthesised using different polyurethane 

types. The Avalon 85AE and Avalon 85AB was foam like highly porous without gaps, however 

Irogran CA 117-200 was fragile. 

 

 

 

Figure 2.7: Pore size comparison of different polymers. The pore size was calculated in Image 

J. A total of 25 pores were measured and data was compared to select appropriate polymer 

type.  

 

 

 

 

 



Chapter 2 

 

 

 

65 

2.2.4.3 Amount of Salt: 

7g or 14g salt was used per 50ml of polymer solution. The SEM was performed, and 

Image J was used to calculate the pore size. The porosity and physical appearance were not 

much different because of salt concentration. The 14g salt settled more quickly and the 

scaffold was more dense on one side than the other, however, the porosity when compared 

was the same. Therefore, 7g salt quantity was selected for further scaffold synthesis (fig. 2.8). 

 

 

 

Figure 2.8: SEM micrograph of porous scaffolds synthesised using 7 g and 14 g Sodium 

Chloride porogen. The porosity was not affected by quantity of salt.  

 

 

2.2.4.4 Freezing temperature: 

The -80°C and -20°C freezing temperature were used. -20°C was found to be 

appropriate as   -80°C yielded fragile scaffolds. The rigorous mixing of polymer solution with 

salt resulted in a suspension with a lot of air bubbles due to highly viscous nature of 

polyurethane solution. -80°C temperature resulted in quick freezing, hence not allowing the 

air bubbles to come on the surface. This resulted in void spaces in middle of the dried scaffold 

resulting in a fragile structure. On the other hand, -20°C resulted in slow freezing as compared 

to -80°C, allowing ample time for air bubbles to escape from the surface.  
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2.2.5 Optimised Scaffold Synthesis 

 

Apparatus: Round Bottom Flask, Condenser, Oil Bath, Hot plate, magnetic stirrer, 

thermometer, spatula, weighing balance, weighing boats, measuring cylinder, Drying cabinet 

(Fig 2.10).  

Materials: Degradable polyurethane Avalon 85AE, Dimethyle Sulfoxide, Sodium Chloride, 

10% Ethanol.  

 

2.2.5.3 Process:  

PU Scaffolds (control): The 10% polyurethane solution in DMSO was used for scaffold 

synthesis. The 5g PU was weighed carefully and added to the round bottom flask, followed by 

addition of 50ml DMSO. The apparatus was set as shown in fig 2.10. The temperature of the 

oil bath was maintained at 70-80°C. The PU was left on continuous stirring for 24 hours.  

After 24 hours, a viscous PU Solution was obtained. The solution was poured into a 

beaker and 7g salt was introduced followed by rigorous mixing with a spatula for about 2-4 

minutes. Once the salt was uniformly distributed, the mixture was divided into two Petri 

dishes and stored at -20°C for 24 hours. Once the mixture was completely frozen, the petri 

dishes were transferred to 500ml 10% ethanol water for salt and solvent leaching for 10 days. 

The ethanol water was changed once every 24 hours. The scaffolds were dried in a drying 

cabinet at 60°C for 24 hours to obtain PU foams (Fig 2.9).  

 

Figure 2.9: The freeze Extraction-salt leaching process used for Scaffold synthesis. 
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Figure 2.10: Experimental setup for Scaffold Synthesis 

 

PU hydroxyapatite Scaffold: The 10% PU solution was prepared as mentioned above, after 

24 hours of dissolution 5% HA (2.5g) was added and left for dissolution for 24 hours before 

freezing. Once a complete homogenous solution was obtained, salt was added and mixed 

well. The solution was poured into petri dishes followed by freezing and Salt/Solvent leaching 

as mentioned before.  

 PU HA ZnO Scaffold: In order to make composite scaffolds, the 5g PU was dissolved in 45 ml 

DMSO, and zinc oxide or doped zinc oxide was added to 5ml DMSO and left for stirring for 24 

hours in a glass reagent bottle separately. Once a homogenous DMSO zinc oxide solution was 

obtained, it was added to the PU/HA mixture and left on continuous stirring for 24 hours 

before freezing. The solution was transferred to Petri dishes and frozen at -20°C followed by 

Salt/Solvent leaching for 10 Days. 

Scaffolds were prepared PU, PU-HA, PU-HA-ZnO_2, PU-HA-CeZnO5, PU-HA-ZrZnO5 

and PU-HA-Cu ZnO5. The aim was to identify the effect of different dopings within the 

composite on cell metabolic activity. 1%, 3% and 5% weight percent nanoparticles were 

loaded during scaffold synthesis to identify the dose effect on cells.  
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2.2.6 Scaffold Characterisation 

 

2.2.6.1 FTIR 

The Polyurethane and Polyurethane composite scaffolds were characterised using 

ATR Nicolet iS5 ThermoScientific in the Diamond Building, University of Sheffield. The 

resolution was kept 8 and 128 scans were recorded per sample.  

2.2.6.2 Tensile Testing 

The scaffolds were cut in 8cm strips with 3cm width. Shimadzu 5 kN Universal Testing 

Machines (Tension, Compression, Flexural) was used for tensile testing. 500N/minute load 

was used for the testing (fig. 2.11). 
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Figure 2.11: The standard stress strain curve was used to calculate the yield strength and 

Ultimate strength/tensile strength. 

2.2.6.3 Scanning Electron microscopy 

The scaffolds were cut into 10mm*10mm squares and were gold coated. A Hitachi 

TM3030Plus Tabletop Scanning Electron Microscope (SEM) was used for taking images at 

different magnifications.  

 

2.2.7 Cell Culture Evaluation of synthesised scaffolds 

2.2.7.1 Scaffold Sterilisation 

The scaffolds were cut into 5m*5mm squares using paper cutter. The measurement 

was performed using Vernier callipers. Scaffold squares were sterilised using two alternative 

methods to identify the appropriate one.  

Ethanol/UV sterilisation: Fresh 70% ethanol in water was prepared. The scaffolds were 

placed in a labelled 24 well plate. 1ml 70% ethanol was added to each scaffold. The plate was 

sealed using parafilm and placed on a rocker for 2 hours. After 2 hours the parafilm was 

removed inside the cell culture hood and ethanol was aspirated. The scaffolds were left to 

dry inside the cell culture hood overnight to avoid any contamination. The dried scaffolds 

were washed with PBS thrice and once with expansion media.  

After the process, the scaffolds were submerged in expansion media in a 24 well plate 

overnight in the fridge. The well plate was sealed using parafilm to avoid any contamination 

to the samples. The cell seeding process was performed the next day.  

 

Autoclave method: The scaffolds were cut and sealed in autoclave bags. Labelled and tagged 

with autoclave tape to ensure the sterilisation process. The bags were autoclaved at 121°C 

for 30 minutes. The samples were left in a drying cabinet at 50°C overnight for drying.   

The autoclaved samples were opened inside a cell culture hood and submerged in the 

cell culture expansion media overnight in the fridge. The cell seeding process was done the 

next day.  
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2.2.7.2 Evaluating the effect of soluble products on cell viability from scaffolds  

The analysis was performed to evaluate the effect of released substances from 

scaffolds on hES-MPs and Y201 cell lines.  

Y201 Cell line: The Y201 cell line is also known as bone marrow derived mesenchymal 

stromal cell line. It is derived from stem cells and is capable of differentiation into adipigenic, 

chondrogenic and osteogenic lineages depending upon environment such as chemical 

induction. The advantage of this cell line is that it is immortalised through over expression of 

telomerase reverse transcriptase. This makes it to grow exponentially and prese nt surface 

markers as that of MSCs. The research showed no evidence of tumorigenicity, hence making 

this cell line popular for experiments in tissue engineering.  

The 5mm×5mm scaffolds were submerged in cell culture expansion media (1ml per      

well) in a 24 well plate (fig. 2.12). The well plate was stored at 37°C in a CO2 Incubator. The 

same conditions were used as for cell expansion. The media was frozen at Day 1, Day 7, Day 

14 and Day 21 (Fig 2.12), this media is scaffold-conditioned media. The process was 

performed for both Alpha MEM and DMEM for hES-MPs and Y201 cell lines.   

The hES-MPs and Y201 were seeded in a 96 well plate at a seeding density of 1×104 

per well (Fig 2.13). The well plates were incubated at 37°C in a CO2 incubator for 24 hours to 

allow cell attachment. The light microscope images were recorded to make sure that the cells 

were attached by visual inspection. The media was aspirated and frozen conditioned media 

of Days 1, 7, 14 and 21 of incubation was introduced. The well plate was incubated for 

48hours, followed by a resazurin reading. 
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Figure 2.12: A: The 5mm×5mm scaffolds were submerged in cell culture expansion media. B: 

The medium was collected in eppendorf tubes at Day 1, Day 7, Day 14 and Day 21 to create 

scaffold-conditioned media. The collected media was stored at -20°C. C: The frozen 

conditioned media was used for cell expansion in 96 well plates to evaluate the effect of 

soluble products on cell metabolic activity. 
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Figure 2.13: Cell Seeding plan for evaluating effect of soluble products released from the 

scaffolds. 

 

 

2.2.7.3 Cell Seeding Efficiency:   

The scaffolds were cut into 5m*5mm squares and sterilised. 48 well plates were used for this 

experiment. The wells were carefully labelled, and scaffolds were transferred to the well plate 

and fixed at the bottom. 1×105 cells per scaffolds were seeded. The cells were seeded in a 

way that 10 µl of expansion media contained 1×105 cells to allow the cells to interact with 

scaffold surface. The well plates were incubated for 4 hours followed by the addition of 500 µl 

expansion media. The well plates were incubated in the CO2 incubator at 37°C.  

 After 24 hours, one set of the scaffolds were transferred to a new well plate and 

resazurin assay was performed on both plates (fig. 2.14). The other set of scaffolds were 

washed with PBS and fixed for scanning electron microscopy analysis. The 2.5% 

glutaraldehyde solution was used as fixative. The washed scaffolds were submerged in 2.5% 

glutaraldehyde for 2 hours at 4°C. The scaffolds were washed and dehydrated using a series 

of ethanol solutions (20%, 40%, 60%, 80%, 96% and absolute ethanol) three times in each for 

3 minutes. The scaffolds were immersed in hexamethyldisilazane (HMDS) in a fume hood 

(exhaust provides local ventilation to prevent the worker/lab from exposure of toxic 

chemicals) overnight. The SEM micrographs were taken the next day.  
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Figure 2.14: The resazurin assay performed after 24 hours to investigate cell seeding 

efficiency. 

 

2.2.7.4 Growth Kinetic analysis using resazurin assay for 30 days:  

The scaffolds were cut into 5mm*5mm squares and sterilised and scaffolds were 

transferred to the wells of a 48 well plate and fixed at the bottom by pressing down the 

scaffolds before cell seeding. 1×105 cells per scaffolds were seeded. The well plates were 

incubated for 4 hours followed by the addition of 500 µl expansion medium a CO2 incubator 

at 37°C.  

 The scaffolds were transferred to a new well plate on Day 3. The resazurin readings 

were recorded at day 3, 7, 14, 21 and 30 (fig. 2.15).  
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Figure 2.15: Resazurin assay reading plate just before recording the reading at day 30. 

 

2.2.7.5 Comparison of growth kinetics and differentiation markers in Basal media and 

Osteogenic media: 

Basal Media Composition: The basal media was basically the conventional media that is used 

for HTERT-BMSCs Y201 cell line. DMEM with Glutamax, 10% FBS (Gibco) and 10,000 U/mL 

penicillin, and 10,000 U/mL streptomycin (Life Technologies) were mixed together at room 

temperature in sterile environment. The media bottle was stored at 4°C and consumed within 

2 weeks.  

Osteogenic Media Composition: The osteogenic media is supplemented with the ingredients 

that promote osteogeneis or cell differentiation. The media was prepared by adding 

0.01 μM dexamethasone, 50 μg/mL ascorbic acid and 10 mM sodium β-glycerophosphate 

(Gibco BRL) to basal media in a sterile environment. The media was labelled and stored at 4°C 

and consumed within 2 weeks. 

For cell seeding, the same process was used as section 2.2.3.4. Once the cell seeding was 

undertaken, one group had basal media and the other had osteogenic media added after 4 
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hours of incubation. The media was changed every two days. The resazurin assay was 

performed at Day 5, Day 10, Day 15, Day 20 and Day 25.  

2.2.7.6 Alkaline Phosphatase Activity (ALP): 

For ALP activity analysis the experiment was stopped at Day 20. The scaffolds were 

washed with PBS twice followed by cell lysis. The cell lysis was performed to extract the 

cellular components from cells attached on the scaffolds. Cell lysis solution was prepared 

using Trizma hydrochloride solution (CAB), autoclaved H2O and Triton X.  To make 20 ml cell 

lysis solution, 3ml CAB, 17ml H2O and 200 µl Triton X was used. The Vortex was used to mix 

the ingredients well. Once the cell lysis buffer was ready, the well plate containing scaffolds 

were washed with PBS and 500 µl of cell lysis buffer was added to all the scaffolds. The well 

plate was incubated at room temperature inside a cell culture hood for 30 minutes and at 4°C 

overnight.  

The freeze thaw cycles were performed three times, for this the well plate was frozen 

at -80°C for 15minutes followed by thawing at 37°C (15minutes) in an egg incubator on an 

orbital shaker. The process was repeated three times to ensure sufficient cell lysate was 

extracted. The buffer was transferred to Eppendorf tubes, labelled and stored at -80°C until 

used for DNA and ALP analysis.  

For ALP/DNA analysis, Quant-iT ds DNA Assay Kit and a black 96 well plate was used. 

The kit was brought to room temperature and reagents were prepared as per kit instructions. 

The first step was to prepare the working solution for HS reagent by diluting the HS reagent 

in HS buffer at a of ratio 1:200. 90 µl of working solution was added into each well in black 96 

well plate followed by the addition of 10 µl lysate solution. The wells were carefully labelled. 

The plate was read in microplate reader with a 10 second shaker function to ensure proper 

mixing of buffer and lysate before recording the reading. The plate was read at λex : 485nm, 

λem : 535 nm (fig 2.16). A standard curve of DNA 0-60 ng was also run. 10 µl standard was 

added to 90 µl working reagent in the same well plate.  

All the samples and standard were run in triplicate and average (mean) was taken.  
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Figure 2.16: The cell seeding for ALP analysis (left). The ALP analysis plate just after recording 

the reading in microplate reader (right). 

 

The well plate prepared for ALP analysis with basal media and osteogenic media 

comparison (left image). The colour change as a result of mixing of lysate and HS reagent 

working solution.  

ALP Activity Analysis: PNPP Phosphatase Substrate kit was used to record ALP activity. The 

reagents were prepared as per kit instructions. The substrate was prepared by dissolving the 

tablet in deionised water & buffer mixture (4:1). 1 tablet was dissolved in 5ml  deionised water 

& buffer mixture. 180 µl of substrate solution was added to clear 96 well plate. 20 µl cell lysate 

was added and wells were carefully labelled. The plate was closed and incubated at room 

temperature until a slight colour change happened from clear to slightly yellow or for 

30 minutes. The microplate reader was used to record the reading.  

The ALP activity is expressed in nmol of p nitrophenol per minute (nmol pNP/min). 

20 µl lysate was analysed for DNA, ALP activity was normalised to DNA by dividing the ALP 

values with respective DNA values the resultant value was ALP activity per ng of DNA. 

 

2.2.7.7 ‘Quantine’ ELISA VEGF Assay using Cell Culture supernatants: 

The Cell culture supernatants were stored from the experiment Growth Kinetic 

analysis section 2.2.7.3.2 at Day 20. The cell culture media were transferred to labelled 

eppendorf tubes and stored at -80°C until used for ELISA.  

The Quantine ELISA VEGF kit was used, and the reagents were prepared as per kit 

instructions. The wash buffer was prepared (for 500 ml wash buffer solution, 20 ml wash 

buffer concentrate was mixed in 480 ml deionised water). Human VEGF standard was 

dissolved in 1ml RDSK and mixed carefully to avoid bubbles. Once the VEGF was dissolved, 
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serial dilutions were prepared using RDK5. In order to perform serial dilutions, 7 Eppendorf 

tubes were labelled and 500 µl of RDK5 was added to all the tubes. 500 µl of standard VEGF 

was added to tube 1 and mixed well. Followed by extraction of 500 µl from tube 1, which was 

added  to tube 2 and so on (Fig 2.17).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure: 2.17: Serial dilution of Human VEGF standard for VEGF ELISA analysis. 

 

The cell culture supernatants were brought to room temperature and centrifuged at 

1000 RPM for 5 minutes. VEGF ELISA strips were arranged in the holder and labelled. 50 µl 

assay diluent RD1W was added to all the wells. 200 µl standard and cell culture supernatant      

were added. The wells were covered with adhesive tape and placed on an orbital shaker at 

room temperature for 2 hours. After 2 hours all the wells were aspirated and 300 µl wash 

buffer was added to each well and aspirated. This step was repeated three times. 200 µl of 

human VEGF conjugate was added to each well and covered by adhesive tape. The plate was 

incubated at room temperature on an orbital shaker for 2 hours. Washing with wash buffer 

was performed three times, followed by the addition of 200 µl of substrate solution. The plate 

was covered with aluminium foil and incubated for 20 minutes on an orbital shaker then 50 µl 

   

1 2 3 4 5 6  

Human VEGF 
Standard 500µl  

 

      
7 

RDK5 
500µl 
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stop solution was added to all the wells. The plate was tapped gently to mix the stop solution 

to allow uniform colour change (fig. 2.18). The microplate reader was used to record the 

optical density at λ450 nm.  

 

 

Figure 2.18: The colour change after adding stop solution VEGF ELISA last step. 
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Chapter 3 Identifying working range of cerium doped zinc oxide 

substituted bioactive scaffolds for craniofacial bone regeneration 

and vascularisation 

 

 

3.1 Introduction 

A key requirement of craniofacial bone regeneration is a highly vascularised tissue. 

Vascularisation is disrupted due to disease or injury making the healing extremely difficult. 

Such injuries happen mainly due to trauma, which disrupts the complex network of blood 

vessels in bone and the surrounding soft tissues, resulting in a lack of blood supply to bone 

cells which delays the healing process. The currently available scaffolds for craniofacial 

reconstruction do not induce angiogenesis (formation of blood vessels) instead they rely on 

an inflammatory healing response that results in insufficient oxygen and nutrient supply, 

hence resulting in non-uniform cell differentiation and cell death (Bramfeld et al., 2010; Malda 

et al., 2004; Rouwkema et al., 2008). Barui, A.K et al reported the proangiogenic potential of 

flowerlike zinc oxide particles. Microwave technology was used to synthesise the zinc oxide 

particles followed by in vitro and in vivo investigations to evaluate the proangiogenic potential 

of metal oxides. zinc oxide internalisation, cell proliferation and VEGF assay were analysed, 

and significant differences were observed between different samples (Barui et al., 2012).  

On the other hand, several studies reported that cerium in the biological environment 

is nontoxic and has bacteriostatic properties. It was investigated that cerium introduction into 

bioactive glass scaffolds increases the in vitro bioactivity which makes it favourable for bone 

tissue engineering (Deliormanlı, 2015; Shruti et al., 2013). A few studies are published on the 

angiogenic potential of CeO2, and results revealed that it is proangiogenic and upregulates 

hypoxia inducible factor 1 α which leads to angiogenesis. It was also reported that the size 

and morphology of the particles play a significant role in oxygen modulation within the cells 

which lead to hydrogen peroxide production leading to angiogenesis (Das et al., 2012; Nethi 

et al., 2017). Studies demonstrated that cerium incorporation resulted in zinc oxide lattice 
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expansion, reduced grain size and increased bandgap (Kulandaisamy et al., 2016; Sinha et al., 

2014). These findings from previous studies enabled us to select cerium as the dopant. This 

chapter is focussed on synthesis and characterisation of cerium doped zinc oxide 

nanoparticles and explores the biological properties of cerium doped zinc oxide nanoparticles 

in form of nano-powders as well as within a porous composite scaffold.  

3.2 Aims and Objectives 

Zinc oxide has proangiogenic potential in vitro & in vivo (CAM) and CeO2 is bioactive in 

vitro. Cerium doped zinc oxide has been shown to cause zinc oxide lattice expansion and 

reduced particle size, however to my knowledge no biological analysis has been carried out 

to date. The aim of this chapter is to evaluate appropriate cerium doped zinc oxide 

nanoparticle samples for use in scaffold synthesis and in vitro cell culture analysis. To 

achieve this, the following objectives were addressed in this chapter. 

1) Synthesise and characterise nano-sized cerium doped zinc oxide nanoparticles with 

different concentrations of cerium.  

2) Analyse and compare cell metabolic activity of cells when exposed to zinc oxide and cerium 

doped zinc oxides, at varying concentrations of cerium.  

 

3) Fabricate cerium doped zinc oxide containing composite scaffolds with polyurethane and 

explore their potential as bone tissue graft substitutes.  

 

3.3 Materials and methods 

 

Zinc oxide and cerium doped zinc oxide nanoparticles were synthesised using a 

hydrothermal flow system, followed by characterisation using XRD, SEM, TEM and cell 

metabolic activity assay using the MG63 cell line. CeZnO5 was selected for scaffold synthesis 

and further study. The freeze extraction salt leaching technique was used to fabricate porous 

polyurethane foams substituted with nano hydroxyapatite and ZnO_2 or CeZnO5. Human 

Embryonic Stem Cell-Mesenchymal progenitors (hES- MPs) and Bone Marrow Stromal cells 



Chapter 3 

 

 

 

81 

from the Y201 cell line were used to evaluate the effect of soluble products from the scaffolds. 

Cell metabolic activity, cell adhesion and cell seeding efficiency was evaluated using Y201 

cells. These methods are all described in detail in Chapter 2 (Heading no. 2.2.7). 

 

3.4 Results 

 

3.4.1 Dynamic Light Scattering (DLS) for Hydrodynamic diameter 

measurements: 

The hydrodynamic diameters of all the samples were measured at room temperature 

(Table 1). The hydrodynamic diameter of nanoparticles was observed to be in a range 

between 21 nm to 134 nm (Table 3.1). It was observed that varying the concentration of 

precursor solutions i.e. potassium hydroxide and zinc nitrate led to notable differences in 

hydrodynamic diameter size. But a less notable difference was observed when samples were 

introduced with cerium, copper and zirconium. Furthermore, it was observed that increasing 

the dopant amount led to bigger particle sizes (table 3.1).  

Table 3.1: The mean surface area and mean particle size of zinc oxide and cerium doped zinc 

oxide nanoparticles obtained using Dynamic Light scattering, Brunauer–Emmett–Teller (BET), 

and X-Ray Diffraction Analysis. n=3 

 Sample Name Hydrody

namic 

Diamete

r (nm) 

BET 

Surface 

Area m2/g 

Crystallite Size 

(Scherrer 

Equation) (nm) 

Average 

Particle size 

(calculated 

from TEM 

imaging) (nm) 

1 ZnO_1 21.02 6.76 32.35 83.16 

2 ZnO_2 134.50 11.35 31.70 45.23 

3 CeZnO1 100.70 15.64 31.38 88.45 

4 CeZnO2 88.88 12.88 32.45 67.30 

5 CeZnO3 101.70 13.68 31.41 49.88 
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6 CeZnO4 70.49 12.32 31.23 79.21 

7 CeZnO5 98.95 13.68 31.30 51.67 

 

3.4.2 Brunauer–Emmett–Teller (BET):  

The preliminary DLS findings were further confirmed by using BET surface area 

analysis. The change in precursor solution concentration led to significant variation in surface 

area in the case of pure zinc oxide, but for doped zinc oxide no notable difference was seen 

(Table 3.1).  

3.4.3 Raman spectral analysis of zinc oxide and cerium doped zinc oxide  

     Live Raman spectral analysis was performed to investigate the Raman scattering of zinc 

oxide nanoparticles and the influence of Cerium doping on characteristic zinc oxide Raman 

scattering. All the spectra were recorded at room temperature. Zinc oxide synthesised via 

Hydrothermal flow was characterised as wurtzite (crystal structure having hexagonal unite 

cell), zinc oxide because of the presence of eight characteristic optical phonon modes at the 

centre of Brillouin Zone (Г point). Figure 3.1 represents room temperature Raman spectra of 

pure zinc oxide.  

Г = 1A1 + 2B1 + 1E1 + 2E2 
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Figure 3.1: Raman spectral analysis of synthesised ZnO_1. The peaks are labelled. 

 

The spectra demonstrated the four characteristic peaks at 100, 380, 437 and                 

580 cm
-1 

which are characteristic phonon modes of hexagonal zinc oxide. The peaks were 

characterised as E2L, A1(TO), E2H, and A1(LO) respectively (Table 3.2).  

Table 3.2: The Raman spectra peak characterisation 

 Wave number (cm-1) Assignment References 

1 100  E2L 
(Zeferino et al., 2011) 

2 380  A1 (Zeferino et al., 2011) 

3 437  E2H (Zeferino et al., 2011) 

4 580  A1(LO) (Zeferino et al., 2011) 

5 465  F2g (Chouchene et al., 2016) 
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A1, E1 and E2 were characterised as Raman active modes. A1 and E1 were categorised 

as polar branches. The polar branches divide into longitudinal Optical (LO) and transversal 

optical components which were associated with different frequencies due to LO phonons 

associated electric fields. The E2 Raman nonpolar mode associated with low frequency was 

classified as E2L which depicted a heavy Zn sub lattice. However, nonpolar high frequency 

mode E2H only involved oxygen atoms (Zeferino et al., 2011). 

 

 

The spectra demonstrated the appearance of Raman active mode F2g (Fig. 3.2) which 

is the characteristic peak for the CeO2 cubic structured lattice. The remaining peaks associated 

with the zinc oxide hexagonal structure were found at the same position. The F2g 

corresponded to a ceria (CeO2) vibrational unit which shows the oxidation of Ce
3+ 

during 

hydrothermal synthesis. This confirmed the presence of two phases in the sample zinc oxide 

and CeO2 respectively (Chouchene et al., 2016). 

 

 

Cerium Oxide (CeO2) belongs to the group of cubic fluorite structures. In samples in 

which cerium was introduced into zinc oxide, the first order Raman active phonon mode F2g 

appeared as shown in Figure 3.2. with reduced amounts of cerium there (fig. 3.2) there was 

no longer evidence of the Raman characteristic peak of zinc oxide at 380 cm
-1 

A1(TO) which 

is one of three characteristic vibration modes of wurtzite zinc oxide with P63mc symmetry 

(Fig 3.2) (Chouchene et al., 2016; Zamiri et al., 2015; Zeferino et al., 2011). 

 



Chapter 3 

 

 

 

85 

ZnO_1 and ZnO_2 shows Raman spectra of pure zinc oxide, moving upwards CeZnO1 

to CeZnO3 is one cerium group and CeZnO4- CeZnO6 is another cerium group having cerium 

content 1 mole %, 3 mole % and 5 mole % respectively (fig 3.2).  

As the cerium content was increased the partial oxidation of Ce+3 happened during 

the hydrothermal process at 335 ̊C leading to formation of cubic CeO2. It was observed that 

the peak intensities for characteristic wurtzite zinc oxide reduced as the cerium content was 

increased (shown by purple dots), however, the Raman active mode for ceria F2g increased as 

the cerium content was increased (indicated by the green triangle-fig 3.2) (Chouchene et al., 

2016).  

 

Figure 3.2: Comparative analysis of pure zinc oxide as control and Cerium doped zinc oxide in 

varying concentrations. 
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3.4.4.  X-Ray Diffraction Analysis (XRD):  

Zinc oxide and Cerium doped zinc oxide group was analysed using X-ray diffraction 

patterns to investigate the composition and crystal properties of synthesised nanoceramics.  

Figure 3.3 shows the pure zinc oxide, synthesised via the hydrothermal process, match 

with PDF 00-036-1541. The diffraction pattern matched exactly to the zinc oxide PDF pattern 

which confirmed the successful synthesis of zinc oxide (fig 3.3), the pattern showed very sharp 

peaks which indicated the high crystallinity and hexagonal wurtzite crystal structure of the 

sample (Chouchene et al., 2016; Zeferino et al., 2011). However, the addition of cerium 

content resulted in the appearance of a signal at 33 degrees which was attributed to cerium 

oxide (CeO2) (figure 3.3), after matching with the PDF 00-067-0123 (figure 3.3) (Bueno-Ferrer 

et al., 2010). 

 

 

Figure 3.3: Peak match of Cerium doped Zinc oxide synthesised via Hydrothermal 

Flow with XRD library PDF 00-036- 1541 and PDF 00-067-0123. 

The peak at 33 degrees was observed as a weak signal at lower (1mole%) 

concentration of cerium but was more evident with higher addition of cerium (figure 3.4). The 

peak at 33 degrees is negligible in CeZnO1 but with an increase in Cerium concentration the 

intensity of the peak increased (CeZnO2 & CeZnO3). A similar pattern was observed in other 
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cerium groups (CeZnO4, CeZnO5 & CeZnO6). The sharpness of the peaks remained the same 

even after doping which confirmed good crystallinity (figure 3.4).  

Further, the peak at 47.5 degrees resulted in increased intensity with an increase in 

cerium content. This peak is associated with the zinc oxide & CeO2 lattices, which 

demonstrated the change in geometry of the overall crystal structure. PDF 00-067-0123 

matching demonstrated the cubic fluorite like structure, increase in intensities of the peaks 

associated with CeO2 confirmed the presence of two phases; hexagonal and cubic (ZnO & 

CeO2) but the dominant phase observed was hexagonal due to maximum intensity (figure 3.2) 

(Bueno-Ferrer et al., 2010; Zeferino et al., 2011). 

The crystallite/grain size was observed to be almost the same for all the samples, no 

significant change in size was observed with variations in precursor concentrations or doping 

concentrations (Table 3.1).  

 

3.4.5 Transmission Electron Microscopy (TEM)  

 

A TEM study was performed to analyse the change in physical properties of 

nanoparticles with increase in doping concentration. For pure zinc oxide, the structure was 

rod shaped and the size was around 100 nm-150 nm. However, with addition of cerium 

content, the shape remained rod like, but the size of the rods reduced significantly. The size 

range for CeZnO1 is 50 nm- 100 nm. With increase in cerium content, 2 morphologies were 

observed (CeZnO2), rounded particles and rod like particles. At a further, increase in cerium 

content (CeZnO3) most particles were spherical, and size reduced (table 3.1) significantly 

(Figure 3.4). The introduction of ions resulted in expansion of the zinc oxide lattice which 

resulted in a reduction in grain size and increase in bandgap (Kulandaisamy et al., 2016; Sinha 

et al., 2014). It is evident that doping resulted in a change in particle size and, partly, particle 

morphology.  
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Figure 3.4: TEM imaging of particles fabricated with concentrations of Cerium 

 

 

 

 

3.4.6 Cell Metabolic Activity Assay with a Human Osteoblast like cell line (MG63) 

 

 

 

The test was performed using 5 µg/ml and 10 µg/ml nanoparticle suspensions in cell 

culture media for 7 days using cells from the human osteosarcoma cell line (MG63). At day 1 

(24 hours), using a 5 µg/ml nanoparticle suspension in contact with cells, no cell inhibition or 

morphological changes were observed. Different concentrations of cerium doped ZnO 

showed different cell metabolic activity. ZnO_1 and CeZnO2 showed improved response and 

similarly ZnO_2 and CeZnO5 increased cell proliferation up to day 7. In order to check the 

dose response, increased nanoparticle concentrations were used. The results showed the 

same trend with CeZnO2 and CeZnO5 showing maximum cell viability for up to 7 days (fig 3.5). 

No nanoparticle was found toxic or inhibited cell proliferation when compared with only cell 

control. Tukey’s multiple comparison test was performed to evaluate if the differences are 

significant or not.  
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Figure 3.5: 7-Day Cell viability assay using nanoparticle suspension. (A) 5 µg/ml nanoparticle 

suspension. (B) 10 µg/ml nanoparticle suspension. Data represents + mean SD, n=3*3, *= 

p<0.05. 
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3.4.7 28- Day cell metabolic activity assay using cells from the hES-MPs cell line 

(10 µg/ml nanoparticle suspension): 

 

Human embryonic mesenchymal like stem cells (hES-MPs) were selected for a 28 day 

study in order to evaluate the long-term contact effect on cells and to ensure the safe use of 

cerium doped Zinc oxide for craniofacial bone scaffolds. ZnO_2 and CeZnO5 were selected for 

further investigations based on nanoparticle size (ZnO_2 and CeZnO5 have a smaller particle 

size (Table 3.1) and preliminary improved cell viability response.  

At Day 1, there was no significant difference between control and ZnO_2, CeZnO5 (Fig 

3.6). The cells were attached to tissue culture plastic and no adhesion impairment was 

observed under the microscope. At Day 7, ZnO_2 and CeZnO5 improved cell metabolic activity 

significantly as compared to the cells only control, however no notable difference was 

observed between ZnO_2 and CeZnO5. A similar pattern was observed for days 14, 21 and 

28. ZnO_2 and CeZnO5 clearly improved the cell proliferation for up to Day 28 (Fig 3.7). 

Tukey’s multiple comparison test was performed to evaluate whether CeZnO5 has 

significantly improved cell metabolic activity, it was confirmed that the difference is 

significant (p value 0.0198) as compared to the cells only control for both ZnO_2 and CeZnO5. 

However, no significant difference was observed between ZnO_2 and CeZnO5 (Table 3.3).  
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Figure 3.6: 28-Day cell viability assay using 10 µg/ml nanoparticle suspension in cell culture 

media.  Data represents + mean SD, n=3*3, *= p<0.05. 

Table 3.3: Cell metabolic Activity difference on hES-MPs due to CeZnO5 nanoparticle 

suspension as compared to only cells with standard media and ZnO_2 suspension. 

Analysis Time 

point 

Comparison of ZnO_2 and 

CeZnOwith Standard media  

P Value  

Day 1 Standard media Vs CeZnO5  0.9558 ns 

 ZnO_2 Vs CeZnO5 0.9978 ns 

Day 7 Standard media Vs CeZnO5 <0.0001 **** 

 ZnO_2 Vs CeZnO5 0.6952 ns 

Day 14 Standard media Vs CeZnO5 0.0061 ** 

 ZnO_2 Vs CeZnO5 0.6361 ns 

Day 21 Standard media Vs CeZnO5 0.0188 * 

 ZnO_2 Vs CeZnO5 0.9971 ns 

Day 28 Standard media Vs CeZnO5 0.0198 * 

 ZnO_2 Vs CeZnO5 0.4942 ns 

 

 

Conclusions; Nanoparticle Analysis:  

The CeZnO5 nanoparticles were investigated to have two phases: hexagonal zinc oxide 

and cubic CeO2. The average particle size was calculated as 78 nm. The nanoparticle 

suspension in cell culture media was used to analyse cell metabolic activity assay with MG63 

and hES-MPs, the results suggested increased metabolic activity with CeZnO5 suspension in 

comparison to standard cell culture media. Therefore, CeZnO5 was selected for scaffold 

synthesis and further evaluations. 
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3.5 Cell Culture investigation of porous composite scaffolds 

incorporated with cerium doped zinc oxide: 

 

Introduction to the PU scaffolds:  

Porous scaffolds were synthesised using a solvent casting salt leaching technique.  

Polyurethane was used as polymer base and 2.5% hydroxyapatite as the. ZnO_2 and CeZnO5 

were used in composite scaffolds. The aim of this section was to identify the working 

concentration of CeZnO5 for the scaffold and if the cerium doped zinc oxide increases the 

cell’s response. The details of scaffold synthesis are described in Chapter 2 (Heading no. 

2.2.5). 

 

3.5.1 Evaluating the effects of soluble products released from scaffolds over 

time on cell metabolic activity from scaffolds: 

 

 Cell metabolic activity levels were found to be statistically similar compared to those 

cultured with either frozen media or fresh media. Metabolic activity was statistically similar 

and there was no evidence of a cytotoxic response for collected media at Day 14 (Figure 3.7).   
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Figure 3.7: Effect of soluble products (when submerged in media for 14 days) from 

scaffolds. (A) hES-MPs cells data. (B) Y201 cells data. Data represents + mean SD n=3*3 
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3.5.2 Cell Seeding Efficiency  

 

 

The Scaffolds incorporated with CeZnO5 showed notably higher cell attachment as compared 

to the other scaffolds (Fig 3.).  Approximately 60% cells adhered to the scaffolds incorporated 

with CeZnO5 and 40% to scaffolds incorporated with ZnO_2. However, PU and PU-HA 

retained less than 40%. 

 

 

Figure 3.8: Cell Seeding efficiency as measured by comparing the metabolic activity of cells 

attached on surrounding tissue culture plastic (TCP) with cells attached to scaffolds. A). The 

scaffolds were transferred to a new well plate before performing resazurin assay to evaluate 

the cell metabolic activity on TCP and scaffolds. B) the percentage cell attachment is shown 

using cells that were seeded in parallel on TCP in monolayer as the 100% marker. CeZnO5 

incorporated scaffolds showed over 60% cell attachment. Data represents + mean SD n=3*3. 
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3.5.3 Y201 cells growth kinetics with porous composite scaffolds 

 

 

 

Figure 3.9 shows the cell metabolic activity of the Polyurethane scaffolds 

incorporating Hydroxyapatite only, Hydroxyapatite-ZnO_2 and Hydroxyapatite-CeZnO5. The 

Y201 cells were cultured for 30 days. Cells were seeded on the sterilised scaffolds and 

resazurin assay was performed to record cell viability. The Y201s attached and proliferated 

on all the scaffolds except PU only foams. At Day 3 and Day 7, some cell attachment was 

observed, and cells proliferated up to day 7, however the adhesion was weak or impaired 

after Day 7 and cell number seemed to drop (Fig 3.9). The scaffolds incorporating with HA, 

ZnO_2 and CeZnO5 showed better attachment and cell proliferation for up to 30 days when 

compared with PU only. At Day 3, no significant difference was observed between PU-HA and 

ZnO_2 (table 3.4), however significantly improved cell metabolic activity was seen with 

scaffolds incorporated with CeZnO5. With increasing time, the cell growth became 

significantly higher for ZnO_2 and CeZnO5 as compared to PU_HA. At Day 30, the CeZnO5 

supported a significantly higher number of Y201 cells compared to PU-HA and ZnO_2 hence 

making the CeZnO5 a better scaffold in terms of cell attachment and proliferation for up to 

30 days. Neither ZnO_2 nor CeZnO5 were found to be toxic or posed inhibitory effects for cell 

attachment or proliferation during the complete duration of experiment.   

 



Chapter 3 

 

 

 

96 

Figure 3.9: Cells attachment and growth analysis using resazurin cell viability assay 

on synthesised porous scaffolds for 30 days. Data represents + mean SD n=3*3. 

<0.0001 ****. 

 

Table: 3.4: Cell metabolic Activity differences between Y201 cells on porous scaffolds 

incorporating HA & CeZnO5 nanoparticles in comparison with scaffolds containing only HA or 

HA and ZnO_2 as controls. 

Analysis 

Time point 

Comparison of PU-HA-ZnO_2, PU-

HA-CeZnO5 1% and PU-HA 

P Value  

Day 3 PU-HA Vs PU-HA-CeZnO5 1%  0.0741 ns 

 ZnO_2 Vs PU-HA-CeZnO5 1 % 0.0445 * 

Day 7 PU-HA Vs PU-HA-CeZnO5 1% <0.0001 **** 

 ZnO_2 Vs PU-HA-CeZnO5 1 % <0.0001 **** 

Day 14 PU-HA Vs PU-HA-CeZnO5 1% <0.0001 **** 

 ZnO_2 Vs PU-HA-CeZnO5 1 % <0.0001 **** 

Day 21 PU-HA Vs PU-HA-CeZnO5 1% <0.0001 **** 

 ZnO_2 Vs PU-HA-CeZnO5 1 % <0.0001 **** 

Day 30 PU-HA Vs PU-HA-CeZnO5 1% <0.0001 **** 

 ZnO_2 Vs PU-HA-CeZnO5 1 % <0.0001 **** 
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3.6 Discussion 

Angiogenesis in bone tissue engineering has gained much attention as it is believed it 

is required for speedy bone regeneration. The initiation of neovascularization and 

angiogenesis at a defect site is an important strategy to recruit osteoblasts at the fracture site 

and leads to new bone growth. Zinc oxide is known to generate reactive oxidative species 

which initiate the process of angiogenesis with the help of growth factor mediated 

mechanisms. The use of metal oxides in tissue engineering scaffolds for the purpose of 

angiogenesis was first reported in 2014 and since then it has gained attention as 

vascularisation is prerequisite for most repair or regeneration applications (Augustine, 

Dominic, et al., 2014b, 2014a; Augustine, Malik, et al., 2014). ROS production leads to 

expression of VEGF and FGF which are key proangiogenic factors. Considering the properties 

of zinc oxide, based on the literature, this chapter focussed on the synthesis of cerium doped 

zinc oxide. The resultant oxides were characterised and differences in size, morphology and 

biological properties were evaluated in comparison with pure zinc oxide. The research was 

aimed to synthesise phase pure and Cerium doped zinc oxide nanoparticles and introduce 

them into the scaffolds. It was envisaged that the resultant composite will result in unique 

lattice and surface properties which would affect biological performance of the final scaffold. 

The first task was to select a nanoceramic synthesis method which can yield nanosized 

particles and give reproducible results. A number of popular methods such as solgel, liquid 

phase synthesis, gas phase synthesis and several physical methods are being used specifically 

for synthesis of zinc oxide nanoparticles (Naveed Ul Haq et al., 2017). However, all of them 

have limitations, such as not being able to achieve nanosized particles in a reproducible 

manner, difficulty of controlling the morphology of the particles, and the high costs of these 

methods. The continuous hydrothermal flow system uses supercritical water (at temp. 200-

400°C) which interacts with the metal salt at room temperature and causes crystallisation of 

inorganic materials within seconds to a few minutes duration. The precipitated nanoparticles 

are then washed and dried to obtain nanopowders. The process is eco-friendly as it only uses 

water rather than organic solvents (Darr et al., 2017). The technique is reproducible and has 

been reported in a number of studies. The reaction parameters were adjusted to obtain 

nanosized zinc oxide and cerium doped zinc oxide particles. The results indicated that the 
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change in concentration of precursor reactant solutions i.e. potassium hydroxide and zinc 

nitrate resulted in a change in size of particles. To obtain nanosized particles was a key aim at 

this stage as the particles will be used in polymeric scaffolds and cell culture experiments. It 

has been previously established that the smaller the size of nanoparticles, the lower are the 

chances that the cells will detect them as foreign bodies and create adverse effects.  

Nanosized particles have higher surface areas hence it is easier for them to cross the cell 

membrane in a concentration and time- dependent manner through the process of 

endocytosis (Panyam & Labhasetwar, 2003; Salatin et al., 2015). The particles of less than 

100 nm have shown greater cellular uptake than microparticles. Caco-2 cells were treated 

with 100 nm and 1-10 µm particles and results demonstrated 150-250 times higher particle 

internalisation for 100 nm nanoparticles. It was reported that microparticles tend to stay in 

epithelial lining however, nanoparticle uptake allowed penetration and distribution 

throughout submucosal layers (Desai et al., 1996). Also, nanoparticles can be administered 

into systemic circulation as they are tiny and can’t block fine blood capillaries. Nanoparticles 

have been reported to have higher efficiency for cellular uptake based on data with different 

cell lines i.e. Hepa 1-6, HepG2 and KLN 205 (Zauner et al., 2001). The concentrated reactant 

solutions resulted in smaller particle sizes in the case of control samples (ZnO_1 & ZnO_2).  

The shape of nanoparticles is equally important in tissue engineering applications as 

it affects the biodistribution, residence time and circulation inside a living cell. Achieving 

elongated particle morphology such as rods or needles is highly efficient for cell attachment 

as they have higher surface area and aspect ratio specifically for endothelial cells (Salatin et 

al., 2015). The nanoparticles were further subjected to Raman Analysis to investigate the role 

of cerium incorporation on Raman Scattering of zinc oxide nanoparticles. The analysis further 

supported the hypothesis that cerium incorporation poses changes in lattice structure which 

continually change upon increase in concentration (Srisuvetha et al., 2020). The data also 

supported the BET surface area analysis as doping resulted in change in size of particles. So, 

the initial plan of changing the concentration of precursor solutions to obtain different sized 

nanoparticles was achieved as hoped. The technique can be explored further to optimise the 

particle size for customised nanoparticles.  
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The chemical limitation of the synthesis method was detection of cerium oxide phase 

along with zinc oxide. While analysing XRD data, the presence of more than one oxide phase 

is generally considered to be an impurity. The doping involves incorporation of ions to the 

lattice for functional modification; however, substitution is replacing an ion with another one.  

The synthesis aim was to dope cerium ion into the zinc oxide lattice to obtain added functional 

benefits, but the result obtained was CeO2 and zinc oxide. It was concluded that the final nano 

powder might contain two types of particles: rod shaped zinc oxide and cubic or rounded 

CeO2 (Srisuvetha et al., 2020). The conclusion was made based on XRD and TEM data, as TEM 

micrographs also spotted rounded particles and rod like particles. The presence of another 

phase can be called unsuccessful doping. However, this chemical synthesis limitation was 

found not to inhibit biological activity at this stage. The cell metabolic activity of MG63 was 

recorded to be higher for CeZnO5 and CeZnO6 as compared to ZnO_1 or ZnO_2.  

CeO2 nanoparticles as additives to the scaffolds are reported to facilitate cell 

proliferation and differentiation of human mesenchymal stem cells (hMSCs). CeO2 

nanoparticles act as a free radical scavenger when loaded in low concentrations. Higher CeO2 

loading in PLGA scaffolds (20%) led to agglomeration of nanoparticles hence reducing the 

scavenging activity. In another study, PLGA composite with 6 wt% TiO2 and CeO2 nanoparticles 

respectively were compared, better cell attachment and proliferation was recorded for PLGA 

CeO2 composite scaffolds (Hosseini & Mozafari, 2020). The CeO2 is thought to have better 

biochemical interaction with the cells as compared to TiO2 as CeO2 is in trivalent state which 

is more stable and acts as antioxidant which plays an important role in enhanced cell 

proliferation. When free radicals are generated within the cells they interfere with the cells’ 

normal growth. CeO2 is a free radical scavenger, which scavenges oxygen molecules. This 

oxygen molecule scavenging significantly improved bone regeneration.  The superoxide 

radicals when in contact with CeO2 are converted into peroxides, such peroxides are attached 

to the surface of CeO2 stronger than that of Oxygen molecule. In this way, CeO2 nanoparticles 

regulate oxygen within the cells which is the key factor for cell growth and proliferation 

(Hosseini & Mozafari, 2020). The synthesis method was in agreement with the reported 

literature in terms of size and shape of particles obtained.  Based on literature, the particles 

with CeO2 phase were the better combination for cell culture studies.  
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CeO2 also known as Ceria on its own promotes angiogenesis and bone regeneration 

by upregulating the proliferation of vascular endothelial cells and Alkaline phosphatase 

activity. Ceria also plays an important role in cell migration and osteogenic differentiation of 

BMSCs by the Smad1/5/8 signalling pathway. Ceria containing bioglasses were found to act 

as anti-inflammatory and no cytotoxicity was recorded in mouse osteoblast 7F2 cells nor in 

human mesenchymal stem cells (HMSCs) (Hosseini & Mozafari, 2020).  

The CeZnO5 incorporated scaffolds were tested for cell metabolic activity and clearly 

the cell metabolic activity was higher in samples containing CeZnO5. In light of the literature, 

the presence of CeO2 might have an impact on cell attachment and migration leading to 

proliferation. However, investigating the PCR based markers for bone regeneration and 

angiogenesis is required. A cell differentiation study is also required to make conclusions 

about bone regenerative potential of CeZnO5. 

 

3.7 Conclusions 

 

The CeZnO5 incorporated scaffolds showed better cell metabolic activity than 

scaffolds without cerium with no obvious cell growth inhibition. The cell attachment was 

recorded to be 60% for these scaffolds and the cell growth kinetics was significantly higher 

than the control for up to 30 days. PU-HA-CeZnO5 is a novel composite scaffold that can 

further be explored for bone tissue regeneration and angiogenesis. 
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Chapter 4: Synthesis and characterisation of Zirconium doped Zinc 

oxide and identification of a working range of Zirconium doped Zinc 

oxide for craniofacial bone regeneration and vascularisation 

 

Chapter Objectives:  

1) Characterise the Zinc oxide and zirconium doped zinc oxide nanoparticles.  

2) Assess biological properties of zirconium doped zinc oxide as nanoparticles and in the form 

of porous composite scaffolds. 

3) Investigate if the porous composite ZrZnO5 containing scaffolds have potential for bone 

regeneration.  

 

4.1 Introduction:  

Biomaterials are important in the field of tissue engineering, especially implantable 

materials including fixatives, replacements, or reconstruction of damaged bone tissue. A 

number of metal oxides have been introduced into the field of biomaterials based on 

properties such as mechanical strength and chemical & physical properties that are 

compatible with the biological environment. In the previous chapter, the properties of cerium 

doped zinc oxide were discussed. Cerium doped zinc oxide incorporated scaffolds were found 

to have better biological properties as compared to scaffolds incorporating only zinc oxide or 

Hydroxyapatite. The basic cell seeding efficiency and growth kinetics resulted in significant 

improvement compared to controls. Zirconia is also a promising ceramic candidate due to its 

mechanical properties in load bearing applications. Zirconia based implants are used in 

orthopaedics for femoral heads for total hip and knee replacements due to toughness and 

corrosion resistant properties (Tosiriwatanapong & Singhatanadgit, 2018). This chapter 

investigated the properties of Zirconium doped zinc oxide nanoparticles as a potential 

candidate for bone regeneration. The particle morphology, size and surface area were 

analysed, and porous scaffolds were synthesised. The scaffolds were subjected to cell culture 

analysis to explore the effect of zirconium doped zinc oxide on cell growth in order to identify 

if zirconium doped zinc oxide has potential for bone tissue engineering applications.  
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4.2 Materials and methods 

Zinc oxide and zirconium doped zinc oxide nanoparticles were synthesised using a 

hydrothermal flow system, followed by characterisations. ZrZnO5 was selected for scaffold 

synthesis and further study. The scaffold synthesis was done using freeze extraction salt 

leaching technique. Human Embryonic Stem Cell-Mesenchymal progenitors (hES-MPs) and 

Bone Marrow Stromal cells Y201 cells were used to evaluate the effect of solubility products 

from scaffold. Cell metabolic activity, cell Seeding efficiency and the ability of scaffolds to 

support cell adhesion was evaluated using Y201 cells.  These methods are all described in 

detail in Chapter 2 (Heading no. 2.2.7.) 
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4.3 Results 

 

4.3.1 XRD 

 

 

 

The XRD results for zirconium doped zinc oxide showed sharp peaks when analysed 

with XRD which demonstrated high crystallinity of the nanopowders. The Zr doped zinc oxide 

(Fig 4.1) was found to be similar to hexagonal wurtzite zinc oxide. No oxide or any other 

phases were spotted. However, the increase in Zr content led to a shift of the spectra slightly, 

to the lower angle. This effect was associated with the increased ionic size of Zr+4 than Zn+2, 

upon substitution Zr+4 crystal lattice distortion happened which resulted in reduced particle 

size as the Zr content was increased (Table 4.1). The peak shift to a lower angle as the 

concentration (fig 4.2) was increased confirmed the substitution of Zr into the zinc oxide 

(Zhang et al., 2011). Similar data was observed in other Zr doped zinc oxide groups as well, 

which determined that the change in reactant concentration doesn’t have much effect on 

nano-powder chemistry or properties.    

 

 

Figure 4.1: XRD patterns of Zinc oxide and Zirconium doped Zinc oxide A) 0.2 M KOH 

B) 1M KOH as precursor. 

 

 

 



Chapter 4 

 

 

 

104 

 

Figure 4.2: The XRD peak shift due to Zirconium incorporation into the zinc oxide lattice 

during the synthesis process. 

 

 

 

4.3.2 Brunauer–Emmett–Teller (BET): 

 

The BET data showed that the change in precursor solution concentration led to 

significant variation in surface area in the case of pure zinc oxide but for doped zinc oxide no 

significant variation was seen (Table 4.1).   

 

 

 

 

 

 

 

 

 



Chapter 4 

 

 

 

105 

Table 4.1: Physical properties of nanoparticles 

 

 

 

 

4.3.3. Scanning Electron Microscopy 

 

The nanopowders formed agglomerates of several particles (figure 4.3). The samples 

were sonicated before SEM analysis, but particle separation was not achieved which might 

be due to weak physical forces. The nanoparticles were found fused together to make micron 

sized particles. Even at 23Kx it was difficult to evaluate the individual particle size range due 

to agglomeration (Mohan & Renjanadevi, 2016).  However, it was possible to confirm that the 

size of particles is in the nano range. To study the morphology of the particles TEM was 

performed.  

 

 

 

 

Sr. no. Sample Name BET Surface Area 

m2/g 

Crystallite size 

(Scherrer 

Equation) 

nm 

Average 

particle size 

(calculated 

from TEM 

imaging) nm 

1 ZnO_1 6.77 32.35 83.16 

2 ZnO_2 11.35 31.70 45.23 

3 ZrZnO1 16.99 29.04 43.32 

4 ZrZnO2 24.44 25.78 42.30 

5 ZrZnO3 29.07 29.12 73.50 

6 ZrZnO4 16.11 31.21 49.55 

7 ZrZnO5 26.18 31.20 54.39 

8 ZrZnO6 29.84 32.36 58.16 
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Figure 4.3: Scanning Electron Micrographs of Zirconium doped Zinc oxide nanoparticles at 

23kx magnification. 

 

4.3.4. Transmission Electron Microscopy 

 

Transmission electron microscopy was performed to evaluate the change in 

morphology of the particles after doping. At the lowest concentration of Zirconium doping 

(1%) the size of particles was reduced as compared to control Zinc oxide nanoparticles. Also, 

less rods were spotted in ZrZnO1 and ZrZnO4. As the concentration increased agglomerates 

of quite small particles were spotted (approximately 3.5-4 nm) (ZrZnO2, ZrZnO3, ZrZnO5 and 

ZrZnO 6). The introduction of ions resulted in expansion of the zinc oxide lattice which 

resulted in reduction in grain size and increase in bandgap (Kulandaisamy et al., 2016; Sinha 

et al., 2014). It is evident that doping resulted in change in particle size and partly the particle 

morphology (table 4.1)(fig 4.4).  
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Figure 4.4: Transmission Electron Micrographs revealing morphology of ZnO nanoparticles 

and effect of Zirconium doping on nanoparticle morphology. A) ZnO_1 B) ZnO_2 C) ZrZnO1 

D) ZrZnO2 E) ZrZnO3 F) ZrZnO4 G) ZrZnO5 H) ZrZnO6 

 

 

4.3.5 Nanoparticles cell culture  

 

4.3.5.1 Cell Metabolic Activity investigation using MG63 

 

 

The Direct contact cell metabolic activity assay was performed as a preliminary 

evaluation of nanoparticles with 5 µg/ml and 10 µg/ml nanoparticle suspensions for 7 days 

using cells from the human osteosarcoma cell line (MG63). At day 1 (24 hours), cells exposed 

to the 5 µg/ml nanoparticle suspension did not appear to have any morphological changes 

were observed. Different concentrations of Zirconium doped zinc oxide supported distinctive 

cell metabolic activity. ZnO_1 and ZrZnO2 showed improved response (fig 4.5) and similarly 

ZnO_2 and ZrZnO5 increased cell growth up to day 7. In order to check the dose response, 

increased nanoparticle concentrations were used. The results showed the same trend with 

ZrZnO2 and ZrZnO5 supporting the highest cell viability for up to 7 days. No nanoparticle 
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chemistry was found to be toxic or inhibited cell proliferation when compared with cells 

grown in standard culture media as a control. Tukey’s multiple comparison test was 

performed to evaluate if the differences are significant or not.  

 

 

Figure 4.5: Cell Metabolic Activity of MG63 cultured in nanoparticle media suspension 

A)5 µg/ml, B) 10 µg/ml , expressed with absorbance units, mean + S.D, n=3*3, **** <0.0001. 
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4.3.5.2 28- Day Cell Viability Assay (10 µg/ml nanoparticle suspension) using hES-MPs: 

 

Human embryonic mesenchymal like stem cells (hES-MPs) were selected for a 28-day 

study in order to evaluate the long term effect of exposure to the particles on cells and to 

identify the safe use or toxicity of Zirconium doped nanoparticles at lower concentrations for 

craniofacial bone scaffolds. ZnO_2 and ZrZnO5 were selected for the study based on 

preliminary cell culture data (fig 4.5) as well as nanoparticle size (ZnO_2 and ZrZnO5 have 

smaller particle sizes (Table 4.1).  

At Day 1, there was no significant difference between control and ZnO_2, ZrZnO5 (Fig 

4.6). The cells were attached to tissue culture plastic and no adhesion impairment was 

observed under a microscope. At Day 7, ZnO_2 and ZrZnO5 improved cell metabolic activity 

significantly as compared to the cells-only control, however no significant difference was 

observed between ZnO_2 and ZrZnO5. A similar pattern was observed for days 14, 21 and 28. 

ZnO_2 and CeZnO5 clearly improved the cell proliferation for up to Day 28 (Fig 4.6). From Day 

14 to Day 21 a steady growth phase was seen for cells and ZnO_2, however a continuous 

increase in cell metabolic activity was observed for ZrZnO5. Tukey’s multiple comparison test 

was performed to evaluate if ZrZnO5 has significantly improved cell metabolic activity, it was 

confirmed that the cell metabolic activity was 17% higher than the standard media and 4% 

higher than the ZnO_2. A significant difference was seen between standard media and 

ZrZnO5, but no significant difference was observed between ZnO_2 and ZrZnO5 (Table 4.2).  
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Figure 4.6: Metabolic Activity of Y201 cells cultured in nanoparticle media suspension 

(10 µg/ml), expressed with fluorescent units at Day 1 , 7, 14, 21 and 28 days. mean + S.D, 

n=3*3, **** <0.0001. 

 

 

Table 4.2: Cell metabolic Activity difference on hES-MPs due to ZrZnO5 nanoparticle 

suspension as compared to only cells with standard media and ZnO_2 suspension. 

Analysis time points Comparison of ZnO_2, ZrZnO5 and 

Standard media 

P value 

Day 1 Standard Media Vs ZrZnO5  0.9995 ns 

 ZnO_2 Vs ZrZnO5 0.9792 ns 

Day 7 Standard media Vs ZrZnO5 <0.0001 **** 

 ZnO_2 Vs ZrZnO5 0.6192 ns 

Day 14 Standard media Vs ZrZnO5 0.0331 * 

 ZnO_2 Vs ZrZnO5 0.2790 ns 

Day 21 Standard media Vs ZrZnO5 0.0001 *** 

 ZnO_2 Vs ZrZnO5 0.2938 ns 

Day 28 Standard media Vs ZrZnO5 <0.0001 **** 

 ZnO_2 Vs ZrZnO5 0.5034 ns 
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4.3.6 Cell Culture studies on bioactive scaffolds containing Zirconium doped zinc 

oxide 

 

4.3.6.1 Evaluating effect of soluble products on cell viability from scaffolds: 

The experiment was performed to evaluate if the released soluble content from 

scaffold over time has any toxic effects or inhibitory effects on cells’ metabolic activity. The 

resazurin assay was performed after 48 hours. The hES-MPs and Y201 cells were used for this 

study to get an overview of whether cell types would respond in a similar way each day. Day 

14 data are shown here. 

Cell metabolic activity levels were found to be statistically similar compared to those 

cultured with either frozen media or fresh media. The soluble products from the scaffolds had 

no inhibitory effect on cell metabolic activity. The metabolic activities recorded were 

statistically similar and a lack of cytotoxic response was confirmed (Figure 4.7 A).   
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Figure 4.7: Effect of soluble products eluted from the scaffolds (when submerged in cell culture 

media for 14 days) The cells were in contact with eluted media for 24 hours. A) hES-MPs, B) 

Y201, mean + S.D, n=3*3, 

 

 

Similar results were recorded when the assay was performed with Y201 cells (Figure 

4.7 B). Hence making it clear that the scaffolds are safe to use for further cell studies.  
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4.3.6.2 Cell Seeding Efficiency:  

 

The cell seeding efficiency assay was performed using Y201 cells to evaluate if the 

scaffold’s surface supports cell adhesion and how effectively the cells are attaching to the 

surface immediately after seeding. The cells were incubated for 16 hours after seeding on top 

of scaffolds followed by transfer of the scaffolds to a new well plate. The resazurin assay was 

performed on both the previous culture plate and the scaffolds in fresh plates to assess the 

number of cells attached on the scaffolds and that had fallen onto the surrounding tissue 

culture plastic. The Scaffolds incorporating HA, ZnO_2 or ZrZnO5 supported significantly 

higher cell attachment as compared to the control scaffold (only PU) (Fig 4.8).   
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Figure 4.8: Cell Seeding Efficiency after 16 hours incubation with Y201 cells. The metabolic 

activity assay was performed to identify cells attached on scaffolds and tissue culture plastic. 

A) The scaffolds were transferred to new well plate before performing resazurin assay to 

evaluate the cell metabolic activity on TCP and scaffolds. B) the percentage cell attachment 

is shown with control (cells with standard media) being considered 100%. ZrZnO5 

incorporated scaffolds showed over 45% cell attachment. Data represents mean + S.D, 

n=3*3. 

 

 

 

 

4.3.6.3 Y201 Cells growth kinetic with Bioactive scaffolds 

 

 

Figure 4.9 shows the viability of cells on the Polyurethane Scaffolds incorporated with 

hydroxyapatite only, hydroxyapatite-ZnO_2 and hydroxyapatite-ZrZnO5. The Y201 cells were 

cultured for 30 days. Cells were seeded on the sterilised scaffolds and resazurin assay was 

performed to record cell viability. The Y201 cells attached and proliferated on the scaffolds 

except PU only foams. At Day 3 and Day 7, some cell attachment was observed, and cells 
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proliferated up to day 7, to the extent where cell number on day 7 although low was 

significantly higher than on day 3 however after Day 7 the cell number seemed to drop (Fig 

4.9) which indicates the cells were not in a healthy state, this may be because of weak cell 

adhesion. The Scaffolds incorporated with HA, ZnO_2 and ZrZnO5 showed better attachment 

and cell proliferation for up to 30 days when compared with PU only. At Day 3, no significant 

difference was observed between PU-HA and ZnO_2 (table 4.3), however significantly higher 

cell metabolic activity was seen with scaffolds incorporated with ZrZnO5. With increasing 

days, the cell numbers became significantly higher for ZrZnO5 as compared with PU_HA and 

ZnO_2. At day 30, the ZrZnO5 had significantly higher cell metabolic activity compared to PU-

HA and ZnO_2 strongly suggesting that the ZrZnO5 is a better scaffold in terms of cell 

attachment and proliferation for up to 30 days. Neither ZnO_2 nor ZrZnO5 were found to be 

toxic nor to pose inhibitory effects for cell attachment or proliferation during the complete 

duration of the experiment, however ZrZnO5 evidently improved the overall number of 

metabolically active cells above the other compositions. It can be concluded that ZrZnO5 

improved the cell proliferation significantly as compared to the control scaffolds. Tukey’s 

multiple comparison test was performed to evaluate the statistical significance of the result 

obtained.  
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Figure 4.9: Y201 Growth kinetic with Bioactive scaffolds containing ZnO_2 and ZrZnO5 

verses control PU & PU-HA. Data represents mean + S.D, n=3*3, **** <0.0001. 

 

Table 4.3: The cell metabolic Activity difference (Y201 cells) due to ZrZnO5 incorporated 

scaffolds as compared to only PU-HA and PU-HA-ZnO_2 scaffolds 

Analysis time points Comparison of PU-HA-ZnO_2, PU-HA-

ZrZnO5 and PU-HA 

P value 

Day 3 PU-HA vs PU-HA-ZrZnO5 <0.0001 **** 

 PU-HA-ZnO_2 vs PU-HA-ZrZnO5 <0.0001 **** 

Day 7 PU-HA vs PU-HA-ZrZnO5 <0.0001 **** 

 PU-HA-ZnO_2 vs PU-HA-ZrZnO5 <0.0001 **** 

Day 14 PU-HA vs PU-HA-ZrZnO5 <0.0001 **** 

 PU-HA-ZnO_2 vs PU-HA-ZrZnO5 <0.0001 **** 

Day 21 PU-HA vs PU-HA-ZrZnO5 <0.0001 **** 

 PU-HA-ZnO_2 vs PU-HA-ZrZnO5 <0.0001 **** 

Day 30 PU-HA vs PU-HA-ZrZnO5 <0.0001 **** 

 PU-HA-ZnO_2 vs PU-HA-ZrZnO5 <0.0001 **** 
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Another set of scaffolds was synthesised with increasing percentages of the ZnO_2 

and ZrZnO5 (1%, 3% and 5%). The synthesis method and conditions were kept the same, only 

the quantities of the nanoparticles were increased. The (fig 4.10) experiment was repeated 

with a new set of scaffolds to examine the dose effect of nanoparticles. The data suggested 

that increasing the nanoparticle content in the scaffolds reduced the cell attachment and 

proliferation significantly. The increased zinc oxide probably made the scaffolds hydrophobic 

based on previous research and my qualitative observations of the ability of the scaffold to 

uptake media hence making it difficult for cells to attach. The best nanoparticle quantity of 

those examined was concluded to be 1%.  

 

 

Figure 4.10: Y201 proliferation kinetic with bioactive scaffolds containing 1%, 3% and 5% PU-

HA-ZnO_2 and 1%, 3% and 5% PU-HA-ZrZnO5 verses control. 
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4.4 Discussion 

Nanotechnology in tissue engineering has gained a lot of attention especially for 

synthesis of novel scaffolds with added functionalities which may create bone graft 

substitutes with better clinical performance compared to autografting and allografting. In 

order to achieve the desired properties, the characteristics of the nanoparticles such as, 

morphology, size, biological aspects and surface properties are very important, as these 

properties affect cell adhesion, internalisation and escape from the cell’s defence system to 

obtain the desired response. Gradual developments in nanotechnology in the field of bone 

tissue engineering have led to an interest in metal oxide nanoparticles due to the biological 

advantages they offer in the form of cements or scaffolds. Metal oxides are demonstrated to 

be antibacterial, anticancer, drug delivery vehicles, biosensors and cell imaging agents among 

other applications. Among many metal oxides, zinc oxides are predominant due to excellent 

physical and chemical properties. Studies are on-going to explore the potential of zinc oxide 

in field of biomedicine as anticancer, antibacterial, anti-inflammatory and wound healing 

(Jiang et al., 2018). It is important to explore the morphological, physical and chemical 

properties of nanoparticles and how these properties impact in a biological environment, 

moreover, how to customise these properties to mimic functional tissue in order to make an 

ideal bone tissue implant. In this chapter, zirconium doped zinc oxide was synthesised and 

introduced to the polyurethane hydroxyapatite composite. The morphological and physical 

effects of zirconium doped zinc oxide as nanoparticles and as a substitute in polymeric 

scaffolds were evaluated followed by evaluation of the biological effect of these 

nanoparticles.  

      Zinc oxide exhibited a wurtzite structure as evidenced by XRD analysis, no 

supplementary peak demonstrating any other phase or oxide was seen. This indicated either 

a very low quantity of secondary phase that cannot be detected or the Zirconium doping is 

present in the form of impurity in the zinc oxide lattice. The XRD patterns with increasing 

zirconium quantity were overlapped and a shift towards lower 2θ was seen. This shift 

indicated the presence of zirconium as an impurity, introduction of zirconium to zinc oxide 

caused the expansion of the zinc oxide lattice due to ionic radii mismatch (Tsay & Fan, 2008; 

Zhang et al., 2011). Another possible reason for the lack of zirconium peaks can be that 

zirconium ions are completely trapped by the zinc oxide lattice, hence making it difficult for 
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the diffractometer to detect it as another entity (Mansour et al., 2017). The widening or 

broadening of the peak was not observed in resultant nanoparticles which indicated the high 

crystallinity of the zirconium doped zinc oxide nanoparticles, as suppression of nanoparticle 

crystallinity is indicated by less intense or broad peaks (Clament Sagaya Selvam et al., 2012).  

There was no difference in crystallite size calculated, however previous studies have shown a 

reduction in crystallite size upon increase in zirconium content. In our experiments, the 

difference is not evident, which might be because of a small change in dopant percentages 

(from 1% to 5%) (Castañeda, 2013; Naik et al., 2020). A slight decrease however was recorded 

when the percentage was increased from 1% to 3%.  

 The SEM micrographs were unable to reveal much detail due to smaller particle sizes 

and the formation of agglomerates, making it difficult to visualise the shape and size of 

particles. Another study reported the same particle arrangement with Zirconium doping 

(Mansour et al., 2017) (fig 4.5). The TEM micrographs confirmed the reduction in particle size 

upon increase in zirconium content.  

The toxicity of metal oxide nanoparticles directly depends on concentration, cell 

density, time period and cell type (Kang et al., 2013). In order to identify safe metal oxide 

nanopowders content for scaffold synthesis it was important to carefully evaluate these 

properties. A human osteoblast like cell line was used to investigate any dose dependent      

effect of synthesised nanoparticles on cell metabolic activity. No cell inhibition or toxicity was 

seen during this period of time with the concentrations examined (fig 4.6-4.7). The cells 

adhered to the tissue culture plastic in the presence of zirconium doped zinc oxide very well 

and proliferated significantly better than in standard media or media containing zinc oxide 

control. To confirm the findings, human embryonic mesenchymal like stem cells were used to 

perform the same study but for an extended period of time (28 days) (fig 4.8). The study 

revealed the better performance of Zirconium doped zinc oxide with respect to standard 

media or zinc oxide only control. No cell inhibition or detachment was observed, the cells 

proliferated well for up to 28 days. As reported previously, zinc oxide causes toxicity at higher 

concentrations such as 25 µg/ml. At this concentration zinc oxide was shown to cause 

dissolution of Zn+ ions into the cell culture media and caused cells to detach and shrink (Kang 

et al., 2013). In this study, zirconium doping seems to lower the release of Zn+ ions into the 

cell culture medium or cause sustained release hence preventing toxic Zn+ ions levels in the 
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culture medium for the cells, this interpretation is based on literature (Kang et al., 2013). The 

cells adhered and proliferated even with the cell line that better represents the cells the 

materials would encounter in vivo hES-MPs. The ZrZnO5 was selected for further research 

after evaluating its performance with 2 cell lines.  

 Given the promising result obtained with the powder format ZrZnO5 was selected for 

inclusion in composite scaffolds with the aim to create a bioactive composite. ZnO_2 was 

selected as a control for comparison.  The 1% PU-HA-ZrZnO5 formation was found to be 

appropriate for cell attachment and proliferation however the other formulations inhibited 

the cell attachment. The 1% PU-HA-ZrZnO5 was found to have enhanced cell attachment and 

proliferation as compared to PU-HA-ZnO_2 and PU-HA. The porous scaffold retained the 

number of cells and cells proliferated at a higher rate between day 3 to day 7 due to 

availability of spaces over the rough surface of the scaffolds as well as within the pores. After 

day 7 the growth was however steady, but no cell inhibition or detachment was seen as the 

metabolic activity was still increasing which is due to a higher number of living cells. The 

attachment of cells over composite biomaterials depends on biological and chemical factors 

such as chemical/hydrogen bond formation, electrostatic/ionic interactions or 

hydrophobic/hydrophilic interactions. These factors enhance or inhibit adsorption of proteins 

on scaffolds, hence leading to attachment, the adsorbed proteins then initiate cell-cell 

signalling leading to proliferation over the biomaterial. The previous literature reported that 

ZrO2 has negative zeta potential (-40 mV) and Pure ZnO also has -45.4mV zeta potential hence 

making the scaffold negatively charged. The ZrZnO5 containing scaffold would be less 

negatively charged as compared to Pure ZnO_2. The positively charged proteins can easily 

adsorb over negatively charged titanium implant surfaces such as lactoferrin, hence making 

the positively charged proteins adsorbed efficiently due to electrostatic attraction. The 

negatively charged proteins such as albumin precursor and fibronectin suffer electrostatic 

repulsion hence adsorb less effectively over titanium implants (Kusakawa et al., 2017; Yoshida 

& Hayakawa, 2016). The higher cell attachment and proliferation over ZrZnO5 containing 

scaffolds as compared to ZnO_2 containing scaffold should be associated with higher 

adsorption of protein such as fibronectin. Because ZrZnO5 might have lower negative zeta 

potential as compared to pure ZnO_2 hence causing less repulsion. Fibronectin and 

vitronectin are crucial extracellular proteins that control cell behaviours such as adhesion, 
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migration and differentiation (Parisi et al., 2020). The adhesion of these proteins is very 

important for cell attachment over metallic or ceramic scaffolds as it leads to cells spreading 

and morphological adaptation to the substrates that the proteins are attached to (Howlett et 

al., 1994; Kornu et al., 1996). As mentioned above, the scaffolds physical properties such as 

surface charge, surface area, surface roughness etc also play an important role for cell 

adhesion and proliferation. The cells seem to attach better on rough and porous surfaces.  

In bone tissue engineering, the osteoblast cell behaviour is very important as these 

are the bone forming cells. It has been reported that the osteoblasts tend to adhere and 

proliferate      better over Zirconia implants having rough surface properties just like the ones 

reported in this dissertation. The ZrZnO5 containing bioactive scaffolds supported 

significantly better cell proliferation as compared to control scaffolds for a duration of 30 

days. This data supports that previously reported literature where osteoblasts were cultured 

with zirconia. The study also explained that the osteoblasts differentiated into osteogenic 

lineages and mineralised over time in presence of implanted zirconia (Josset et al., 1999).  

 

4.5 Conclusions 

 

The ZrZnO5 was found nontoxic when tested with MG63 cell line. The PU-HA-ZrZnO5 

composite scaffold yielded better cell metabolic activity for a duration of 30 days when 

compared with PU-HA-ZnO_2 scaffolds. The Zirconium doped zinc oxide improved cell 

seeding efficiency and proliferation as compared to hydroxyapatite and zinc oxide only 

containing scaffolds.
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Chapter 5: Synthesis and characterisation of Copper doped Zinc 

oxide and identifying a working range for craniofacial bone 

regeneration and vascularisation 

      

Chapter Objectives:  

1) Investigate whether the Copper doped zinc oxide is a better candidate for bone tissue 

engineering in comparison to Hydroxyapatite and zinc oxide.  

2) Investigate if copper doped zinc oxide nanoparticles enhance the cell metabolic activity and 

select the potential nanoparticles for a bioactive scaffold. 

3) Analyse the effect of copper doped zinc oxide containing scaffolds in comparison with zinc 

oxide-only containing scaffolds.  

 

5.1 Introduction:  

In the previous chapters, the properties of cerium and zirconium doped zinc oxide 

were investigated. The zirconium and cerium doped zinc oxide incorporated scaffolds were 

found to increase cell metabolic activity as compared to control scaffolds. The literature 

reported proangiogenic properties of copper. Copper is an emerging element in the field of 

tissue engineering due to its proangiogenic nature. It has been investigated that copper ions 

interact with receptors on cells which are involved in angiogenic pathways. It is involved in 

the upregulation of expression of fibroblast growth factor (FGF) and vascular endothelial 

growth factor (VEGF). A study performed on Magnesium-copper alloys revealed that the 

copper ions and Mg-Cu alloys pose no cytotoxic effects to HUVECs and MC3T3-E1 cells. Cu 

improved the biodegradation property of magnesium and stabilised it in the cellular 

environment. Furthermore, the alloy enhanced osteogenesis and angiogenesis in a promising 

way so that could be useful for orthopaedic applications (C. Liu et al., 2016). In another study, 

Cu- doped bioglass was investigated to have increased VEGF secretion as compared to 

undoped bioglass (Bejarano et al., 2017). The doped bioglass also revealed antibacterial and 

increased bioactive properties which reduces the chance of infection as well as biofilm 
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production over orthopaedic implants (Bari et al., 2017). Copper is a promising element in the 

field of bone tissue engineering. It has been reported that the copper doping in zinc oxide 

improves the electrical properties of zinc oxide and creates a more uniform grain size 

compared to undoped zinc oxide (Shafi et al., 2013). This chapter focuses on copper doped 

zinc oxide nanoparticles’ synthesis and characterisation. Also, the cell metabolic activity assay 

was performed using copper doped compounds in the form of nanopowders as well as in the 

form of porous scaffolds to identify if copper doping has any effect on the biological 

properties of zinc oxide.  

 

5.2 Materials and methods 

     Zinc oxide and copper doped zinc oxide nanoparticles were synthesised using a 

hydrothermal flow system, followed by characterisation using XRD, SEM, TEM and cell 

viability assay. CuZnO5 was selected for scaffold synthesis and further study. The Freeze 

extraction salt leaching technique was used to synthesise biodegradable porous polyurethane 

foams substituted with nano hydroxyapatite and zinc oxide or CuZnO5. Human Embryonic 

Stem Cell-Mesenchymal progenitors (hES- MPs) and Bone Marrow Stromal cells (Y201 cells) 

were used to evaluate the effect of solubility products from scaffolds. The Cell metabolic 

activity, Cell adhesion and Cell Seeding efficiency was evaluated using Y201 cells.  These 

methods are all described in detail in Chapter 2 (Heading no. 2.2.7) 
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5.3 Results 

 

5.3.1 XRD: 

 

The X-Ray Diffraction Technique was employed to characterise the synthesised Cu-

doped zinc oxide and to compare it with non-doped zinc oxide. The XRD pattern for ZnO_1 

and CuZnO1, CuZnO2 and CuZnO3 are shown in Fig 5.1, and ZnO_2, CuZnO4, CuZnO5 and 

CuZnO6 is shown in fig 5.2. The zinc oxide spectra exhibit sharp peaks which demonstrate 

good crystallinity of the synthesised zinc oxide and this was indexed to wurtzite hexagonal 

phase (PDF 00-036-1541). Similar sharp peaks were observed of Cu doped zinc oxide also, 

which confirmed the high crystallinity of nano powders. CuZnO1 Spectra were found to be 

identical to the zinc oxide. Different characteristic peaks were observed at an angle 2 theta 

i.e., at 31.78°, 34.43°, 36.25°, 47.57°, 56.63° and 62.89° which correspond to the Miller Indices 

(100), (002), (101), (102), (110) and (103) respectively. All these peaks and Miller Indices are 

related to the standard hexagonal wurtzite crystal structure of zinc oxide NPs (PDF 00-036-

1541). It was concluded that lower Cu concentration corresponds to tenorite-like oxide 

(ZnxCu1−xO) phase (Fernandes et al., 2009; Sajjad et al., 2018). 



Chapter 5 

 

 

 

125 

 

Figure 5.1: XRD pattern of Zinc oxide and Copper Doped Zinc oxide. 
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Figure 5.2: The appearance of another phase due to copper incorporation during the 

synthesis process is shown in this XRD pattern. 

 

 

At   the higher copper concentration, another peak was observed (CuZnO3, CuZnO5 & 

CuZnO-6). The new phase was matched to PDF 00-048-1548 which was denoted CuO (Fig 5.3). 

The peak for CuO is not visible at lower concentrations of Cu which might be because XRD is 

not sensitive enough to pick up the effect of Cu incorporation (Chatkaewsueb et al., 2017)(fig 

5.3).  
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Figure 5.3: Peak match of new Phase with PDF 00-048-158 which is referred to Copper 

Oxide. 

 

The XRD pattern depicts the zinc oxide wurtzite structure, no supplementary peak 

demonstrating that no other phase or oxide was seen. The data in Fig 5.1 and Fig 5.2 

confirmed the incorporation of CuO in the zinc oxide as the particle size decreased the 

concentration of Cu increased. The trend is very much visible in CuZnO4, CuZnO5 and CuZnO6, 

the size decreased from 57 nm (CuZnO4), 51  nm(CuZnO5) and 53nm (CuZnO6) respectively 

Table 5.1.  This trend has already been reported in literature (Giahi et al., 2013). The reason 

for the reduced particle size is linked with the coating of CuO over zinc oxide given that CuO 

has a smaller size as compared to zinc oxide (Widiarti et al., 2017). Zinc oxide and CuO were 

the only phases observed and the indices indicated the formation of a phase pure CuO/zinc 

oxide (Kumar et al., 2017). The sharp peaks for all the samples depicted the high crystallinity 

of the nanopowders (Chatkaewsueb et al., 2017). And also lower Cu concentration 

corresponding to a tenorite-like oxide (ZnxCu1−xO) phase (Fernandes et al., 2009; Sajjad et 

al., 2018). 

 

     Table 5.1 shows the calculated crystallite size of zinc oxide and copper doped zinc oxide. 

The crystallite/grain size was observed to be almost the same for all the samples, no 
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significant change in size was observed with variation in precursor concentrations or doping 

concentration. 

 

5.3.2 Brunauer–Emmett–Teller (BET)  

 

The change in precursor solution concentration led to significant variation in surface 

area in the case of non-doped  zinc oxide but for doped zinc oxide no significant variation was 

seen (Table 5.1).   

 

Table 5.1: The particle size calculated using different techniques. 

 Sample Name BET Surface Area m2/g Crystallite size 

(Scherrer Equation) 

Nm 

Average Particle size 

(Calculated from TEM 

images) 

nm 

1 ZnO_1 6.77 32.35 83.16 

2 ZnO_2 11.35 31.70 45.23 

3 CuZnO1 11.86 30.11 51.21 

4 CuZnO2 11.66 32.35 50.61 

5 CuZnO3 12.30 30.53 60.01 

6 CuZnO4 11.05 30.11 57.54 

7 CuZnO5 12.16 29.11 51.74 

8 CuZnO6 13.46 30.1 53.37 
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5.3.3 Scanning Electron Microscopy 

 

 

The figure 5.4 shows the SEM micrographs of nanopowders which were found as 

agglomerates of several particles. The samples were sonicated before SEM analysis, but 

particle separation was not achieved which might be due to weak physical forces. The 

nanoparticles were found fused together to make micron sized particles. Even at 23Kx it was 

difficult to evaluate the individual particle size range due to agglomeration (Mohan & 

Renjanadevi, 2016), although it was confirmed that the size of particles is in the nanoscale 

range.  

 

 

 

Figure 5.4: SEM micrograph of CuZnO1, CuZnO2, CuZnO3 at 6.00kx magnification and 

CuZnO4, CuZnO5 and CuZnO6 at 23kx magnification. 
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5.3.4 Transmission Electron Microscopy 

 

Transmission electron microscopy was performed to visualise the particle morphology 

clearly. In group 1 (CuZnO1, CuZnO2 and CuZnO3) fewer rod like structures are visible, mostly 

rounded morphology can be seen even at higher copper concentrations. The second phase is 

not clearly visible which can be confirmed from XRD data. However, the Group 2 does show 

mixed morphology with both rod-like and spherical particles, which might explain the 

presence of the CuO phase along with rod-like zinc oxide nanoparticles. The particle size were 

calculated using image J. The average particle size ranged between 50-60nm (table 5.1). 

 

 

 

Figure 5.5: Transmission Electron Micrograph captured at 23kx. at higher Copper contents      

agglomeration of nanoparticles is visible. 
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5.3.5 Nanoparticles Cell Culture 

 

5.3.5.1 Cell Metabolic Activity investigation using MG63 

 

The Nanoparticle suspensions were used to perform direct contact toxicity tests. The 

cell viability assay using resazurin was performed to record the readings and the test was 

performed for 7 days using the Human Osteosarcoma cell line (MG63). After 24 hours of 

nanoparticle suspension exposure, no cell inhibition or change in morphology was observed 

for either concentration (5 µg/ml & 10 µg/ml). The cells cultured in CuZnO2 and CuZnO5 

showed improved viability as compared to the control. A significant difference in cell viability 

was seen between cells grown in CuZnO5 suspension compared to cells in standard cell 

culture media. However, no significant difference was observed between cells grown with 

zinc oxide and CuZnO2 or CuZnO5 respectively. Similar results were observed for up to 7 days 

with no difference between different concentrations of suspension. None of the nanoparticle 

suspensions were found to have inhibitory or toxic effects on cells. The cells were 

metabolically active for the whole duration of the experiment (7 days). Tukey’s multiple 

comparison Test was performed to evaluate if the differences are statistically significant or 

not. 
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Figure 5.6:   Metabolic Activity of MG63 cultured in nanoparticle media suspension 

(A)(5 µg/ml),(B) (10 µg/ml), expressed as resazurin absorbance units, mean etc at Day 1, 3, 5 

and 7.  Data represents mean +  S.D, n=3*3. 
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5.3.5.2      Cell Viability Assay over 28 days (10 µg/ml nanoparticle suspension) using hES-MPs: 

 

 

 

 

     Human embryonic mesenchymal like stem cells were grown with nanoparticle 

suspensions to evaluate the effects of long-term contact of nanoparticles with cells. ZnO_2 

and CuZnO5 were selected for this study based on preliminary cell culture data (fig 5.6) as 

well as nanoparticle size (ZnO_2 and CuZnO5 have smaller particle size (Table 5.1).  

At Day 1, there was no significant difference between CuZnO_5 and controls, however 

the ZnO_2 supported better cell viability than both, and this was statistically significant by 

Tukey’s post-hoc test (table 5.2). The cells did attach and proliferate in the presence of 

CuZnO_5 and no adhesion impairment or cell death (based on cell metabolic activity data) 

was observed for up to 7 days (fig. 5.7).  

 

Figure 5.7: Metabolic Activity of Y201 cells cultured in nanoparticle media suspensions 

(10 µg/ml), expressed as fluorescent units of resazurin at Days 1, 7, 14, 21 and 28 of culture.  

Data represents + mean SD, n=3*3. 
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Table 5.2: The cell metabolic activity difference (Y201 cells) due to CuZnO5 as compared to 

standard media and ZnO_2. 

Analysis time points Comparison of ZnO_2, CuZnO5 and standard 

media 

P value 

Day 1 Standard media Vs CuZnO5  0.9665 ns 

 ZnO_2 Vs CuZnO5 0.9994 

Day 7               Standard media Vs CuZnO5 0.8801 

 ZnO_2 Vs CuZnO5 <0.0001 **** 

Day 14 Standard media Vs CuZnO5 0.1374 ns 

 ZnO_2 Vs CuZnO5 0.1269 ns 

Day 21 Standard media Vs CuZnO5 0.7995 ns 

 ZnO_2 Vs CuZnO5 0.1356 ns 

Day 28 Standard media Vs CuZnO5 0.7976 ns 

 ZnO_2 Vs CuZnO5 0.0069 ** 

 

5.3.6 Cell Culture Studies on bioactive scaffolds containing copper doped zinc 

oxide. 

 

5.3.6.1 Evaluating effect of soluble products on cell viability from scaffolds: 

 

     Cell metabolic activity levels were recorded at days 1, 7, 14 and 21. The data was 

found not to be statistically different compared to those cultured with either frozen media or 

fresh media for all the days. The data confirmed that the soluble products from the scaffolds 

had no inhibitory effect on cell metabolic activity. The Metabolic activities recorded were      

similar with no statically significant differences and lack of cytotoxic response was confirmed 

(Figure 5.8 A).  

Similar results were recorded when the assay was performed with Y201 cells (Figure 

5.8 B). Hence making it clear that the scaffolds are safe to use for further cell culture 

experiments. 
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Figure 5.8: Effect of soluble products eluted from the scaffolds (when submerged in cell 

culture media for 14 days) A) hES-MPs cell line. B) Y201 cell line.  The data represents. mean 

+ S.D, n=3*3, **** <0.0001   of resazurin fluorescence units measured after 24 hours 

exposure with eluted media. 

 

 

 

4.3.6.2 Cell Seeding Efficiency 

 

 

The seeding efficiency of the cells into porous scaffolds was performed using cells from 

the Y201 cell line. The purpose was to evaluate if the scaffold’s surface has potential to 



Chapter 5 

 

 

 

136 

support cell adhesion. The cells were incubated for 16 hours after seeding over scaffolds 

followed by transferring the scaffolds to a new well plate. The cell viability assay was 

performed on both plates to assess the number of cells attached on the scaffolds and on the 

tissue culture plastic. The scaffolds incorporating HA, ZnO_2 or CuZnO5 showed significantly 

higher cell attachment as compared to the remaining control scaffolds (only PU) (Fig 5.9).   

 

Figure 5.9: Cell Seeding Efficiency after 16 hours of incubation with Y201 cells. The metabolic 

activity assay was performed to identify cells attached on scaffolds and tissue culture plastic. 

A) The scaffolds were transferred to new well plate before performing resazurin assay to 

evaluate the cell metabolic activity on TCP and scaffolds. B) the percentage cell attachment 

is shown with control (cell with standard media) being considered 100%. CuZnO5 

incorporated scaffolds showed 80% cell attachment. Data represents mean + S.D n= 3*3 
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4.3.6.3 Y201 cells proliferation kinetic with Bioactive scaffolds 

 

 

Figure 5.10 shows the cell viability of the Polyurethane Scaffolds incorporated with 

Hydroxyapatite only, Hydroxyapatite-ZnO_2 and Hydroxyapatite-CuZnO5. The Y201 cell line 

was used, and the test was performed over 30 days. The scaffolds were sterilised (details 

mentioned in methodology section 2.2.7.1) followed by cell seeding. The fluorescence reading 

was recorded using resazurin at days 3, 7, 14, 21 and 30. The Y201 cells attached and 

proliferated on the Scaffolds except on PU only foams. At Day 3 and Day 7, some cell 

attachment was observed, and cells proliferated till day 7, however the adhesion seemed 

weak or impaired after Day 7 and cell viability dropped which corresponds to a lower cell 

number (Fig 5.10). The scaffolds incorporated with HA, ZnO_2 and CuZnO5 showed better 

attachment and cell proliferation for up to 30 days when compared with PU only. In the case 

of CuZnO5 incorporated bioactive scaffolds, the cell attachment was significantly improved 

and a gradual increase in cell proliferation was recorded till day 21 and growth seemed to 

steady for next 10 days. At Day 3, only marginal difference was observed between PU-HA and 

ZnO_2 and CuZnO5, however significantly improved cell metabolic activity was seen with 

scaffolds incorporated with CuZnO5 from Day 7 till day 30. At Day 30, the CuZnO5 had 

significantly higher cell metabolic activity compared to PU-HA and ZnO_2 hence making the 

CuZnO5 a better scaffold in terms of cell attachment and proliferation for up to 30 days. 

Neither ZnO_2 nor CuZnO5 were found toxic or posed inhibitory effects for cell attachment 

or proliferation during the complete duration of experiment, however CuZnO5 evidently 

improved the cell viability which reflects the fact of a greater number of cells present on the 

scaffold. It can be concluded that CuZnO5 improved the cell proliferation significantly as 

compared to the control scaffolds. The tukey’s multiple comparison test was performed to 

evaluate the significance of the result obtained.  
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Figure 5.10: Y201 cells Proliferation kinetic with Bioactive scaffolds containing ZnO_2 and 

CuZnO_5 verses control PU & PU-HA. (****p<0.0001) 

 

Table 5.3: The cell metabolic activity difference (Y201 cells) due to CuZnO5 incorporated 

scaffolds as compared to only PU-HA and PU-HA-ZnO_2 scaffolds 

Analysis timepoints Comparison of PU-HA-ZnO_2, PU-HA-CuZnO5 and 

PU-HA 

P Value 

Day 3 PU-HA Vs PU-HA-CuZnO5 1%  0.3217 ns 

 ZnO_2 Vs PU-HA-CuZnO5 1 % 0.2269 ns 

Day 7 PU-HA Vs PU-HA-CuZnO5 1% <0.0001 **** 

 ZnO_2 Vs PU-HA-CuZnO5 1 % <0.0001 **** 

Day 14 PU-HA Vs PU-HA-CuZnO5 1% <0.0001 **** 

 ZnO_2 Vs PU-HA-CuZnO5 1 % <0.0001 **** 

Day 21 PU-HA Vs PU-HA-CuZnO5 1% <0.0001 **** 

 ZnO_2 Vs PU-HA-CuZnO5 1 % <0.0001 **** 

Day 30 PU-HA Vs PU-HA-CuZnO5 1% <0.0001 **** 

 ZnO_2 Vs PU-HA-CuZnO5 1 % <0.0001 **** 

 

 

To identify the dose effect of ions released from the scaffolds on cell viability of Y201 

cells, another set of scaffolds was synthesised with increasing percentages of the ZnO_2 and 
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CuZnO5 (1%, 3% and 5%). The synthesis method and conditions were kept identical, only the 

quantities of the nanoparticles were increased. The (fig 5.10) experiment was repeated with 

a new set of scaffolds to see the dose effect of nanoparticles. The data suggested that 

increasing the nanoparticle content in the scaffolds impaired the cell attachment and 

proliferation significantly. The increased zinc oxide content caused the scaffolds to be 

hydrophobic hence making it difficult for cells to attach. The optimal or safe nanoparticle 

quantity was concluded to be 1%.  
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5.4 Discussion 

 

Nanoparticles were synthesised using a continuous hydrothermal flow system, three 

concentrations of copper doping were introduced during the synthesis and two groups were 

synthesised aiming to get different particle sizes under 100 nm. The concentrations of 

precursor solution were varied to obtain variable nanosized particles.  

The ability of copper doped zinc oxide to support cell viability was investigated using 

the resazurin assay. The assay was performed to identify whether there are any cytotoxic 

effects of copper doped zinc oxide nanoparticles for bone tissue engineering scaffolds. The 

results indicated increase in cell viability suggesting increase in cell number in the presence 

of nanoparticles. CuZnO2 and CuZnO5 showed significantly higher cell viability compared to 

control, demonstrating synthesised nanoparticles are safe and do not cause cell death. 

CuZnO5 increased cell viability marginally as compared to CuZnO2 but the difference was not 

significant. CuZnO5 was selected with ZnO_2 as a control.  Metallic ions released from the 

nanoparticles in cell culture medium such as Cu+/Cu+2 and Zn+2 is safe in concentrations as no 

cell inhibition or cell death was recorded. The cells continued to grow in the presence of 

nanoparticle suspensions. The literature reported that a burst release of copper from 

scaffolds can reduce or impair cell proliferation and induce cell toxicity, however low 

concentrations stimulate endothelial cells (Jaidev et al., 2017). In the present study the cell 

seeding efficiency and growth kinetics was improved which might be because of a slow 

release of copper ions.  Enhanced cells’ adherence and increase in cell viability was recorded. 

A CuZnO5 suspension was used to test the cell viability of hES-MPs for up to 28 days in order 

to confirm the long-term safety of these nanoparticles in vitro. The ZnO_2 and CuZnO5 both 

were found to be safe and did not cause any cell death or toxicity for 28 days. For Bone tissue 

engineering scaffolds, the physical, chemical, and biological properties are very important as 

the combined effect of these properties leads to scaffold integration. Scaffold integration is a 

predominant factor as scaffold surface properties either promote or inhibit cell attachment 

and proliferation. The Y201 cell line was used to investigate if the scaffolds have potential for 

cell attachment and proliferation and to identify the effect of CuZnO5. The cell attachment 

study also confirmed the finding that the CuZnO5 containing scaffolds enhanced the cell 

adhesion (Jaidev et al., 2017). Cell attachment was significantly higher on porous scaffolds 
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than the tissue culture plastic as compared to only polyurethane, HA or zinc oxide scaffolds 

which supports the previous data that Cu ions enhance cell adherence in case of Y201s as 

well. The study was further advanced and cell proliferation assay revealed significant 

differences between scaffolds containing CuZnO5 and ZnO_2. The cells proliferated well on 

scaffolds, indicated by the cell viability increasing with time. The increase in cell proliferation 

on scaffolds containing Cu can be related to the enhanced cell attachment, as the initial cell 

attachment was higher so that there were more cells available for proliferation. However, 

only 1% CuZnO5 was found to enhance adherence and proliferation, as the concentration was 

increased, little or no cell attachment was observed, and no cell proliferation was seen. The 

finding is in agreement with the reported data that the higher concentration of copper ions 

reduces cell proliferation (Jaidev et al., 2017). Cu ions have also been reported to enhance 

recruitment and cross linking of tropoelastin precursors and promote mature fibre formation. 

Low levels of Cu ions induce vascularisation however 10-fold increase in ion levels i.e. 560 ng 

of Cu+2 promote wound tissue ingrowth. Cu ions are known to facilitate the release of growth 

factors and cytokines which help the proliferation of mesenchymal cells, towards osteogenic 

differentiation (Mourino et al., 2012).  

Cu+2 is a stable oxidation and copper ions and Zn ions are very important for enzymatic 

functions. Copper proteins involved in normal functioning of enzymes work in three different 

ways. Electron transfer reactions such as DNA repair, oxygen transport and storage and 

transport of metals. Cu is responsible for bone metabolism and turnover. It is also involved in 

collagen fibre deposition and angiogenesis. Regeneration of critical sized calvarial defect in 

rats upon copper supplementation was also reported. The copped doped chitosan scaffold 

was used and compared with only chitosan.  Twice the bone volume was recorded using 

microCT analysis (D’Mello et al., 2015).  

Mesenchymal stem cells (MSCs) have the ability to induce immunomodulatory 

functions either by direct cell-cell contact or by secretion of cytokines. MSCs have also been 

reported to respond to cytokines to migrate to the site of inflammation or injury (Kyurkchiev 

et al., 2014; Leuning et al., 2018). The cytokine release profile from stromal MSCs depends 

upon microenvironment and surface topography. A study performed by seeding MSCs on 76 

different bioactive surface topographies resulted in unique cytokine profiles. The data 

demonstrated that the alteration in microenvironment can change the release profile of 
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cytokines resulting in altered cellular response (Leuning et al., 2018). The change in 

environment or surface topography can be done using different kinds of ceramic 

nanoparticles to induce a cytokine response for bone regeneration and angiogenesis. The 

present research data showing that PU-HA-CuZnO5 composite scaffold induced cell 

proliferation might also be related to increased cytokine activity leading to higher cell 

proliferation on the scaffold. This could further be confirmed by performing cytokine 

detection investigations.   

 

 

 

5.5 Conclusions 

 

PU-HA-CuZnO5 composite scaffold was found to improve the cell seeding efficiency, 

metabolic activity and alkaline phosphatase activity levels as compared to control scaffolds. 

CuZnO5 was found to be nontoxic for MG63, hES-MPs and Y201 cells at lower concentrations.  

The addition of copper into zinc oxide might have reduced the burst release of Cu ions 

which resulted in improved cellular response for up to 30 days, though an ion release study is 

required for further confirmation. 1% CuZnO5 was found to be an appropriate dose for 

improved cellular response. The higher concentration of CuZnO5 leads to impaired cell 

attachment and no proliferation.  
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6 Comparative analysis of Cerium, Zirconium and Copper doped Zinc 

oxide incorporated porous scaffolds 

 

6.1 Chapter Objectives 

1. Investigate if the introduction of doped zinc oxide changes the material properties of 

Polyurethane scaffolds such as porosity and tensile properties. 

2. Investigate the effect of different ionic dopings on cell viability and seeding efficiency. 

3. Evaluate the mineralisation and angiogenic potential of doped zinc oxide incorporated 

scaffolds and compare the properties of Cerium, zirconium and copper doped zinc oxide 

incorporated scaffolds.  

 

 

6.2 Introduction 

 

The previous chapters discussed in detail the synthesis, characterisation and biological 

properties of cerium, zirconium and copper separately. The metal doped zinc oxide 

demonstrated good seeding efficiency and cell growth kinetics. The scaffolds incorporated 

with the doped zinc oxide were not found to cause toxic effects on cells, neither was any kind 

of cell inhibition observed. The novel composites were found to increase cell metabolic 

activity significantly better than hydroxyapatite or zinc oxide containing scaffolds. In this 

chapter, the three novel composites PU-HA-CeZnO5, PU-HA-ZrZnO5 and PU-HA-CuZnO5 will 

be compared. The aim is to understand the benefits of different dopings and identify which 

ones are better than the others. Also, to identify which doping has potential for future bone 

regenerative studies.  

  Scaffold properties are highly dependent on additives added to the scaffold during 

the synthesis process. The addition of nanoceramics into the scaffold can enhance surface 

properties, mechanical properties and biological properties which are all important factors in 

regenerative medicine. Balancing these properties in the design of scaffolds for bone tissue 

engineering is very critical as all these properties may impact each other and a single property 

cannot be prioritised over all the others. For example, good surface properties promote 
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implant integration, but adequate mechanical properties are also important to avoid graft 

failure. Doped zinc oxide nanoparticles were added to Polyurethane-Hydroxyapatite scaffolds 

to explore the physical and biological properties of scaffolds. The chapter will also focus on 

benefits of dopings and conclude whether the doped zinc oxide incorporated scaffolds have 

potential for further exploration as a useful material for bone regeneration and angiogenesis. 

 

 

6.3 Materials and Methods 

 

The freeze extraction salt leaching technique was used for porous scaffold synthesis. 

The amount of Hydroxyapatite was kept constant and 1% zinc oxide or doped zinc oxide 

nanoparticles were added to the scaffolds. FTIR, SEM and tensile testing were performed to 

evaluate the physical and mechanical properties of the scaffolds. The semi-quantitative 

resazurin assay was performed to evaluate the cell metabolic activity in response to different 

scaffolds. Cell seeding efficiency, Alkaline phosphatase activity assay and VEGF ELISA were      

also performed to explore the biological properties of the scaffolds containing different ionic 

dopings i.e. zirconium, copper and cerium.   
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6.4 Results:  

 

6.4.1 Scaffold characterisation 

 

6.4.1.1 Fourier-transform infrared spectroscopy (FTIR) 

 

The Fourier transform infrared spectroscopy was performed to study the composition 

of composite scaffolds.  

 

The zinc oxide FTIR Spectra is shown for discussion (Fig. 6.1). The FTIR spectra of all the 

scaffolds was found to be similar. The characteristic peaks for Polyurethane and 

Hydroxyapatite were identified but no difference was seen between zinc oxide or doped zinc 

oxide incorporated scaffolds. The characteristic peaks for Hydroxyapatite and Polyurethane 

can be seen in fig 6.2. The details are stated in table 6.1. The ZnO_2, ZrZnO5, CeZnO5 or 

CuZnO5 were used in very small amounts that is 1 weight percent which might be completely 

encapsulated by Polyurethane during scaffold synthesis. The IR only analyses the surface 

which in this case was polyurethane. However, the hydroxyapatite was higher in 

concentration i.e. 5 weight percent making it more detectable by FTIR analysis.   

 

 

 

Figure 6.1: FTIR absorbance Spectra of PU-HA-Zinc oxide_2 composite scaffold showing 

characteristic peaks for PU and Hydroxyapatite. Data represents mean (n=5). 
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Figure 6.2: Stacked FTIR absorbance Spectra of PU-HA-ZnO_2, PU-HA-CeZnO5, PU-HA-

ZrZnO5 and PU-HA-CuZnO5 composite scaffolds. All spectra were found to have 

characteristic peaks for PU and Hydroxyapatite. 

 

 

Table 6.1: The FTIR peak analysis for Polyurethane porous scaffolds. 

Hydroxyapatite 

characteristic peaks 

(cm-1) 

Attribution Reference 

569  P-O bending of phosphate group 

V3 

(G. Tetteh et al., 

2014) 603  

634  Structural OH- group stretching and 

vibration 

(G. Tetteh et al., 

2014) 

1420  V3 , asymmetric stretching & 

vibrations of CO3
-2 ions 

CH2 bending a 

 

(G. Tetteh et al., 

2014; Vannozzi et 

al., 2017) 

 

1460  

Polyurethane 

characteristic Peaks 

(cm-1) 
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1725  Ester bonds (Dias et al., 2010) 

1696  Shoulder peak attributed to 

urethane and carbonyle groups 

(Dias et al., 2010) 

3335  Stretching of NH bond (Dias et al., 2010) 

2900  Alkane-CH stretching vibrations (Dias et al., 2010) 

1174  C-N & C-O stretching vibrations (Dias et al., 2010) 

1062  C-O-C symmetric stretching (Dias et al., 2010) 

2270  Absent, indicates no unreacted 

isocyanate groups in scaffolds. 

(Dias et al., 2010) 

 

6.4.1.3 Scanning Electron Microscopy (SEM) 

 

 

The SEM Micrograph of composite scaffolds revealed that the scaffold containing only 

PU is highly porous and has a rough surface morphology (Fig 6.3). It can be seen that the pores 

are not distinct and do not have clear boundaries, the morphology is more like a mesh. 

However, PU scaffolds containing ceramic particles have pores with a more defined structure. 

The scaffold containing hydroxyapatite only exhibits a few pores with defined boundaries. 

Scaffolds also containing zinc oxide and doped zinc oxide have a higher number of pores of 

larger size.  

The Zirconium doped zinc oxide, Cerium doped zinc oxide and Copper doped zinc 

oxide incorporated scaffolds had interconnected pores that were distributed evenly over the 

surface. However, a rough and highly porous surface can be seen similar to that of cancellous 

bone or spongy bone tissue. Such surface properties were not observed in scaffolds consisting 

of only PU, PU-HA or PU-HA-ZnO_2 scaffolds.  
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Figure 6.3: Scanning Electron Microscope micrograph showing porosity distribution in PU, 

PU-HA, PU-HA-ZnO_2, PU-HA-CeZnO5, PU-HA-ZrZnO5 and PU-HA-CuZnO5 

 

 

6.4.1.2 Tensile Testing 

 

The tensile testing analysis revealed that the incorporation of nanoceramics in 

polyurethane did improve mechanical properties such as yield strength and tensile strength. 

The hydroxyapatite incorporated scaffold improved the stress bearing capacity due to particle 

incorporation in the scaffold while decreasing the Young’s modulus as compared to 

polyurethane only scaffold. The ZnO_2 and ZrZnO5 improved the tensile strength from 

0.3MPa (PU porous scaffold) to 0.87MPa and 0.81MPa respectively.  
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Figure 6.4 : Tensile properties of composite polyurethane scaffolds. Stress-strain relations of 

cerium, zirconium and copper doped Zinc oxide incorporated scaffolds confirms differences in 

tensile strength compared to unmodified Polyurethane scaffolds. Stress Vs Strain curves of 

PU, PU-HA, PU-HA-ZnO_2, PU-HA-CeZnO5, PU-HA-ZrZnO5 and PU-HA-CuZnO5 were 

produced. n=5 

 

Table 6.2: Mechanical properties of porous scaffolds calculated from stress strain curve. 

Sample name Young’s 

modulus (MPa) 

Yield strength 

(MPa) 

Tensile strength 

(MPa) 

Elongation at 

break point (% 

Strain) 

PU 0.83 0.10+0.01 0.33+0.02 240+66 

PU-HA 0.54 0.17+0.09 0.29+0.09 128.6+43 

PU-HA-ZnO_2 0.78 0.4+0.02 0.87+0.02 238.74+85 

PU-HA-CeZnO5 0.76 0.3+0.09 0.55+0.09 141.15+24 

PU-HA-ZrZnO5 0.66 0.38+0.08 0.81+0.07 249.26+89 

PU-HA-CuZnO5 0.64 0.3+0.04 0.57+0.04 180.75+85 
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6.4.2 Scaffolds Biological properties investigations 

 

6.4.2.1 Cell attachment assay 

 

This is a qualitative analysis. The cell attachment was observed to be the lowest on 

Polyurethane only foams. The cells were seen as spheres or balled up on PU-HA, PU-HA-

ZnO_2, PU-HA-CeZnO5 and CuZnO5 however, cells were spreading out and connected to each 

other on the scaffold surfaces of ZrZnO5 incorporated scaffolds.   

 

 

Figure 6.5: SEM micrographs of cell attachment on Polyurethane porous scaffolds. Cells were 

seeded on scaffolds overnight. The scaffolds were dehydrated the next day and SEM analysis 

was performed at a magnification of 1000x. 
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6.4.2.2 Cell seeding efficiency 

 

 

Cell seeding efficiency of Y201s evaluated by resazurin assay which measured cell 

metabolic activity. The level of cell metabolic activity reflected cell number. The result showed 

maximum cell attachment on porous scaffolds incorporated with zinc oxide or doped zinc 

oxide nanoparticles. The polyurethane surface properties were improved with addition of 

doped zinc oxide nanoparticles, hence making the cell adherence more efficient. The copper 

doped zinc oxide and cerium doped zinc oxide incorporated scaffolds were found to be the 

most efficient when it comes to cell attachment as the highest cell metabolic activity was 

recorded. The lowest was recorded for PU scaffolds containing only hydroxyapatite. The 

results were compared with PU only scaffold which is the control.   

 

Figure 6.6: Cell Seeding Efficiency after 16 hours incubation with Y201 cells. The metabolic 

activity assay was performed to identify viable cells attached on scaffolds and Tissue Culture 

plastic. A) The scaffolds were transferred to new well plate before performing resazurin 

assay.      B) the percentage cell attachment is shown with control (PU, PU-HA & PU-HA-

ZnO_2) being considered 100%. CuZnO5 incorporated scaffolds showed 80% cell attachment. 

Data represents mean±S.D, n= 3*3 
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6.4.2.3 Cell metabolic activity assay 

 

 

The Y201 cells were seeded on sterilised scaffolds and cell metabolic activity assay was 

performed at defined time point to evaluate the cell adhesion and proliferation on scaffolds. 

A Day 3 the highest cell metabolic activity was recorded for Zirconium doped zinc oxide and 

lowest was recorded for control Polyurethane only scaffold. The doped zinc oxide i.e. Cerium 

doped zinc oxide, Copper doped zinc oxide and Zirconium doped zinc oxide showed the 

highest cell metabolic activity demonstrating that the more cells were attached and 

proliferated on these scaffolds. CeZnO5, ZrZnO5 and CuZnO5 stimulated cell attachment and 

proliferation as compared to PU or PU HA scaffolds. Over the time of cell culture there was 

no cell inhibition or cell death with any of the scaffolds. Between day 14 and day 21 there was 

only a very small increase (if any) in metabolic activity this is likely to be because cells became 

confluent limiting their ability to proliferate. However, the CuZnO5 incorporated scaffold and 

CeZnO5 incorporated scaffolds which were lower at day 14 started to reach to the same level. 

Which clearly shows no cell inhibition or cell death. The data demonstrated that the ZrZnO5 

likely stimulated the cells to proliferate at a faster rate as compared to cells on CeZnO5 and 

CuZnO5 containing scaffolds. Overall, the doped zinc oxide incorporated nanoparticles 

stimulated the Y201 cells to attach and proliferate better on scaffolds as compared to controls 

PU, PU-HA or PU-HA-ZnO_2. 
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Figure 6.7: Cell metabolic activity assay showing the proliferation of Y201 cell line on 

composite scaffolds for 30 days. Data represent + SD, *p<0.05. n=3*3 

 

 

6.4.2.4 Comparison basal media Vs osteogenic media 

 

 

 

The cell metabolic activity pattern was the same as fig 6.7. for basal media and 

osteogenic media supplementation. However, the cell metabolic activity was marginally 

higher in presence of basal media (fig 6.8).  
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Figure 6.8: Cell metabolic activity assay showing the proliferation of Y201 cell line on 

composite scaffolds for 30 days. (A) in Basal Media. (B) in Osteogenic Media. Data shows + 

SD, n=3 

 

 

6.4.2.5 Alkaline Phosphatase Activity 
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Y201 cells were seeded on sterilised scaffolds for 20 days. The cell culture medium 

was changed every 2 days (details mentioned in the methodology chapter). One set of 

scaffolds was exposed to basal media, the other was exposed to osteogenic media. All the 

other parameters were kept identical. The experiment was repeated three times in triplicate 

and the mean is displayed in figure 6.8. The cells grown on scaffolds incorporating 

hydroxyapatite or ZnO_2 nanoparticles had higher ALP activity in basal medium than only PU 

scaffolds. The ZrZnO5 incorporated scaffolds elevated the ALP levels in cells in basal medium 

marginally as compared to CeZnO5 and CuZnO5 incorporated scaffolds.  

A similar pattern was observed with osteogenic media, but the ALP levels recorded 

were significantly higher than for ones in basal media. The CeZnO5 incorporated scaffolds 

showed improved ALP levels in osteogenic media. Hydroxyapatite, ZnO_2, CeZnO5 and 

ZrZnO5 showed improved ALP levels with osteogenic media as compared to PU, PU-HA and 

PU-HA-CuZnO5 (fig 6.9). 

 

 

 

 

Figure 6.9: Measurement of ALP enzyme activity in the Y201 cells seeded on Scaffolds 

incorporated with Polyurethane, Polyurethane Hydroxyapatite, Polyurethane Hydroxyapatite 

Zinc oxide, Polyurethane Hydroxyapatite CeZnO5, Polyurethane Hydroxyapatite ZrZnO5 and 

Polyurethane Hydroxyapatite CuZnO5. Data represent mean + SD, n=3*3. 
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6.4.2.6 Vascular Endothelial Growth factor release analysis – VEGF ELISA 

 

 

 The VEGF release in response to composite scaffolds is very important as it facilitates 

the local microcirculation leading to bone defect healing and regeneration. The data showed 

no significant change in VEGF release in response to different types of scaffolds. No VEGF 

release was recorded with Polyurethane only scaffolds which is associated with very low cells 

metabolic activity. The current data is not sufficient to conclude whether zinc oxide or doped 

zinc oxide incorporated scaffolds have the potential to encourage cells to release VEGF 

(fig.6.10). The previous literature reported burst release of VEGF in the first three days, in 

later days the release becomes steady. The initial burst release is associated with upregulation 

of BMP-2 which resulted in enhanced vascularisation and bone formation. The VEGF ELISA 

should be performed in the early days of the experiment to have some conclusive data (B. Li 

et al., 2017).  
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Figure 6.10: A) Standard curve for VEGF. B) Vascular Endothelial growth factor (VEGF) 

release from Y201 cells attached to porous scaffolds. The secreted VEGF concentrations were 

evaluated in cell culture supernatants at Day 14 and Day 21 (n=3) using VEGF ELISA Kit. 

 

 

 

 

 

 

 

A 
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6.5 Discussion 

 

Composite mechanical properties depend upon the interaction of polymer and 

ceramic components present in the scaffold. If the interfacial bonding strength between 

nanoparticles and polymer is enhanced, the load bearing capability of the material improves. 

The tensile testing of composite scaffolds in this case led to changes in Polyurethane 

behaviour depending upon which nanoparticles were used. The pure PU scaffold was flexible, 

However, upon introduction of Hydroxyapatite, the break point was achieved earlier which 

means the scaffold became brittle with the addition of nanoparticles. The reason could be a 

weak interfacial interaction between the polymer and Hydroxyapatite (Rajzer, 2014 particles 

making the scaffold break. A comparative study using nano hydroxyapatite and micro 

hydroxyapatite polyurethane scaffolds was performed by a previous group member. The 

study reported higher Young’s modulus for scaffolds containing nano hydroxyapatite as 

compared to the micro hydroxyapatite, osteoid bone formation was also recorded as early as 

day 7, however, with micro hydroxyapatite, it was recorded at day 45 (Gifty Tetteh, 2016).  

This data is not directly comparable to present study but does shed some light on importance 

of using nano particles as compared to micro to improve mechanical properties as well as 

biological properties to some extent.  

The zinc oxide and Zirconium doped zinc oxide in present study was able to increase 

the yield strength and tensile strength as compared to only Polyurethane which might be a 

result of strong van der waals interaction (Rajzer, 2014). ZnO_2 and ZrZnO5 addition to PU 

led to defined porosity which could be the reason for increased ultimate stress levels. The 

load applied on PU-HA-ZnO_2 and PU-HA-ZrZnO5 might be distributed along the material 

delaying the break point, hence elongation at break point was recorded higher than the 

control scaffolds.  The optimal tensile properties depend on the application of scaffolds. Fresh 

frozen cancellous bone strength is reported to have tensile strength 1.8-63.6 MPa, trabecular 

bone 1-13MPa and tibia 0.2 – 6.2 MPa was recorded respectively (Shkarina et al., 2018). The 

concentration of nanoparticles and polymer percentages can be adjusted to improve the yield 

strength and tensile strength to make them suitable for craniofacial bone regeneration 

purposes.  
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The nanoparticle addition to polymeric scaffolds also affects the microstructure of the 

resultant scaffold. The microstructure of the scaffold is very important in the field of bone 

tissue engineering. The interaction of particles with polymeric chains determines the nature 

of porosity in the resultant scaffolds. The optimal size of pores and interconnectivity is very 

important for cell attachment, proliferation, and bone infiltration (Gao et al., 2014). From 

nanosized pores to a maximum of 500 µm pore size was recorded for scaffolds incorporated 

with zirconium doped zinc oxide and Copper Doped zinc oxide. This pore size range is reported 

to influence the exchange of nutrients and waste along with bone ingrowth and angiogenesis. 

The larger pore size also promotes mineralisation as porosity increases the surface area for 

apatite formation (Lü et al., 2013).  

 

Cell seeding efficiency and cell attachment assay performed showed that the Y201 

cells adhered to scaffolds with bigger pores and higher surface roughness (CeZnO5, ZrZnO5 

and CuZnO5). SEM images revealed that the cells started to attach (became flat and well 

spread) to the scaffolds however, on PU and PU-HA cells looked more globular and still were 

not attached properly to the surface. The interaction of cells with the scaffolds depends on 

several factors including surface charge, porosity, roughness and hydrophilicity. The cell 

friendly scaffold surface allows cells to attach in less time. Well attached cells generally seem 

flattened and tend to connect to each other, however cells on hydrophobic surfaces or 

surfaces that do not allow cell adhesion look more rounded. In this study, the cells adhered 

really well on scaffolds incorporated with ZrZnO5. The finding can be backed up with previous 

literature where myoblasts adhered to polyurethane scaffolds with higher surface roughness 

and larger pores (Vannozzi et al., 2017). The nature of adhesion, location and number of 

adhesion focal points affects the cell-matrix interaction and the cytoskeleton, which are the 

key factors for cell survival differentiation in bone tissue engineering (Carey et al., 2010). In 

vitro cell attachment and spreading depend on reorganisation of cytoskeleton in such a way 

that integrin mediated cell signalling is initiated. The cell adhesion to a surface generally 

happens in three phases. The first stage is cell attachment to the substrate, followed by 

flattening and spreading of the cell body, finally organisation of the actin cytoskeleton and 

formation of focal adhesion points between the cells and the scaffold surface (fig. 6.11) 

(Khalili & Ahmad, 2015).  
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Figure 6.11: Schematic of cell adhesion to the surface. A) Initial attachment of cells and 

surface. B) Flattening or cell onto the surface C) Fully spreading or cells on the surface. 

 

The Y201 cells were left to grow on scaffolds for up to 30 days to evaluate cell 

proliferation with reference to cell metabolic activity at regular intervals. The Cerium, Copper 

and Zirconium doping into zinc oxide individually had benefits on cell adhesion and 

proliferation as discussed in previous chapters. The CeZnO5 contained a CeO2 phase which is 

a stable trivalent state and acts as an antioxidant, this means it regulates oxygen levels which 

are critical for cell growth. That might be the reason for better cell proliferation in the case of 

CeZnO5 incorporated scaffolds as compared to PU, PU-HA or ZnO_2.  

 The scaffold surface properties play an important role in cell adhesion and 

proliferation. The cells respond to macro roughness (100 µm to mm) or microroughness 

(100 nm-100 µm) in different manners. A study was performed on polycaprolactone rough 

membranes using osteoblast cells. Reduced or inhibited adhesion and proliferation was 

recorded with increased pore size due to surface discontinuity (fig. 6.12), however, an 

increase in microroughness (200 µm) resulted in improved cell differentiation, ALP activity 

and osteocalcin expression (De Bartolo et al., 2008).  
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Figure 6.12: MG63 cell attachment on micro and macrorough surfaces. A) 0.2 mm pores B) 

0.4mm pores C) 1.0 mm Pores D) 3.0mm pores E) 5.0mm pores F) 8.0mm pore. Image is used 

under Creative Commons Attribution-NonCommercial-ShareAlike-3.0 License, (S. J. Lee et al., 

2004)  

 

The size of individual pores has also been found to be important for cell seeding 

efficiency. As the size of pores aids cell attachment to the surface. PLA and PLGA scaffolds 

synthesised via a salt leaching process were synthesised, and the average pore size recorded 

was 160 µm. The 160 µm pore size was found to be optimal for attachment of human skin 

fibroblast cells. PMMA scaffolds with a pore size of 450 µm were found to be better for bone 

cell infiltration and growth (Ashman & Moss, 1977; Jian Yang et al., 2002). The pore 

interconnectivity is of huge importance especially when comes to cells infiltration, 

osteogenesis or angiogenesis. 150-300 µm porosity, highly interconnected polyurethane 

meniscal implants were investigated, and fibrocartilaginous tissue ingrowth was evidenced 

(C.-G. Wu et al., 1996). Another study reported that the osteoblast cells migrate at much 

faster rate when the porosity is 100 µm in polyHIPE scaffolds, however, no difference was 

observed for mineralisation or cell penetration.  High pore interconnectivity is also essential 

for nutrient supply and oxygen exchange which is critical for cell viability (Akay et al., 2004).  
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The zirconium doped zinc oxide incorporation into scaffolds increased the porosity 

which is a favourable factor for cell attachment and proliferation as per literature available 

.(Ashman & Moss, 1977; Jian Yang et al., 2002).  The pore interconnectivity was not 

investigated in this study so I can only speculate that the pores might be more interconnected 

leading to better cell metabolic activity relative to control scaffolds. Another likely reason 

could be the reduced zeta potential for ZrZnO5 or Zinc oxide leading to less repulsive forces 

between proteins (fibronectin) and scaffolds. Fibronectin increases the cell attachment 

capacity and hence leads to cell proliferation. Copper ions as mentioned in chapter 5 can 

induce bone regeneration when used in low quantities (Mourino et al., 2012). The CuZnO5 

used in scaffolds was 1%is a very low quantity and it was found to be non-toxic for Y201 cells 

and hES-MPs (discussed in previous chapter).  It also induces the proliferation of Y201 cells 

and higher metabolic activity was recorded compared to controls. The pathway by which 

copper induces proliferation is yet unclear. Based on literature and current data copper is 

proangiogenic. Copper ions induce formation of blood vessels resulting in recruitment of bone 

cells for bone formation.  Upon comparison of all the doped zinc oxide scaffolds, Cerium and 

copper doped zinc oxide containing scaffolds demonstrated better cell attachment. The 

metabolic activity recorded was maximum for ZrZnO5 scaffold until Day 14 and cells in cerium 

and copper doped zinc oxide scaffolds reached the same confluence at Day 21. The data 

showed that the zirconium doped zinc oxide scaffold provided the cells with conditions to 

attach, proliferate and connect to each other. The reason might be better porosity and 

roughness for cell adhesion and proliferation leading to increase in metabolic activity. No cell 

death or growth inhibition was seen. However, the cell metabolic activity was recorded to be 

higher for cerium and copper as well as compared to control, and the scaffolds became 

confluent by Day 30 with no cell death or inhibition recorded. Further studies can be 

performed to explore the bone regenerative and angiogenic capacity of these scaffolds. But 

based on current data PU-HA-ZrZnO5 is overall more promising than PU-HA-CeZnO5 and PU-

HA-CuZnO5. 

  

 

 

 



Chapter 6 

 

 

 

163 

6.6 Conclusions 

 

The doped zinc oxide nanoparticles certainly are more effective under the conditions 

examined here compared to only zinc oxide nanoparticles. Ionic dopings into a zinc oxide 

lattice are a good way to prevent the burst release of ions which was reported to have toxic 

effects on cells. Cerium, copper, and zirconium dopings were performed and resulted in 

improved physical and biological properties. The scaffolds incorporated with doped zinc oxide 

nanoparticles resulted in uniform porous scaffolds with maximum pore size of about 500 µm. 

Nanosized pores or rough surfaces were obtained similar to that seen for cancellous bone. 

The cells attached better to these scaffolds with maximum cell attachment recorded for 

cerium and copper doped zinc oxide incorporated scaffolds. The zirconium doped zinc oxide 

incorporated scaffolds were found to have improved tensile properties and scaffold 

microstructure. Selecting a scaffold is a critical process as it involves balancing physical, 

chemical and biological properties. 
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Chapter 7 Final Discussion and Future work 

 

Bone repair and regeneration is a complex process and involves a critical balance 

between upregulation of growth factors, recruitment of cells and bone formation. A need for 

composite scaffolds supporting this process and accelerating it is the purpose of bone tissue 

engineering research.  Zinc oxide in the field of bone tissue engineering is becoming popular 

because of its effect on upregulation of fibroblast growth factor (FGF) and Vascular 

endothelial growth factor (VEGF) leading to angiogenesis and osteogenesis. A few studies on 

polyurethane and zinc oxide composite scaffolds have been published concluding the 

efficiency of the scaffolds for cell adhesion and proliferation. Polyurethane/zinc oxide 

composite scaffolds have been studied (discussed in the literature review section) and it was 

demonstrated that the lower zinc oxide concentration (0.5 to 5 wt %) improved the cell 

attachment and proliferation of the scaffolds (Y. Wang et al., 2020).  This research was 

focused on doping cerium, zirconium and copper ions to zinc oxide. In the previous chapter, 

the synthesis of cerium, zirconium and copper doped zinc oxide have been discussed. The 

chemical, physical and biological characterisation of these nanoparticles were performed and 

porous composite scaffolds with polyurethane/hydroxyapatite base were synthesised. The 

3D foam like scaffolds were investigated for its potential as a bone regenerative scaffold by 

performing cell seeding efficiency, cell metabolic activity assay, Alkaline Phosphate Activity 

(ALP) Assay and Vascular Endothelial Growth Factor detection ELISA analysis (VEGF). ALP and 

VEGF assays are the preliminary assays for mineralisation and angiogenesis, Increased levels 

of ALP and VEGF may contribute towards mineralisation and angiogenesis.  

The novelty of the current study lies in synthesis of cerium, zirconium and copper 

doped zinc oxide for bone tissue engineering applications. The synthesis of these metallic 

dopings have been reported in a limited number of studies for photocatalysis applications. To 

my knowledge here we are the first to explore the biological properties of these dopants.  The 

cell metabolic activity assay of cells exposed to compounds containing cerium, zirconium and 

copper doped zinc oxide was performed for the first time, and it was revealed that the 

presence of these nanoparticles does play an important role in supporting in cell metabolic 

activity compared to cells exposed only to standard cell culture media. The cell metabolic 
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activity of cells exposed to doped zinc oxide was comparable with the pure zinc oxide based 

on cell metabolic activity assays. So far cerium, zirconium and copper doped zinc oxide loaded 

scaffolds supported improved cell attachment and proliferation and stimulated ALP activity, 

a common marker of osteogenic differentiation. The data indicated that doped zinc oxides 

may improve osteogenesis compared to scaffolds containing only hydroxyapatite or pure zinc 

oxide. To date, this study is the first to report the lack of cytotoxicity and healthy cell 

metabolic activity of cells exposed to this composite formulation.  

 

7.1 Limitations of the study: 

 

1. The scaffolds were auto-fluorescent making it impossible to use immunostaining 

techniques such as DAPI/Phalloidin to investigate the number of nuclei and gross cell 

morphology on the scaffolds. 

2. The composite scaffolds were retaining excess dye from Sirius red and Alizarin red hence 

we couldn’t perform mineralisation study using this method.   

2. The VEGF Assay was performed at late time points (Day 14 & Day 21). However, VEGF is 

typically burst release at early time points in cell culture and the release kinetics then become  

steady or constant over time. This means that the VEGF data is ambiguous. Also, the assay 

was performed with cell culture supernatant, and the media used for cell culture was 

supplemented with serum which can contain small amounts of VEGF that might have 

interfered with our data.  
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7.2 Short term future works 

 

The short-term future work would be to rectify the limitations of the study which we were 

unable to do due to covid19.  

 

7.2.1 Detection of PCR markers for osteogenesis:  

 

The first and foremost priority would be to use RT-PCR to detect early markers of 

osteogenesis such as Runx-2, ON, OCN, OPN, BMP-2, and COL1 (Bou Assaf et al., 2019). We 

planned to perform quantitative real-time PCR at different time points to evaluate the 

osteoinductive potential of doped zinc oxide incorporated Scaffolds. 

 

7.2.2 VEGF release detection:  

 

To get a complete understanding of VEGF release and effect of doped zinc oxide 

incorporated scaffolds VEGF should be performed at different time points starting from Day 

1.  The test would be repeated at different timepoints and without serum supplementation. 

That way the data would be better interpretable.   

 

7.2.3 Chicken Chorioallantoic membrane Assay (CAM): 

 

Chicken Chorioallantoic membrane Assay (CAM) for Angiogenesis would be 

performed. To determine the ability of doped zinc oxide incorporated Polyurethane 

composite scaffolds to promote angiogenesis a CAM assay could be carried out. Fertilised 

chicken eggs will be taken and labelled carefully. The eggs will be incubated at 37°C 65% 

humidity. On day 8, 3 cm cut, or hole will be created to access the chorioallantoic membrane, 

2 cm2 sized scaffold (sterilised) will be carefully placed on the membrane. The hole will be 

closed using parafilm to prevent dehydration and possible contaminants. The eggs will be 

returned to an incubator and analysed after 2 days. The blood vessels will be counted 

manually around the scaffold in clockwise direction (Augustine, Malik, et al., 2014).  
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Finally, to better understand the properties and safety of the scaffolds, detailed 

characterisation is required such as degradation and wettability. 

 

7.2.4. Degradation:   

The degradation study would be based on mass loss over the time. The pre-weighed 

scaffolds would be submerged in PBS and the weight loss recorded every 5 days for up to 30 

days. The PBS would be replaced every 5 days and analysed using UV Vis spectrophotometer, 

FTIR and HPLC for released substances. This study would provide a better understanding of 

the scaffold’s degradation products and the ionic release profile. 

 

 

7.3 The long-term future Goals: 

 

7.3.1 Scaffold Fabrication Technique:  

The scaffold synthesis was performed using a freeze extraction salt leaching process. 

The process is economical, but it is not easily reproducible and there can be batch to batch 

and scaffold to scaffold variability. The technique can be made better by controlling the 

conditions such as using Teflon moulds and dedicated freezer for freezing the moulds. This 

would allow the quick freeze of the scaffolds before the porogen starts to settle down. The 

porosity will be optimised and controlled by controlling the size of the porogen. The open 

pores with interconnectivity are very important for tissue engineering and angiogenesis. To 

determine the nature of porosity, Micro CT analysis will be performed to analyse if the pores 

are interconnective and what is the difference between different ionic dopings as the current 

study did give some information of change in porosity due to different dopings.  

 

7.3.2 Cellular uptake of zinc oxide & doped zinc oxide:  

Osteogenic cells will be grown for 24 hours in the presence of zinc oxide or doped zinc 

oxide suspension followed by PBS washing, trypsin treatment, collection of cells via 

centrifugation. The collected cells will be re-suspended in Trump’s Fixative (A combination of 

Sodium Cacodylate, Formalin, and Glutaraldehyde used to fix cellular samples before Electron 
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Microscopy). The SEM will be performed to see if the nanoparticles are entering into the cells 

and if the type of particle is causing any change in cells’ morphology. If reliable data is not 

obtained using SEM, thin sections will be cut and TEM will be performed.  

 

7.3.3 Determination of Reactive Oxidative Species (ROS) 

The reactive oxidative species plays an important role in angiogenesis. Y201 and hES-

MPs cells will be treated with zinc oxide suspension for 24 hours followed by florescence 

microscopy. The samples will be excited at wavelength λEX = 488nm (blue) and green 

florescence emission will be detected λEM = 525 nm which indicates the presence of ROS.  

 

7.3.4 Matrigel analysis for tubule formation: 

Capillary tube formation Assay will be done using vascular endothelial cells (HUVEC). 

The cells will be cultured in presence of doped zinc oxide suspensions. For this test, 10 µL of 

Matrigel will be transferred to well plates followed by addition of 50 µL cell 

suspension/nanoparticle suspension. The plates will be stored in a CO2 incubator under 

standard cell culture conditions and analysed after 5- and 24-hours using phase-contrast 

inverted microscopy. This assay will demonstrate the effect of nanoparticles on HUVEC 

proliferation and microtubule formation. This would act as a model for neovascularisation. 

This is a two-dimensional in vitro assay and reliable results can be obtained in less amount of 

time as compared to CAM. The assay can be performed on all the nanoparticles to identify 

pro-angiogenic potential. Capillary tube formation assay can reliably detect the weak 

proangiogenic agents as compared to CAM assay (evaluation of angiogenesis assays).  

After performing in vitro and in vivo testing, the scaffolds will be ready for animal 

testing and finally a clinical study for craniofacial bone repair and regeneration.  
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7.4 Conclusions 

 

The focus of this thesis was on development of improved biomaterials for 

regenerative biomedicine. At first, a high throughput, eco-friendly synthesis method for 

nanoparticles was selected. The zinc oxide and doped zinc oxide nanoparticles were 

successfully synthesised using a pilot continuous hydrothermal flow system. All the ceramic 

particles obtained were under 100 nm and did not pose any cytotoxic effects on MG63 or hES-

MP cells. The porous scaffolds synthesised using these nanoparticles were found to improve 

the cell adhesion and proliferation properties when tested with the Y201 cell line. Cell 

attachment was improved due to cerium, copper and zirconium doping of zinc oxide when 

compared with pure zinc oxide or Hydroxyapatite containing scaffolds. The three dopings 

individually were found to benefit cell adhesion and proliferation as compared to controls 

however, ZrZnO5 was found to improve the cell metabolic activity at early days. The doped 

zinc oxide nanoparticles were found to increase the ALP levels as well which is the early 

marker for osteogenesis. The highest VEGF was also recorded for ZrZnO5 incorporated 

scaffolds, hence making the doped zinc oxide a potential source for future bone regenerative 

scaffolds. The current research explored the biological properties of doped zinc oxide and the 

above-mentioned future work would lead to better understanding of these particles and their 

uses for tissue engineering applications. Better understanding of the physical, chemical and 

biological properties of cerium, zirconium and copper doped zinc oxide nanoparticles will lay 

the foundation of customisation of scaffolds for angiogenesis and osteogenesis.  
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