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Abstract 
Introduction 

Fractures, especially in elderly people, have devastating outcomes and can drastically reduce 

the quality of life. Targeted delivery of growth factors directly to the site of fracture or other 

skeletal defects has been recognised as a strategy that could improve healing and lead to better 

clinical outcomes. Delivery systems that can enhance bone formation, accelerate regeneration 

and healing, and ultimately restore bone integrity and strength, are still largely missing. 

Aim 

We aimed to evaluate the myokine irisin and the neuropeptide orexin as potential bone anabolic 

factors and to develop a clinically suitable drug delivery system for the optimal delivery of the 

bone anabolic factor lactoferrin (LF). 

Methods 

We developed an ex vivo osteocyte culture system, and investigated the effects of irisin and 

orexin on bone cells at different stages of development in vitro: on bone marrow stromal cells, 

osteoblasts, osteocytes, and osteoclasts.  

In vitro studies were conducted with three different delivery systems to assess their ability to 

deliver anabolic factor LF and their cytocompatibility with osteoblasts. Drug delivery systems 

demonstrating potential were tested in vivo using a rat calvarial defect model. 

Results 

Firstly, we validated our osteocyte-rich ex vivo bone tube system. The osteocytes in bone tubes 

were responsive to rhPTH(1-34) and decreased expression of Sost. Both irisin and orexin 

enhanced bone marrow stromal cell differentiation into adipocytes, and orexin also increased 

osteoblast proliferation. Irisin and orexin did not affect matrix mineralisation by osteoblasts, 

osteocyte function or osteoclastogenesis. Secondly, we found LF delivered in the commercial 

INFUSE® ACS and the current formulation of LF/poloxamers did not increase bone 

regeneration in a rat calvarial defect model. We developed a novel self-assembling peptide that 

is cytocompatible with osteoblasts and has potential to be used for sustained delivery of LF. 

Conclusion 

In conclusion, the present study suggests there is not enough evidence to demonstrate that irisin 

and orexin have potential as anabolic factors for local bone regeneration. While this study has 
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not yet found a suitable delivery system for LF, we demonstrated that synthetic self-assembling 

peptide hydrogels have the potential to be further examined for local delivery of LF in vivo. 
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CHAPTER 1 INTRODUCTION 
In this chapter, Part A summarises basic bone biology and describes the current understanding 

of fractures and osteoporosis. In part B, interventions and potential therapeutics for bone 

regeneration are discussed. Part C presents the aims of this study.  

 

Part A BONE BIOLOGY 
 

1. Bone function and structure 
Bone is an organ that plays multiple roles. Firstly, the skeleton protects vital organs and 

provides sites for muscle and ligament attachment to allow movement. Secondly, bone tissue 

plays a key role in the maintenance of mineral homeostasis, serving as a reservoir for minerals, 

including calcium and phosphate. Thirdly, bones contain bone marrow which is the 

predominant site of haematopoiesis. Lastly, bones respond to a variety of physiological stimuli 

and serve as an endocrine organ, secreting hormones that regulate tissues and organs 

throughout the body (Park et al., 2017, Burrow et al., 2018). Bones are constantly remodelled 

throughout life, in a process that results in complete replacement of bone tissue in the adult 

skeleton approximately every 10 years (Carmona, 2004). 

 

1.1 Macroscopic structure of bone 
The skeleton contains two parts that differ in location and function. Axial bone forms the 

central structure of the skeleton and is comprised of 80 bones including the skull, spine, and 

rib cage, that protect vital organs including the brain, heart, and lungs. The appendicular 

skeleton is comprised of 126 bones, including long bones in arms and legs, shoulder and pelvic 

girdle. It provides stability while moving and protects digestive and reproductive organs.  

Most bones are composed of two types: porous spongy trabecular or cancellous bone, and dense 

compact cortical bone (Figure 1-1). Trabecular bone provides structural support at the ends of 

long bones or in the vertebral bodies, and a sponge-like porous network of bone is 

interconnected by bony rods and plates. Cortical bone provides strength and the thickness 
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increases where muscles attach or where the support is needed, as in the long bones of the legs. 

Cortical bone is covered in a fibrous layer called periosteum, except at joints which are covered 

by articular cartilage. The periosteum layer contains blood vessels, nerves and bone cells. The 

cortical surface in the medullary cavity is covered by the vascular connective tissue, which is 

called endosteum. The central cavity of bone is filled with bone marrow (Cohen and Hull, 

2020, Martini et al., 2011, Buckwalter et al., 2000). 

 
Figure 1-1 Macrostructure of a femur showing frontal longitudinal midsection  
The schematic art pieces used in this figure were provided by Servier Medical art 
(https://smart.servier.com/), licensed under a Creative Common Attribution 3.0 Generic License 
(Cohen and Hull, 2020).  

 
 

1.2 Microscopic structure of bone 
Microscopically, bone is comprised of bone cells and an extracellular matrix (ECM). The ECM 

is a non-cellular space that is composed of proteins and polysaccharides. The organic 

component of the ECM is made of collagenous proteins that comprise 90% of this component 

and include mainly type I collagen. Non-collagenous proteins in the organic component of bone 

https://smart.servier.com/
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ECM, for example osteocalcin (OCN), dentin matrix protein-1 (DMP1) and matrix 

extracellular phosphoglycoprotein (MEPE), can be divided into four types:  proteoglycans, 

glycoproteins, γ-carboxyglutamate-containing proteins, and small integrin-binding ligands N-

linked glycoproteins. These non-collagenous proteins are involved in variety roles, including 

promoting bone formation and mineralisation, collagen fibrillogenesis, Wnt signalling, and 

regulation of calcium and phosphate metabolism. The main inorganic component of bone ECM 

is hydroxyapatite (Ca5(PO4)3OH) (Lin et al., 2020). This composition of ECM with a mixture 

of collagen and hydroxyapatite allows bone to be elastic and flexible but rigid at the same time 

(Figure 1-2). The ECM is constantly changing in response to growth factors and the pH of the 

local environment. 

Based on the stage of bone development, bone can be divided into woven bone and lamellar 

bone. Woven bone is an immature bone that is seen at the early stage of bone development and 

healing, with an unorganised pattern that is later replaced by lamellar bone. Lamellar bone is 

more mature and resilient with organised form of fibres and collagen layers and hence more 

mechanically strong than woven bone.  

 

Figure 1-2 Microstructure of bone, from macroscale skeleton to nanoscale structure 
Figure adapted from Nair et al. (2013), made available through  licensing under a Creative Commons 
Attribution-NonCommercial-ShareAlike 3.0 Unported License. 

 

 

2. Bone remodelling and bone cells  
Bone is a dynamic organ that undergoes constant remodelling throughout life. The process 

involves the removal of old or weak bone and its replacement with new bone. The process 

involves three main types of cells: osteoclasts, osteoblasts, and osteocytes. These cells are 

derived from mesenchymal and hematopoietic stem cells (Figure 1-3). 
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Figure 1-3 Mesenchymal and hematopoietic lineages  
(Numan et al., 2015) 

 

Bone marrow contains mesenchymal and hematopoietic stem cells. Red bone marrow is the 

site of haematopoiesis, where haematopoietic stem cells differentiate into the lymphoid and 

myeloid lineages. Mesenchymal stem cells reside in regions of the bone marrow that appear 

yellow due to storage of fat. Mesenchymal stem cells can differentiate into various cell types, 

including osteoblasts, adipocytes, chondrocytes, and fibroblasts (Moonim and Porwit, 2011, 

Numan et al., 2015).  

The close proximity of cells in the bone marrow to osteoblasts and osteoclasts allows 

communication between them, and results in multiple interactions through receptors and 

ligands. Marrow stromal cells respond to stimuli including hormones, growth factors and 

mechanical stimulation, and influence on bone cells. Stromal cells and osteoblast progenitors 

in the bone marrow are a major source of cytokines and prostaglandin that regulate osteoclast 

survival, proliferation of osteoclast precursors, formation of multinucleated osteoclasts and 

activity of mature osteoclasts (Stegen and Carmeliet, 2020, Calvi, 2020). 
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2.1 The bone remodelling process 
Bone remodelling is a finely orchestrated process that maintains bone mass and shape in the 

healthy skeleton. Osteocytes, terminally-differentiated cells of the osteoblast lineage embedded 

within the bone matrix, play key roles in the regulation of bone remodelling. Bone resorbing 

osteoclasts and bone forming osteoblasts together form temporary units called ‘basic multi-

cellular units’ (BMUs), and multinucleated osteoclasts are followed by osteoblasts (Manolagas 

and Parfitt, 2010) (Figure 1-4). The bone remodelling process depends on a fine balance 

between the activities of osteoblasts and osteoclasts. Extensive communication among these 

three cell types through autocrine and paracrine pathways is essential for bone health (Park et 

al., 2017) (Figure 1-5). 

 

 

Figure 1-4 An illustration of bone remodelling cycle and the key cells involved  
The four sequential phases of activation, resorption, reversal and formation in the remodelling cycle are 
processed by the bone remodelling unit. The activation step is initiated by the cells of the osteoblast 
lineage acting on hematopoietic cells to form active multi-nucleated osteoclasts. Bone resorption by 
osteoclasts lasts a few weeks, followed by a brief reversal phase, and new bone formation by osteoblasts, 
which is a much slower process that takes several months to complete (Carmona, 2004).  
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Figure 1-5 Cell to cell communication between bone cells, fat and muscle  
Arrows represent activation, and blocked arrows represent inhibition. Green lines represent a positive 
effect on bone, and red lines represent a negative effect on bone. Figure adapted from Park et al. (2017). 

 

2.2 Osteoclasts 
The role of osteoclasts in the bone remodelling process is to resorb mineralised bone at sites of 

damaged or old bone. Osteoclasts comprise 1 to 2% of the total resident bone cells and originate 

from haematopoietic stem cells in the bone marrow. Formation of osteoclasts, termed 

osteoclastogenesis, includes commitment, differentiation, multinucleation, and maturation 

steps (Yavropoulou and Yovos, 2008) (Figure 1-6). Active and mature osteoclasts that resorbs 

bone are formed by differentiation and fusion of monocyte precursors to form multi-nucleated 

cells, containing 3 to 20 nuclei, that express high levels of tartrate-resistant acid phosphate 

(TRAP) (Figure 1-7).  
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Figure 1-6 Hematopoietic stem cell differentiation towards the osteoclastic lineage  
Representative phenotypic markers are shown in dark blue. Representative transcription factors 
involved in osteoclastogenesis are shown in light blue. M-CSF, macrophage colony-stimulating factor; 
CTR, calcitonin receptor; TRAP, tartrate-resistant acid phosphatase; RANKL, Receptor activator of 
nuclear factor kappa-Β ligand; CA II, Carbonic anhydrase II; CLC7, chloride channel 7; H+-ATPase, 
electrogenic proton pump (Soltanoff et al., 2009, Zhao et al., 2007, Broadhead et al., 2011). 

 

 

Figure 1-7 Osteoclasts and resorption pits made by osteoclasts  
A, TRAP stained multi-nucleated osteoclasts on cell culture plastic in bone marrow culture. OC, 
osteoclast. B, Toluidine Blue stained resorption pits made by osteoclasts on a bovine bone chip. Scale 
bars = 100 µm. Pictures were kindly provided by Dr Jian-ming Lin in Bone and Joint group, University 
of Auckland.  

 

The process of osteoclastogenesis involves the two key cytokines, receptor activator of nuclear 

factor kappa B ligand (RANKL) and macrophage colony stimulating factor (M-CSF). They are 

both membrane bound factors presented on the cells of the osteoblast lineage, and the cells also 

produce the factors in soluble forms. Osteoclastogenesis involves binding of receptor activator 

of nuclear factor kappa B (RANK), which is a receptor present on osteoclast precursors, to its 

ligand RANKL. The expression of RANKL on osteoblast precursors and stromal cells is 

upregulated by hormones including 1,25-dihydroxy vitamin D3 (1,25(OH)2D3), parathyroid 

hormone (PTH), prostaglandin E2 (PGE2) and by locally produced cytokines including tumor 
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necrosis factor α (TNF-α), Interleukin (IL)-1, IL-6 and IL-17. RANKL plays a critical role in 

promoting differentiation and fusion of osteoclast precursors, as well as activating bone 

resorption by mature osteoclasts (Sabokbar et al., 2016, Feng et al., 2019). RANKL also binds 

to a soluble decoy receptor osteoprotegerin (OPG), a negative regulator of osteoclast 

differentiation. OPG competes with RANKL binding to RANK and inhibits osteoclastogenesis 

(Figure 1-5). OPG is mainly produced by cells of the osteoblast lineage, and it is expressed in 

haematopoietic and immune cells, as well as other tissues including brain, skin, liver and heart. 

Osteoclastogenesis also requires the activity of M-CSF. M-CSF is a growth factor which is 

critical to the proliferation, differentiation, activation and survival of cells of the mononuclear 

phagocyte system. Along with soluble and membrane-bound forms, M-CSF also presents in 

matrix form. M-CSF is produced by mesenchymal cells, including fibroblasts and osteoblasts, 

some epithelial cells, and activated macrophages. M-CSF binds to its membrane receptor c-

Fms that is expressed in osteoclast precursors and mature osteoclasts. Proinflammatory 

cytokines such as TNF stimulate osteoclastogenesis synergistically, or are able to substitute for 

RANKL in some rare cases, initiating osteoclastogenesis in a RANKL-independent way. This 

happens under certain conditions of pathological bone resorption, including postmenopausal 

osteoporosis, rheumatoid arthritis and periodontitis (Sabokbar et al., 2016, Feng et al., 2019). 

Once the multi-nucleated osteoclasts are formed, they can be activated to initiate bone 

resorption, but also can be deactivated and remain dormant until their action is needed. Once 

osteoclasts are activated, the cells attach to bone surfaces through a specialised ruffled border. 

The sealed zone under the ruffled border becomes acidified by H+ATPase-mediated transport 

of protons across the osteoclast membrane. The mineral component of the matrix is dissolved 

in the acidic environment, exposing the organic components which are degraded by enzymes, 

including cathepsin K, matrix metalloproteinase-9 (MMP-9) and MMP-13. Through the bone 

resorbing process osteoclasts play a role in mineral homeostasis, by modifying the rate of 

resorption in response to fluctuations in the levels of calcium and phosphate in the circulation 

(Burrow et al., 2018). Osteoclasts have a short lifespan of approximately two weeks, and 

undergo apoptosis once their activity is complete (Manolagas, 2000). 

 

 



Chapter 1 Introduction 

9 
 

2.3 Osteoblasts 
The role of osteoblasts is to produce extracellular matrix which can be mineralised. Osteoblasts 

comprise 4-6% of the total resident bone cells and originate from mesenchymal stem cells. 

Commitment of mesenchymal stem cells to the osteogenic lineage is induced by a variety of 

factors, including bone morphogenetic proteins (BMPs) and Wnts. The markers that are 

expressed in each developmental stage of osteoblasts are summarised in Figure 1-8.  

 

 

Figure 1-8 Mesenchymal stem cell differentiation towards the osteoblastic lineage  
Representative markers are shown in dark blue. PDGFRα, platelet-derived growth factor receptor α; 
SCA1, stem cell antigen-1; DLX5, distal-less homeobox 5; RunX2, runt-related transcription factor-2; 
ALPL, alkaline phosphatase; Col1, collagen type I; BSP, bone sialoprotein I/II; DMP1, dentin matrix 
acidic phosphoprotein 1; FGF23, fibroblast growth factor 23; MEPE, matrix extracellular 
phosphoglycoprotein; Phex, phosphate-regulating neutral endopeptidase, X-linked; SOST, sclerostin 
(Florencio-Silva et al., 2015, Matic et al., 2016, Tang et al., 2017, Id Boufker et al., 2010, Rodríguez-
Carballo et al., 2016, Bonewald, 2018, Kfoury and Scadden, 2015). 

  

Osteoblasts synthesise extracellular matrix by secreting collagen (predominantly type I 

collagen) and non-collagenous proteins (such as osteocalcin, osteonectin, BSP, and 

osteopontin). Subsequently, the synthesised matrix is mineralised (Figure 1-9). Osteoblasts 

release matrix vesicles in the newly formed bone matrix, and the vesicles bind to proteoglycans 

and other organic components. Inside the matrix vesicles, calcium and phosphate ions are 

nucleated to form hydroxyapatite crystals. When the calcium and phosphate ions are super-

saturated inside the matrix vesicle, the vesicle ruptures and the hydroxyapatite crystals are 

released into the surrounding matrix (Florencio-Silva et al., 2015).  
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Figure 1-9 Primary rat osteoblasts mineralising matrix and forming bone nodules on cell 
culture plate  
Left, primary osteoblast cells were isolated from rat calvariae and culture on the tissue culture plastic 
for two days. Right, the primary osteoblasts are starting to form a mineralised bone nodule on the left 
bottom corner of the image. Scale bar = 100 µm.  

 

Mature osteoblasts form a single layer of cuboidal cells along the bone surface. As osteoblasts 

mineralise the matrix and cease to make new bone, they can be trapped within the mineralised 

matrix and differentiate into osteocytes. The mature osteoblasts become either osteocytes, bone 

lining cells, or undergo apoptosis (Florencio-Silva et al., 2015) (Figure 1-8).  

 

2.4 Osteocytes 
Compared to the many studies on osteoblast and osteoclasts, osteocytes are the least studied 

among the bone cells, and for many years, not much was known  about osteocytes beyond their 

morphology and location within the bone matrix. Osteocytes were thought to be retired 

osteoblasts that become embedded within the bone and quiescently act as ‘placeholders’. 

However, studies of osteocytes in recent years determined the important roles these cells play 

in bone metabolism and beyond. Osteocytes regulate bone remodelling by regulating 

osteoclasts and osteoblasts, respond to mechanical stimuli, and play a key role in bone and 

mineral homeostasis by responding to change in the environment. 

Osteocytes comprise more than 95% of the bone cell population. They are the longest-living 

cells in bone, while osteoclasts and osteoblasts are short-lived bone cells that only occupy areas 

of bone surface during the bone remodelling period. Osteocytes are estimated to live for 

decades if they are located within a bone with a slow turnover rate. Osteocytes are terminally 
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differentiated osteoblasts, and less than 20% of osteoblasts differentiate into osteocytes and 

become embedded within lacunae in newly formed matrix (Figure 1-10). The differentiation 

of osteoblasts to osteocytes is characterised by changes in cell morphology and gene 

expression. Osteocyte markers are summarised in Table 1-1. When cells become embedded 

within the matrix, they form numerous elongated cellular projections called dendritic 

processes. These processes reside within canaliculi and extend in all directions around the cell 

body. The osteocytes use their dendritic processes to communicate with other osteocytes, bone 

cells on the bone surface and blood vessels. Through this lacuno-canalicular network, nutrients 

and oxygens are transported in interstitial fluid (Dallas et al., 2013) (Figure 1-11). 

 
Figure 1-10 Osteocytes within the cortex of mouse tibia  
A, H&E stained bone before flushing bone marrow out. B, H&E stained bone after flushing bone 
marrow out. C and D, Longitudinal and cross-sectional section of bone from a transgenic mouse labelled 
the osteocytes with green fluorescent protein (GFP) expressed under the Collagen 1 promoter, and red 
fluorescent protein expressed under the DMP1 promoter. BM, bone marrow; BMC, bone marrow 
cavity; C, cortical bone. Scale bar = 200 µm. 

  



Chapter 1 Introduction 

12 
 

Table 1-1 Representative genes expressed by osteocytes and their function 
(Dallas et al., 2013, Carmona, 2004, Bonewald, 2018) 

Marker Expression Function 
E11/gp38 Early osteocytes Dendritic processes formation 
CD44 All osteocytes Hyaluronic acid receptor associated with 

E11 and linked to cytoskeleton 
Phex All osteocytes Bone mineralisation and phosphate 

metabolism 
MEPE/OF45 Mature osteocytes Inhibitor of bone formation and regulator 

of phosphate metabolism 
DMP1 All osteocytes Formation and maintenance of lacuno-

canalicular system, regulation of 
osteocyte-mediated responses to 
mechanical loading, phosphate 
metabolism and mineralisation 

Sost (Sclerostin) Mature osteocytes Inhibitor of bone formation (Wnt 
antagonist) 

FGF23 All osteocytes Control renal phosphate and vitamin D 
metabolism in kidney to induce 
hypophosphatemia 

Cathepsin K and 
TRAP 

Mature osteocytes Remove calcium under calcium 
demanding conditions 

ORP150 Mature osteocytes Protection from hypoxia 
Fimbrin All osteocytes Involved in actin bundling 

Dendrite branching? 
Villin and  
Alpha-actinin 

All osteocytes Involved in actin bundling 

CapG and Destrin All osteocytes Involved in actin cytoskeleton regulation 
TNFSF11 (RANKL) All osteocytes Formation of osteoclast 
TNFSF11b (OPG) All osteocytes Regulate osteoclastogenesis 
Connexin43 All osteocytes  Release of prostaglandin in response to 

fluid flow shear stress 
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Figure 1-11 Scanning electron microscopy image of the osteocyte-canalicular network 
within murine bone matrix  
Acid-etched resin-embedded bone showing complexity of the osteocyte lacunocanalicular system and 
their intimate network. Figure adapted with permission from Elsevier (see Appendix) (Manolagas and 
Parfitt, 2010). 

 

The functions of osteocytes include 1) remodelling of surrounding matrix, 2) mechanosensing, 

and 3) paracrine and endocrine regulation of other bone cells and distant organs. 

Osteocytes remodel their surrounding matrix, remove and replace peri-lacunar and peri-

canalicular matrix. Increased size of osteocyte lacunae has been found in response to 

hypocalcaemia, for example, during lactation and hibernation. Studies in monkeys and mice 

have shown that mechanical unloading of bone by microgravity induces peri-lacunar 

remodelling (Rodionova et al., 2002, Blaber et al., 2013, Robling and Bonewald, 2020). 

Osteocytes respond to mechanical stimulation by modifying the activities of osteoblasts and 

osteoclasts. Osteocytes are more responsive to mechanical stimulation than osteoblasts, and 

release nitric oxide and prostaglandin in response to the stimulation and trigger a greater 

calcium influx (Robling and Bonewald, 2020). Osteocytes are connected to each other by gap 

junctions located on the dendritic processes, which play a role in mechanotransduction. When 

osteocytes sense increase in mechanical loading, they produce sclerostin, a negative regulator 

of bone formation, to reduce bone formation (Dallas et al., 2013).  

Osteocytes play a key role in bone remodelling by regulating osteoblast and osteoclast activity 

through the secretion of sclerostin, fibroblast growth factor 23 (FGF23), OPG, and RANKL 
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(Park et al., 2017, Dallas et al., 2013). Osteocytes secret OPG and RANKL, and regulate 

osteoclasts by altering the RANKL/OPG ratio (Figure 1-12). Other osteocyte-derived factors 

M-CSF, IL-6, TNFα and HMGB1 are also known to regulate osteoclast differentiation and 

function (Robling and Bonewald, 2020). Osteocytes regulate osteoblasts in both direct and 

indirect ways. Osteocytes are the major source of sclerostin and DKK1, the inhibitors of Wnt 

signalling pathway in osteoblasts. Osteocytes respond to external anabolic stimuli including 

mechanical loading, changes in PTH and prostaglandin levels, and reduce sclerostin 

expression, which increase osteoblast activities and ultimately increase in bone formation.  

  

 

Figure 1-12 Diagram illustrating how embedded osteocytes control bone remodelling by 
controlling osteoclasts and osteoblasts, through secretion of RANKL, OPG and sclerostin 

 

Lastly, osteocytes play an endocrine role through secretion of FGF23 and osteocalcin. FGF23 

acts on the kidney and regulates phosphate homeostasis. Osteocalcin, which is secreted from 

both osteoblasts and osteocytes, affects a large number of target organs, including the pancreas, 

brain, muscle, testes, and fat tissue (Park et al., 2017) (Figure 1-13).  
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Figure 1-13 Role of osteocyte-derived factors on other organs in the body  
SFRP1, secreted frizzled-related protein 1; DKK-1, Dickkoft-1; DLK-1, delta like-1. Figure adapted 
from Park et al. (2017). 

 

2.4.1 In vitro models for osteocytes 

Producing in vitro models for the study of osteocytes is still a major challenge.  The osteocyte 

network is deeply embedded within hard bone and therefore growing the cells in tissue culture 

dishes exposes them to conditions that are entirely different from their natural environment. 

Osteocytes rapidly de-differentiate to osteoblasts and lose the expression of osteocyte genes 

once they are removed from their niche in bone (Bellido and Delgado-Calle, 2020, Torreggiani 

et al., 2013). Primary osteocytes can be isolated by extensive sequential digestions of bone. 

However, the isolated cells contain a mix of osteocytes at different developmental stages, as 

well as osteoprogenitors and osteoblasts. Removing osteocytes from their native three-

dimensional (3D) lacunae surrounding leads to changes in cell morphology, poorly 

representing osteocytes in vivo (Bellido and Delgado-Calle, 2020). The heavily mineralised 

extracellular matrix affects both mechanosensation and mechanotransduction, and the calcified 

matrix micro-environment causes impeded oxygen diffusion, which differs from in vitro cell 

culture conditions (Zhang et al., 2019). In addition, the use of osteoblast precursor cells from 

bone marrow leads to mixed population of osteocytes and less differentiated cells in transient 
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between osteoblasts and osteocytes, limiting its use for study (Bellido and Delgado-Calle, 

2020).  

Osteocytic cell lines of rodent or human origin have been developed and used to study different 

developmental stages of osteocytes, covering transition from osteoblasts to osteocytes. 

However, currently available osteocyte cell lines do not fully represent true characteristics of 

osteocytes as summarised in Table 1-2. Their gene expression profiles and response to 

physiological stimuli are different from those of osteocytes in their natural environment. 

Different cell lines have been developed to overcome limitations of other cell lines, but they 

also differ from osteocytes in vivo as they were genetically modified to dedifferentiated and be 

proliferative. Also, the cell lines have problems of cell lines in general, as they are modified to 

become immortalised. The following table lists selective osteocyte-like cell lines and their 

limitations. 

 

Table 1-2 Selective osteocyte cell lines and their limitations 

Cell line Limitations Reference 
MLO-Y4 - No expression of the mature osteocyte marker Sost and very 

low Fgf23, Dmp1 and Phex  
- Do not mineralise the matrix 

# 

MLO-A5 - No expression of Sost and Fgf23 in 2D cultures (express them 
in 3D cultures) 

^ 

IDG-SW3 - Expression of Sost and Fgf23 absent initially but present after 
1–2 weeks in differentiation conditions  
- Mechanosensitivity is unknown 
- They have to be differentiated in long‐term culture to acquire 
the osteocyte‐like phenotype 
- Not all cells within the culture fully differentiate 

 

Ocy454 - Express Sost before Dmp1 
- They do not model the mineralised microenvironment of the 
osteocyte 
- Not all cells within the culture fully differentiate 
- Low expression of Rankl and large variation in calcium 
response 

‡ 

# (Zhang et al., 2019, Dallas et al., 2013, Kalajzic et al., 2013, Yang et al., 2009, Zhao et al., 
2002, Kato et al., 2001); ^ (Dallas et al., 2013, Kalajzic et al., 2013, Zhang et al., 2019, 
Carmona, 2004);  (Kalajzic et al., 2013, Dallas et al., 2013); ‡ (Zhang et al., 2019, Carmona, 
2004, Xu et al., 2019)  
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3. Fracture healing 

3.1 Fracture 
Bones are stiff to resist deformation (stiffness), while they are also flexible to absorb stress 

(elasticity) and energy (toughness). If the energy imposed during loading is too big for bone to 

withstand, or the bone deforms beyond its peak strain, it can lead to fracture (Chapurlat and 

Genant, 2016, Hart et al., 2017).  

The common causes of fracture include 1) high impact trauma - from a fall or a car crash, 2) 

low impact – can cause fragility fractures in osteoporotic bone, and 3) repeated movements 

causing muscle to put pressure on the bone, which is common in athletes.  

The risk factors for fractures include age, gender, certain medications, lifestyle factors such as 

smoking and alcohol consumption, and other chronic disorders including celiac disease and 

diabetes. Osteoporosis is another risk factor for fracture and is the most common condition 

leading to fractures after only minor impacts. This is due to the imbalance between the bone 

resorption and bone formation, resulting in the reduction of bone mass and deterioration of 

bone microarchitecture (Klibanski 2001). Osteoporosis is a major issue of public health and is 

becoming more prevalent worldwide with the ageing of the population. Epidemiological data 

suggest that one in three women and one in five men over age 50 will develop osteoporosis 

(Hansen et al., 2014). Currently available treatment for osteoporosis are generally divided into 

two groups: anti-resorptive agents and anabolic agents. At present, osteoporosis is 

predominantly treated using anti-resorptive agents including bisphosphonates and denosumab 

to reduce bone loss, with little anabolic therapeutics including teriparatide available to increase 

bone formation and restore bone back to its original integrity. Zoledronic acid is the most 

compelling treatment for osteoporosis related hip fracture, and it reduces new fracture by 35% 

(Ip, Leung et al. 2010). 

Most fractures heal in approximately 3 months, however, a fractured bone can fail to heal and 

results in a ‘non-union’. Non-union is a serious complication with arrest in the fracture healing 

process that requires clinical intervention. A non-union is defined by the Food and Drug 

Administration (FDA) as a fracture that lasts more than nine months and has not shown any 

signs of healing for more than three months (Cunningham et al., 2017, Browner, 2009, Calori 

et al., 2017). Non-union occurs in 2.5 to 46% cases in fractures with vascular injury (Phieffer 

and Goulet, 2006, Dickson et al., 1994). This large variation depends on the severity of fracture, 

fracture location, initial fixation methods and soft tissue and vascular structures.  
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3.2 The fracture healing process 
Fracture healing process resembles developmental bone formation. During embryonic 

development, bone forms in two ways: intramembranous and endochondral ossification. 

During intramembranous ossification, bone develops from mesenchymal cells differentiating 

into osteoblasts. The osteoblasts secrete osteoid which becomes calcified, and some of the 

osteoblasts are trapped in newly calcified bone matrix and differentiate into osteocytes. The 

accumulation of osteoid between embryonic blood vessels leads to formation of trabeculae of 

woven bone. On the external face of the woven bone, mesenchyme condenses and periosteum 

is formed. The woven bone is replaced by mature lamellar bone, forming compact bone. The 

flat bones of the face, most bones in calvaria, scapula and clavicles are formed via 

intramembranous ossification.  

During embryonic endochondral ossification, bone develops by replacing cartilage. 

Mesenchymal cells differentiate into chondrocytes that produce a cartilage model of the future 

bone skeleton. Chondrocytes in the centre of the bone or at diaphysis become hypertrophic and 

eventually undergo apoptosis, resulting in mineralisation of cartilage, allowing invasion of 

blood vessels. This allows the migration of osteoblast precursor cells which differentiate into 

osteoblasts, and form bone in the degraded cartilage matrix. Secondary ossification centres 

develop after birth, in the epiphysial regions of the bone, leaving the growth plates in between, 

where chondrogenesis occurs. This allows bone to increase in length until the end of puberty. 

Eventually the growth plate is replaced by bone, while articular cartilage is retained at 

epiphyseal plate and at joint surface. Many parts of the skeleton, including long bones, form 

via endochondral ossification (Karaplis, 2008). 

Fracture healing also involves intramembranous and endochondral ossification. After fractures, 

bone heals by either direct or indirect way. Direct fracture healing involves intramembranous 

ossification, while indirect fracture healing involves both intramembranous and endochondral 

ossification. 

Direct healing (also known as primary healing) does not commonly occur, as it requires a 

fracture edges are anatomically reduced without any gap formation, and requires a stable 

fixation of the fracture site. When all the requirements meet, the bone healing can occur by 

direct remodelling of lamellar bone.  
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Indirect healing (also known as secondary healing) occurs more common, and is a complex 

process that requires a highly orchestrated response of different cell types. The process 

typically has four overlapping stages: 1) the inflammatory response and hematoma formation, 

2) soft callus (fibrocartilage) formation, 3) hard callus formation and initial bony union, and 4) 

bone remodelling (Schindeler et al., 2008, Marsell and Einhorn, 2011) (Figure 1-14).  

 
Figure 1-14 A diagram showing repair process after a fracture in mouse femur 
The primary cell types involved in each stage are presented. Compared to human bones which take 
approximately 3 months, mouse bones take ~35 days to heal. Blue bars represent the primary metabolic 
phases (anabolic and catabolic) of fracture healing, with biological stages in brown bars. PMN, 
polymorphonuclear leukocyte. Figure adapted with permission from Springer Nature (see Appendix) 
(Einhorn and Gerstenfeld, 2015). 

 

At the inflammation stage, bleeding within the fracture site is contained by the surrounding 

tissue and forms a haematoma. Inflammatory cells infiltrate the haematoma and secrete 

cytokines and growth factors. After the initial phase of inflammatory cell infiltration, bone 

formation-associated growth factors are expressed, including transforming growth factor-β 

(TGF-β), BMPs, M-CSF, TNFα, IL-1 and IL-6, and angiogenic factors such as vascular 

endothelial growth factor (VEGF) (Schindeler et al., 2008).  
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In the second stage, chondrocytes and fibroblasts dominate the cellular response and produce 

a soft callus that provides mechanical support to the fracture. This cartilaginous callus is 

initially avascular, and subsequently becomes vascularised and is replaced by woven bone.  

In the next stage, the soft callus is replaced by a bony callus. This stage involves the most active 

osteogenesis and is also known as primary bone formation. Osteoblasts are most active at this 

stage and vasculature is known to be critical at this stage of hard callus formation, as the local 

supply of oxygen is essential for osteoblast differentiation.  

In the final stage of fracture repair, the woven bone hard callus is remodelled into lamellar bone 

which re-establishes the geometric and functional properties of the bone prior to injury. This is 

also known as secondary bone formation, with a coupled process of bone resorption by 

osteoclasts and formation by osteoblasts (Schindeler et al., 2008, Wang et al., 2020). 

The role of haematoma is significant in long bone repair, as removal of the haematoma 

compromises the healing process (Park et al., 2002). However, in calvarial repair, the role of 

the haematoma is not defined, while the presence of dura mater significantly improves bone 

repair as it is rich in osteoprogenitors (Wang et al., 2020). 

 

 

4. Differences between calvarial and long bones 
Animal models for the study of bone regeneration mostly use either long bones or calvarial 

defects. Long bones and calvaria have distinct developmental origin, structure, and function. 

These differences affect the bone healing process, and need to be considered when designing 

tissue engineering strategies for bone repair (Wang et al., 2020).  

4.1 Difference during bone development 
Cells that form calvarial and long bones are from different embryonic origins. Cells that form 

calvarial bone are from cephalic mesoderm-derived cells and neural crest (from ectoderm germ 

layer) while cells that form long bones are from mesoderm-derived cells (from mesoderm germ 

layer) (Couly et al., 1993). Although a lot of evidence indicate that the mesenchymal stem cells 

involved in fracture healing are locally derived from surrounding tissues and bone marrow, it 

is also suggested that that a systemic recruitment of circulating mesenchymal stem cells to the 

fracture site might be important for an optimal healing response (Marsell and Einhorn, 2011, 
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Pineault et al., 2019). Moreover, it is suggested that the bone healing involves cells from the 

same embryonic origin. Healing of defects in the neural crest-derived mandible was shown to 

depend on crest-derived progenitors, whereas progenitors that are not derived from the neural 

crest were recruited in healing of mesoderm-derived tibia defects. Neural crest-derived 

progenitors were able to differentiate into osteoblasts in tibial defects, while mesoderm-derived 

progenitors were not differentiated in mandible defect (Leucht et al., 2008). This suggests the 

progenitors from different embryonic origin might have different capacity for bone healing 

(Wang et al., 2020, Colnot, 2009). 

 

4.2 Structural differences 
Different tissues that surround the calvaria and long bones play significant roles in bone healing 

process. Calvaria bone has dura mater and sutures around the tissue which are actively involved 

in calvarial bone healing. Dura mater plays a significant role, serves as not only as a barrier for 

brain protection, but also as a major source of multipotent mesenchymal cells and provide 

paracrine signals during bone healing. Sutures play a critical role in in calvarial growth and 

healing. Abnormal suture growth can have a great impact on calvarial bone growth, for 

example, craniosynostosis. Sutures provide a niche for stem and progenitor cells for healing, 

and removal of sutures can negatively impact on calvarial healing  (Wang et al., 2020, Zhao et 

al., 2015, Wilk et al., 2017, Park et al., 2016). 

During long bone healing, the periosteum serves as a major reservoir of osteoprogenitors. The 

periosteum is comprised of two layers, 1) inner cambium layer comprised of blood vessels, 

fibroblasts, osteogenic progenitor cells and osteoblasts, and 2) outer fibrous layer consists of 

collagen fibres (Mahajan, 2012, Dwek, 2010). Periosteum is a major source of chondrocytes 

during soft callus formation, and the removal or disruption of the periosteum can contribute to 

delayed bone healing or non-union (Murao et al., 2013, Colnot, 2009). 

Long bones contain more bone marrow than calvaria. Bone marrow is the reservoir of 

haematopoietic cells and niche for stem cells. During bone healing, the bone marrow serves as 

a pool for stem cells for self-renewal and expansion of cells required for the healing process 

(Calvi et al., 2003, Tamplin et al., 2015). 
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4.3 Functional differences 
Calvarial bones are non-load bearing while long bones are load bearing, a difference that affects 

their mechanical properties. The structure of calvarial bone allows it to withstand impact forces 

while long bones can withstand bending and twisting. Thus, to test the biomechanical strength 

and function, calvaria bone is tested by a punch-out test while long bones are tested by bending 

and torsion (Wang et al., 2020). 

One study showed that calvarial bone contains a larger normalised bone volume fraction and 

increased bone remodelling activity than long bones (Lassailly et al., 2013). The increased bone 

remodelling activity in calvarial bone is suggested to be due to higher osteoclast differentiation 

and increased resorption activity. This has to be taken into account when designing a scaffold 

for calvarial and long bone healing, otherwise loss of physical integrity will compromise the 

bone healing in terms of biomechanical strength and function (Wang et al., 2020). One of the 

desired properties of a scaffold is that it should match a degradation rate synchronous with the 

rate of bone healing at the insertion site. For rats, 3 mm defect in tibia is bridged as early as 

three weeks, while the same size defect in calvaria is healed over six weeks (Lim et al., 2013). 

Thus, delivery methods of biomolecules including drugs, growth factors and cells should be 

considered according to the fracture site.  
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Part B INTERVENTIONS FOR BONE REGENERATION 
 

1. Current interventions for bone regeneration after fracture  
Bone can regenerate throughout our lifetime. However, when bone defects are too large or in 

cases of fracture non-union, intervention is required to enhance the healing process (De Witte 

et al., 2018). The interventions used for fractures depend on the severity and the site. 

Osteoporotic fractures that result from a low impact event often preserve the vascularity at the 

fracture site, which allows for predictable bone healing after non-surgical treatment. Fractures 

of elbows and knees also often treated with non-surgical way, as long-term immobilisation due 

to casts would lead to a risk of permanent stiffness. However, with advances in surgical 

procedures, the use of surgery for osteoporotic fractures is increasing (Larsson, 2002).  

The main difficulty with surgical treatment using an implant is that patients with osteoporosis 

already have weak bone, which means it is difficult to have a stable and strong bone-implant 

interface at the fracture site. Moreover, patients with osteoporosis have suboptimal healing 

capacity which often lead to fixation failure and non-union. Local release of anabolic factors 

from a scaffold at the fracture site could accelerate fracture healing, help restore the bone to its 

original shape and strength, and prevent further fractures.  

Currently available interventions for bone regeneration after fracture include bone grafts and 

scaffolds. In this section, selective intervention for bone regeneration will be discussed (Table 

1-3), followed by growth factors that aid local bone regeneration. 
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Table 1-3 Selected interventions for local bone regeneration after fracture  
(Pereira et al., 2020, De Witte et al., 2018, Mozafari et al., 2019) 

Categories Examples Examples in clinical use 
Bone grafts 
Autograft Typically from the patient’s 

iliac crest 
‘Gold-standard’ treatment for non-union 

Allograft Often from cadaver - Vertigraft allograft 

- Mixture of allograft cancellous chips and 
DBM (Symphony i/c Graft chambers) 

- Optium DBM Gel and putty (Optium DBM 
system) 
All from DePuy orthopaedics 

Scaffolds 
Metal Titanium, tantalum, 

magnesium, iron, stainless 
steel and their alloys 

Used in clinic for decades 

Ceramic Calcium phosphate-based 
(hydroxyapatite and 
tricalcium phosphate), 
Alumina, Zirconia 

- Silicate substituted calcium phosphate 
(Actifuse, Baxter international inc., and 
Inductigraft™, Altapore) 

- Bioactive glass and calcium phosphate 
(Vitoss, Orthovita inc.) 

- Tricalcium phosphate scaffold (Conduit 
TCP granules, DePuy orthopaedics) 

Natural 
polymers 
and 
hydrogels 

Collagen-based, chitosan, 
alginate, hyaluronic acid, silk 
fibroin 

- Absorbable collagen sponge (INFUSE® 
Bone Graft, Medtronic) 

- Type I bovine collagen matrix (OP-1 putty, 
Olympus biotech) 

Synthetic 
polymers 
and 
hydrogels 

Polyethylene glycol (PEG) 
(including Poloxamers), poly 
glycolic acid (PGA), 
polylactic acid (PLA), 
copolymers of poly(DL-
lactic–glycolic acid) 
(PLGA), polycaprolactone 
(PCL) 

PEG:  
-Poloxamer P407 (Pluronic F127® and 
Synperonic F127®) and poloxamer P188 
(Pluronic F68®) 
-Polyethylene glycol hydrogel spinal sealant 
(DuraSeal® Spinal Sealant) 
 
PGA: 
-DEXON® Violet Polyglycolic Acid Suture 
 
PCL: 
-Monocryl® sutures (Ethicon) 
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1.1 Bone grafts  
Common treatments for non-unions include autografts and allografts. The use of autologous 

bone graft has been considered the ‘gold-standard’ for non-union treatment. This requires 

harvesting bone from the patient’s iliac crest and transplanting it into the defect site. The 

advantage of autografts over other approaches is their biocompatibility and non-

immunogenicity. Autografts also contain growth factors and osteoprogenitor cells which allow 

osteoinduction, the ability to induce osteogenesis by stimulating cell differentiation into the 

bone-forming cell lineage. The 3D structure of the autograft allows osteoconduction, the ability 

to promote bone growth by stimulating cell adhesion to the bone graft (Albrektsson and 

Johansson, 2001, Maisani et al., 2017). The disadvantages of using autografts are the high cost 

of the procedure and the increased surgical risk due to a second operation site, which increases 

the risk of bleeding, inflammation, infection, as well as donor site morbidity, chronic pain, 

scarring and deformity (De Witte et al., 2018). Additionally, autograft is not an option if the 

defect is too big. In this case, an allograft is the best option, and the bone graft is sourced from 

another donor, often from a cadaver. Allografts exist in different forms, including whole bone 

segments, osteochondral, cortical, cancellous grafts, and highly processed bone derivatives 

such as morselised bone chips and demineralised bone matrix (DBM) (Roberts and 

Rosenbaum, 2012). DBM has been extensively studied as it has osteoinductive properties, and 

contains growth factors including TGF-β, BMPs, insulin-like growth factor (IGF), and FGF. 

However, allografts are also expensive and present limitations including a shortage of donors, 

risk of infection from possible bacterial or viral transmission and thus requirement of 

sterilisation, and most importantly possible immune rejection (De Witte et al., 2018). 

 

1.2 Scaffolds 
The goal of bone tissue engineering is to provide a beneficial microenvironment for cells; to 

provide a 3D structure that mimics the bone extracellular matrix as well as providing 

mechanical support, and therefore fostering bone regeneration (De Witte et al., 2018, Ma, 

2008). Scaffolds are designed to enable cell attachment and proliferation so that they can 

accelerate bone remodelling at the defect site, which can be further enhanced by adding growth 

factors. Thus, a successful scaffold has following properties: 1) chemically and mechanically 

mimicking extracellular matrix of bone for biocompatibility, 2) osteoconductivity to promote 
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cell recruitment and adhesion, 3) osteoinductivity to stimulate osteogenesis, and 4) 

vascularisation to provide nutrients in regenerated bone (De Witte et al., 2018). 

One of the main challenges in designing scaffolds is to reproduce the architecture of bone 

extracellular matrix. To achieve this, different categories of materials for scaffolds have been 

explored: metals, ceramics, and polymers have been studied for their ability to support bone 

regeneration (Table 1-3). In this section, selected natural and synthetic polymers that are 

investigated in this thesis will be discussed.  

 

1.2.1 Natural polymers 

Natural polymers allow cell growth, have low cytotoxicity and immunogenicity, and are 

biocompatible. Commonly used natural polymers for bone application include collagen, 

chitosan, hyaluronic acid, alginate and silk fibroin. Different forms of the natural polymers 

have been studied, including sponges and hydrogels. The limitations of natural polymers 

include batch-to-batch variability, difficulty in controlling degradation rate, limited long-term 

stability and low mechanical stability (De Witte et al., 2018). Among the natural polymers, 

collagen-based scaffolds will be discussed in this chapter as it will be evaluated in this thesis. 

 

Collagen-based scaffolds 

Collagen is a widely used biomaterial and an attractive option for bone tissue engineering as 

collagen I is abundant in bone matrix. Like other natural polymers, collagen has been used in 

different forms, such as hydrogels and sponges. Collagen hydrogels are naturally 

biocompatible, biodegradable and have low immunogenicity. They naturally present alpha beta 

integrin receptors which promote cell growth, osteoprogenitor differentiation and mineral 

production (Fernandez-Yague et al., 2015). However, hydrogels provide poor mechanical 

support. Collagen-hybrid scaffolds with improved mechanical properties are currently being 

evaluated. The use of collagen sponges has also been explored. Collagen sponges allow cellular 

infiltration and are currently used as haemostatic agents and for wound covering. Collagen 

sponges do not support sustained release of growth factors over a long period of time (Geiger 

et al., 2003). Absorbable Collagen Sponges (ACS) from Medtronic are approved by the FDA 

for BMP2 delivery in spinal surgery as discussed further below.  
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1.2.2 Synthetic polymers and hydrogel scaffolds  

Unlike natural polymers, synthetic polymers may have acidic or toxic degradation by-products 

that can elicit adverse responses, and may require the addition of growth factors to induce 

bioactivity. However, synthetic polymers are attractive options for bone engineering. The key 

advantage of synthetic polymers is that they can be tailored to optimise degradation rate and 

mechanical properties, and can be designed to form complex shapes. Commonly used synthetic 

polymers include poly-glycolic acid (PLG), poly-lactic acid (PLA), poly(DL-lactic-glycolic 

acid) (PLGA) and poly-caprolactone (PCL) (De Witte et al., 2018, Pina et al., 2019). These 

synthetic polymers can be formed into hydrogels, which form 3D networks with a highly 

hydrated nature similar to the microenvironment in extracellular bone matrix. These hydrogels 

can be fabricated to facilitate cell adhesion, proliferation and differentiation of osteoprogenitor 

cells, as well as to deliver nutrients and growth factors. Injectable hydrogels are a highly 

attractive biomaterial that can fit perfectly into the defect site with a minimally invasive 

injection, possibly avoiding open surgery for bone and cartilage applications. Injectable 

hydrogels can be used as a delivery system for growth factors and drugs.    

 

Self-assembling peptide hydrogels 

Self-assembling peptides are comprised of monomers of short amino acid sequences that can 

assemble to form nanostructures. They can form different shapes of nanostructures, including 

micelles, vesicles, nanofibers, nanotubes, nanoparticles and hydrogels. They can self-assemble 

in response to certain conditions of pH and temperature. Self-assembling peptides can be 

designed to form a gel at the defect site after they are injected into the body and can be used as 

a matrix for targeted delivery of anabolic drugs. Drug release rate can be efficiently controlled 

by modulating the properties of the peptide. Well-designed self-assembling peptide offer many 

advantages over other drug carriers, including high efficiency of drug loading and high stability 

of the drugs, which can be achieved by avoiding the body’s clearance mechanisms (Lee et al., 

2019). 

 

Poloxamers 

One group of widely used self-assembling peptide hydrogels are poloxamers. Poloxamers are 

thermosensitive hydrogels that are water-soluble triblock copolymers comprised of 

poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) units (Figure 1-15). They were 
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first synthesised in the late 1940s, and have been used in many different areas including in 

detergents, food, agriculture, and paints (Russo and Villa, 2019). They are non-toxic and non-

irritant, which makes them appealing for pharmaceutical and biomedical applications. 

Poloxamers have been used as an emulsifier, solubiliser and stabiliser in different applications, 

as well as a wetting agent in ointments (Russo and Villa, 2019). They are commercially 

available under the names of Pluronics®, Lutrol®, Kolliphor® (BASF), Antarox® (Rhodia), and 

Synperonics® (Croda) (Russo and Villa, 2019).  

 

 

Figure 1-15 Chemical formula and structure of poloxamers  
X, number of hydrophillic poly(ethylene oxide) (PEO) units. Y, number of hydrophobic poly(propylene 
oxide) (PPO)  units. For P407, X=101 and Y=56, and for P188, X=80 and Y=27. Figure adapted from 
Russo and Villa (2019), under an open access Creative Common CC BY license.  

 

Poloxamers present in the form of liquids, pastes, and solids depending on their molecular 

weights. They are thermosensitive and can be designed to be liquid at room temperature and 

form a gel in mild conditions of around 37 °C, depending on the ratio of mixtures of different 

poloxamers. They can thus act as in-situ gelling systems and be formulated to form a gel once 

they are injected into the body.  

Poloxamers have drawn attention for biomedical applications and in the tissue engineering field 

as a delivery system for drugs, growth factors and stem cells. They can be administered into 

the body through delivery routes including oral, parenteral, ocular and topical. The presence of 



Chapter 1 Introduction 

29 
 

both hydrophobic and hydrophilic monomers in copolymers allow the poloxamers to self-

assemble in aqueous solutions. Commonly they form micelles in aqueous solution, which 

enables poloxamers to encapsulate hydrophobic biomolecules. The formation of micelles is 

reversible, which is useful for encapsulation and delivery of drugs into an aqueous environment 

with good stability in physiological medium. Their water solubility depends on the ratio 

between the chain of hydrophobic propylene oxide (PO) and hydrophilic ethylene oxide (EO). 

These different ratios PO and EO chains are responsible for sol-gel transitions, and a different 

mixture of poloxamers alters in vivo behaviour as well as and biocompatibility and drug 

releasing properties.  

A substantial number of poloxamer variations can be made by combining different 

combinations of PO and EO, and the nomenclature of poloxamers follows a number referring 

to the molecular weight of the PO group (the first one or two numbers) and the weight fraction 

of the EO (the last number). Also, the letter in front of the numbers indicate the physical state 

of the poloxamer, indicating paste (P), flake (F) and liquid (L) form. For example, P407 

indicates a combination of poloxamers with a PO molecular mass of 4000 Da with 70% EO in 

the mixture, in a paste form. Using this combination of specific nomenclatures, currently 

available poloxamers ranges from P105 to P407. Among the poloxamers, P188, P237, P338 

and P407 are commonly used. P407 and P188 were approved by the US FDA for endovascular 

occlusion of blood vessels and sickle cell disorders, respectively (Giuliano et al., 2018, 

Moloughney and Weisleder, 2012). The two poloxamers have good water solubility, optimal 

viscosity and are biocompatible with different tissues in the body. 

Combinations of the FDA approved poloxamers P407 and P188 have been used in different 

applications. For example, the mixture was shown to be non-toxic or non-irritating to the 

corneal mucosa and hence suitable for ocular drug delivery, and the most promising 

formulations were P407:P188 ratios of 23:10 or 23:15 w/v%, which are biocompatible to the 

conjunctiva and cornea (Fathalla et al., 2017).  

Poloxamer P407 has been studied for the delivery of different biomolecules, including insulin, 

BMPs, vasopressin and growth factors including epidermal growth factor (EGF), endothelial 

cell growth factor (ECGF) and FGF. P407 has been extensively studied to deliver anti-

inflammatory, analgesic, and anaesthetic drugs (Russo and Villa, 2019). The combinations of 

P407 and P188 have also been studied to deliver Clotrimazole and Lidocaine (Chang et al., 



Chapter 1 Introduction 

30 
 

2002, Svirskis et al., 2016). Thus, accumulating studies show that poloxamers are attractive 

injectable drug delivery matrices. 

 

1.3 Delivery of growth factors in scaffolds at fracture site for local bone 

regeneration 
Delivery of growth factors in scaffolds at an injury site is an attractive option for fostering local 

bone regeneration. The goal of a growth factor delivery system is to stimulate local cells to 

undertake bone repair (De Witte et al., 2018). The process of bone healing is multi-step and 

involves complex interactions between inflammatory cells, osteoprogenitor cells, bone cells 

and vascular cells, as discussed previously. Bone healing relies on the action of growth factors 

at the fracture site. The pro-inflammatory, pro-osteogenic and angiogenic growth factors allow 

progenitors and inflammatory cells to be recruited to the fracture site and to initiate the healing 

process (De Witte et al., 2018). The use of growth factors in bone healing is widely recognised, 

however, most growth factors require more careful examination to achieve optimal dose and 

an effective delivery system, while taking into account possible toxicity. 

The key growth factors involved in the bone healing process are BMPs, IGF, FGF, TGF-β, 

VEGF, stromal-derived factor (SDF-1) and platelet-derived growth factor (PDGF) (De Witte 

et al., 2018). BMP2 and BMP7 have been approved by the FDA for use with delivering devices 

for bone regeneration. Several other factors are also used in treatments of orofacial bone in 

clinic, including  PDGF-BB, FGF-2, and growth differentiation factor-5 (GDF-5), in different 

applications of tooth extraction socket healing, sinus augmentation, and periodontal 

regeneration (Li et al., 2019a) 

Delivering growth factors into the body by direct injection or systemic supplementation results 

in rapid degradation and elimination from the body, as these factors have a short half-life in 

physiological conditions due to enzymatic degradation. Therefore, growth factors need to be 

administered into the body in high, supraphysiological concentrations, which increase the risk 

of adverse effects (De Witte et al., 2018). For example, BMP2 is a powerful anabolic factor, 

however the optimal delivery of BMP2 has long been of interest in bone tissue engineering as 

it is well known to cause adverse effects with supraphysiological doses, including formation 

of heterotopic bone, local inflammation, immune response, tumour development, formation of 

disorganised bone, and pseudoarthrosis (Visser et al., 2016, De Witte et al., 2018, Tannoury 
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and An, 2014). Development of scaffolds with a controlled and sustained release profile is 

required to avoid these adverse effects. The delivered growth factors should reach the defect 

site without losing bioactivity, as well as remain at the defect site over the optimal therapeutic 

time frame. The goal of growth factor delivery in bone is to support and increase bone healing, 

limit excessive bone formation and to accelerate the bone healing process (Varkey et al., 2004). 

In this section, the two selective growth factors, BMP2 and lactoferrin, that are examined in 

this thesis will be discussed. 

 

1.3.1 BMP2 

The BMP signalling pathway is one of the most extensively studied pathways for bone 

regeneration. Over 20 types of BMPs have been identified, and some of them have been shown 

to be osteoinductive and to play a critical role in bone healing. BMPs are involved in the 

initiation of fracture repair cascades, by promoting osteoprogenitor and mesenchymal stem cell 

(MSC) recruitment and differentiation at the defect site (De Witte et al., 2018). Especially, 

BMP2 is crucial in the initiation of fracture healing, as loss of BMP2 results in mesenchymal 

progenitors at the defect site fail to differentiate, leading to a failed healing process (Tsuji et 

al., 2006). Thus, BMPs have been investigated as potential bone anabolic factors, however their 

suitability for systemic administration is limited due to potential adverse effects and limitations. 

For example, fibrodysplasia ossificans progressiva (FOP) and progressive osseous heteroplasia 

(POH) are rare genetic diseases that heterotrophic ossification (HO) occurs at extraskeletal sites 

including dermis, skeletal muscle, tendon, and ligament. These diseases are caused by 

mutations in BMP type 1 receptor, and BMP signalling causes cells in extraskeletal tissues, 

including skeletal muscle and skin, to form bone (Shore and Kaplan, 2010). Abnormal BMP 

signalling in stromal and progenitor cells in skeletal muscle and skin can lead to osteogenic 

differentiation of those cells (Pulik et al., 2020). This illustrates one of the reasons that BMPs 

has not been favourable option for treatment of osteoporosis, which is a systemic condition. 

Clinical application of BMPs were found to have potential risks of ectopic ossification, 

mitogenicity, and non-skeletal effects.  

BMP2, BMP4, and BMP7 are the members of the BMP family that have been most extensively 

investigated. BMP2 is considered to be the most important cytokine in inducing bone 

formation, as it increases expression of osteogenic markers ALPL and osteocalcin (Luppen et 

al., 2003, Tsuji et al., 2006). Although it is considered a powerful anabolic factor, there are 
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some limitations on using BMP2 in clinic. BMP2 has short half-life of 7 to 16 minutes in 

systemic circulation after IV injection (Poynton and Lane, 2002), and is rapidly lost through 

diffusion. Due to all these limitations, BMPs, including BMP2 and BMP7, are only used for 

local administration to promote fracture healing while avoiding the adverse effects that could 

arise from systemic administration (Gennari et al., 2020).  

A recombinant form of human BMP2 (rhBMP2, INFUSE® Bone Graft, Medtronic), delivered 

in an absorbable collagen sponge carrier, has been approved by the FDA for clinical use in 

spinal fusion (anterior lumbar interbody fusion and oblique lateral interbody fusion), as well 

as for open tibial fractures, sinus augmentations and alveolar ridge augmentations for extraction 

sockets (McKay et al., 2007). rhBMP7 (OP-1 Implant, OP-1 Putty, Stryker biotech) has also 

been approved by the FDA with Humanitarian Device Exemption approval for open tibial shaft 

fracture non-unions (OP-1 Implant) and for posterolateral lumbar spinal fusions (OP-1 Putty).  

The clinical application of the rhBMP2 in INFUSE® collagen sponge in lumbar spine surgery 

has been associated with unfavourable side effects, including vertebral osteolysis, graft 

subsidence, graft migration, formation of neutralising antibodies against BMP2, ectopic bone 

formation, haematoma formation, and retrograde ejaculation (Tannoury and An, 2014). 

Moreover, it was found that 85% of all surgeries with rhBMP2 were used for off-label 

applications in the US, for example in cervical spine surgery (Ong et al., 2010, Shields et al., 

2006). Complications of rhBMP2 in off-label use in cervical spine surgery includes dysphagia, 

neck swelling, haematoma formation, vertebral oedema, osteolysis and heterotopic 

ossification. These complications led to the FDA issuing warnings regarding off-label use of 

rhBMP2 in cervical spine surgery (Tannoury and An, 2014). Despite the complications 

associated with BMP2 usage, BMP2 remains one of the most powerful and commercially 

available bone anabolic agent because there are not many options to choose from.  

The use of BMPs still have problems of loading a large dose of BMP2 in delivery system to 

match therapeutic concentrations leading to unfavourable side effects such as bone overgrowth, 

adverse immune responses, and higher cost of treatment (Shields et al., 2006). Therefore, a 

desirable delivery system for BMP should have controlled and sustained release kinetics to 

avoid unfavourable effects including malignancy, which is probably the most important 

consideration for any growth factor. In vivo studies have shown that the severity of adverse 

effects of BMP2 treatment increases as BMP2 dose increases (Pelaez et al., 2014, Zara et al., 

2011). An initial burst release of BMP2 from the delivery system followed by slow and 
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sustained release of the drug over several weeks promotes bone regeneration (Brown et al., 

2011). This suggests that the dose of administration and targeted delivery are important for 

BMP2 application. Thus, a more well balanced BMP2 dose with an appropriate delivery system 

could lead to better outcome after BMP2 treatment, with reduced complications in clinical 

applications. 

 

1.3.2 Lactoferrin 

Lactoferrin (LF) is of great interest as a potential therapeutic for bone regeneration, as it has 

been shown to promote bone growth in animal studies. LF has been shown to be well-tolerated 

in humans (Bharadwaj et al., 2009, Bharadwaj et al., 2010, Calvani et al., 2018), and bovine 

LF is available as a dietary supplement approved by the FDA and by the European Food Safety 

Authority (EFSA Panel on Dietetic Products and Allergies, 2012).  

LF is a non-haem iron-binding glycoprotein which is present in milk and various exocrine 

secretions including blood, saliva, and small intestinal secretions in mammals. It is a large 

glycoprotein of 80 kDa, composed of 700 amino acids, and shows up to 98% homology among 

different mammalian species. LF is a major component of secondary granules of neutrophils 

and is released from the neutrophils in response to various stimuli. The serum concentration of 

LF is approximately 4 µg/ml, but increases under inflammatory conditions (Caccavo et al., 

1999). LF is a multifunctional protein which has anti-microbial, anti-viral, immunomodulatory, 

anti-oxidant, anti-tumoral, and iron transport/storage functions, as well as having effect on cell 

proliferation and differentiation (Hagiwara et al., 1995, Rosen and Bilezikian, 2001, Icriverzi 

et al., 2019).   

In vitro and in vivo studies showed that LF is anabolic to bone and enhances bone regeneration 

(Naot et al., 2005, Icriverzi et al., 2019). In vitro, LF increased osteoblast proliferation (in cell 

lines MC3T3, SaOS-2, ST2, and primary rat osteoblasts) and differentiation to mature 

osteoblasts with increased matrix mineralisation. LF increases osteoblast proliferation through 

the p42/44 MAPK pathway, and through upregulating genes, including Igf1, prostaglandin-

endoperoxide synthase 2 (Ptgs2) and nuclear factor of activated T cells-1 (Nfatc1) in an LRP1-

dependent or -independent way (Icriverzi et al., 2019). In the MC3T3 osteoblast-like cell line, 

LF has been shown to transiently increase the mRNA expression levels of Ptgs2 and Nfatc1, 

which are the genes encoding essential proteins involved in bone repair and bone mass 

regulation, as well as increasing mRNA levels of Il6 and Il11 involved in inflammatory 
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response (Naot et al., 2011). Differentiation of osteoblasts by LF is through the LRP1-

independent PKA and p38 MAPK pathways, which is thought to be independent from the 

mechanism of increased osteoblast proliferation through the LRP1-dependent p42/44 MAPK 

pathway (Rey et al., 2007). LF has also been shown to protect osteoblasts from apoptosis 

(Cornish et al., 2004, Amini and Nair, 2014, Grey et al., 2006). LF has an inhibitory effect on 

osteoclastogenesis, whereas it has no effect on mature osteoclasts (Cornish et al., 2004, Lorget 

et al., 2002). Overall, the anabolic effect of LF on bone cells in vitro is through increasing 

osteoblast proliferation, inhibiting apoptosis, and increasing osteoblast differentiation, as well 

as decreasing osteoclastogenesis. This makes LF an ideal candidate for enhancing bone 

regeneration. 

In vivo, the effect of LF on bone regeneration has been evaluated using different modes of 

administration. A number of in vivo and human studies have assessed the effect of orally 

administered LF in different models of osteoporosis, bone fracture healing and neonatal bone 

growth. In a model of postmenopausal osteoporosis, orally administered LF in ovariectomised 

mice or rats improved bone mass and microarchitecture (Guo et al., 2009, Blais et al., 2009, 

Malet et al., 2011, Hou et al., 2012). In a human study, healthy postmenopausal women were 

given supplementary ribonuclease-enriched LF and it was shown to have a beneficial effect on 

inflammatory status, reduced serum level of RANKL, reduction of bone resorption markers 

and increased bone formation markers (Bharadwaj et al., 2009, Bharadwaj et al., 2010). In a 

fracture healing model, LF has been shown to enhance bone formation in the early stages of 

callus distraction and to improve bone quality at later stages in rabbits (Li et al., 2015). In a 

neonatal model for infant nutrition, a study with piglets showed that feeding neonatal piglets 

with LF increased bone mass and strength (Li et al., 2018). Other studies investigated the oral 

administration of liposomal encapsulated LF in rats and showed an inhibitory effect of LF on 

LPS-induced bone resorption though inhibition of LPS-induced osteoclastogenesis (Yamano 

et al., 2010, Kawazoe et al., 2013). 

Although oral administration of LF has been shown to have a positive effect on bone, due to 

its large protein size, LF is susceptible to enzymatic breakdown in the stomach and is not easily 

available in the gastrointestinal tract. Thus, a number of studies have evaluated LF with other 

delivery methods, including systemic administration, local delivery using scaffolds, in different 

formulations of liposome encapsulated, nanoparticle-attached LF or modified LF-based gels in 

bone and cartilage (Icriverzi et al., 2019). Intraperitoneal injection of LF improved bone 

regeneration in rat calvarial defects (Yoshimaki et al., 2013), and administration of LF over 
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calvariae increased local bone formation (Cornish et al., 2004). Local application of LF in 

delivery systems including collagen gels, gelatin microspheres or Tragacanth gum increased 

bone regeneration in rat and pig in vivo studies (Takaoka et al., 2011, Gormez et al., 2015, Gao 

et al., 2018). Thus, with the proven effect of LF on bone regeneration, LF is thought to be a 

good candidate as a bone anabolic drug and can be used with an optimised delivery system. 

 

 

2. Potential growth factors for bone regeneration 
In this section, the two factors that are investigated in chapter 4 will be discussed in detail. The 

two factors, irisin and orexin, drew attention while doing literature review, and their 

mechanism of actions are still elusive. Irisin, a hormone released from muscle, was found to 

have effect on bone and increased interest has made it a hot topic in one of the most prominent 

conferences in the bone field in recent years (Takahata and Nishimura, 2019). Orexin was also 

identified in one of the review papers as a promising short peptide for osteoporosis therapeutics 

(Amso et al., 2016). 

  

2.1 Irisin 
It is well known that exercise is beneficial for health, and that physical activity improves energy 

metabolism and bone health. Studies have shown that running and walking reduce mortality, 

slow down ageing, and improve outcomes for patients with chronic conditions including 

osteoporosis, cardiovascular disease and diabetes (Arem et al., 2015, O'Donovan et al., 2017, 

Dunstan, 2011, Fiuza-Luces et al., 2018). Numerous reports have shown the beneficial effect 

of physical activity on BMD, mainly through loading on bone and subsequently reducing the 

risk of fracture (Giangregorio and El-Kotob, 2017). Bone and skeletal muscle act as endocrine 

organs that release hormones in response to physiological stimuli (Park et al., 2017). Muscle 

and bone communicate with each other not only through mechanical signals but also through 

cytokines. Myokines are released from myocytes in response to skeletal muscle contraction. In 

recent years, the myokine irisin has been receiving increased interest after its discovery due to 

its effect on bone (Boström et al., 2012, Colaianni et al., 2014).  
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Irisin is a cleaved form of its membrane protein precursor fibronectin type III domain-

containing protein 5 (FNDC5) which is secreted into the blood stream. Irisin is mainly 

produced by muscle, however there are reports that suggest that it is expressed in mouse and 

human adipose tissue, and monkey hypothalamus (Colaianni et al., 2015, Ma et al., 2019, 

Wahab et al., 2019). 

Irisin was first discovered to differentiate white adipose tissue to a brown adipose tissue-like 

phenotype, by increasing mitochondrial density and elevating expression of uncoupling 

protein-1 (UCP-1). This process increases energy expenditure, increasing thermogenesis and 

improving glucose homeostasis (Boström et al., 2012). Irisin was found to have an anabolic 

effect on bone in an in vivo studies (Colaianni et al., 2014, Zhang et al., 2017, Colaianni et al., 

2015, Colaianni et al., 2017a). Subsequently, clinical evidence has also been emerging on the 

possible correlation between serum irisin level and bone status (Anastasilakis et al., 2014, 

Palermo et al., 2015, Yan et al., 2018, Klangjareonchai et al., 2014, Colaianni et al., 2019, 

Colaianni et al., 2017b).  

 

2.1.1 In vivo and human studies 

In vivo studies have shown mostly positive effects of irisin on bone, however a recent study 

reported an opposite effect of irisin, suggesting that the effects of irisin on bone needs further 

research.  

Colaianni et al. (2015) were the first to show effects of irisin on bone in vivo. In their study, 

injections of irisin increased cortical bone mass, but had no effect on trabecular bone. More 

recently, Zhang et al. (2017) showed that systemic administration of irisin in mice increased 

cortical and trabecular thickness. Irisin was also shown to prevent or restore bone loss in 

different complications that cause bone loss: Colaianni et al. (2017a) found that irisin injection 

in mice prevents and restores disuse-induced bone loss, and Storlino et al. (2019) found that 

irisin injection prevented disuse-induced osteocyte apoptosis in cortical bone; both studies 

were tested in mice with hind limb suspension. In a model of rat inflammatory bowel disease, 

which has been shown to induce bone loss, irisin increased the rate of bone formation (Metzger 

et al., 2019). In the same model, irisin protected against trabecular bone loss (Iemura et al., 

2019). One study investigated the effect of irisin on bone regeneration in a rat calvarial defect 

model, and irisin increased bone regeneration when it was locally delivered through a scaffold 

in the calvaria (Xin et al., 2019). These studies have demonstrated the positive effects of irisin 
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on bone in vivo. On the other hand, a more recent study by Kim et al. (2019) has reported an 

opposite effect of irisin, where irisin injection increased sclerostin mRNA expression and 

protein secretion. Global deletion of the irisin precursor FNDC5 prevented ovariectomy-

induced trabecular bone loss but had no effect on male mice.  

In humans, the association between serum irisin levels and bone status has been investigated. 

Serum irisin levels were inversely correlated with serum sclerostin levels (Klangjareonchai et 

al., 2014) or with previous osteoporotic fractures in postmenopausal women (Anastasilakis et 

al., 2014, Palermo et al., 2015, Yan et al., 2018), independent of BMD and bone turnover 

markers (Anastasilakis et al., 2014). On the other hand, serum irisin levels were positively 

correlated with total body BMD in young soccer players (Colaianni et al., 2017b), and with 

bone mineral status in healthy children (Colaianni et al., 2019). 

Exercise intervention has also been shown to increase serum irisin levels. Moderate aerobic 

exercise increased the serum irisin level transiently during the first hour of exercise (Kraemer 

et al., 2014), sprinting increased the serum irisin level after 30 mins of the exercise (Huh et al., 

2012), and cycling increased irisin levels after 45 mins (Norheim et al., 2014), suggesting that 

the serum irisin level increases transiently after acute exercise. Some studies did not observe 

this effect of exercise in serum irisin levels, causing controversies regarding the effects of irisin 

(Elsen et al., 2014). One of the possible reasons for inconsistent quantification of irisin could 

be related to the problem of irisin detection due to not having a reliable and standardised 

detection assay available to detect irisin levels. Different studies use different detection 

methods, and even the use of different commercially available ELISAs reported irisin level in 

a range from picograms to micrograms per milliliter of serum (Anastasilakis et al., 2019, 

Albrecht et al., 2020). 

Recently it has been found that irisin binds to receptor integrin αV/β5 with high affinity (Kim 

et al., 2019). The same integrin is a receptor for other proteins, including osteopontin and bone 

sialoproteins (Takada et al., 2007). It is also possible that irisin also binds to other receptors. 

Thus, whether the binding of irisin to integrin αV/β5 is mandatory for its effect in vivo is still 

to be investigated. 
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2.1.2 In vitro studies 

In vitro studies have investigated the effect of irisin on bone cells using different experimental 

conditions, such as different sources of irisin from conditioned media from exercised myocytes 

or FNDC5-transfected cells, or recombinant irisin that was purchased or made in-house from 

E.coli, making it hard to make direct comparison of the results. 

In bone marrow stromal cell (BMSC) cultures, irisin enhanced bone marrow differentiation 

into early osteoblasts (Colaianni, Cuscito 2014). Irisin, from either conditioned media or 

recombinant irisin, increased proliferation of primary rat osteoblasts and MC3T3s (Qiao 2016, 

Zhang 2017). Recombinant irisin increased expression levels of osteogenic markers including 

Sp7 (Osterix), Runx2 and Collagen 1 in MC3T3s (Zhang et al., 2017), however this was not 

shown in another study where treatment with recombinant irisin did not affect mRNA levels 

of Sp7, Runx2, Alpl and Bglap (osteocalcin) (Kawao et al., 2018). One study showed that irisin 

increased mineralisation in MC3T3s with increased alizarin red staining at week 6 (Zhang et 

al., 2017), which is longer than a standard culture period of 3 or 4 weeks (Taylor et al., 2014). 

The study showed no effect of irisin at week 3. Another study investigated the effect of irisin 

on osteoblast differentiation from bone marrow stromal cells; here irisin treatment did not 

increase the amount of matrix mineralised by osteoblasts after 21 days (Zhang et al., 2018). 

Therefore, there are inconsistent results in regard to the effect of irisin on osteoblasts. 

Two studies have looked into the effects of irisin on the osteocyte cell line MLO-Y4. The 

studies showed opposite results, with one showing upregulation of Sost mRNA levels after 

irisin treatment (Kim et al., 2019), while the other showed downregulation of Sost (Zhang et 

al., 2018). 

Irisin decrease osteoclastogenesis. Irisin decreased formation of TRAP positive multinucleated 

osteclasts, downregulated mRNA levels of Rank, NFATc1, Cathepsin K, and TRAP and 

decreased the protein expression levels of TRAP and cathepsin K (Zhang et al., 2017, Ma et 

al., 2018, Kawao et al., 2018). Irisin inhibited osteoclast differentiation and had no effects on 

mature osteoclasts (Ma et al., 2018).  

 

2.2 Orexin  
Emerging evidence shows that neuropeptides such as leptin and neuropeptide Y are involved 

in the physiological regulation of bone. Neuropeptides orexin A and B, also called hypocretin 
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1 and 2, play important roles in various physiological and behavioural activities, including 

appetite control, regulating the sleep-wake cycle, energy homeostasis and thermoregulation. 

Deficiency of orexin results in narcolepsy, hypophagia, and obesity, in both humans and mice 

(Wei et al., 2014). Orexin-targeting drugs are being investigated for the treatment of sleep and 

metabolic disorders, including insomnia, obesity and diabetes (Lang et al., 2004). There is a 

new factor, Suvorexant, that targets the orexin receptor, which is being tested in Phase 4 clinical 

trials for the treatment of insomnia.  

Orexin exists in two forms: orexin A with 33 amino acids and orexin B with 28 amino acids, 

both produced from the cleavage of prepro-orexin. Orexin A is completely conserved in some 

mammalian and amphibian species, while there are two amino acid differences between human 

and rat/mouse orexin B. Orexin A and B share 46% sequence similarity (Lang et al., 2004).  

Orexin A and B are ligands of two G-protein coupled receptors, named orexin 1 and 2 receptors 

(OX1R and OX2R). The receptors are conserved across mammals and share 64% sequence 

similarity. Orexin A binds to OX1R with higher affinity than orexin B, while OX2R binds to 

both orexins at similar affinity (Takai et al., 2006, Lang et al., 2004). Orexin receptors are 

present throughout the central nervous system, as well as in the peripheral tissues including 

bone, pancreas, male reproductive tract and adipose tissue (Leonard and Kukkonen, 2014). 

Orexin receptors activate multiple intracellular downstream signalling pathways including p38 

from the mitogen-activated protein kinase (MAPK) signalling pathway, which is known to be 

involved in osteoblast differentiation and mineralisation (Kim et al., 2011).  

 

2.2.1 In vivo studies 

Recently, in vivo studies using transgenic mice showed that orexin affects bone. 

Neuropeptides, including neuromedin U and neuropeptide Y, regulate bone metabolism via 

both central and peripheral actions (Rosen, 2008), and orexin also appears to act in both central 

and peripheral ways. So far only one in vivo study explored the effect of orexin on bone (Wei 

et al., 2014). This study showed that orexin acts 1) centrally through OX2R in brain to enhance 

bone formation, 2) peripherally through OX1R in bone to suppress bone formation, and 3) that 

the central effect of orexin is dominant. The study showed that orexin increased bone formation 

through central actions, as OX2R null mice had low bone mass due to increased circulating 

leptin, and the central administration of OX2R-selective agonist increased bone mass. 

Peripheral action of orexin in reducing bone formation was shown by OX1R null mice having 
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high bone mass due to increased local expression of ghrelin in bone, which influenced 

differentiation of bone marrow adipocytes to osteoblasts. The dominance of central action of 

orexin was shown by orexin null mice and OX1R2R double null mice having decreased bone 

mass, while transgenic mice that globally overexpressed orexin had increased bone mass (Wei 

et al., 2014).  

  

2.2.2 In vitro studies 

There are limited in vitro studies investigating the effect of orexin on bone. The effects of 

orexin on BMSCs, osteoblasts and osteoclasts are discussed. Currently, no study has yet 

explored the effect of orexin on osteocytes.   

In BMSCs, orexin A reduced osteogenic differentiation, but enhanced adipogenic 

differentiation. There was no effect of orexin B in bone marrow cultures (Wei et al., 2014). 

Ox1r expression in the bone marrow cells was suppressed during differentiation towards 

osteoblasts, while the expression is elevated during differentiation towards adipocytes (Wei et 

al., 2014). Another study showed that orexin A stimulated lipogenesis in marrow adipose tissue 

through increased levels of transcription factor peroxisome proliferator-activated receptor 

gamma (PPARγ) (Tarasiuk et al., 2016).  

Two studies have reported the effect of orexin in osteoblasts. A study on primary rat osteoblasts 

showed that both orexin A and B decreased osteoblast proliferation on day 7 and 14, 

respectively, when the cells were treated at 10-8 M. Ox1r was expressed in freshly isolated rat 

osteoblasts, with increased expression with orexin A or B treatment. However, receptor 

expression was reduced as the cells were cultured for 21 days (Ziolkowska et al., 2008). In a 

pre-osteoblastic cell line MC3T3, orexin A increased levels of osteoblast differentiation related 

genes, including Alpl, Bglap, Sp7, Col1, and Runx2, and mineralisation. The MC3T3 cells 

expressed Ox1r, and the level of expression increased until day 12 (Han et al., 2018). Overall, 

currently available data suggest that orexin pushes osteoblasts toward differentiation.  

Studies suggest that orexin does not have an effect on osteoclasts. An in vivo study showed 

that 1) the orexin coding gene is not detected in osteoclasts, 2) orexin deletion in mice had no 

effect on osteoclast number in mouse tibia, 3) there was no difference in osteoclastogenesis in 

bone marrow from OX1R knockout mice compared with wild type, 4) OX1R2R double 

knockout mice did not have altered osteoclast numbers, and 5) mice globally overexpressing 
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orexin did not have altered osteoclast number in tibia (Wei et al., 2014). Interestingly, 

osteoblast differentiation cultures from the bone marrow of OX1R knockout mice 

downregulated RANKL and upregulated Opg gene expression. Thus, with the limited 

information known, orexin A and B do not seem to have a direct effect on osteoclasts.    
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Part C Aims 
Fractures, especially in elderly people, have devastating outcomes and can drastically reduce 

the quality of life. Targeted delivery of growth factors directly to the site of fracture or other 

skeletal defects has been recognised as a strategy that could improve healing and lead to better 

clinical outcomes. Delivery systems that can enhance bone formation, accelerate regeneration 

and healing, and ultimately restore bone integrity and strength, are still largely missing.  

The overarching aim of this study was to identify growth factors and delivery systems for the 

improvement of bone regeneration. We aimed to evaluate two endocrine peptides, irisin and 

orexin, as potential bone anabolic factors, and to develop a clinically suitable drug delivery 

system for the optimal delivery of the bone anabolic factor LF.  

The result section of this thesis is divided into two parts. The aim of Part A was to determine 

the effects of irisin and orexin on bone cells in order to evaluate their potential as anabolic 

factors that promote bone regeneration. Initially, we optimised an osteocyte-rich ex vivo model 

(Chapter 3) that can be used to investigate the activity of factors in osteocytes. We hypothesised 

that primary osteocytes embedded within bone can be used to study osteocyte response to 

anabolic factors. In the next chapter, we investigated the effects of irisin and orexin in vitro on 

bone cells at different stages of development (Chapter 4). We hypothesised that irisin and 

orexin have direct effects on bone marrow stromal cells, osteoblasts, osteocytes and osteoclasts. 

In Part B of the thesis we investigated delivery systems for LF. The aim of this part of the study 

was to identify scaffolds that provide safe and effective local LF release for the support of bone 

regeneration. We used a rat calvarial defect model to determine the potential of INFUSE® Bone 

Graft Absorbable Collagen Sponge (Chapter 5) and poloxamers (Chapter 6) to deliver LF 

locally and improve bone regeneration. In the last chapter of this section (Chapter 7), we 

characterised self-assembling peptide hydrogels in vitro, and determined their potential as drug 

delivery systems for LF.  
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CHAPTER 2 MATERIALS AND METHODS  

1. Ethical approval 

1.1 Human ethics approval 
Collection and use of human tissue was approved by The New Zealand Northern A Health and 

Disability Ethics Committee and all participants provided written informed consent. Human 

osteoblasts were extracted from bone obtained from patients undergoing hip or knee joint 

arthroplasty at Auckland District Health Board or Counties Manukau District Health Board in 

Auckland, New Zealand.  

1.2 Animal ethics approval 
All animals were obtained from Vernon Jansen Unit at the University of Auckland, New 

Zealand. All protocols and surgical procedures involving animals were approved by The 

University of Auckland Animal Ethics Committee (approval numbers 001240, 001795 and 

001990). 

 

2. Cell and tissue culture 

2.1 Materials 

In vitro 
Cell culture media powder, trypsin-EDTA and Penicillin-Streptomycin (P/S) used in tissue 

culture were purchased from Invitrogen (ThermoFisher Scientific, Waltham, MA). NZ-origin 

fetal bovine serum (FBS) was purchased from Gibco (ThermoFisher Scientific). Media were 

made from powder using ultrapure water and supplemented with 100 units/mL penicillin, 100 

μg/mL streptomycin and 0.22% sodium bicarbonate (Sigma- Aldrich, St. Louis, MO). 

Phosphate buffered saline (PBS) was made up by mixing following: 137 mM NaCl, 7.9 mM 

Na2HPO4, 1.5 mM KH2PO4, 2.7 mM KCl at pH 7.4. All media and other solutions were 

sterilised by passing through a 0.2 μm filter (Sartorius AG, Goettingen, Germany). RPMI-1640 

medium for THP-1 cell culture was purchased from Invitrogen. Bovine serum albumin (BSA) 

was purchased from Immunochemical Products Ltd (Auckland, New Zealand). All other 
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chemicals and drugs used for tissue culture were purchased from Sigma-Aldrich unless stated 

otherwise. T75 tissue culture flasks (75 cm2) and 48-well plates were purchased from Corning 

(Corning, NY), and 6-, 24- and 96-well plates were from Greiner Bio-One (Cellstar, 

Frickenhausen, Germany). All plasticware used for tissue culture had been pre-sterilised using 

gamma irradiation. All glassware and stainless-steel dissection tools used in tissue culture were 

soaked in 1.5% nitric acid or ViraClean (Whiteley Medical, North Sydney, Australia) 

respectively and sterilised by autoclaving. 

All tissue culture work was carried out in sterile conditions, in a class II tissue culture cabinet. 

All cultures were grown in a humidified incubator at 37 °C with 5% CO2. Cells were 

maintained in 75 cm2 flasks containing 30 mL of the appropriate culture media. 

Bovine LF was obtained from the Fonterra Co-operative Group (Auckland, New Zealand) in a 

powder form. Recombinant human PTH(1-34) was obtained from Auspep (Melbourne, 

Australia).  

In vivo 
For in vivo rat calvarial surgeries, non-steroidal anti-inflammatory analgesic Carprofen was 

purchased from Norbrook (New Zealand) and disinfectants 2% chlorhexidine and 70% ethanol 

were obtained from NZHealthE (New Zealand). Surgical drape was from OpSite Incise Drape 

(Smith&Nephew, New Zealand). A 5 mm diameter defect was created using a trephine burr 

(Komet Trephine, HenrySchein, New Zealand) attached to a hand-held dental drill (Saeshin 

Thumb Set & Mini Contra Angle Hand Piece, HenrySchein, New Zealand). To close wounds, 

4/0 Monocryl suture (Amtech Medical, New Zealand) was used and Marcaine (Amtech 

Medical) was injected to the surgical site for post-operative analgesia. 

 

2.2 Primary human osteoblasts 
Primary human osteoblasts were grown from trabecular bone explants obtained from patients 

undergoing elective hip or knee arthroplasty for osteoarthritis. The trabecular bone was 

chopped into small bone chips using a scalpel blade and the bone marrow removed from bone 

surfaces with multiple PBS washes. The bone chips were placed in T75 flasks with Dulbecco's 

Modified Eagle's Medium (DMEM) containing 10% FBS, 5 ug/mL ascorbic acid-2-phosphate 

(A2P) and P/S. The flasks remained unmoved in the incubator until the first signs of osteoblast 

outgrowth were observed. The culture medium was refreshed twice weekly. Osteoblasts were 
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grown to 90% confluence, then were trypsinised, washed and stored in liquid nitrogen until the 

cells were needed. 

 

2.3 Primary rat osteoblasts 
Rat osteoblasts were isolated from 20 day fetal rat calvariae, as previously described (Cornish 

et al., 1999). Briefly, the frontal and parietal bones of calvariae were collected, free of suture 

and periosteal tissue. The calvariae were sequentially digested using collagenase and the cells 

from digests 3 and 4 were pooled.  

Cells were grown in T75 flasks in DMEM containing 10% FBS, 5 ug/mL A2P and P/S. After 

two days, media was changed to Minimum Essential Medium (MEM) containing 10% FBS, 

A2P and P/S and grown to 90% confluency. Cells were then seeded into 24-well plates in MEM 

with 5% FBS, A2P and P/S for 24 hours. Cells were growth-arrested in MEM containing 0.1% 

BSA, A2P and P/S for 24 hours before addition of treatments for a further 24 hours. 

 

2.4 Primary mouse osteoblasts 
Mouse osteoblasts were isolated from 3-day old mice calvariae, free of sagittal suture. The 

calvariae were collected in PBS containing collagenase (1 mg/mL) and dispase (2 mg/mL). 

Cells underwent four sequential digestions and the cells from digests 2, 3 and 4 were pooled. 

Cells were grown in T75 flasks as described for primary rat osteoblasts. 

 

2.5 alamarBlue® assay 
Primary cells were seeded into 24-well plates and cultured with treatments for 24 hours. The 

metabolic activity of cells was measured by adding 5% alamarBlue® (final concentration in 

well) to each well for four hours at 37 °C before the end of the culture. At the end of the 

incubation, 200 µL of the alamarBlue® conditioned medium was transferred from each well to 

a 96 well plate and the fluorescence was measured. Fluorescence (excitation 540 nm and 

emission 630 nm) was read using a Synergy 2 multi-detection microplate reader (BioTek 

Instruments Inc., Winooski, VT). For analysis, the results were normalised to the fluorescence 

readings from blank wells with media and alamarBlue® only. 
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2.6 3H-thymidine assay 
Following trypsinisation, rat and mouse osteoblasts were seeded into 24-well plates in growth 

medium, at a density of 5 x 104 cells/mL, 0.5 mL/well and grown to semi-confluence overnight. 

The following day, fresh serum-free media supplemented with BSA and treatments were 

added. The cells were incubated with 3H-thymidine (0.5 μCi/well, PerkinElmer, Waltham, 

MA) for the last 6 hours of drug treatment for 24 hours. Thymidine incorporation was assessed 

using a Wallac Microbeta Trilux 1450 detector (PerkinElmer Life & Analytical Sciences). 

 

2.7 Mineralisation assay 
Primary rat osteoblasts were seeded into 6-well plates at 5 x 104 cells/well in αMEM containing 

10% FBS, A2P and P/S. After approximately 4 days, when cells were confluent, media were 

changed to αMEM containing 15% FBS, 50 μg/mL A2P and 10 mM β-glycerophosphate, and 

treatments were added. The supplemented media were changed twice weekly and treatments 

were added each time along with media change. Dexamethasone (at a final concentration of 

10-8 M) was used as a positive control in each experiment. After 21 days the cells were washed 

with PBS, and then fixed in 10% neutral buffered formalin (LabServ, ThermoFisher Scientific, 

Victoria, Australia) overnight. Mineralised areas were visualised using von Kossa staining 

which consisted of staining cultures with 2.5% silver nitrate for 30 mins at room temperature, 

multiple washes with distilled water, and background counter-staining with sodium carbonate 

formaldehyde for 2 mins. The area of mineralisation was quantified using BIOQUANT 

OSTEO software (BIOQUANT Image Analysis Corp., Nashville, TN). There were six wells 

in each treatment group. 

 

3. Molecular biology 

3.1 Materials 
The RNeasy Mini and RNase-free DNase kits were from Qiagen (Valencia, CA). Chloroform 

was from Sigma-Aldrich. TRIzol and all other reverse-transcriptase PCR reagents were 

purchased from Invitrogen. Random primers were from Roche (Indianapolis, IN). Real-time 
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PCR primer-probe sets, master mix and 384-well and 96-well plates were purchased from 

Applied Biosystems (Life Technologies Australia Pty Ltd., Mulgrave, Australia). Transfer of 

master mix, real-time PCR primer-probes, and cDNA to a 384-well plate was done by an 

epMotion® 5070 workstation (Eppendorf, Hamburg, Germany). Diethylpyrocarbonate 

(DEPC)-treated water was from Invitrogen (Carlsbad, CA) 

 

3.2 RNA extraction 
Total cellular RNA was extracted from cells using the RNeasy Mini Kit according to the 

manufacturer’s instructions. Cells were lysed in either RLT buffer or in TRIzol. 

RLT method Cells were lysed in RLT buffer containing 1% β-mercaptoethanol (Sigma-

Aldrich) and homogenised by passing the cells through a 20 g needle more than five times.  

TRIzol method RNA from primary rat osteoblasts cultured on self-assembling peptide gel was 

purified using the TRIzol method according to the manufacturer’s instructions. Briefly, cells 

were lysed with 1 mL TRIzol and mixed with 0.2 mL chloroform with vigorous shaking. The 

lysates were centrifuged to collect aqueous phase and washed with 70% ethanol.  

RNA was extracted from the lysates using the RNeasy Mini columns according to the 

manufacturer’s instructions. Genomic DNA was removed by on-column digests with the 

RNase-free DNase kit. RNA was eluted in 30 μL RNase-free water. All RNA was frozen at -

80°C until use. RNA concentration was measured using a nanodrop spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA). RNA integrity was tested using an Agilent 4200 

TapeStation system (Santa Clara, CA). 

 

3.3 cDNA synthesis 
Reverse transcription was performed using an MJ Research PTC-100TM Programmable 

Thermal Controller. Approximately 200 to 500 ng RNA from each sample was used to prepare 

cDNA. RNA was incubated in PCR tubes at 65°C for 5 minutes with 10 mM 

deoxyribonucleotide triphosphates (dNTPs), random primers and DEPC-treated water made up 

to a volume of 13 μL. The reaction was then incubated on ice for at least 2 minutes, before 5 x 

First Strand buffer, 0.1 mM DTT, Superscript III reverse transcriptase and RNaseOUT were 

added to make the total reaction 20 μL. Reactions were incubated at 25°C for 5 minutes, 50 °C 
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for 60 minutes, and finally 70 °C for 15 minutes. All cDNA was frozen at -20 °C until used for 

real-time PCR. 

 

3.4 Real-time PCR 
Real-time PCR was performed using a QuantStudio 12K Flex Real-Time PCR System 

(Applied Biosystems). Reactions were performed in 10 μL volumes in 384 well plates. 

Multiplex PCR was carried out using 1x Taqman Universal PCR Master Mix, a FAM-labelled 

Taqman primer-probeset for the gene of interest, and a VIC-labelled 18S rRNA primer-

probeset which was included in all reactions as an internal control. The ΔΔCt method was used 

to quantify gene expression (Livak and Schmittgen, 2001). Differences in cell number and 

cDNA input between samples were corrected by normalising the target gene expression to the 

expression of the endogenous 18S rRNA control. Target gene expression levels were then 

calculated relative to the zero time point or control sample (no treatment) for that experiment. 

 

4. Protein detection (ELISA) 
Conditioned medium was collected at the end of cultures in each experiment. The 

concentrations of secreted sclerostin, RANKL and FGF23 proteins into the conditioned media 

of ex vivo bone tube cultured with rhPTH(1-34) were determined with respective DuoSet 

ELISA kits (R&D systems, Minneapolis, MN) according to the manufacturer’s instructions. 

Briefly, 96-well plates (In Vitro Technologies, New Zealand) were incubated overnight with 

100 μL of either anti-sclerostin (2 μg/mL), anti-RANKL (400 μg/mL), or anti-FGF23 (400 

μg/mL) capture antibody diluted in PBS. The plates were blocked for at least 1 hour with 300 

μL Reagent Diluent containing 1% BSA in PBS to prevent any non-specific binding. 

Conditioned media samples were added at a 1:100 dilution for sclerostin and neat for RANKL 

and FGF23. A standard curve was performed using recombinant mouse sclerostin, RANKL 

and FGF23 provided in the kits. A total of 100 μL of standards or samples were added to wells 

in duplicates and incubated for 2 hours, followed by 100μL of biotinylated goat anti-mouse 

sclerostin (200 ng/mL), RANKL (200 ng/mL), or FGF23 (100 ng/mL) detection antibody for 

2 hours, and 100 μL streptavidin-horseradish peroxidase (HRP) for 20 minutes. Substrate 

Solution of 100 μL containing 1:1 mixture of Color Reagent A (H2O2) and Color Reagent B 

(Tetramethylbenzidine) (R&D Systems) was added to each well for up to 20 minutes until a 
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clear colour gradient could be visualised in the standard wells. The reaction was stopped with 

50 μL 2 N H2SO4 and absorbance was measured at 450 nm. All wells were washed with 0.05% 

Tween-20 (USB Corporation, Cleveland, OH) in PBS between incubations and all incubations 

were at room temperature. 

 

5. Rat calvarial defect model 
The surgical procedures were carried out as described in Gao et al. (2018). Briefly, rats were 

pre-medicated with carprofen (10 μl/g) prior to surgery. Once the rats were appropriately 

anaesthetised with isoflurane, a 5 mm-diameter, bicortical, extra-dural defect was created over 

the left parietal bone using a trephine burr (Komet Trephine) (Figure 2-1). The periosteal flap 

was then repositioned over the defects. Following skin closure, 0.2 ml of marcaine (1.25 mg/ml 

solution) was injected around the surgical site for post-operative analgesia. 

 
Figure 2-1 Rat calvarial defect intra-operative photographs 
(A) A 5 mm diameter defect was created over the left parietal bone. (B) Scaffold was inserted. (C) 
Scaffold filling the defect site. 

Post-operatively, the rats were housed singularly and transferred to a warming cabinet 

overnight for recovery. Carprofen (10 μl/g) and saline (2 ml) were administered subcutaneously 

twice daily for 2 days post-operatively for analgesia and fluid replacement. The rats were 

monitored until the end of the experiment. 
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6. MicroCT 

6.1 Sample preparation for microCT 
At 12 weeks post-operation, the rats were euthanised with CO2 inhalation. The calvaria 

containing the parietal lobes and parts of the frontal and occipital lobes were excised. The 

calvaria were fixed in 10% neutral buffered formalin and stored in 4 °C for three days. Then 

the calvaria were transferred to 70% ethanol and stored in 4 °C until analysis by micro 

computed tomography (microCT). 

During the dissection some calvarial sections were damaged and therefore not included in the 

final analysis. 

 

6.2 MicroCT scanning 
The dissected calvariae were scanned by microCT (Skyscan 1172, Bruker, Belgium; X-ray 

voltage 60 kV, 1.0 mm aluminium and copper filters, voxel size 12 µm). Scanned files were 

reconstructed using NRecon software; the datasets were analysed using CTAn software 

(Bruker). Cylinders of the volume of interest (VOI) were created at the defect site to measure 

the bone volume (BV), tissue mineral density (TMD), and percentage and volume of porosity 

within the regenerated bone. Calvariae of rats in treatment group were compared with intact 

calvariae from age-matched rats of the same strain. 

The volume of interest (VOI) was created over the defect site in a cylinder shape with 5 mm 

diameter to measure the regenerated bone within the defect area (Figure 2-2). 
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Figure 2-2 Schematic drawing of how the volume of interest (VOI) was created and 
measured  

 

7. Histology 
Mouse ex vivo bone tubes at the end of the experimental culture, and rat calvarial sections after 

microCT were fixed in 10% neutral-buffered formalin overnight, put into 70% ethanol for 30 

minutes then decalcified in 10% formic acid for 7 - 12 days, and stored in 70% ethanol until 

sectioning. The mouse ex vivo bone tubes were cut in half cross-sectionally or longitudinally, 

and rat calvarial sections were cut at the mid-point of the defects in the coronal plane. The 

sections were paraffin embedded using a Leica Embedder and a Leica APS 300S automated 

tissue processor (Leica Biosystems, Richmond, IL). Sections 10 μm thick were cut with Leica 

Microtome RM 2145 and placed on Apex Superior Adhesive Slides (Leica Biosystems). The 

sections were stained with haematoxylin and eosin (H&E). Sections were deparaffinised in 

xylene and rehydrated in graded solutions of ethanol through to water. Slides were mounted 

using dibutylphthalate polystyrene xylene (DPX) and left to air-dry. With H&E staining, 

sections were stained with Haematoxylin Gils, differentiated in 1% acid-alcohol, and stained 

in 1% lithium carbonate and then in 1% eosin. Sections were dehydrated with alcohol and 

xylene and mounted using DPX. Histology sections were kindly prepared by Satya Amirapu 

from the University of Auckland Histology Lab.  

The sections were analysed either by light microscopy using an Olympus BX50F microscope 

with an Olympus DP72 digital colour camera (Olympus Corp, Tokyo, Japan), or by images of 

whole histological sections images using MetaSystems VSlide slide scanner (MetaSystems, 

Germany). For VSlide, a Zeiss Axio Imager Z2 microscope (Zeiss, Germany) was used with a 
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CoolCube1 camera (MetaSystems), and individual images were stitched into a large image 

using V-Slide software (MetaSystems). Metafer Slide Scanning Platform (MetaSystems) 

software was used for acquisition of images and Metaclient (MetaSystems) software was used 

to review the final stitched images. 

For evaluation of the histological sections of calvariae, a histology grading system was used to 

generate semi-quantitative outcomes for quantity and quality of regenerated bone within the 

defect. The cross sections of the calvariae were evaluated by two blinded musculoskeletal 

scientists, and the average scores were reported. The following histology scoring table was 

used for evaluation. 

 

Table 2-1 Histology grading system 

 
Histology grading system used to semi-quantify outcomes of regenerated bone within defects. This 
table is modified from Musson et al. (2019). 
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8. Statistical analysis 
Data were analysed using GraphPad Prism Software (GraphPad Software, San Diego, CA). 

Data were analysed using one-way or two-way analysis of variance (ANOVA) with post hoc 

Dunnett’s or Bonferroni’s multiple comparison tests when more than two groups were 

compared; or by Student’s t-test when two groups were compared. Each experiment was 

repeated at least three times for each assay, using different biological samples. 
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CHAPTER 3 VALIDATION OF AN 

OSTEOCYTE-RICH EX VIVO MODEL 

1. Introduction 
As described in Chapter 1, currently available osteocyte cell lines and the 2D monolayer culture 

of cells on a tissue culture plate do not represent the natural morphology of osteocytes in their 

3D network within the bone matrix. There is evidence that osteocytes retain their phenotype 

better in 3D cultures, and different studies have attempted to grow the cells in a 3D network 

by culturing the cells in a gel or on microbeads (Kurata et al., 2006, Sun et al., 2018). A study 

using a 3D model of MLO-A5 with microbeads to mimic the native environment and 

morphology of osteocytes within the bone matrix showed increased expression of Sost and 

Fgf23 compared to the cells cultured in 2D when they are treated with human PTH(1-34), 

suggesting the natural morphological state of osteocytes within the 3D bone matrix might affect 

the ability of the osteocytes to respond to external stimuli (Sun et al., 2018). Other studies have 

cultured MLO-Y4 in a Matrigel mixed with collagen to resemble 3D culture, or have osteocytes 

entrapped in microbeads including BCP to reconstruct the 3D osteocyte networks. The main 

limitation of these cultures of osteocytes in 3D matrices was the lack of reproducible results 

(Bellido and Delgado-Calle, 2020). 

Another approach used in a number of studies was to culture osteocyte in their native matrix, 

maintaining their cellular network and retaining their natural 3D structure within the 

lacunocanalicular system. The ex vivo bone cultures have advantages over primary cells or cell 

lines as they maintain the native position of osteocytes within the lacunae and preserve their 

3D distribution within the bone matrix. They are particularly useful when studying the effects 

of pharmacological interventions and mechanical loading on bone cells (Bellido and Delgado-

Calle, 2020). Most importantly, evidence suggest that the findings of ex vivo bone cultures 

more closely reproduce results seen in vivo.  

Takai et al. (2004) investigated the viability of osteocytes within bone explants and found the 

number of live osteocytes decrease within 8 days of culture, while treating the culture with 

dynamic hydrostatic pressure improved osteocyte viability. Chan et al. (2009) found that under 

static culture conditions, bone explants had a reduced number of viable osteocytes after two 
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weeks of culture, while placing the explants in a perfusion system prevented the decrease in 

cell viability. Marino et al. (2016) also found osteocytes in bone explants were viable after 4 

weeks and decreased cell viability was observed in static culture compared to culture that had 

perfusion. Pathak et al. (2016) cultured trabecular bone and found that approximately 60% of 

the osteocytes were viable after 7 days of culture, and expressed Sost and Fgf23. Brolese et al. 

(2015) found osteocytes in bone explants release sclerostin and FGF23, and the concentration 

of the secreted proteins decreased over a culture time of 72 hours.  

Prideaux et al. (2015) cultured bone fragments and hollow bone tubes for 24 hours in the 

presence of rhPTH(1-34) and found the cells respond to exogenous rhPTH(1-34) by decreasing 

expression of Sost. They assessed osteocytes within bone using bone chips dissected into small 

pieces, or using “bone tubes” which had epiphyses removed below the growth plate. The bone 

chips or bone tubes were digested and cleaned of any other cells including osteoblasts, 

periosteal or endosteal cells in order to enrich the explant culture for osteocytes.  

Based on available literature on osteocytes, the ex vivo culture system used in Prideaux et al. 

(2015) was considered a good starting point to further develop the system for our study. Thus, 

we aimed to reproduce and optimise this ex vivo culture system and subsequently use it for 

evaluation of bone anabolic factors.   

Objective: To develop an osteocyte-rich ex vivo bone culture and determine osteocyte 

response to the bone anabolic factor rhPTH(1-34). 

 

 

2. Methods 

2.1 Collection of osteocyte-rich bone tubes 
Based on Prideaux et al. (2015), the collection of long bones for study of osteocytes was further 

developed. Long bones (tibiae, femura and humeri) were dissected from four to six-week old 

CD1 male mice. The muscle around bones and epiphyses were removed to make “bone tubes”. 

Trabecular bone was removed from the bone tubes as much as possible to ensure the bone 

marrow cells did not get trapped within the trabecular bone. Bone marrow was flushed out in 
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three ways: 1) with a needle and syringe containing PBS, 2) flushed and digested with 

collagenase-trypsin-media mixture (CTM), or 3) by centrifugation (Figure 3-1).  

1) PBS flushing   Bone marrow in bone tubes was flushed out with PBS until the buffer 

appeared completely clear.  

 

2) CTM enzyme digestion method   Bone marrow in bone tubes was flushed out with 

αMEM, then again with 2 mg/ml collagenase + 0.05% trypsin in αMEM (CTM mix). 

The bone tubes were digested in CTM mix for 30 mins in a water bath at 37 °C. The 

bone tubes were flushed again with CTM mix, and digested in the CTM mix for another 

20 mins in the water bath. The bone tubes were flushed twice with CTM mix and again 

with αMEM/10% FCS to remove any remnant CTM mix inside the bone tubes. 

 

3) Centrifugation method   Bone tubes were mounted on pre-cut 200 uL pipette tips and 

centrifuged at 12,000 rpm for 5 minutes at room temperature.  

 
Figure 3-1 Schematic drawing of bone tube preparation  
Flushed bone tubes were transferred into a 24-well plate and rinsed twice with αMEM/10% FBS. The 
wells were checked under the microscope for absence of any floating cells.  
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2.2 Cell culture conditions 

2.2.1 Bone tubes 
Bone tubes were cultured in αMEM/10% FBS in 12-well plate and placed in the incubator (37 

°C, 5% CO2) to stabilise the bone tubes in the medium for 24 hours. The next day, the 

conditioned media were collected and frozen in -80 °C until analysis. The bone tubes were 

transferred into a new well containing fresh media to remove any leftover bone marrow cells 

or cells that grew out of bones.  

 

2.2.2 Viability test 
Bone tubes were cultured for up to 14 days. As mentioned in Section 2.2.5 in Chapter 2, the 

metabolic activity of osteocytes within the bone tubes was measured by adding 5% 

alamarBlue®. For analysis, the results were normalised to the fluorescence readings from 

negative controls, which were prepared by boiling bone tubes for 20 minutes to eliminate all 

viable cells. 

 

2.2.3 Drug addition 
After the bone tubes were transferred to new wells, they were treated with 250 µM rhPTH(1-

34) for 24 hours. At the 24 hour time point, conditioned media were collected and bone tubes 

were rinsed with PBS.  

 

2.3 Optimisation of RNA extraction 
RNA from bone tubes was purified using the TRIzol (Invitrogen or Zymo) and RNeasy Mini 

Kit. Bone tubes were placed in 1 mL TRIzol and crushed to produce a fine powder. The bone 

tubes were crushed in three ways: 1) Flushed bone tubes were frozen in liquid nitrogen until 

the extraction time, and crushed with mortar and pestle, 2) flushed bone tubes were frozen in 

liquid nitrogen and crushed with QIAGEN TissueRuptor with plastic disposable probes, or 3) 

flushed bone tubes were put straight into TRIzol and crushed with a Stuart Homogeniser with 

a metal probe. After optimisation, the last method gave the best RNA yield and quality and was 

used throughout the study. 
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2.4 Real-time PCR, ELISA, Histology 
Changes in the expression of osteocyte marker genes were examined with real-time PCR. 

Secreted sclerostin in conditioned media was measured by ELISA. Presence and absence of 

bone cells were determined by assessing histological sections. cDNA synthesis, real-time PCR, 

ELISA and histology were carried out as described in the previous chapter (Chapters 2.3-2.5). 

 

 

3. Results 

3.1 Histological analysis of bone sections 
To determine the optimal conditions for bone marrow removal and retention of osteocytes in 

the ex vivo culture system, histological sections of the bone tubes were stained with H&E. The 

different methods for bone marrow removal are described in the methods section. Initially, only 

two methods were used and compared: PBS flushing and CTM enzymatic digestion methods.  

The sections from the CTM digested and flushed bone had a cleaner bone marrow cavity than 

PBS flushed bone, which had cells remaining on the bone surface. However, the CTM flushed 

bone had more empty lacunae in comparison to PBS-flushed bone or bone without flushing, 

indicating the loss of osteocytes in this method (Figure 3-2). Despite the partial osteocyte loss, 

the following experiments were carried out using CTM flushed bone tubes as the CTM flushing 

produced a cell-free cavity, and provided better enrichment of osteocytes. 
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A 

 

 

B 

 

 
Figure 3-2 Histological examination of bone tube prepared by PBS and CTM flushing 
Representative images of transverse bone sections stained with H&E are shown. (A) Bone before and 
after removal of the bone marrow. Scale bar = 200 µm. (B) Bone after removal of bone marrow by PBS 
or CTM flushing methods. Bone marrow cavity is on the right-hand side of each bone. In the PBS 
flushed bone lining cells can be seen in the bone marrow cavity. Scale bar = 50 µm. 

 

3.2 Viability of osteocytes in long-term culture 
To determine whether the osteocyte-rich ex vivo culture system is suitable for long term 

studies, the viability of osteocytes within the bone tubes was determined for up to 14 days. 

Bone marrow was flushed using the CTM method and the metabolic activity was determined 

using alamarBlue®. alamarBlue® fluorescence is proportional to metabolic activity and hence 

corresponds to cell viability and cell number (White et al., 1996, Back et al., 1999). The bone 

tubes were transferred to new wells with fresh media before each alamarBlue® addition to 

prevent non-specific fluorescence reading from other cells. The metabolic activity increased 

and then plateaued during the culture period of 14 days (Figure 3-3).  



Chapter 3 Validation of an osteocyte-rich ex vivo model 

61 
 

 

 

0

200000

400000

600000

800000

1000000

Culture days

al
am

ar
Bl

ue
®

 fl
uo

re
sc

en
ce

(5
30

/6
20

)

1 3 7 10 14

 
Figure 3-3 Cell viability of osteocytes in bone tube cultures over a period of 14 days  
The solid line represents the trendline. n=4 bone tubes per well, 4 wells in experiment, from 4 mice. 

 

Osteocytes are terminally differentiated and non-proliferative cells, and therefore the 

alamarBlue® readings were not expected to increase over time. To determine what caused the 

increase in alamarBlue® readings histological sections were prepared on days 1, 7 and 14. The 

histology images showed the presence of cells encapsulating the whole bone on days 7 and 14 

(Figure 3-4). The results suggested that this ex vivo culture system may not be suitable for 

long-term experiments, and it was subsequently only used in short-term experiments of up to 

three days.  
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Figure 3-4 Representative cross-sectional micrographs of H&E stained mouse bones on 
days 1, 7 and 14 
Images in the upper panel were magnified in the lower panel. The bone on day 1 is clear of the 
encapsulating cell layers at the start of the culture. Scale bar = 200 µm. 

 

3.3 Viability of osteocytes in short-term culture 
To evaluate whether the osteocyte-rich ex vivo culture system is suitable for short-term 

experiments, the viability of osteocytes within the bone tubes was assessed for up to 3 days. 

An alternative method of bone marrow removal, the centrifugation method described in the 

method section, was used.  Removal of bone marrow by centrifugation minimises the 

preparation time of bone tubes and is therefore likely to help maintain viable osteocytes. 

Metabolic activity significantly increased on day 3 and histological sections suggest the 

osteocytes were viable while the encapsulating cell layers were not visible on day 3 (Figure 

3-5).  
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Figure 3-5 Viability of osteocytes within the bone tubes after the bone marrow was 
flushed by centrifugation 
(A-B) H&E stained longitudinally sliced cortical bone sections on days 1 (A) and 3 (B), showing no 
encapsulating cell layers and clean bone marrow cavity. Scale bar = 200 µm. (C) Magnified image of 
bone cultured for 3 days after flushing, showing the presence of osteocytes within the matrix. Scale bar 
= 50 µm. (D) Viability analysis using alamarBlue® assay. Data shown are mean±SEM. *P=0.0118 

 

3.3 Validation of the ex vivo model: response to parathyroid 

hormone (rhPTH(1-34)) 
After confirming that osteocytes remained viable in the ex vivo model, we proceeded to 

characterise their phenotype and function through the analysis of osteocyte-specific gene 

expression and their responsiveness rhPTH(1-34).  

Cells within the bone tubes expressed high levels of the osteocyte marker genes Dmp1 and 

Sost, whereas Fgf23 was expressed at a low level (Figure 3-6). 
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Figure 3-6 Relative expression of Dmp1, Sost and Fgf23 in osteocyte-rich bone tubes 
The expression levels are relative to the expression of Fgf23. Two biological experiments were pooled. 
Data shown are mean±SEM. 

 

The osteocyte-rich bone tubes were treated with 250 nM rhPTH(1-34), as in the previous study 

(Prideaux et al., 2015). Similar to what was observed by Prideaux et al. (2015), rhPTH(1-34) 

reduced the expression of Dmp1 and Sost by 5- and 10-fold, respectively. A 1.6-fold increase 

in the expression of Tnfsf11 (encoding RANKL) and a 4-fold decrease in the expression of 

Tnfrsf11b (encoding OPG) were induced by rhPTH(1-34) treatment. The early osteocyte 

marker E11 and the mature osteocyte marker Fgf23 levels remained unaltered with rhPTH(1-

34) treatment. The osteoblast markers Alpl (alkaline phosphatase) and Bglap (osteocalcin) were 

downregulated by 2- and 1.4-fold, respectively, with rhPTH(1-34) treatment compared to the 

untreated cells (Figure 3-7). 
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Figure 3-7 Changes in gene expression in response to rhPTH(1-34) treatment in osteocyte-
rich bone tubes 
The bone tubes were treated with rhPTH(1-34) for 24 hours. Two to five biological experiments were 
pooled together. A value of 1 was assigned to the expression level of each gene in untreated cells 
(Control). Data shown are mean±SEM; One sample t-test, *p<0.05, **p<0.01. 

 

3.4 Protein secretion with rhPTH(1-34) treatment 
In preliminary experiments, sclerostin concentration was determined by ELISA in media 

samples collected from the bone tubes on the first two days of culture. Osteocytes in bone tubes 

secreted sclerostin into the culture media and the amount of secreted sclerostin dropped on the 

second day of the culture (p<0.0001) (Figure 3-8). 

rhPTH(1-34) treatment for 24 hours did not alter the amount of sclerostin secreted from the 

osteocytes within the bone tubes (Figure 3-9). The protein concentrations for RANKL and 

FGF23 were also determined in the conditioned media samples, but were below the level of 

detection (data not shown). 
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Figure 3-8 Secreted sclerostin in conditioned media of the osteocyte-rich bone tubes 
culture 
The bone tubes were cultured for 2 days. The bone tubes were transferred to new wells at the end of 
day 1, and then were cultured for another day. Results from nine biological experiments were pooled. 
Data shown are mean±SEM; Student’s t-test, p<0.0001. 
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Figure 3-9 Secreted sclerostin in the conditioned media of the osteocyte-rich bone tubes 
culture treated with rhPTH(1-34)  
The bone tubes were stabilised in the medium for 24 hours. The bone tubes were transferred to new 
wells on the next day, and then were treated with 250 nM rhPTH(1-34) for 24 hours. Results from three 
biological experiments were pooled. Data shown are mean±SEM; there was no significant difference 
between the groups (Student’s t-test). 

 

 

4. Discussion 
We developed and validated an osteocyte-rich ex vivo system for subsequent use in the 

evaluation of endocrine peptides. Different techniques were trialled to optimise the culture 
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system, aiming to remove bone marrow and to improve RNA extraction from the bone. The 

histological sections from the CTM flushed bone had a cleaner bone marrow cavity than PBS 

flushed bone, however, there were a considerable number of empty lacunae without osteocytes 

in the CTM flushed bone tubes so a different bone marrow removal technique was used – the 

centrifugation method. Viability assay results during 14 days of culture suggested the culture 

system was not suitable long-term experiments. The histological sections show that on days 7 

and 14, the ex vivo culture is no longer osteocyte-rich as other cells are growing outside the 

bone. The possible origin of the cell layers outside the bone tubes are: 1) residual bone marrow 

cells that were not completely removed from inside the bone marrow cavity, 2) osteocytes 

losing their osteocyte-like features and starting to come out of their niche and become 

osteoblasts as suggested by several studies (Sawa et al., 2019, Torreggiani et al., 2013), or 3) 

the cells could be stromal lineage-restricted osteoprogenitors which migrated out of cortical 

bone channels as suggested by a very recent study (Root et al., 2020). 

Thus, we used only short-term culture of up to 3 days as well as assessing another method of 

removing bone marrow from the bone tubes. The centrifugation method produced bone with 

more lacunae retaining osteocytes inside them as well as having a cell-free bone marrow cavity.  

After validating the viability of the osteocytes within the ex vivo bone tubes, the model was 

assessed to measure the enrichment of osteocytes in the culture. Gene expression analysis 

confirmed that the osteocytes embedded in bone tubes expressed osteocyte-specific genes, 

including Sost, Fgf23, Dmp1 and E11. Interestingly, the mRNA levels of Fgf23 were very low. 

In normal physiological conditions, FGF23 is not expressed at high levels in osteocytes, and 

its expression is increased in pathological conditions including chronic kidney disease and 

hypophosphatemic rickets (Pereira et al., 2009, Liu et al., 2007). Also, because DMP1 inhibits 

FGF23 expression (Martin et al., 2012, Dussold et al., 2019), it is possible that the high 

expression of DMP1 in osteocytes in our bone tube reduced the expression level of FGF23. 

Fgf23 mRNA expression increases in response to 1,25-dihydroxyvitamin D3 (Woo et al., 

2011). Determining the expression of Fgf23 in response to changes in phosphate 

concentrations, or 1,25-dihydroxyvitamin D3 addition to the culture medium of the bone tubes 

would be of interest.  

Next the bone tubes were treated with rhPTH(1-34) to determine if the cells behave as 

osteocytes in vivo would normally do. The rhPTH(1-34)-treated osteocytes had decreased 

expression of Dmp1 and Sost, similar to what has been shown for the osteocyte cell line IDG-
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SW3 and in ex vivo bone organ cultures (Prideaux et al., 2015, Ben-awadh et al., 2014). An in 

vivo study also showed the continuous infusion of PTH to mice decreased Sost mRNA 

expression in osteocytes (Bellido et al., 2005). rhPTH(1-34) treatment increased E11 

expression in IDG-SW3 cells (Prideaux et al., 2015), however, there was no effect of rhPTH(1-

34) in our osteocytes due to a large variation between the biological experiments in our study. 

The level of Tnfsf11 was upregulated and the Tnfsf11b level was downregulated by rhPTH(1-

34) treatment, similar to findings in previous studies (Ben-awadh et al., 2014). 

To further study the effect of rhPTH(1-34) on protein secretion by osteocytes, concentrations 

of secreted sclerostin, RANKL and FGF23 were measured. The concentration of osteocyte-

secreted sclerostin was not affected by the rhPTH(1-34) treatment.  FGF23 protein was below 

the detectable level in the conditioned media, which might be due to the fact that FGF23 levels 

remain low in normal physiological conditions. RANKL was also undetectable, although the 

cells expressed Tnfsf11 mRNA. One of the possible reasons for this could be that the gene was 

upregulated by rhPTH(1-34) treatment but there is a time delay for the change of mRNA 

expression to be translated to protein synthesis and secretion of RANKL, thus it is possible that 

the RANKL protein is secreted from osteocytes when the culture is continued for a longer time. 

The other possibility is that RANKL is present in membrane-bound but not soluble form (Lacey 

et al., 1998). 

In future investigations, an evaluation could be carried out to assess changes in osteocyte 

connectivity in their network. As osteocytes age, they lose connectivity with other osteocytes. 

The osteocyte connectivity is known to be important, as they are heavily networked using their 

projections. However, we have not investigated the change in osteocyte connectivity as it is 

difficult to evaluate in hard bone structure. Assessing the change in gap junction gene 

Connexin43 mRNA expression level would be a way to measure changes in osteocyte 

interconnectivity. 

A limitation of this experimental system is that although the osteocytes retain their natural 

niche within the bone matrix, they lack the constant physiological stimulations that are present 

in vivo. In this ex vivo model, there was no change in phosphate level changes as per in vivo, 

which could have influenced Fgf23 mRNA levels in the osteocytes. The ex vivo culture is in a 

static condition which resulted in a decrease in Sost expression after the first 24 hours of bone 

tube collection, as observed in the other studies with static culture. In a normal physiological 

state, decrease in mechanical loading would increase expression of Sost, however we did not 
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see this in our osteocytes in bone tube. Instead, an increase in viability reading was observed, 

suggesting the osteocytes are losing their characteristics and possibly de-differentiating. 

In conclusion, our results demonstrate that the osteocytes in our ex vivo system respond to 

rhPTH(1-34) treatment and mimic known osteocyte behaviour in vivo. Therefore, this model 

has potential to be used for future osteocyte studies, particularly for studying their response to 

endocrine factors, which will be discussed in the following chapter. 
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CHAPTER 4 THE EFFECTS OF IRISIN AND 

OREXIN ON BONE CELLS IN VITRO 

1. Introduction 
Recent studies have identified the endocrine peptides irisin and orexin as potential bone 

anabolic factors. Irisin, a myokine produced by muscle in response to physical activity, has 

recently been found to play a role in muscle-bone communication. In vivo studies have shown 

that administration of irisin increases bone mass, and prevents or restores bone loss (Colaianni 

et al., 2015, Colaianni et al., 2017a, Zhang et al., 2017, Iemura et al., 2019). However, another 

study has reported the opposite effect of irisin, where injection of irisin increased sclerostin 

secretion and global deletion of the irisin precursor Fndc5 prevented ovariectomy-induced 

trabecular bone loss (Kim et al., 2019). Given the contradictory results in the in vivo studies, 

we sought to determine the effect of irisin on different types of bone cells in vitro.  

Neuropeptides orexin A and B are involved in physiological and behavioural activities, and 

have recently been suggested to be involved in the physiological regulation of bone. An in vivo 

study showed that orexin increased bone formation through central activity whereas peripheral 

action of orexin reduced bone formation (Wei et al., 2014). The study suggested that the central 

action of orexin is dominant over the peripheral action. Adding to the complexity, there are 

limited in vitro studies in the literature, with contradictory results, as discussed in Chapter 1. A 

review on short bone anabolic peptides also suggested that orexin could be a potential 

therapeutic factor (Amso et al., 2016). If either orexin A or B are to be used as therapeutics for 

bone diseases, we need to fully understand their mechanisms of action. 

Objective: To investigate the effects of irisin and orexin on differentiation and activity of bone 

cells, in vitro. 
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2. Methods 

2.1 Materials 

Irisin 
Recombinant Irisin (untagged, from E.coli, catalogue number AG-40B-0103-5010) was 

purchased from AdipoGen Life Sciences (San Diego, CA). 

Orexin 
Orexin A and B (catalogue numbers O6012, O6262) were purchased from Sigma-Aldrich (St. 

Louis, MO). 

 

2.2 Endotoxin testing 
Before assessing the effects of orexin A and B in cell culture, they were tested for the presence 

of Gram-negative bacterial endotoxins using an endotoxin testing kit (Charles River 

Laboratories, Wilmington, MA). The level of toxins was measured using The Endosafe® – 

Portable Test System with Limulus Amebocyte Lysate test cartridges. This system shows 

endotoxin contamination in samples, with an assay sensitivity of 0.01 to 1 endotoxin unit 

(EU)/mL. All working dilutions of orexin A and B in cell culture media had endotoxin levels 

below the compendial limit for Sterile Water for Irrigation of 0.25 EU/mL according to the 

manufacturer’s guide (data not shown).  

 

2.3 Cell cultures 

2.3.1 Bone marrow stromal cells 
Primary bone marrow was obtained from the long bones of C57 male mice aged 8 weeks. 

Experimental procedures were carried out as described previously (Kalajzic et al., 2002). The 

mice were euthanised by using carbon dioxide and the femurs and tibiae were aseptically 

dissected and soft tissues were removed. The epiphyses were cut off and the marrow cavity 

was flushed with sterile PBS using a syringe with a 23G needle. Cells went through an 18G 

needle to make a single cell suspension, followed by filtering through a 70 µm cell strainer 

(Falcon 2350; Fisher Scientific). Live, non-erythrocytes were plated at 4,000,000 cells/mL in 
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12-well plate well. On day 4, half of the medium was replaced with fresh medium. Media were 

changed to either osteogenic media (αMEM with 10% heat inactivated FBS (HI-FBS) 

supplemented with 50 µg/ml of A2P and 5 mM β-glycerophosphate) on day 7, or adipogenic 

media (MDI medium: αMEM/10% HI-FBS with 0.5 mM IBMX, 1 µM dexamethasone, and 1 

µM insulin; RI medium: αMEM/10% HI-FBS with 0.5 µM Rosiglitazone and 1 µM Insulin) 

on day 9. Medium was changed every 2 days for the duration of the experiment. 

 

2.3.2 MLO-Y4 cells 
Osteocyte-like cell line MLO-Y4 cells were cultured in αMEM containing L-glutamine and 

nucleosides (Gibco, Life Technologies, Thermo Fisher Scientific, Waltham, MA) and 

supplemented with 2.5% HI-FBS (Gibco) and 2.5% heat-inactivated newborn calf serum 

(Hyclone, GE Healthcare Life Sciences, Logan, UT). RNA was extracted using the RNeasy 

Mini Kit, according to the manufacturer’s instructions.  

 

2.3.3 Osteoclasts 
Primary mouse bone marrow  

To determine the effects of test factors on osteoclast formation, primary bone marrow was 

obtained from the long bones of CD1 male mice aged 4-6 weeks. Experimental procedures 

were carried out as described previously (Cornish et al., 2001). The mice were euthanised using 

carbon dioxide, and the femurs and tibiae were aseptically dissected and soft tissues were 

removed. The epiphyses were cut off and the marrow cavity was flushed with αMEM (Gibco, 

Life Technologies, Grand Island, NY) using a syringe with a 23G needle. The marrow cells 

were incubated in Petri dishes for 2 hours and the non-adherent cells were collected. The cells 

were seeded onto 48-well plates (Costar, Corning Inc., NY) at the density of 5 x 105 cells/ml 

(0.5 ml/well, day 0) in αMEM containing 10% FBS and with the osteoclast-inducing agent 

1,25-dihydroxyvitamin D3 [1,25(OH)2D3] (10-8M, Roche Pharmaceuticals Ltd., Basel, 

Switzerland). The cultures were fed 0.5 mL of fresh medium on day 2. On Day 4, half of the 

medium was refreshed. Test factors and 1,25(OH)2D3 were added on days 2 and 4. Negative 

controls had cultures without 1,25(OH)2D3. The cells were fixed on day 7 with a solution of 

37% formaldehyde, acetone, and 0.01 M sodium citrate buffer (pH 6.0) at the ratio of 1:8.1:3.1 

(Lin et al., 2013) and stained for tartrate‐resistant acid phosphatase (TRAP) by using a 
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commercially available leukocyte acid phosphatase kit (Sigma, St. Louis, MO) according to 

the manufacturer’s instruction. TRAP positive cells with three or more nuclei were counted as 

osteoclast-like cells under an Olympus CK 40 inverted microscope. Osteoprotegerin (0.01 

µg/ml) was used as a negative control. 

RAW264.7 cells  

RAW264.7 cells were cultured as described previously (Lin et al., 2009). Briefly, cells were 

seeded in a 48-well plate in αMEM containing 10% FBS at 2,000 cells/well. After 4 hours of 

seeding, medium was replaced and again on day 2. Receptor activator of nuclear factor κB 

(RANKL) 10 ng/mL (Amgen, Thousand Oaks, CA) and test factors were added at these time 

points. After 5 days in culture, cells were fixed and stained for TRAP as described in the bone 

marrow culture method above. 

The osteoclast cell cultures and counting of TRAP positive cells were carried out by Dr Jian-

ming Lin in our group. 

 

2.3.4 Cell viability assay 
To measure cell viability, 5% alamarBlue® (Life Technologies) was added to cell culture as 

mentioned in the previous chapter (Chapter 2.2). There were six wells in each treatment group. 

 

2.3.5 Cell proliferation and mineralisation assays 
Cell proliferation was measured using 3H-thymidine assay, and matrix mineralisation by 

osteoblasts was measured as described in the previous section (Chapter 2.2). There were 

minimum five wells in each treatment group in the proliferation assay, and six wells in the 

mineralisation assay in each group. 

 

2.3.6 Oil Red O assay 
Oil Red O stains triglycerides and the degree of Oil Red O staining is proportional to the extent 

of adipose differentiation (Ramírez-Zacarías et al., 1992). Cells with triglyceride containing 

lipid vacuoles were visualised using Oil Red O (Sigma, USA) staining. Stock solution was 

prepared as 0.35% in 100% isopropanol, and then fresh diluted to 0.21% before use. At the end 
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of the cell culture, cells were fixed in 10% neutral buffer formalin, rinsed with distilled water 

twice, and the cell culture plate was completely dried. The working dilution of Oil Red O was 

added for 10 minutes at room temperature and the whole plates were rinsed with water five 

times, and the plates were completely dried. Images were acquired using an Olympus SZ61 

stereo microscope with an Olympus DP72 digital colour camera (Olympus Corp, Japan). For 

quantification of Oil Red O in the culture, 100% isopropanol was added for 15 minutes on a 

shaker. At the end of the incubation, 200 µL of the solution was transferred from each well to 

a 96 well plate (Greiner Bio-One, Germany) and the optical density was measured at 500 nm 

using a Synergy 2 multi-detection microplate reader (BioTek Instruments Inc., USA). For 

analysis, the results were normalised to the readings from stained empty wells. There were 

three wells in each treatment group. 

 

2.4 Gene expression 
RNA extraction from cells, cDNA synthesis and real-time PCR were performed as described 

in the previous chapter (Chapter 2.3 Molecular biology). While quantifying mRNA gene 

expression using the ΔΔCt method.  

Fetal rat and mouse brain were used as positive controls for the expression of orexin receptors, 

and were collected at the time of primary osteoblast collection from calvariae. The brain 

samples were put in RNAlater® (Invitrogen) and stored in -20 °C until RNA extraction with 

RNeasy Mini Kit (QIAGEN, Germany).  

 

2.5 Protein detection 
ELISA was performed as described in the previous chapter (Chapter 2.4). 
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3. The effects of irisin on bone cells in vitro 

3.1 Effect of irisin on bone marrow stromal cells 
Initially, we examined the effect of irisin on the bone marrow stromal cell commitment into 

the osteogenic or adipogenic pathways, using primary mouse bone marrow stromal cells 

cultured in either osteogenic or adipogenic media, in the presence of irisin.    

3.1.1 Osteogenesis 
To evaluate the effect of irisin on bone marrow stromal cell differentiation into mature 

osteoblasts, the cells were cultured in osteogenic medium in the presence of irisin for 21 days, 

and stained with Von Kossa to visualise the mineralised area. In the literature, a wide range of 

concentrations from 0.125 to 500 ng/ml were used to examine irisin. Here, we selected the 

concentration that is around the physiological level and the concentrations that were frequently 

used in the studies, between 50 to 100 ng/ml. 

Analysis of the mineralised matrix area found no difference between the control and treated 

groups (Figure 4-1), suggesting that irisin does not affect bone marrow stromal cell 

differentiation into mature osteoblasts. 
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Figure 4-1 Von Kossa staining and quantification of matrix mineralisation with irisin by 
primary mouse bone marrow stromal cells  
(A) Representative images showing mineralised area (black) stained with Von Kossa. Scale bar = 2 
mm. (B) Results from four biological experiments were pooled. Data shown are mean±SEM; one-way 
ANOVA with post hoc Dunnett’s test versus control. 

 

3.1.2 Adipogenesis 
To evaluate the effect of irisin on mouse bone marrow stromal cell differentiation into mature 

adipocytes, the cells were cultured in an adipogenic medium containing an MDI cocktail 

(IBMX, dexamethasone, and insulin as described in the methods) in the presence of irisin for 

two weeks, and then the lipids in adipocytes were stained with Oil Red O. 

We found that 50 ng/ml irisin increased (p<0.05) the formation of lipids in primary mouse bone 

marrow culture, whereas 100 ng/ml irisin was without effect (Figure 4-2). This result suggests 

that the lower concentration of irisin used here enhanced bone marrow stromal cell 

differentiation into adipocytes.  
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Figure 4-2 The effect of irisin on primary mouse bone marrow stromal cell differentiation 
into adipocytes 
(A) Representative images showing Oil Red O stained lipids in adipocytes (red). Scale bar = 3 mm. (B) 
Quantitative analysis of Oil Red O stained lipids in adipocytes by measuring dye release. Results from 
three biological experiments were pooled. Data shown are mean±SEM; one-way ANOVA with post 
hoc Dunnett’s test versus control, *p<0.05. 

 

3.2 Effect of irisin on osteoblasts 
Drugs can affect the cells at different developmental stages of the cell lineage. The anabolic 

effect of drugs on osteoblasts can be characterised by assessing two aspects; proliferation and 

differentiation. Furthermore, the effect on cell numbers can be measured in two ways, 1) by 

assessing metabolic activity using an assay like alamarBlue®, where an increase in the 

alamarBlue® fluorescence reading corresponds to the increase in cell numbers, as discussed in 

the previous chapter, or 2) by assessing DNA replication measuring 3H-thymidine 

incorporation. 
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3.2.1 Osteoblast viability 
To examine if irisin has an effect on osteoblast viability, the metabolic activity of primary rat 

osteoblasts were measured using the alamarBlue® assay following treatment with a range of 

concentrations of irisin. Metabolic activity was measured by adding alamarBlue® to the 

cultures for the last 4 hrs of incubation. Treatment with 25 ng/ml irisin for 24 hours decreased 

osteoblast viability, while no difference was observed at higher concentrations (Figure 4-3).  
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Figure 4-3 The effect of irisin on primary rat osteoblast metabolic activity at 25 ng/ml  
Results from two biological experiments were pooled. Data shown are mean±SEM; one-way ANOVA 
with post hoc Dunnett’s test versus control, *p<0.05 versus control. 

 

3.2.2 Osteoblast proliferation 
To determine whether irisin has an effect on osteoblast proliferation, primary mouse and rat 

osteoblasts were treated with irisin for 24 hours, and 3H-thymidine incorporation was measured 

for the last 6 hours of culture time. In the literature, a wide range of concentrations have been 

used to examine irisin, so here we tested a large range from 1 ng/ml to 500 ng/ml. At 1 ng/ml, 

irisin increased primary mouse osteoblast proliferation 1.037 times (approximately 4%) 

compared to the control group, which was found to be statistically significant (p<0.01). There 

was no effect of irisin on mouse and rat osteoblast proliferation at higher concentrations (Figure 

4-4).  
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Figure 4-4 The effect of irisin on primary mouse and rat osteoblast proliferation  
(A) Irisin increased primary mouse osteoblast proliferation at 1 ng/ml. Results from three biological 
experiments were pooled. (B) Irisin has no effect on primary rat osteoblast proliferation. Results from 
three biological experiments were pooled. Data shown are mean±SEM; one-way ANOVA with post 
hoc Dunnett’s test, **p<0.01 versus control. 

 

3.2.3 Osteoblast differentiation 
To examine if irisin has an effect on osteoblast differentiation, primary rat osteoblasts were 

cultured for 21 days in the presence of irisin, using Von Kossa staining to visualise the 

mineralised area. In our culture, there was no difference in the amount of mineralised area 

between control and treated groups, suggesting irisin does not affect osteoblast differentiation 

(Figure 4-5). 
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Figure 4-5 The effect of irisin on matrix mineralisation by primary rat osteoblasts  
(A) Representative Von Kossa images showing mineralised area (black) and cells (yellow). Scale bar = 
5 mm. (B) Results from two biological experiments were pooled. Data shown are mean±SEM; one-way 
ANOVA with post hoc Dunnett’s test versus control.  

 

3.3 Effect of irisin on osteocytes 
Using the osteocyte-rich ex vivo bone tubes, the effect of irisin on osteocyte gene expression 

profiles and protein secretion was examined. 

3.3.1 Changes in gene profile with irisin treatment 
To assess if osteocytes respond to irisin, changes in the relative mRNA expression levels of 

osteocyte and osteoblast marker genes were evaluated in irisin-treated osteocytes within 

osteocyte-rich ex vivo bone tubes. Genes related to osteocyte function Sost, Fgf23, Tnfsf11, 

Tnfsf11b, and Dmp1, and osteoblast gene Alpl, as a marker of de-differentiation, were tested. 

There was no effect on the tested genes in osteocytes treated with irisin at 100 and 500 ng/ml 

(Figure 4-6).  
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Figure 4-6 The effect of irisin on mRNA expression of selective osteocyte genes in 
osteocyte-rich bone tubes  
Real-time PCR was used to determine changes in the relative mRNA expression levels of the indicated 
genes following culture with irisin for 24 or 48 hours. Results from three biological experiments were 
pooled. Data are shown as mean±SEM, two-way ANOVA with Dunnett’s post hoc test versus control 
(no treatment) at that time point. The mRNA expression levels of genes Sost, Fgf23 and Dmp1 (all 
p<0.01) were downregulated at 48 hours compared to the levels at 24 hours, regardless of irisin 
treatment IR, irisin. 

 

3.3.2 Changes in protein secretion with irisin treatment  
To evaluate whether osteocytes protein secretion is altered following treatment with irisin, the 

concentration of representative proteins that are involved in osteocyte function, sclerostin, 

RANKL and FGF23 were measured. The proteins in the conditioned media of the osteocyte-

rich bone tubes cultured in presence of irisin for 24 and 48 hours were determined with ELISA.  



Chapter 4 The effects of irisin and orexin on bone cells in vitro 

82 
 

Our results showed that osteocytes within the bone tubes secreted sclerostin into the culture 

media at the 24 and 48 hour time points. Irisin treatment did not alter the amount of sclerostin 

secreted from the osteocytes when they were treated at the concentrations of 100 and 500 

ng/mL at both time points (Figure 4-7). The results from RANKL and FGF23 are not presented 

here as the protein concentration for both proteins were below the detectable level at both time 

points. 
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Figure 4-7 The effect of irisin on sclerostin secretion from osteocytes within the bone tube  
Cumulative proteins were measured by ELISA at 24 or 48 hours. Results from three biological 
experiments were pooled. Data shown are mean±SEM, n=3; two-way ANOVA with post hoc Dunnett’s 
test versus control at that time point, P>0.05. 

 

3.4 Effect of irisin on osteoclasts 
The effect of drugs on osteoclasts can be characterised by assessing different stages of 

osteoclast maturation; from differentiation of monocytes to formation and activation of 

multinucleated osteoclasts. Here, we used bone marrow cultures to examine osteoclast 

differentiation from monocytes in bone marrow culture.  

To examine if irisin affects osteoclastogenesis, primary bone marrow cells were cultured in the 

presence of irisin. When the cells were treated with irisin at 25, 50 and 100 ng/ml, there was 

no difference in the number of TRAP positive cells between control and the treated groups 

(Figure 4-8).   
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Figure 4-8 The effect of irisin on osteoclastogenesis in mouse bone marrow cells  
TRAP stained multinucleated osteoclasts were counted. Results from three biological experiments were 
pooled. Data shown are mean±SEM; one-way ANOVA with post hoc Dunnett’s test versus control. 

 

3.5 Discussion  
These data show that irisin enhanced bone marrow stromal cell differentiation into adipocytes, 

had little effect on osteoblast proliferation, and no effect on matrix mineralisation by 

osteoblasts, osteocyte gene expression and protein secretion, and the formation of osteoclasts.  

In the literature, there is disagreement regarding the effect of irisin in bone. Systemic injection 

of irisin in mice was shown to increase bone mass (Colaianni et al., 2015, Zhang et al., 2017), 

prevent or restore bone loss due to disuse or other complications including inflammatory bowel 

disease (Colaianni et al., 2017a, Storlino et al., 2019, Metzger et al., 2019, Iemura et al., 2019), 

and increase local bone regeneration when delivered in a scaffold (Xin et al., 2019). On the 

contrary, the most recent study by Kim et al. (2019) has shown that irisin injection increased 

sclerostin mRNA expression and protein secretion, and global deletion of the irisin precursor 

Fndc5 prevented ovariectomy-induced trabecular bone loss in vertebrae, suggesting that irisin 

may not be favourable for bone. The results from Kim et al. (2019) with different effects of 

irisin compared to the rest of the literature could be because the ovariectomy model was used 

in the study. The mouse could respond to drugs differently to healthy mice due to elevated TNF 

levels and different inflammatory and oxidative processes. In fact, the study showed that there 

was no effect of Fndc5 deletion on male mice. It is worth noting that the drug effects in long 

bone and vertebrae could be often different, and it is important to look at the effect of irisin in 

both long bones and vertebrae, as osteoporosis is a systemic disease, yet, there is no study 

which effectively compared the effect of irisin on both long bones and vertebrae. Overall, with 
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the contradictory results shown in the literature, the effect of irisin in vivo still needs further 

investigation.   

A study by Colaianni et al. (2014) showed that conditioned media of myoblasts extracted from 

mice subjected to 3 weeks of free wheel running activity increased bone marrow stromal cells 

differentiation into osteoblasts. They used an ALP staining method to show the effect of irisin, 

which demonstrated differentiation to early osteoblasts. They confirmed this was irisin-

dependent, as the presence of a neutralising antibody against irisin reversed the effect. We went 

a step further and showed that irisin had no effect on matrix mineralisation by osteoblasts 

differentiated from bone marrow stromal cells or rat calvarial osteoblasts. The results from the 

two studies can be interpreted in two different ways. Firstly, irisin has effect on bone marrow 

stromal cell differentiation into early osteoblasts, but not effective enough to push 

differentiation into mature osteoblasts. Secondly, we used a recombinant irisin in our study 

whereas the other study used irisin in conditioned media. This may suggest that the effect of 

irisin in the conditioned media in Colaianni et al. (2014) could be due to the synergistic effect 

with the other components produced by muscle present in the conditioned media.  

Our results showed that irisin increased bone marrow stromal cell differentiation into 

adipocytes. In the literature, irisin was shown to inhibit adipogenesis and adipocyte 

differentiation in pre-adipocyte cell lines and adipose tissue (Ma et al., 2019, Zhang et al., 2016, 

Li et al., 2019b). All of these studies show the effect of irisin on pre-existing adipose tissue. 

Currently, there is no report on the effect of irisin on bone marrow cell differentiation into 

adipocytes. Our results suggest that in presence of adipogenic media, irisin enhances 

adipogenesis from bone marrow stromal cells. In fact, the browning effect of irisin, that was 

discussed in Chapter 1, is only observed after formation of mature adipocytes (Zhang et al., 

2016), which may imply that the effect of irisin might differ depending on the pre-existing 

metabolic status.  

Irisin was found to increase mouse osteoblast proliferation at low concentrations of 1 ng/ml. 

However, the effect of irisin on osteoblast proliferation was minimal and it is unlikely to have 

biological significance. Although we saw a minimal effect of irisin on osteoblasts, other studies 

have shown a positive effect of irisin on osteoblast proliferation. The studies used two different 

sources of irisin, one with using irisin from conditioned media, and the other using recombinant 

irisin. Firstly, a study that used irisin from conditioned media of transfected 3T3-L1 adipocyte-

like cells increased proliferation of primary rat osteoblasts and MC3T3s (Qiao et al., 2016). In 
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the same study, Fndc5-transduced MC3T3-E1 cells showed increased cell proliferation, 

reinforcing the anabolic effect of irisin. Secondly, the studies that used recombinant irisin 

showed increased MC3T3 cell number as well as increased mRNA of osteogenic markers 

including Sp7 (Osterix), Runx2 and Collagen 1 in MC3T3s (Zhang et al., 2017). Another study 

showed recombinant irisin treatment did not affect mRNA levels of Runx2, Sp7, Alpl and Bglap 

(osteocalcin) in osteoblasts (Kawao et al., 2018), suggesting there are inconsistent results on 

the effect of irisin on osteoblasts. 

In the literature, there are only two studies that showed the mineralisation of bone matrix by 

osteoblasts, which showed irisin increased mineralisation in MC3T3 with increased alizarin 

red staining at week 6 (Zhang et al., 2017). In this study, the concentration of irisin used in the 

mineralisation culture is not stated, but one thing to note is the culture period for the 

mineralisation assay. A normal mineralisation assay for rodent osteoblasts is carried out for 3 

to 4 weeks which is thought to be sufficient for the osteoblasts to mineralise the surrounding 

matrix (Taylor et al., 2014). The MC3T3 study by Zhang et al. (2017) was conducted over 6 

weeks to see the effect of irisin on the culture. However, there was no effect of irisin by the 

third week of culture, as it was observed in our mineralisation study. Another study showed 

osteoblast differentiation from bone marrow stromal cells, and irisin treatment did not increase 

matrix mineralised by osteoblasts after 21 days of culture (Zhang et al., 2018). Thus, this may 

suggest that the effect of irisin on osteoblasts might require longer culture time to be effective. 

Irisin in our study did not have any effect on the level of mRNA or protein expression of 

osteocyte and osteoblast markers in osteocytes. The findings of this study can be compared 

with other studies which showed two opposite responses with irisin treatment in an MLO-Y4 

osteocyte cell line. One study showed that irisin treatment in MLO-Y4 increased Sost mRNA 

levels (Kim et al., 2019). On the contrary, another study showed irisin treatment in MLO-Y4 

downregulated mRNA levels of Sost (Zhang et al., 2018). Moreover, in vivo studies also show 

contradictory responses with irisin in mice. One study showed that irisin injected into mice 

upregulated Sost mRNA expression in the ex vivo osteocyte-rich bone culture (Kim et al., 

2019), while the other study showed irisin injection downregulated Sost mRNA expression in 

tibiae (Colaianni et al., 2015). Thus, the effect of irisin on osteocytes has not yet been defined.  

In our study, ELISA results showed that the osteocytes secreted sclerostin at high amounts 

throughout the culture period. As expected from the mRNA expression results with Sost, 

treatment with irisin did not influence the level of sclerostin secretion from the osteocytes. 
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Throughout the culture period, sclerostin was constantly secreted at a high amount, which 

would suggest that osteocytes are still functional at 48 hours in the ex vivo system. 

Our results showed that there was no effect of irisin on osteoclastogenesis from mouse bone 

marrow culture. This result was different to what was shown in the literature. In RAW264.7 

and bone marrow cultures, irisin decreased formation of TRAP positive multinucleated cells 

(Zhang et al., 2017, Ma et al., 2018, Kawao et al., 2018). Irisin also decreased the protein level 

of TRAP and cathepsin K in both RAW264.7 and bone marrow cultures (Ma et al., 2018). In 

addition, studies have also shown that irisin has an effect on the different stages of osteoclast 

differentiation. In RAW264.7 cells and mouse bone marrow culture, irisin increased osteoclast 

proliferation, and inhibited osteoclast differentiation (Ma et al., 2018) and downregulated 

mRNA levels of Rank, NFATc1, cathepsin K, and TRAP (Ma et al., 2018, Zhang et al., 2017). 

In mature osteoclasts, bone resorption was not affected by irisin treatment (Ma et al., 2018). 

Thus, although irisin had no effect on osteoclastogenesis in our results, the results in the 

literature suggest that irisin has an effect on osteoclasts at the early stage of the lineage and 

suppresses osteoclastogenesis. 

The disagreement in different studies in the literature and the results presented in this chapter 

could be due to differences in testing conditions: a different source of irisin, and different 

concentrations of irisin used.  

Firstly, currently available literature used irisin from different sources. There are studies that: 

1) used commercially available recombinant irisin made from E. coli (Colaianni et al., 2015, 

Zhang et al., 2017, Kawao et al., 2018, Colaianni et al., 2017a, Zeng et al., 2018, Ma et al., 

2019), 2) synthesised their own irisin from E. coli (Ma et al., 2018, Zhang et al., 2018), 3) 

synthesised their own irisin from transfected mammalian cells (Qiao et al., 2016, Kim et al., 

2019), or 4) used irisin in conditioned media from myoblasts from exercised mice (Qiao et al., 

2016, Colaianni et al., 2014). These differences may have contributed to the different results.  

The majority of the studies have used recombinant irisin from E. coli which is unglycosylated, 

while irisin synthesised from mammalian cells is present in its glycosylated form. The 

glycosylated form is known to be more stable form in vitro and in vivo (Solá and Griebenow, 

2009). Interestingly, Kim et al. (2019) reported that their mammalian cell-produced irisin had 

a half-life of less than one hour in vivo, which suggests that the effect of glycosylation on the 

effect of irisin would not be significant. Irisin is also released shortly after exercise and the 

levels in the serum rise transiently before dropping in mammals (Kraemer et al., 2014, Huh et 
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al., 2012, Norheim et al., 2014). Moreover, Colaianni et al. showed the effects of irisin using 

the recombinant irisin from E.coli, which is the unglycosylated form (Colaianni et al., 2015, 

Colaianni et al., 2017a). In our study, we used the same recombinant irisin which was 

purchased from the same company as stated in Colaianni et al. (2015). 

Secondly, there is no set concentration to examine the effect of irisin. Due to inconclusive 

effects of irisin in human and in vivo studies, and a short half-life in the body, studies have 

tested irisin with a wide range of concentrations, ranging from 1 to 12,000 ng/ml. Most of the 

in vivo studies have used concentrations below 100 ng/ml to eliminate the effect of brown 

adipose tissue, as concentration above 100 ng/ml is known to have browning effect on white 

adipose tissue (Colaianni et al., 2015).   

Further studies on the intermittent effect of irisin would be interesting, as it is suggested that 

irisin might work the way as PTH does, which has anabolic properties when administered 

intermittently, and stimulates resorption when continuously administered (Silva and 

Bilezikian, 2015). In vivo, intermittent administration of irisin increased bone density and 

strength (Colaianni et al., 2015, Colaianni et al., 2017a), and in vitro, intermittent irisin 

administration to MLO-Y4 osteocyte cells downregulated Sost mRNA (Storlino et al., 2019). 

Irisin has a short half-life in the body, and intermittent administration of irisin showed anabolic 

effects in bone, so it is possible that intermittent treatment of low dose irisin could give different 

results. 

Based on the literature and the results from this study, the effect of irisin is still debatable and 

further research is required to confirm the effects of irisin on bone, which then would be able 

to translate the findings and interpret the data for human. The physiological significance of 

irisin in human is still debatable, even after eight years since the discovery of irisin (Boström 

et al., 2012). Based on our results, irisin is not suitable for further investigation for osteoporosis 

treatment.  

In conclusion, our in vitro data show that irisin has direct effect on bone marrow stromal cells 

differentiating into adipocytes and little effect on osteoblasts, whereas there was no effect on 

osteocytes and osteoclasts. Our results suggest that there is not enough evidence for irisin to be 

used as an anabolic drug, and how it will be translated in vivo is still to be answered.  
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4. The effects of orexin on bone cells in vitro 

4.1 Receptor expression in bone cells 
For orexin A and B to have a direct effect on cells, their receptors need to be present. To 

examine if bone cells express receptors for orexin A and B, real-time PCR was used to 

determine the relative gene expression levels of orexin receptor 1 and 2 (OX1R and OX2R, 

respectively). Firstly, the receptor expression of freshly isolated rat osteoblasts and cultured 

primary rat osteoblasts was tested. Ox1r was expressed at low levels in freshly isolated rat 

osteoblasts, while Ox2r expression was undetectable. Neither orexin receptors were detectable 

in the cultured rat osteoblasts. Fetal rat brain expressed both Ox1r and Ox2r (Figure 4-9A). 

Secondly, treatment of cultured rat osteoblasts with orexin A and B did not induce expression 

of either Ox1r or Ox2r (Figure 4-9B). Receptor expression was also assessed in mouse cells. 

Fresh mouse brain and cultured bone marrow expressed both Ox1r and Ox2r. MLO-Y4 mouse 

osteocyte-like cell lines expressed Ox1r but Ox2r was undetectable (Figure 4-9C).  
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Figure 4-9 Expression of OX1R and OX2R in brain and bone cells in rat and mouse 
(A) Fetal rat brain expresses OX1R and OX2R, freshly isolated osteoblasts express only OX1R, and 
cultured osteoblasts do not express the receptors. Rat brain and osteoblasts from the same fetus were 
examined for receptor expression. Day 1, one day after the rat osteoblasts were freshly isolated and 
cultured on the cell culture plate. (B) Cultured osteoblasts do not express OX1R or OX2R, regardless 
of orexin A or B treatment. Freshly isolated primary rat osteoblasts were cultured with orexin A or B at 
10-8M. (C) Mouse brain (hypothalamus) and bone marrow express OX1R and OX2R. MLO-Y4 express 
OX1R gene, but OX2R gene was below detectable range. OBs, osteoblasts; fresh OBs, freshly isolated 
osteoblasts; ND, not detectable. 
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4.2 Effect of orexin A and B on bone marrow stromal cells 
We examined the effect of orexin A or B on bone marrow stromal cell commitment using 

primary mouse bone marrow stromal cells cultured in osteogenic or adipogenic media in the 

presence of orexin A or B. The amount of matrix mineralisation or lipids were measured.  

4.2.1 Osteogenesis 
To evaluate the effect of orexin A or B on bone marrow stromal cell differentiation into mature 

osteoblasts, the cells were cultured in osteogenic medium in the presence of orexin A or B for 

21 days, and stained with Von Kossa to visualise the mineralised area. There was no difference 

in the amount of mineralised area between the control and treated groups, suggesting orexin A 

or B do not affect bone marrow stromal cell differentiation into mature osteoblasts (Figure 

4-10). 
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Figure 4-10 Von Kossa staining and quantification of matrix mineralisation with orexin 
A or B by primary mouse bone marrow stromal cells 
(A) Representative images showing mineralised area (black) stained with Von Kossa. Scale bar = 2 
mm. (B) Results from four biological experiments were pooled. Data shown are mean±SEM; one-way 
ANOVA with post hoc Dunnett’s test versus control. 

 

4.2.2 Adipogenesis 
To evaluate the effect of orexin A or B on bone marrow stromal cell differentiation into mature 

adipocytes, the cells were cultured in adipogenic medium in the presence of orexin A or B for 

two weeks, and lipid vacuoles in adipocytes were stained with Oil Red O. Two different 

adipogenic media were examined, one containing a mild adipogenic cocktail of IBMX, 

dexamethasone, and insulin (MDI medium), and one cocktail containing rosiglitazone and 

insulin (RI medium), for more robust differentiation into an adipogenic lineage.   
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When the bone marrow stromal cells were cultured in MDI medium, there was no difference 

between control and treated groups for the amount of Oil Red O stained lipids (Figure 4-11). 

Interestingly, when the bone marrow stromal cells were cultured in RI medium, orexin A and 

B at 10-7 M both increased adipogenesis (p<0.05) (Figure 4-12). 
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Figure 4-11 The effect of orexin A or B on primary mouse bone marrow stromal 
differentiation into adipocytes when cultured in MDI adipogenic medium  
(A) Representative images showing Oil Red O stained lipids in adipocytes (red). Scale bar = 3 mm. (B) 
Quantification analysis of Oil Red O stained lipids in adipocytes by measuring Oil Red O release. 
Results from three biological experiments were pooled. Data shown are mean±SEM; one-way ANOVA 
with post hoc Dunnett’s test versus control. 
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Figure 4-12 The effect of orexin A or B on primary mouse bone marrow stromal 
differentiation into adipocytes when cultured in RI adipogenic medium  
(A) Representative images showing Oil Red O stained lipid vacuoles in adipocytes (red). Scale bar = 3 
mm. (B) Quantification analysis of Oil Red O stained adipocytes by measuring Oil Red O release. 
Results from two biological experiments were pooled. Data shown are mean±SEM; one-way ANOVA 
with post hoc Dunnett’s test versus control, *p<0.05. 

 

4.3 Effect of orexin A and B on osteoblasts 

4.3.1 Osteoblast viability 
To examine if orexin A and B have an effect on osteoblast viability, the metabolic activity of 

primary rat osteoblasts was measured in the presence of orexin A or B. There was no difference 

in alamarBlue® fluorescence reading between control and treated groups with orexin A or B at 

any of the concentrations tested (Figure 4-13). 
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Figure 4-13 The effect of orexin A or B on primary rat osteoblast metabolic activity  
Results from four or five biological experiments were pooled. Data shown are mean±SEM; one-way 
ANOVA with post hoc Dunnett’s test versus control.  

 

4.3.2 Osteoblast proliferation 
To determine whether orexin A and B have an effect on osteoblast proliferation, primary rat 

osteoblasts were treated with different concentrations of orexin A or B. Increased proliferation 

was observed in the primary rat osteoblasts treated with 10-9 and 10-8 M orexin A, and with 10-

8 M orexin B (Figure 4-14).  
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Figure 4-14 The effect of orexin A or B on rat osteoblast proliferation  
Orexin A and B increase rat osteoblast proliferation. Results from five (orexin A) and three (orexin B) 
biological experiments were pooled. Data shown are mean±SEM; one-way ANOVA with post hoc 
Dunnett’s test *p<0.05, **p<0.01 versus control.  
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4.3.3 Osteoblast differentiation 
To examine if orexin A and B have an effect on osteoblast differentiation, primary rat 

osteoblasts were cultured for 21 days in the presence of orexin A or B, with Von Kossa staining 

used to visualise the mineralised area. There was no difference in the amount of mineralised 

area between control and treated groups, suggesting orexin A and B do not affect osteoblast 

differentiation (Figure 4-15). 
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Figure 4-15 Von Kossa staining and quantification of matrix mineralisation with orexin 
A or B by primary rat osteoblasts  
(A) Representative Von Kossa images showing mineralised area (black) and cells (yellow). Scale bar = 
5 mm. (B) Results from two biological experiments were pooled. Data shown are mean±SEM; one-way 
ANOVA with post hoc Dunnett’s test versus control. 
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4.4 Effect of orexin A and B on osteocytes 

4.4.1 Changes in gene profile with orexin A treatment 
To evaluate if orexin A has an effect on osteocytes, changes in the relative mRNA expression 

levels of selected genes were assessed in osteocyte-rich ex vivo bone tubes following orexin A 

treatment. As in the previous section, genes related to osteocyte function and de-differentiation 

were tested. Orexin A had no effect on the expression of genes tested in the osteocyte-rich bone 

tubes, at any of the concentrations tested (Figure 4-16). 
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Figure 4-16 The effect of orexin A on mRNA expression of selective osteocyte genes in 
osteocyte-rich bone tubes  
Real-time PCR was used to determine changes in the relative mRNA expression levels of the selective 
genes following culture with orexin A for 24 or 48 hrs. Results from three biological experiments were 
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pooled. Data are shown as mean ± SEM, two-way ANOVA with Dunnett’s post hoc test versus control 
at that time point. The mRNA expression levels of all genes except for Tnfsf11 were downregulated at 
48 hours compared to the levels at 24 hours (p<0.01), regardless of orexin A treatment. OXA, orexin 
A. 

 

4.4.2 Changes in gene profile with orexin B treatment 
Changes in the relative mRNA expression levels of osteocyte and osteoblast marker genes were 

assessed in osteocytes in osteocyte-rich ex vivo bone tubes following orexin B treatment. The 

results with orexin B were similar to that of orexin A: There was no effect of orexin B on the 

expression of genes tested in  osteocyte-rich bone tubes (Figure 4-17). 
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Figure 4-17 The effect of orexin B on mRNA expression of selective osteocyte genes in 
osteocyte-rich bone tubes  
Real-time PCR was used to determine changes in the relative mRNA expression levels of the selective 
genes following culture with orexin B for 24 or 48 hrs. Data are shown as mean±SEM, two-way 
ANOVA with Dunnett’s post hoc test versus control at that time point. The mRNA expression levels 
of all genes except for Tnfsf11 were downregulated at 48 hours compared to the levels at 24 hours 
(p<0.01). OXB, orexin B. 

 

4.4.3 Changes in protein secretion with orexin A or B treatment 
To evaluate whether osteocyte protein secretion is altered following treatment with orexin A 

or B, the concentration of representative proteins that are involved in osteocyte function, 

sclerostin, RANKL and FGF23 were measured. The protein expression in the conditioned 
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media of the osteocyte-rich bone tubes cultured in the presence of orexin A or B for 24 and 48 

hours were determined with ELISA. Orexin A or B treatment did not significantly alter the 

amount of sclerostin or RANKL that were secreted from the osteocyte-rich bone tubes when 

they were treated at the concentrations of 10-8 and 10-7 M at either time point (Figure 4-18). 

The protein concentration for RANKL was below the detectable level at 24 hour time point. 

The protein concentration for FGF23 was either below the detectable level or only one of the 

biological samples had detectable FGF23 proteins, but the amount of secreted proteins were 

very low (below 30 pg/ml) (data not shown). 

 

 

Figure 4-18 The effect of orexin A or B on sclerostin and RANKL secretion from 
osteocytes within the bone tube 
Cumulative proteins were measured by ELISA at 24 or 48 hours. Results from three biological 
experiments were pooled. Data shown are mean±SEM, n=3; two-way ANOVA with post hoc Dunnett’s 
test versus control at that time point. OXA, orexin A; OXB, orexin B. 

 

4.5 Effect of orexin A and B on osteoclasts 
To examine if orexin A and B affect osteoclastogenesis, primary bone marrow and RAW264.7 

cells were cultured in presence of orexin A or B. When bone marrow and RAW264.7 cells 
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were treated with orexin A or B at 10-8 M, there was no difference in the number of TRAP 

positive cells between control and the treated groups (Figure 4-19).  
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Figure 4-19 The effect of orexin A or B on osteoclastogenesis in primary mouse bone 
marrow cells (A-B) and RAW264.7 cells (C-D)  
(A) Representative image of osteoclasts showing TRAP stained multinucleated osteoclasts (purple) in 
the mouse bone marrow culture treated with orexin A at 10-8M. (B) Orexin A and B were tested at 10-

8M. Results from four biological experiments were pooled. (C) Representative image of osteoclasts 
showing TRAP stained multinucleated osteoclasts (purple) in RAW264.7 cell culture treated with 
orexin A at 10-8 M. (D) Orexin A and B were tested at 10-8M. Results from three biological experiments 
were pooled. Scale bar = 200 µm. Data shown are mean±SEM; one-way ANOVA with post hoc 
Dunnett’s test versus control. 

 

4.6 Discussion 
These data show that orexin A and B are capable of increasing bone marrow stromal cell 

differentiation into adipocytes, and increasing osteoblast proliferation, but are unlikely to affect 

osteocytes or osteoclastogenesis.  
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In keeping with the literature, here it was shown that brain expresses both Ox1r and Ox2r, and 

only Ox1r is expressed in osteoblasts. OX1R is known to have a higher affinity to orexin A 

than orexin B, but orexin B can also work through OX1R (Sakurai et al., 1998). The results 

presented here show that osteoblast proliferation was increased in response to both orexin A 

and B, which may suggest that orexin B also had an effect on osteoblast proliferation through 

OX1R, although the receptor expression level goes down as the cells are cultured. In the 

meantime, it should not be excluded that another receptor could be involved in osteoblast 

proliferation, although there is no report on the existence of another receptor involved with 

orexin yet. It is possible that the effect on bone marrow stromal cell differentiation towards 

adipocytes are through indirect effect, as the culture contains other cell types. 

Freshly isolated primary osteoblasts expressed Ox1r, but the cells lost the receptor expression 

as the cells were cultured. This downregulation of orexin receptors could have contributed to 

orexin having no effect on osteoblast differentiation and matrix mineralisation. Other studies 

also showed that Ox1r mRNA expression is gradually downregulated in relation to the culture 

time, with freshly isolated osteoblasts showing highest amount of the mRNA level (Ziolkowska 

et al., 2008), and a decrease in Ox1r expression during bone marrow culture-originated 

osteoblast differentiation (Wei et al., 2014). However, a study with the immortalised 

osteoblast-like MC3T3 cell line showed the opposite, with an increase in Ox1r mRNA and 

protein levels during a culture of 12 days (Han et al., 2018), suggesting a difference in orexin 

receptor expression between primary cells and immortalised cell lines. Interestingly, a recent 

study comparing MC3T3 cells, and primary calvarial osteoblasts showed that the two respond 

differently to the anabolic factor to rhPTH(1-34), highlighting that MC3T3s do not perfectly 

represent osteoblast biology (Hwang and Horton, 2019).  

Orexin A and B did not affect osteoclastogenesis in mouse bone marrow culture or RAW264.7 

cells. Both bone marrow monocytes and RAW264.7 cells have the potential to differentiate 

into osteoclasts, and RAW264.7 cells are able to differentiate into osteoclasts without extra 

factors and communication with other cells available in bone marrow culture. No effect of 

orexin A and B on pure pre-osteoclast population, RAW264.7 cells, would suggest that the 

factors do not have a direct effect on osteoclastogenesis. Bone marrow is a pool of different 

cells mixed together, and the unaltered osteoclastogenesis confirms there is no indirect effect 

of orexin on osteoclastogenesis either. This corresponds to what is shown in the literature: 1) 

mice globally overexpressing orexin showed unaltered osteoclast numbers, 2) osteoclasts do 

not express OX1R and OX2R, 3) the orexin gene is not detected in osteoclasts, 4) orexin 
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deletion in mice had no effect on osteoclast numbers in mouse tibiae, 5) bone marrow from 

OX1R knockout mice did not show a difference in osteoclastogenesis compared to wild type, 

and 6) OX1R2R double knock out mice resulted in unaltered osteoclast numbers (Wei et al., 

2014). Thus, with available results from different studies and our results, orexin A and B do 

not seem to have a direct or indirect effect on osteoclasts.    

The results presented here also suggest that orexin A and B do not have an effect on osteocyte 

function. As expected from the gene expression results, the addition of either orexin A or B did 

not influence the level of sclerostin secreted from osteocytes. 

In the literature, there are disagreements on the direct effect of orexin A on osteoblasts. In one 

study, MC3T3 cells stimulated with osteogenic medium and treated with orexin A (5 x 10-6 M) 

increased osteoblast related genes including Alpl, Osteocalcin, Osterix and Col-1, increased 

ALP protein secretion, as well as increased mineralisation. These results suggest that orexin A 

could increase osteoblast differentiation and calcium deposition (Han et al., 2018). On the 

contrary, another study with primary rat osteoblasts showed that both orexin A and B decreased 

osteoblast proliferation (Ziolkowska et al., 2008). It was interesting to see the results from 

Ziolkowska et al. (2008) was different to our results. They measured the osteoblast proliferation 

using EZ4U Non-radioactive Cell Proliferation and Cytotoxic Assay kit (Biomedica, Vienna, 

Austria), which is claimed that the reading is linearly related to the cell number. We used a 

similar system, alamarBlue® where the increase in reading corresponds to the increase in cell 

numbers. We did not see the increase in alamarBlue® reading with orexin treatments, but we 

saw increase in DNA synthesis with orexin treatments using 3H-thymidine incorporation assay, 

which directly measures the DNA synthesis, and hence more precisely measures cell 

proliferation. 

It was found that the effect of orexin on bone marrow stromal cell differentiation to mature 

adipocytes is enhanced in the presence of rosiglitazone, a peroxisome proliferator-activated 

receptor-γ (PPARγ) agonist. PPARγ is a key transcription factor that regulates adipogenic 

differentiation of bone marrow stromal cells, and activation of PPARγ induces adipocyte 

differentiation of a number of different mesoderm-derived cells (Muruganandan et al., 2009, 

Tontonoz et al., 1994). It was also shown that PPARγ insufficiency enhances osteogenesis in 

bone marrow progenitors and the cells fail to differentiate into adipocytes (Akune et al., 2004).  

Similar results were observed in the in vivo study by Wei et al. (2014), that bone marrow 

stromal cells treated with orexin A showed increase in adipogenic differentiation markers 
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adiponectin and PPARγ2 only in presence of rosiglitazone, while no effect of orexin B was 

observed (Wei et al., 2014). Also, blocking PPARγ acitivity or silencing PPARγ expression in 

adipocytes inhibited the effect of orexin A on triacylglycerol accumulation and adiponectin 

production (Skrzypski et al., 2011). Therefore, this study and our results suggest that the 

activation of PPARγ is requried for orexin A to have an effect on adipogenesis.  

When a stem cell is committed to a lineage, the mechanism that induces the alternative lineage 

is actively suppressed. For example, if a mesenchymal stem cell is committed to go towards 

the adipogenic lineage, the mechanism that induces the osteogenic lineage is supressed. In our 

study, we have seen the bone marrow stromal cells were differentiating towards the adipogenic 

lineage, and therefore it makes sense to see no effect of orexin A or B on bone marrow stromal 

cell differentiation into mature osteoblasts. In Wei et al. (2014), bone marrow stromal cells had 

reduced osteogenic differentiation markers Col1α1, Sp7 (Osterix) and Bglap (Osteocalcin) with 

orexin A treatment, and no effect of orexin B on the culture. Also, Ox1r expression in the bone 

marrow stromal cells was suppressed during osteoblast differentiation, while the expression is 

elevated during adipocyte differentiation. This suggests the downregulation of orexin receptors 

could be one of the reasons contributing to no effect of orexin A or B on bone marrow stromal 

cell differentiation into mature osteoblasts.  

Interestingly, as discussed in Chapter 1, the results from the in vivo studies showed a more 

complex effect of orexin on bone (Wei et al., 2014). They showed that orexin appears to act in 

bone in two opposing ways, 1) centrally through the brain to increase bone mass and 2) 

peripherally through bone to decrease bone mass. They showed that mice with global orexin 

knockout had a lower bone mass with decreased osteoblast numbers in tibiae, and transgenic 

mice with global overexpression of orexin had a higher bone mass, with increased osteoblast 

number in tibiae (Wei et al., 2014). They also showed the presence of orexin mRNA in 

osteoblasts, suggesting autocrine or paracrine effect of orexin on osteoblasts.  

The in vivo study suggest peripheral effect of orexin has a negative effect in bone. Our results 

showed orexin has a positive effect in osteoblast proliferation but enhanced differentiation 

towards adipogenesis from bone marrow stromal cells in presence of rosiglitazone, which could 

contribute to the negative effect shown in the in vivo study by Wei et al. (2014). Our in vitro 

results does not suggest if the orexin is good or bad for bone, however as in vivo study suggests 

that the central effect of orexin is dominant, overall, in vivo and in vitro studies in the literature 

and the results in this chapter suggest that orexin has a positive effect on bone. 
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Limitations of this study are that orexin works in both central and peripheral pathways, and 

that this study only investigated the in vitro effects of orexin on bone cells. While in vivo results 

showed positive effect of orexin on bone, whether results from rodents would translated in 

human is not known, as orexin B sequence is slightly different between rodents and human, 

while orexin A sequence is identical in rodents and human (Sakurai and Mieda, 2011).  

Another limitation is that the orexin receptor expression in differentiating bone marrow 

cultures and osteocyte-rich ex vivo bone tubes was not examined. However, although the 

receptor expression could not be detected in the culture, orexin increased osteoblast 

proliferation, thus the information about the presence of receptors in the culture would be less 

significant.   

In conclusion, our in vitro studies show that orexin A and B have direct effects on bone marrow 

stromal cells differentiating into adipocytes and increase osteoblast proliferation, but have no 

effects on osteocytes and osteoclasts. Due to its complexity as a neurotransmitter and having 

opposite effects in central and peripheral pathways, it does not look promising as a therapeutic 

target for bone. Nevertheless, it is still important to understand the local effect of orexin as it 

affects bone and its effect is not fully understood yet with contradictory results in the literature. 
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1. Introduction 
LF is an iron-binding glycoprotein which is present in milk and exocrine secretions in 

mammals. It is known to have anti-microbial and immunomodulatory functions, as well as to 

increase bone growth (Naot et al., 2005). Previously, bovine LF was found to increase 

osteoblast proliferation and differentiation of osteoblast-like cells. It is also known to protect 

osteoblasts from apoptosis and inhibit osteoclastogenesis (Cornish et al., 2004). In vivo, local 

(over the calvaria) or systemic (intraperitoneal) injection of LF enhanced bone formation in 

calvaria (Cornish et al., 2004, Yoshimaki et al., 2013). Moreover, local delivery of LF in 

hydrogel or microspheres improved bone regeneration in rodent calvarial defects and pig 

frontal bone (Takaoka et al., 2011, Gao et al., 2018, Gormez et al., 2015). 

LF is a large protein with a size of 80 kDa and it is subject to breakdown by the gastric juice in 

the intestine which results in reduced amount of bioactive LF and hence reduced activities in 

the body (Furlund et al., 2013, Eriksen et al., 2010). LF is known to have a short half-life of 

approximately 12 minutes in rats (Shiga et al., 2015). Moreover, a study with subcutaneous 

implantation of LF in rats showed that LF in solution remained up to day 5 while LF in hydrogel 

remained up to 14 days in the body (Takaoka et al., 2011). Thus, it is more desirable to deliver 

LF locally, preferably in a delivery system which can release LF in a sustained manner. 

Based on the literature, we can speculate the effective window of LF release time from delivery 

systems. The calvarial study previously done in our lab showed that 10 µg of LF delivered in 

collagen gel promoted bone regeneration (Gao et al., 2018). Following this, an in vitro study 

investigated the duration of LF release from the same formulation of collagen gel, which 

showed LF was released within 6 hours (data not published). Another calvarial study showed 

that 30 mg of LF in gelatin gel increased bone regeneration, and they showed that the LF 

delivered in the same formula of gelatin gel remained in the body for up to 14 days (Takaoka 

et al., 2011). Another in vivo study showed that 3 mg of LF delivered in gelatin microspheres 

increased bone regeneration, and they showed that the degradation of microspheres took 24 

days (Gormez et al., 2015). Contrary to these studies, Paknejad et al. (2012) used a rabbit 

calvarial defect model and delivered 35 µg of LF in Tragacanth gum, and in this study LF did 

not improve bone regeneration. The concentration of LF used in each defect in all these studies 

varied from 10 µg to 3 mg, suggesting that rather than the dosage of LF, the delivery system 

for LF would play an important role as it would alter LF release profiles. It is also known that 
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the extremes of release rate, either bolus release or prolonged release with low concentration, 

are not beneficial to bone induction (Geiger et al., 2003). 

Thus, with proven anabolic effect of LF on bone, we proceeded to investigate delivery systems 

for LF suitable for clinical use. We evaluated three different delivery systems with different 

LF release rates: absorbable collagen sponge, poloxamers and self-assembling peptide 

hydrogels for local delivery of LF. 
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CHAPTER 5 INFUSE® BONE GRAFT 

ABSORBABLE COLLAGEN SPONGE FOR 

LF DELIVERY 

1. Introduction 
LF has been delivered using different delivery systems such as hydrogels including gelatin gel 

and collagen gel, or in gelatin microspheres or Tragacanth gum (Takaoka et al., 2011, Gao et 

al., 2018, Gormez et al., 2015, Paknejad et al., 2012). All these above delivery systems for LF 

were chosen based on biocompatibility, however none of them proceeded further to clinical 

use. With proven anabolic effect of LF on local bone regeneration, we sought a delivery system 

that is already clinically approved that would be appropriate for local LF delivery.  

Recombinant human bone morphogenetic protein-2 (rhBMP2) is a clinically approved growth 

factor for bone formation for spinal fusion surgery (Herford, 2017). The rhBMP2 is delivered 

in an absorbable collagen sponge (INFUSE® Bone Graft kit, Medtronic). Thus, the aim of this 

study was to use commercially available and clinically used INFUSE® absorbable collagen 

sponge (ACS) to deliver LF and assess if the combination of LF with ACS (LF/ACS) promotes 

bone regeneration.  

Objective: To determine the efficacy of LF delivered in INFUSE® absorbable collagen sponge 

and to compare the efficacy of LF to that of rhBMP2 in promoting bone regeneration in rat 

calvarial bone defects. 

 

 

2. Methods 

2.1 Material 
INFUSE® Bone Graft Kit was purchased from Medtronic (Memphis, TN, USA), which 

consisted of rhBMP2 and ACS carrier. The rhBMP2 was applied to ACS, which will be termed 
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as BMP2/ACS. LF was applied to the same ACS from the INFUSE® Bone Graft Kit, and it 

will be termed as LF/ACS. 

The ACS was cut into 5 mm diameter discs from the larger sheets, using a sterile punch (Figure 

5-1). Following the manufacturer’s instructions, BMP2 or LF solution was dripped onto the 

ACS 20 minutes prior to surgical insertion. 

 

 

Figure 5-1 ACS scaffold 
INFUSE® ACS was processed into 5 mm diameter discs using a punch. 

 

2.2 Rat calvarial defect model 
The surgical procedures were carried out as described in Chapter 2.5. Calvarial defects 5 mm 

in diameter were created over the left parietal bone in 30 sexually mature male Sprague–

Dawley rats weighing over 250 g, which were randomised into following groups (Figure 5-2):  

i) Empty defects (Control, n=10) 

ii) Defects grafted with LF/collagen sponge (LF/ACS; 100 µg LF/sponge, n=10) 

iii) Defects grafted with rhBMP2/collagen sponge (BMP2/ACS; 30 µg/sponge, n=10).  

iv) Sham (n=2) 
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Figure 5-2 Rat calvarial defect experiment design 
The animals were randomised into one of the three groups. Group i: empty defect (control), group ii: 
LF delivered in ACS, group iii: BMP2 delivered in ACS, group iv: Sham (skin and periosteal incision). 
For the sham group, all the surgical procedures were carried out as other groups, except for creating a 
bone defect. A midline incision was made on skin and periosteum on parietal bone. No bone defects 
were created and then the periosteum and skin were closed using sutures. 

 

2.3 MicroCT 
The calvarial samples were dissected and collected at 12 weeks post-operation. Five calvarial 

samples were excluded from analysis due to damage to the calvarial bone during tissue excision 

before the treatment groups were unblinded.  

MicroCT was performed as mentioned in the previous chapter (Chapter 2). Volume of interest 

(VOI) was created over the defect area and regenerated bone was measured as shown in Figure 

2-2 in Chapter 2. The reconstructed images of pores (Figure 5-4) were generated using CTVox 

(Bruker), where the closed pores within the regenerated bone were inverted and coloured. A 

CTAn software manual from Bruker microCT (title: Morphometric parameters measured by 

Skyscan™ CT-analyser software) defines a closed pore as an empty space fully surrounded by 

material (in this study, bone) on all sides in 3D. 
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2.4 Histology 
Histological sections were prepared as described in Chapter 2.7. A histological grading system 

was used to semi-quantify outcomes of regenerated bone within defect based on the criteria set 

out in Table 2-1 in Chapter 2. 

 

 

3. In vivo results 
Two rats died during surgery; these were replaced from the sham group. All other animals 

tolerated the procedure well and made satisfactory progress post-operatively. There was no 

evidence of local or systemic infection in any of the rats throughout the peri-operative period. 

There was no difference in the change of bodyweights between the treatment groups throughout 

the whole study (data not shown).  

 

3.1 MicroCT results 
To compare the volume and density of regenerated bone within the defect area, bone volume 

(BV) and tissue mineral density (TMD) were measured following 12 weeks of defect healing 

using microCT. The 12 week time point was chosen to examine the late stages of healing, as 

generally carried out by other studies (Spicer et al., 2012). BV measures the volume of calcified 

bone tissue within the VOI, and TMD measures the density within the calcified bone tissue 

excluding surrounding soft tissue within the VOI.  

In our results, there was no difference in the mean BV between the control and LF groups, 

whereas the BMP2 group had significantly higher mean BV than the control (p<0.0001) and 

LF (p<0.001) groups. The mean TMD was similar between all three groups (Figure 5-3A). 

Reconstructed images from microCT with the cross sections of BMP2 treated calvariae show 

more pores within the regenerated bone, compared to the calvariae from the other groups 

(Figure 5-3B). The cross sections of the representative images from each group suggested that 

LF treated bone regenerated like normal calvaria, whereas BMP2 treated bone had a space 

between the regenerated calvaria, generating two layers of calvaria and was abnormal with 

increased thickness of the calvariae (Figure 5-3C). The BV between age-matched shams and 
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the BMP2 group were compared, and the data showed that BMP2-induced bone growth 

exceeded the normal BV (p<0.01) (Figure 5-3D).   

 

A 

 

 

B 
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Figure 5-3 MicroCT results of rat calvariae at 12 weeks post-operation 
(A) Bone volume and tissue mineral density of control, LF/ACS and BMP2/ACS groups. Data shown 
are mean±SD; one-way ANOVA with post hoc Bonferroni’s test ****p<0.0001. (B) Reconstructed 
bone images of rat calvariae using the microCT data. View from the top of the calvaria are shown, with 
cross section at the middle of the defect area. Note the abnormal bone formed in the BMP2 group, 
especially evident in the cross-sectional images. (C) Reconstructed bone images of rat calvariae 
showing cross sections (upper panel) and view from the top of the calvaria (lower panel) of the 
representative bones from each group. White line represents the boundary of defect area. (D) Bone 
volume comparing age-matched normal and undamaged calvariae and BMP2/ACS group. Data shown 
are mean±SD; Student’s t-test **p<0.01. 

 

To further investigate the phenomenon of BMP2-induced excessive bone growth, the pores 

within the regenerated bone were measured using microCT data. Interestingly, the BMP2/ACS 

group had higher mean percentage of closed pores within the regenerated bone than the control 

(p<0.01) group, and higher mean volume of closed pores than the control (p<0.0001) and LF 
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(p<0.001) groups (Figure 5-4A). The pores within the regenerated bone were coloured by 

inverting the reconstructed bone images, and the images clearly show an enormous volume of 

pores in the BMP2/ACS group, compared to control and LF/ACS groups, again illustrating the 

abnormal regenerated bone in the BMP2 group (Figure 5-4B). 
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Figure 5-4 Pores within the regenerated bone in control, LF/ACS and BMP2/ACS group  
(A) Percentage and volume of pores within the regenerated bone was measured. Data shown are 
mean±SD; one-way ANOVA with post hoc Bonferroni’s test ****p<0.0001. (B) Reconstructed images 
of pores within the regenerated bone in control, LF and BMP2 group. The pores within the regenerated 
bone were inverted and coloured in red. The median bones from porosity data from each group are 
presented. View from the top of the calvariae. 

 

3.2 Histology results 
To investigate the quality of regenerated bone, histological sections of the calvariae were 

stained with H&E and examined. Histological analysis showed the presence of a fibrous-

looking material within the regenerated calvariae of all rats treated with LF/ACS or 
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BMP2/ACS, which was absent in control group. The fibrous-looking structure looked similar 

to dura mater in control group, but in ACS treated groups the fibrous-looking layer was always 

embedded within the regenerated bone, likely to be the collagen sponge still present at 12 weeks 

after implantation. Also, all the calvariae in the BMP2/ACS group had large cavities within the 

regenerated bone, which were filled with bone marrow and many adipocytes. These large 

cavities and adipocytes were not present in the control and LF/ACS groups (Figure 5-5).  

 

 

Figure 5-5 Histological section of regenerated bone at 12 weeks post-operation 
The calvariae sections were stained with H&E. The median bones from microCT bone volume data 
from each group are presented.  The calvariae were bisected coronally so the cross-section of the defect 
in the middle can be seen. The black arrows indicate where the boundaries of the defects were. The 
magnified view inside the white rectangle box in upper pane is shown in lower pane. Scale bar = 200 
µm. 

 

To quantify the quality of regenerated bone within the defect site, the histological sections were 

scored according to the semi-quantitative histological grading system based on our previous 

studies (Musson et al., 2019). The description of the histological grading system is in Table 2-

1.   
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There was no difference of overall histological scores between the three groups. When 

individual criteria were compared, there was no difference in ‘bone defect coverage’ and 

presence of inflammation between all the groups. BMP2/ACS group had a lower score for ‘new 

bone type’ compared to control and LF/ACS groups, indicating the regenerated bone within 

the defect site for BMP2/ACS group has more premature woven than lamellar bone compared 

to the new bone in other groups. All the regenerated bone in LF/ACS and BMP2/ACS groups 

had abundant neovascularisation with more than 10 new blood vessels, while some of the bone 

from the control group had relatively few new blood vessels (Table 5-1). 

 

Table 5-1 Histology grading of regenerated bone within defect area in control, LF/ACS 
and BMP2/ACS groups based on the criteria set out in Table 2-1 

 
Two independent researchers blinded to the treatment groups scored the histological sections. Data 
shown are mean±SEM; one-way ANOVA with post hoc Tukey’s test. *p<0.05 compared to Control. 
Control n=7, LF/ACS n=10, BMP2/ACS n=8. 

 

 

4. Discussion 
Our results show that LF delivered in the commercial INFUSE® ACS did not increase bone 

formation, but the regenerated bone was of a similar state of natural bone, with increased neo-

vascularisation, which is generally preferable in bone regeneration. BMP2 delivered in 

INFUSE® ACS increased BV, but rather induced abnormal bone formation with excessive 

bone growth. Also, the regenerated bone had large cavities filled with numerous adipocytes, 

which is generally not desirable in the clinical setting.   

Our data show that at 12 weeks post-operation, the BMP2/ACS group had more regenerated 

but abnormal bone compared to control and LF/ACS groups, while the LF/ACS group was not 

different from the control group. A previous in vivo study done in our lab showed that LF 
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promoted bone regeneration in the same rat calvarial defect model, when it is delivered in 

collagen gel (Gao et al., 2018). The LF carrier used in the previous calvarial study was rat type 

1 collagen gel made from tail tendon, and the carrier for this experiment was collagen sponge 

made from bovine type 1 collagen from Achilles tendon. Although both are made from 

collagen, the difference in the material may imply the difference in the LF release rate in 

collagen gel and sponge could have affected on the bone regeneration. Although collagen is a 

favourable material for scaffolds, it is known that collagen does not support sustained release 

over the long period of time (Geiger et al., 2003). For example, one study investigated the 

release and retention of BMP2 from different kind of ACS that they have manufactured on 

their own. They showed a high rate of an initial burst of BMP2 from the collagen sponge which 

left less than 5% of the drug remaining 14 days post-surgery (Uludag et al., 1999). Another 

study showed that ACS from another company (Helistat; Integra LifeSciences, Plainsboro, 

New Jersey) had approximately 8% of BMP2 remaining 14 days post-surgery (Bouxsein et al., 

2001). 

It was also observed that the regenerated calvaria in BMP2 group had excessive bone growth 

compared to normal and undamaged calvaria. There are numerous studies that have shown 

BMP2 caused excessive bone growth in different species, as well as BMP2 treatment resulting 

in thicker calvaria (Yang et al., 2012, Docherty-Skogh et al., 2010, Pelaez et al., 2014). When 

porosity and volume of pores within the regenerated bone were compared between the groups, 

BMP2/ACS group had higher percentage and volume of pores than control and LF/ACS 

groups. The histology images confirmed what was seen in the microCT data. There was more 

bone in BMP2/ACS treated calvariae, but the regenerated bone in BMP2/ACS group had large 

porous cavities filled with numerous adipocytes, which is not seen in control, LF/ACS groups, 

or in normal calvariae. Other studies that looked at histology of calvarial or femoral sections 

treated with BMP2 also showed the presence of a cyst-like bony shell filled with adipose tissue 

within the regenerated bone, which is not seen in their control group (He et al., 2010, Pelaez et 

al., 2014, Yang et al., 2012, Zara et al., 2011, Durham et al., 2018). Even without the collagen 

sponge, there is a study that showed that treatment with BMP2 in synthetic hydrogels resulted 

in the same formation of a cyst-like bony shell filled with adipose tissue inside the regenerated 

calvariae (Docherty-Skogh et al., 2010). Also, another study has shown dose-dependent 

formation of excessive bone or calvarial cavities filled with adipose tissue (Pelaez et al., 2014). 

BMP2 delivered in a synthetic hydrogel carrier also showed a diminished amount of excessive 

bone growth when the concentration of BMP2 was lowered (Docherty-Skogh et al., 2010), 
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suggesting that BMP2 is playing the major part in the formation of excessive bone formation 

with minimal contribution from the collagen sponge. Apart from excessive bone growth, 

another problem of using BMP2 for tissue regeneration is ectopic bone growth, or heterotopic 

ossification. This is seen in humans after surgery as well as in other animal species tested in 

vivo, with all of the delivery systems used to deliver BMP2. The ectopic bone growth is due to 

insufficient local retention of BMP2 which results in bolus release of the drug, and amounts of 

released BMP2 high enough to cause the biological effect (Agrawal and Sinha, 2017), 

reinforcing the importance of BMP2 carrier in local bone regeneration.  

In our study, histological scores of ‘new bone type’ indicated that the LF/ACS group had 

regenerated bone type at a similar extent to control group, however, BMP2/ACS group had 

higher proportion of woven bone than lamella bone compared to control and LF/ACS groups, 

which suggests poorer quality of regenerated bone in BMP2/ACS group. A study with BMP2 

delivered in hydrogel showed that the regenerated bone that was treated with hydrogel without 

BMP2 had more lamellar bone, which suggested the presence of BMP2 results in rapid bone 

formation and less mature regenerated bone (Docherty-Skogh et al., 2010). Also, an in vivo 

study showed that the combination of BMP2/ACS resulted in generation of grossly 

disorganised new bone, with a distinction between the native and regenerated bone within the 

defect area (Kinsella et al., 2011). The authors also mentioned that the qualitatively inconsistent 

and gross disorganisation of regenerated bone in a BMP2/ACS treated group resulted in 

variability within the group, which is also seen with large standard error of mean (SEM) value 

in our BMP2/ACS group. One suggested that the use of BMP2 may exaggerate bone resorption 

presumably by increasing osteoclast number or activity (Mroz et al., 2010, Yu et al., 2010). 

Another study has reported an increase in the number of osteoclast-like cells as the 

concentration of BMP2 increases (Zara et al., 2011), which may suggest that osteoclasts are 

involved in the gross disorganisation of the BMP2-treated bone. However, we did not see the 

presence of multinucleated osteoclasts in our histological sections, although the sections were 

not specifically stained for osteoclasts. 

Histological scoring results indicated that a higher number of new blood vessels were present 

in regenerated bone in LF/ACS and BMP2/ACS groups than control, whereas there was no 

difference in the inflammation scores between the groups, which may imply that normal 

remodelling is happening without abnormal excessive inflammatory response, or any previous 

inflammatory response was dampened by 12 weeks after the surgery. LF is an immune 

modulator that is known to have anti-inflammatory properties by decreasing pro-inflammatory 
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cytokines and increasing anti-inflammatory cytokines (Amini and Nair, 2011). Although there 

are reports that BMP2 increase all pro-inflammatory cytokines, a study suggested the 

BMP2/ACS system does not enhance an acute inflammatory response in rat (Huang et al., 

2017).  

Angiogenesis is crucial for successful bone regeneration (Amini and Nair, 2011), thus the 

regenerated bone in LF/ACS and BMP2/ACS groups having increase number of new blood 

vessels was preferable. Both LF and BMP2 are known to increase angiogenesis (Amini and 

Nair, 2011, Yu et al., 2010), and osteogenesis is coupled with angiogenesis due to cell-cell 

communication between osteoblasts and endothelial cells. It is also known that the BMP 

signalling in osteoblasts can promote skeletal angiogenesis (Zhang et al., 2009).  

Bone volumes between LF/ACS and BMP2/ACS groups in microCT data were different while 

histological scores of ‘bone defect coverage’ between the two groups in histological sections 

were not different. It is worth noting that the ‘bone defect coverage’ was only measured based 

on a single section at the midpoint of defect which does not take account the whole defect area.  

There are limitations in this study. Firstly, the mechanical properties of regenerated bone were 

not examined. With the mechanical measurement, it would be more certain that the regenerated 

bone in BMP2 group is less preferable than the native bone, as BMP2-treated calvariae had 

more pores filled with numerous adipocytes. The calvaria is not a weight-bearing bone so it is 

less relevant to do the mechanical test, but it is a widely used system to study regeneration, 

because it is a good system to study the effect of factors without the effect of weight-bearing, 

which is known to have an effect on bone remodelling. Examining the delivery system in 

different bone regeneration model such as long bone segmental defect model would allow us 

to see a functional outcome of the bone. 

Another limitation is that the control group (empty defects) had variable bone regeneration 

within the defect area (Figure 5-3B), as shown with highest SEM in bone defect coverage 

category (Table 5-1). In the previous in vivo study in our lab, the empty defects were not healed 

even after 12 weeks, and hence the model was termed a critical-sized calvarial defect model 

(Gao et al., 2018). In this study, two out of seven bones in the control group showed a good 

coverage of the defect area when looking at the calvaria from the top (Figure 5-3B), which was 

unexpected to see in the control group.  
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Lastly, there was no ACS only group in our study to examine the effect of ACS alone. However, 

the aim of this study was to compare the efficacy of LF delivered in ACS to BMP2 delivered 

in ACS. Also, ACS was shown to have an equivalent healing to an empty calvarial defect at 6 

weeks post-operation in rabbits (Smith et al., 2008).  

In summary, although LF delivered in INFUSE® ACS did not increase bone volume compared 

to control group, the regenerated bone was in a similar state of natural bone, with more blood 

vessels which is preferable in bone regeneration. However, producing regenerated bone with 

architecture and histological appearance similar to the undamaged bone has not been achieved 

yet. LF is already proven to promote bone formation and regeneration, and since the 

combination of LF and ACS is not promoting bone regeneration, we propose that the ACS is 

not suitable LF delivery system.  
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CHAPTER 6 POLOXAMERS FOR LF 

DELIVERY 

1. Introduction 
In the previous chapter, we investigated the potential of collagen sponges to release LF locally 

and support bone regeneration. It was unexpected that the LF delivered through the collagen 

sponge, that had been used clinically for BMP2 delivery, did not increase bone formation. We 

speculated that this might be due to the collagen sponge not having a sustained release of LF. 

Thus, we pursued another delivery system; an injectable hydrogel, which could release LF in 

a more sustained manner. The gel is injected into the defect site, and growth factors loaded 

within the gel are then able to be locally delivered. One advantage of using gels is that it is less 

invasive than inserting rigid scaffolds (Maisani et al., 2017).  

As discussed in Chapter 1, Poloxamer P407 and P188 are US FDA approved injectable 

hydrogels that are used to treat endovascular occlusion of blood vessels and sickle cell 

disorders/vaso-occlusive crisis, respectively (Giuliano et al., 2018, Moloughney and 

Weisleder, 2012). They are thermo-sensitive, being a liquid at room temperature and forming 

a gel at body temperature. They have low toxicity and low immunogenicity properties (Russo 

and Villa, 2019). Poloxamers have been studied for the use of targeted drug delivery, including 

chemotherapeutic drugs, analgesics, anaesthetics, antibiotics, and other proteins and peptides 

(Sharma et al., 2018, Svirskis et al., 2016, Veyries et al., 1999, Ricci et al., 2005, Akash et al., 

2014, Kim et al., 2000, Dhanikula et al., 2008). 

Poloxamer P407 had been shown to release the anaesthetic agent lidocaine over 6 hours (Ricci 

et al., 2005). An antibacterial effect of LF was effective for 24 hours when a mix of LF and 

lysozyme was delivered in poloxamer P407 (Tonguc-Altin et al., 2015). These studies suggest 

a burst release of therapeutic agents when delivered in poloxamer P407. In our study, a mix of 

two poloxamer types, P407 and P188, were formulated to achieve prolonged release of LF, 

based on previous studies (Sharma et al., 2018, Svirskis et al., 2016). This study aimed to 

determine the potential of poloxamers as a delivery system for sustained release of LF in local 

bone regeneration.  
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Objective 1: To determine whether poloxamers are cytocompatible to osteoblasts, and whether 

LF-loaded poloxamers increase osteoblast proliferation, in vitro. 

Objective 2: To determine if LF delivered in poloxamers promotes bone regeneration in a rat 

calvarial defect model. 

 

 

2. Methods 

2.1 Material 

Synthesis of poloxamer 
Mixture of poloxamer P407 (25 w/v%) and P188 (17 w/v%) were prepared in water by a 

collaborator in Department of Pharmacy, University of Auckland. This formulation of 

poloxamers was carefully chosen based on previous studies which tested different formulations 

(Svirskis et al., 2016, Sharma et al., 2018), and was used throughout the study. 

In vitro material 
Tissue culture inserts (1 μm pore size) were from Greiner Bio-one (Kremsmünster, Austria). 

Suture material (ETHICON® Coated VICRYLTM Polyglactin 910, Johnson & Johnson 

International) that is commercially available and clinically used was added into the well 

without poloxamers, to have a guideline for acceptable immune response. Sterile suture 

material was cut into 5 cm length each and placed into wells of a 24-well plate. The suture was 

submerged in 70% ethanol for 30 minutes and then soaked in serum-free RPMI media for 1 

hour for pre-equilibrium.  

 

2.2 In vitro method – release profile of LF from poloxamers 
Cumulative LF release was measured by a collaborator in Department of Pharmacy. Briefly, 

poloxamer gels containing 200 µg/ml LF were placed in a falcon tube and allowed to 

completely gel at 37 °C inside a water bath with a shaking speed of 20 rpm. Pre-warmed PBS 

was placed over the gel and was used as release media. At pre-determined time points, a 500 

μl sample was removed and was replaced with pre-warmed PBS. The release of LF was 
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measured over 72 hours, and samples were measured in triplicates. The released LF 

concentration was measured by reverse phase HPLC (high-performance liquid 

chromatography) using a method developed by our collaborator (Chandramouli, 2018).  

 

2.3 In vitro method – osteoblast viability and proliferation 
In a preliminary study, poloxamers were found to disintegrate in culture media within few days. 

Therefore, to assess cytocompatibility of osteoblasts to poloxamers, LF-loaded poloxamers 

(LF/poloxamers) (200 µg/ml LF, 250 µl gel) were placed in tissue culture inserts suspended 

above cultures of primary rat osteoblasts (Figure 6-1). Poloxamer gel was UV sterilized after 

loading in inserts. Viability of primary rat osteoblasts was assessed following 24 and 72 hours 

using alamarBlue® assay. The timeline of alamarBlue® assay is summarised in Table 6-1. 

 

Figure 6-1 Diagram showing how poloxamers were put into tissue culture well to assess 
viability of primary rat osteoblasts 

 

Table 6-1 Timeline of poloxamer experiments with osteoblast viability assay 

 Day 1 Day 2 Day 3 Day 4 Day 5 

alamarBlue® Cell 
seeding 

Media refreshment;  

Addition of insert and 
gel on top of the well;  

LF addition to cells in 
the group without 
poloxamers 

24 hr time point 
reading 

- 72 hr time 
point 
reading 
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2.4 In vitro method – immune response with THP-1 cells 
Immune response was assessed in THP-1 human monocyte-like cells. Poloxamer gels were UV 

sterilized after being placed on cell culture plates. THP-1 cells were maintained and seeded in 

10% FBS/RPMI-1640 + 1 mM sodium pyruvate media on top of gelled poloxamers, at a 

density of 1.5 x 106 cells/well (Figure 6-2). Cells were collected after 24 and 48 hours of 

treatment with LF/poloxamers (500 µg/ml LF). RNA was harvested, followed by gene 

expression analysis of proinflammatory cytokines by real-time PCR. 

 

Figure 6-2 Diagram showing how poloxamers were put into tissue culture well to assess 
immune response from THP-1 cells 

 

2.5 In vivo method - Rat calvarial defect model 
The surgical procedures were carried out as described in Chapter 2.5. To study bone 

regeneration in vivo, 5 mm diameter defects were created over the left parietal bone in 43 

sexually mature male Sprague–Dawley rats weighing over 250 g. The rats were randomised 

into the following groups, for two experimental time points of 4 and 12 weeks post-operation 

(Figure 6-3): 

i) Empty defects (Control, n=10 for each time point) 

ii) Defects grafted with LF/poloxamers (20 µg LF/gel, n=10 for each time point) 

iii) Sham (n=2 for 4 week time point, n=2 for 12 week time point) 
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Figure 6-3 Rat calvarial defect experiment design 
The animals were randomised into one of the three groups. Group i: Empty defect (control), group ii: 
LF delivered in poloxamers, group iii: Sham (skin and periosteal incision). For the sham group, all the 
surgical procedures were carried out as other groups, except for creating a bone defect. A midline 
incision was made on skin and periosteum on parietal bone. No bone defects were created and then the 
periosteum and skin were closed using sutures. 

 

2.6 In vivo method – MicroCT 
The calvarial samples were dissected and collected at 4 and 12 weeks post-operation and stored 

in 70% ethanol until analysis. Rat calvarial sections were prepared for microCT as described 

in Chapter 2.6. Two calvarial samples from the 4 week timepoint and three samples from the 

12 week timepoint were excluded from analysis due to damage to the calvarial bone during 

tissue excision, before the treatment groups were unblinded.  

MicroCT was performed as described in Chapter 2.6. Volume of interest (VOI) was created 

over the defect area and regenerated bone was measured as shown in Figure 2-2.  

 

2.7 In vivo method – Histology 
Histology sections were prepared as described in Chapter 2.7. Histology grading system to 

semi-quantify outcomes of regenerated bone within defect were graded based on the criteria 

set out in Table 2-1. 
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2.8 Statistical analysis 
Data were analysed using one-way ANOVA with post-hoc Dunnett’s test, unless otherwise 

stated. *p<0.05. Data are presented as mean ± SEM. In vitro experiments were repeated two or 

more times. 

 

 

3. In vitro results 

3.1 Release profile of LF from poloxamers 
Cumulative LF release from the poloxamer gels was quantified by HPLC. Approximately 50% 

of the LF was released from the poloxamers during the first 8 hours with continued slow release 

over the next 64 hours. At the end of the culture, 100% of the LF was released (Figure 6-4). 
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Figure 6-4 Cumulative LF release from poloxamers over 72 hours  
LF concentration was 200 µg/ml in 250 µL poloxamer. Data shown are mean±SEM, n=3 for each time 
point. 

 

3.2 Effect of poloxamers on osteoblast viability 
Poloxamers were co-cultured with primary rat osteoblasts to examine their effect on osteoblast 

viability. As described in the methods section, the poloxamers were placed in inserts hanging 
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above the osteoblast culture wells, so that the products released from both gel and cells could 

be exchanged through the porous membranes of the inserts (Figure 6-1). We evaluated the 

effect of poloxamers, with or without LF incorporated, on cell viability by examining cell 

morphology and measuring metabolic activity of osteoblasts after 24 and 72 hours. 

There was no difference in cell morphology between the groups (Figure 6-5A). Poloxamers, 

regardless of the presence or absence of LF, increased alamarBlue® reading at 72 hours. 

Presence of LF in the gel had no effect on the cell viability (Figure 6-5B). It was observed that 

poloxamer started to break down at 24 hours, and completely disintegrated at 72 hours. 
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Figure 6-5 Poloxamers increase primary rat osteoblast metabolic activity at 72 hours in 
the presence or absence of LF 
(A) Representative phase images of osteoblasts. Scale bar = 200 µm. (B) Osteoblast viability results at 
24 and 72 hours. Results from three biological experiments were pooled together. No gel group had 
insert hanging on the well without any gel added in the inserts. 200 µL poloxamers gel was added in 
each insert. Data shown are mean±SEM; two-way ANOVA with post hoc Dunnett’s test, *p<0.05 
versus Control at that time point. 
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3.3 Immune response to poloxamers 
To investigate if the poloxamers were likely to induce an immune response, changes in the 

mRNA expression levels of inflammatory markers were evaluated in THP-1 cells cultured with 

poloxamers. The levels of key pro-inflammatory cytokines, IL-1β, IL-8, and TNF-α, were 

measured as indicators of an immune response. These cytokines are involved in the innate 

immune response, which initiates a cascade of events by inducing a release of chemokines from 

other cells that then initiate an immune response. As an estimate of acceptable immune 

response, the gene expression levels of the inflammatory markers were compared to the level 

of surgical suture material used clinically. The mRNA expression of IL1B was the highest with 

the suture material at both time points. IL8 and TNF levels for the groups with poloxamers 

were similar or higher than the level expressed by cells cultured with suture material at 24 

hours, respectively. However, the expression levels in the poloxamer groups decreased below 

the level expressed by cells cultured with suture materials at 48 hours (Figure 6-6).   



Chapter 6 Poloxamers for LF delivery 

129 
 

1 2 3 4 5 6 1 2 3 4 5 6
0

5

10

15

20

IL1Β
R

el
at

iv
e 

ge
ne

 e
xp

re
ss

io
n

24 hrs 48 hrs

*
* * * * * **** ** **

1 2 3 4 5 6 1 2 3 4 5 6
0

5

10

15

20

IL8

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n

24 hrs 48 hrs

**
**

*

1 2 3 4 5 6 1 2 3 4 5 6
0

20

40

60

80

TNF

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n

24 hrs 48 hrs

1: Cells without poloxamers
2: Poloxamers only

3: 100 µg/ml LF with poloxamers

4: 200 µg/ml LF with poloxamers

5: 100 µg/ml LF directly added to
cell culture without poloxamers

6: Suture material

 

Figure 6-6 The expression levels of genes encoding inflammatory cytokines in THP-1 cells 
treated with LF/poloxamers  
Representative pro-inflammatory cytokine markers were examined. The cells were cultured on 200 ul 
poloxamers for 24 and 48 hours. Results from three biological experiments were pooled. Data shown 
are mean±SEM; two-way ANOVA with post hoc Dunnett’s test versus Suture Control at that time point; 
*p<0.05, **p<0.01. 

 

 

4. In vivo results  
The results from the in vitro studies suggested that the mix of LF and poloxamers 

(LF/poloxamers) are not likely to have a negative effect on cell viability or be toxic to the cells. 

Thus, the combination of LF and poloxamers were proceeded for in vivo evaluation. To 

investigate if the mixture promotes local bone regeneration, the LF/poloxamers mixture was 

assessed in a rat calvarial defect model, and it was compared to empty defects (control) without 

any treatment. 
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Two rats from the 4 week timepoint died during operation, and were replaced with rats from 

the sham group. Another rat was added to the sham group. All other animals tolerated the 

procedure well and made satisfactory progress post-operatively. There was no evidence of local 

or systemic infection in any of the rats throughout the peri-operative period. 

 

4.1 MicroCT 
To evaluate bone regeneration within the defect area, BV and TMD were measured using 

microCT. At the defect site 4 weeks post-operation, there was no difference in the mean BV 

and TMD between the control and LF/poloxamers groups. At 12 weeks, the group treated with 

LF/poloxamers had lower BV (p<0.05) than the controls at 12 weeks, but TMD was similar in 

the two groups (Figure 6-7). 
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A 

 

 

B 

 

 
Figure 6-7 MicroCT results of rat calvariae at 4 and 12 weeks post-operation  
(A) Bone volume and tissue mineral density of control and LF/poloxamer groups. BV, bone volume; 
TMD, tissue mineral density. Data shown are mean±SEM; two-way ANOVA with post hoc Dunnett’s 
test, *p<0.05 versus Control at that time point (B) Reconstructed bone images of rat calvariae using the 
microCT data. The median bones from bone volume data in each group are presented, with cross section 
at the middle of the defect area. 
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4.2 Histology 
To better understand the quality of the regenerated bone, histological sections were stained 

with H&E and scored according to a semi-quantitative histological grading system (Table 2-

1). Representative sections at the middle of the defect area were scored. 

There were no differences in the overall histological scores between the two groups at 4 weeks. 

However, at 12 weeks, bones from the control group had a higher overall score compared to 

bones from the LF/poloxamer group, indicating better outcomes of the regenerated bone within 

the defect site. The difference was mainly in the ‘Bone defect coverage’ scores; a higher score 

indicated a higher percentage of the defect area was covered by new bone in control bones 

compared to LF/poloxamer-treated bones, consistent with the microCT results. There was no 

difference in ‘New bone type’ or ‘Neo-vascularisation’ scores between the groups at both 4 

and 12 week time points (Figure 6-8A). There was no increase in inflammation scores in 

LF/poloxamer groups at either time points, despite an acute increase in TNF mRNA levels in 

the gene expression results (Figure 6-6). The histological section images taken at the middle of 

the defect showed that the regenerated bones in the control group were mostly woven bone, 

that appeared from the edge of the defect site at week 4, and by week 12, the regenerated bone 

had a higher proportion of bone covering the defect site, in concordance with higher ‘Bone 

defect coverage’ scores at 12 weeks (Figure 6-8B). 

  



Chapter 6 Poloxamers for LF delivery 

133 
 

A 

 
B 

 
Figure 6-8 Histology evaluation of regenerated bone at 4 and 12 weeks post-operation 
(A) Histology grading of regenerated bone within defect area in control and LF/poloxamers groups 
based on the criteria set out in Table 2-1. Two independent researchers blinded to the treatment groups 
scored the histological sections. Data shown are mean±SEM; Student’s t-test. *p<0.05 compared to 
control. n=10 in each group. (B) Representative histology section of regenerated bone. The calvariae 
sections were stained with H&E. The calvariae were bisected coronally so the cross-section of the defect 
in the middle can be seen. The black arrows indicate the boundaries of the defects. Scale bar = 500 µm. 

 

 

5. Discussion 
The results suggest that in vitro, poloxamers support cell viability and are not likely to induce 

an unfavourable immune response. In vivo, the current formulation of LF/poloxamers failed to 

support bone regeneration in the rat calvarial defect model. 

LF was released from poloxamers in an initial burst during the first 8 hours followed by 

sustained release up to 72 hours. This initial burst release of LF was similar to what was 

observed in a previous study with collagen gel in our lab (unpublished data). The same 

formulation of the collagen gel was used in the study that showed LF in collagen gel promoted 

local bone regeneration (Gao et al., 2018). The current formulation of poloxamers released LF 
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over a longer period of time compared to the collagen gel and the poloxamers previously 

reported by Svirskis et al. (2016).  

LF was released from poloxamers over 72 hours, and the gel disintegrated at the end of the 72 

hours of culture. This suggests that the release of LF was due to the disintegration of 

poloxamers during the 72 hours following an initial burst release of LF by diffusion (Svirskis 

et al., 2016). The disintegration of the gel within 72 hours also suggests that the gel would 

allow the host cells to integrate into the defect site to start the bone healing process.  

Many studies investigated the two components in our poloxamers formulation, P407 and P188. 

The individual poloxamers were found to be biocompatible with different cell types, and had 

low toxicity and immunogenicity (Russo and Villa, 2019). We carried out in vitro experiments 

to confirm that our combination of poloxamers were also biocompatible with bone cells, and 

our formulation of LF/poloxamers supported cell viability. In preparation for in vivo study, the 

levels of key pro-inflammatory cytokines were measured to give an indication of whether the 

LF/poloxamers would induce inflammation. IL-1β is pro-inflammatory cytokine produced by 

cells of the innate immune system. IL-8 is a chemo-attractant cytokine produced by many 

immune cells and activate neutrophils in inflammatory sites. TNF-α is a pro-inflammatory 

cytokine that plays a crucial role during inflammation (Turner et al., 2014). The natural healing 

process involves an increased expression of IL-1 and TNFα, which peaks within the first 24 

hours, and the cytokines are also involved in the initiation of a cascade of repair events (Wang 

et al., 2020). Thus, an upregulation of TNF mRNA levels within the first 24 hours, followed 

by a decrease in the expression levels by 48 hours would be considered acceptable. Based on 

the gene expression results, LF/poloxamers were well tolerated by THP-1 cells and did not 

induce an unfavourable immune response in vitro. In addition, when compared to the surgical 

suture material, the response was mild, therefore the poloxamers were tested in vivo. 

The in vivo study results suggested that at 4 weeks, there was no difference in bone 

regeneration between the two groups. At 12 weeks, LF/poloxamers attenuated bone 

regeneration compared to the control group. When bone regeneration within each group was 

compared between the two time points, both groups had doubled the amount of BV and 

increased TMD, from 4 to 12 weeks. The histology scores also confirmed the quality of 

regenerated bone in the two groups were similar, when new bone type, vascularisation, and the 

presence of inflammation were taken into consideration. This may suggest that the poloxamers 

slowed bone regeneration. It is less likely that the poloxamers had toxic effect to the osteoblasts 
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at the defect site, as the poloxamer P407 has been proven to support human osteoblast-like cell 

MG-63 viability and differentiation (Rezazadeh et al., 2019) and osteoblasts in vivo (Lee et al., 

2013, Issa et al., 2008).  

One interesting study that used poloxamer P407 as a carrier for demineralised bone matrix 

(DBM) examined the effect of DBM delivered in the poloxamer or water on mesenchymal cell 

differentiation, and measured ALP stained cells up to 21 days (Lee et al., 2014). The group 

treated with DBM in poloxamer had lower ALP activity compared to the group treated with 

DBM in water, suggesting the poloxamer had a negative effect on differentiation of the 

mesenchymal cells. The authors speculated that the presence of poloxamer between the DBM 

particles negatively affected the release of growth factors from the DBM, inhibiting the 

mesenchymal cell differentiation. In our in vivo study, it is possible that the presence of 

poloxamers at the defect site at the beginning of the healing stage negatively affected the initial 

healing process, as initial stage of bone healing involves extensive signals and growth factors. 

The results from the DBM study may suggest that poloxamer may push the cells away from 

differentiation and towards proliferation, as our results showed increased osteoblast viability 

in the presence of poloxamers. However, in our study we did not evaluate the differentiation 

of osteoblast when cultured with our formulation of poloxamers. Therefore, it is possible that 

the reduced bone regeneration seen in vivo was a result of inhibition of osteoblast 

differentiation by poloxamers. Further investigation would be required to evaluate whether the 

osteoblasts can differentiate in presence of poloxamers. 

A limitation of our in vitro study was that we were not able to assess if the poloxamers are 

compatible when the cells are physically in contact with the gel. The standard osteoblast 

proliferation assay runs for at least 72 hours, and by the time the gel is already disintegrated in 

the cell culture media, so it was not possible to place the cells on top of the gels. To overcome 

this problem, we had to develop a new way of accessing the osteoblast proliferation using 

inserts as it is described in the methods.  

Another limitation of our in vivo study was the absence of a group treated with only poloxamers 

without LF. A study had shown that critical-sized calvarial defects in rabbits filled with 

poloxamer P407 were identical to the defects left unfilled, when assessed clinically and 

radiographically (Clokie et al., 2002), suggesting the non-osteoinductive property of 

poloxamers. Despite that, the poloxamer-only group should have been included in the study, 

especially with our results showing negative effect of LF/poloxamer in bone regeneration.  
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Overall, although the current formulation of LF/poloxamers looked promising in vitro with 

increased cell viability and less likely to induce immune responses, this formulation did not 

increase bone regeneration and was not compatible to rat calvaria. It is possible that a different 

formulation of poloxamers could support the local delivery of LF for bone regeneration.   
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CHAPTER 7 SELF-ASSEMBLING PEPTIDE 

HYDROGEL FOR LF DELIVERY 

1. Introduction 
The results presented in the previous chapters suggested that the existing methods for local 

delivery of LF for the promotion of bone healing were not optimal. Therefore, this part of the 

study aimed to develop a novel delivery system that is able to release LF in sustained manner 

and encourage host cells to mediate bone regeneration. 

The desired features of hydrogels in bone tissue engineering include biocompatibility, non-

toxicity, and formation of new bone by stimulating osteoconduction and osteoinduction.  Self-

assembling peptide hydrogels can be designed and synthesised so that cell-binding motifs are 

introduced into the sequence to enhance cell adhesion, and bioactive factors can be 

incorporated into the gel. In addition, the peptide hydrogels are easily customised for a 

sustained release of drugs by modulating the properties of the peptide. Self-assembling peptides 

can also be designed to form a gel after injection into the body. Therefore, the aims of this 

study were to design a novel peptide hydrogel for sustained release of LF, and to determine its 

potential as drug delivery system when injected with LF for local bone regeneration.  

Objective 1: To design and synthesise novel injectable self-assembling peptide hydrogels 

suitable for LF delivery. 

Objective 2: To determine whether self-assembling peptide hydrogels are cytocompatible to 

osteoblasts, and whether LF delivered in the self-assembling peptide hydrogels increases 

osteoblast proliferation, in vitro. 
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2. Methods 

2.1 Gel preparation 
All the peptides used in this study were synthesised by our collaborators in the Department of 

Chemistry at the University of Auckland. We were involved in the design of the peptides 

H4LMAX, H4LMAX-RGDS and H2LRDMAX by carrying out preliminary experiments with 

cells on the peptide gels. The peptides were provided in a powder form, and the powder was 

dissolved in distilled water (dH2O) to give a 2 wt% concentration and then diluted to a final 

concentration of 1 wt% by adding buffer (100 mM Tris buffer and 60 mM NaCl, pH 7.4).  

The mixture was spun down to eliminate bubbles formed during mixing. In each cell culture 

well in a 24-well plate, 250 µl of gel was seeded and the plate was placed under UV light for 

30 minutes for sterilisation. After the gel was set, 500 µl of media was added to the wells for 

pre-soaking. After 10 minutes of pre-soaking, the media was refreshed for another 10 minutes, 

then cells were seeded on top of the gel.  

 

2.2 Rheology 
The rheological measurements were performed using a rheometer MCR 302 (Anton Paar, 

Austria) with a 25 mm diameter plate geometry and a gap distance of 0.2 mm. The plate was 

pre-cooled to 5 ˚C. The samples were prepared as described in the previous section 2.1. The 

gels were placed in the rheometer plate and a thin layer of oil was added around the gel to 

prevent evaporation. Dynamic sweep experiments were carried out as follows: 1) temperature 

ramp from 5 ˚C to 37 ˚C over 100 seconds, 2) time sweep at 37 ˚C for 120 minutes at constant 

strain (0.2%) and frequency (6 rad/s), 3) frequency sweep from 0.1 to 100 rad/s at 37 ˚C and 

constant strain (0.2%), 4) strain sweep from 0.1 to 1000% strain at 37 ˚C and constant 

frequency (6 rad/s) and 5) time sweep at 37 ˚C for 120 minutes at constant strain (0.2%) and 

frequency (6 rad/s). The results were analysed using RHEOPLUS/32 V3.62 software. 

 

2.3 LF release 
The LF release from H4LMAX-RGDS was measured by our collaborator in the Department of 

Chemistry, and details are described in a published paper (Park et al., 2020). H4LMAX-RGDS 
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gels were prepared at 2 wt% and then 80 µg LF was added per 250 µl gel, to have a final gel 

concentration of 1 wt%. Gels were mixed and allowed to set for 24 hours. On top of the gels, 

800 µl of 50 mM TRIS (pH 7.4) buffer containing 150 mM NaCl (similar to physiological salt 

concentration) was carefully added. At each time point, the entire volume of buffer above the 

gel was removed and replaced with fresh buffer, and the conditioned buffer was freeze dried 

and stored until the HPLC analysis. The amount of LF in each aliquot was determined by 

HPLC-UV (214 nm) from the peak area (calculated area was converted to the amount of LF 

via a calibration curve) of the chromatographic signal. For each time point, the amount of LF 

was measured in triplicate.  

 

2.4 Cell viability assay 
Peptide gels were prepared as mentioned in the previous section 2.1. For the gels incorporated 

with LF, the LF powder was added after gels were mixed with buffer, and gels with and without 

LF seeded on a cell culture plate were left in the incubator and pre-soaked in media as described 

before. After removing the pre-soaking media, primary human, rat or mouse osteoblasts were 

seeded (25,000 cells/ml, 1 ml per well) onto the hydrogels (250 µL per well) in appropriate cell 

culture media described in Chapter 2.2. Cell viability assays (alamarBlue® fluorescence) were 

performed as described in Chapter 2.2 at days 1, 3 and 7. The results were normalised to the 

readings from blank wells (gels without cells, negative control). 

 

2.5 Gene expression 
RNA extraction, cDNA synthesis and real-time PCR were performed as described in Chapter 

2.3. 

 

2.6 Confocal imaging 
At the end of the culture, cells were fixed with 4% PFA for 20 minutes at room temperature. 

Then samples were permeabilised with 0.5% Triton-X100 at room temperature overnight. F-

actin was stained with 1:40 dilution of Alexa Fluor™ 594 Phalloidin (ThermoFisher Scientific) 

overnight and cell nuclei were stained with 300 nM 4 ′ ,6-Diamidine-2 ′ -phenylindole 
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dihydrochloride (DAPI) (ThermoFisher Scientific) for three hours. Confocal images were 

obtained using ZEISS LSM 710 Inverted Confocal Microscope (Carl Zeiss, Germany). 

 

2.7 Data analysis 
Data were analysed using two-way analysis of variance (ANOVA) with post hoc Bonferroni’s 

test using the GraphPad Prism Software (GraphPad Software). A 5% significance level is used 

throughout. Data are presented as mean ± SEM. 

 

 

3. Results 

3.1 Cytocompatibility of peptide hydrogels with primary 

osteoblasts 
Preliminary experiments were conducted during the design of the peptide hydrogels to optimise 

gelation time on the cell culture plates and to improve cell adhesion to the gels. The initial 

peptides had very long times to gel (>48 hours) or were toxic to cells, so the peptide design had 

to be changed completely (data not shown).  

After modification in the peptide structures, the first two peptide hydrogels that were examined 

were the base peptide, named H4LMAX, in a β-hairpin structure that is able to self-assemble 

to form a gel, and a base peptide with the addition of arginine-glycine-aspartic acid (RGD) 

sequence at the C-terminal end of peptide, named H4LMAX-RGDS (Figure 7-1). The RGD 

sequence is a cell-binding epitope that helps cell adhesion to the peptide gel. Initially, the new 

peptides formed gels by 75 minutes. Then, the peptide preparation protocol was optimised to 

reduce the gelation time to within 30 minutes including UV sterilisation time.  
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Figure 7-1 peptide sequences of H4LMAX and H4LMAX-RGDS  
The RGD sequence, Arg-Gly-Asp-Ser-CONH2, is highlighted in red at the C-terminal end of the 
H4LMAX base peptide. 

 

To determine whether the gels can be injected into a defect site after forming hydrogels, 

rheology experiments were performed. The gel was subjected to controlled oscillation, and two 

parameters reflecting elastic (G’, storage modulus) and viscous (G”, loss modulus) components 

of rheological properties were measured. By looking at the G’ and G” data, it can be determined 

if the material has formed a gel or not. A stable gel structure can be assumed if G’ is higher 

than the G” value and if G’ is above 10 Pa (Mezger, 2006). During measurement, a strain was 

applied to simulate the strain of the gel passing through a needle.  

Both H4LMAX and H4LMAX-RGDS hydrogels had the G’ higher than the G’’, showing 

elastic character is dominant over viscous character and suggesting the formation of hydrogels. 

Both peptides quickly recovered their gel characters after a strain was applied at 120 minutes 

(Figure 7-2). Thus, the peptides appear to be suitable for clinical use by injection, as they 

formed relatively stiff hydrogels that were maintained after exposure to high strain resembling 

injection through a needle into the body. 

Notably, the G’ of H4LMAX-RGDS gel was smaller than that of H4LMAX, and we observed 

that the formation of hydrogel was slower for H4LMAX-RGDS compared to H4LMAX 

(results not shown). These suggest that the addition of RGD sequences at the C-terminus end 

negatively impacted the hydrogelation properties of H4LMAX which could have implications 

for the application of the gels clinically. 
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Figure 7-2 Rheological characterisation of H4LMAX and H4LMAX-RGDS hydrogels  
Strain measurement of the gels over 239 mins. 1000% strain was applied at 120 minutes to simulate 
injection of gel through a needle. G’, Storage modulus; G’’, Loss modulus. Representative graphs from 
two experiments are shown. 

 

To assess cytocompatibility of the gels with osteoblasts, primary human osteoblasts were 

cultured on top of the H4LMAX and H4LMAX-RGDS gels. The cells did not attach to the 

H4LMAX gel, but attached well to the H4LMAX-RGDS gel and remained viable for six days 

after cell seeding (Figure 7-3).  

 

Figure 7-3 Viability of human primary osteoblasts on cell culture plate (plastic) compared 
to the cells on H4LMAX and H4LMAX-RGDS hydrogels 
Representative fluorescent images showing live osteoblasts stained with Calcein-AM (green) on day 6 
of the culture. Autofluorescence (orange) is observed with gels. No cells are observed on the H4LMAX 
gel. Scale bar = 200 µm. 

 

3.2 Analogues of H4LMAX-RGDS hydrogels 
The presence of RGD sequence at the end of the peptide sequence improved cell adhesion to 

the gels, however it prolonged the gelation time. Thus, different analogues of RGD were 
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synthesised to minimise the gelation time while still containing a cell binding sequence. The 

novel peptides were designed with Arginine (R) and Aspartate (D) amino acids introduced 

within the different places in the peptide sequence (Figure 7-4). The RD peptide analogue gels 

set in a very short time, even before the end of 30 minutes of gel UV sterilisation time, which 

was shorter than the H4LMAX-RGDS peptide gelation time.  

 
Figure 7-4 Structure of H4LMAX-RGDS gel analogues  
The Arginine (R) and Aspartate (D) are highlighted in red. 

 

To assess the viability of osteoblasts on different H4LMAX-RGDS gel analogues, primary rat 

osteoblasts were cultured on these gels and metabolic activity was determined by alamarBlue® 

assay after 1, 2, 3 and 7 days in culture. The results showed that on day 1, there was no 

difference in the alamarBlue® readings of the cells on different gels. Compared to H4LMAX-

RGDS, RD analogue 1 showed comparable cell viability from day 1 to 3, while the cells on 

RD analogue 2 gel had significantly low cell viability on day 2 and 3. Over the culture period, 

alamarBlue® readings increased in the cells on all three gels between days 1 and 2, and cells 

cultured on analogue 1 maintained the highest alamarBlue® reading at the end of the culture 

(Figure 7-5).  
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Figure 7-5 Viability of rat primary osteoblasts on RGD peptide analogue hydrogels  
Viability assay comparing H4LMAX-RGDS and RD analogue 1 and 2 peptide gels. Data is normalised 
to the fluorescence readings from H4LMAX-RGDS on day 1. Two-way ANOVA with post hoc Tukey’s 
test at that time point, *p<0.05. Data shown are mean±SEM. N=2 (H4LMAX-RGDS) or 3 (RD 
analogue 1 and 2) wells in each group. 

 

Based on the cell viability results from the RGD analogues, RD analogue 1 appeared to perform 

better than RD analogue 2 and was therefore further characterised. The RD analogue 1 was 

named H2LRDMAX. Rheology experiments found that the H2LRDMAX peptide formed a gel 

similar to the H4LMAX and H4LMAX-RGDS gels, and maintained its properties after 

exposure to high strain at 120 minutes that simulated injection (Figure 7-6).   
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Figure 7-6 Rheological characterisation of H2LRDMAX peptide hydrogel  
Strain measurement of gels over 239 mins. 1000% strain was applied at 120 mins to simulate injection 
of the gel through a needle. G’, Storage modulus; G’’, Loss modulus. 
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To assess the cytocompatibility of the H2LRDMAX, mouse osteoblasts were cultured on the 

H2LRDMAX and H4LMAX-RGDS gels. The cells attached and grew on both gels (Figure 

7-7A) and their metabolic activity increased during seven days of culture (Figure 7-7B). There 

was no difference in metabolic activity between the two groups (p=0.0978) during the culture. 

However, the cells on H2LRDMAX on day 1, 3 and 7 looked morphologically abnormal, 

whereas the cells on H4LMAX-RGDS appeared more confluent and morphologically closer to 

native osteoblasts, although aggregate formation was seen on day 7 (Figure 7-7A). The 

aggregation of the cells on H4LMAX-RGDS on day 7 was also observed when primary rat 

osteoblasts were examined on the gel, which may suggest that the gel was starting to 

disintegrate as the cells reach confluence (data not shown). Overall, H4LMAX-RGDS 

appeared more promising for further studies and therefore the following studies were carried 

out with H4LMAX-RGDS gel. 
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Figure 7-7 Viability of mouse primary osteoblasts on H4LMAX-RGDS compared with 
H2LRDMAX 
(A) Representative confocal images showing F-actin (red) and nucleic acid (blue). Scale bar = 100 µm. 
(B) Cell viability on H4LMAX-RGDS and H2LRDMAX gels were measured using alamarBlue®. Data 
is normalised to the fluorescence readings from H4LMAX-RGDS on day 1. Results from three 
biological experiments were pooled. Data shown are mean±SEM; two-way ANOVA with post hoc 
Bonferroni’s test versus H4LMAX-RGDS at that time point, p>0.05. Figures reproduced from Park et 
al. (2020) with permission from the Royal Society of Chemistry. 
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3.3 Lactoferrin delivery 
To examine whether the H4LMAX-RGDS gel could be used to deliver LF, the H4LMAX-

RGDS peptide powders were mixed with LF and then allowed to form gels. When the gel was 

incubated at 37 °C in osteoblast culture media, the H4LMAX-RGDS gel released LF over 12 

days. Approximately half of the LF (53%) was released from the gel within the first 20 hours 

and then the release plateaued until the end of the culture (Figure 7-8). At the end of the 

incubation, a strain was applied to break the gel and 100% LF could be recovered. The results 

from this experiment have shown that about 60% of the LF added to the H4LMAX-RGDS gel 

was released in a sustained manner over time, while about 40% remained bound to the gel.  
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Figure 7-8 Cumulative LF release from the H4LMAX-RGDS hydrogel over 12 days  
The culture was ended at 275 hours, and the gel was forced to break down to release LF, which released 
100%. LF = 80 µg per gel. 

 

To examine whether the addition of LF in the gel improved cell viability, primary rat 

osteoblasts were cultured on the H4LMAX-RGDS gel with and without LF for three days. The 

addition of LF to the gel increased the alamarBlue® reading slightly (1.17 times) compared to 

the gel without LF on day 3 (p=0.0489) (Figure 7-9B). Importantly, the cell morphology was 

similar between the two groups (Figure 7-9A).  
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Figure 7-9 Viability of rat primary osteoblasts on H4LMAX-RGDS hydrogel with and 
without LF  
(A) Representative confocal images showing F-actin (red) and nucleic acid (blue). Scale bar = 100 µm. 
(B) Cell viability on H4LMAX-RGDS in presence and absence of LF were measured using 
alamarBlue®. Results from three biological experiments were pooled. Data shown are mean±SEM; two-
way ANOVA with post hoc Bonferroni’s test versus H4LMAX-RGDS at that time point, *p<0.05. 
Figures reproduced from Park et al. (2020) with permission from the Royal Society of Chemistry. 
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To assess whether the LF released from the H4LMAX-RGDS gel influences osteoblasts 

beyond proliferation during the culture days, the levels of expression of osteoblast and 

inflammatory marker genes were measured, on the genes known to be affected by LF. Genes 

were selected based on Naot et al. (2011). It was previously shown that with LF treatment, Il6, 

Ptgs2, Tnfsf11b, Alpl mRNA levels increase, and there is a very subtle increase with Col1α1 

(approximately 1.2 times), while LF decreases Mmp13 level (Naot et al., 2011, Ying et al., 

2012, Amini and Nair, 2012). Our results showed that at 24 and 72 hours, there was no change 

in Il6, Ptgs2, Tnfsf11b, Alpl and Col1α1 mRNA levels, while the cells on LF-loaded H4LMAX-

RGDS gel had elevated Mmp13 expression at 72 hours compared with control at that time point 

(Figure 7-10). 
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Figure 7-10 Expression of selected osteoblast and inflammatory marker genes in primary 
rat osteoblasts on the H4LMAX-RGDS hydrogel loaded with LF 
Representative osteoblast and inflammatory markers were examined. The cells were cultured on 100 
µg/ml LF-loaded H4LMAX-RGDS gel for either 24 or 72 hours. 0 hours = RNA was collected instantly 
after the cells were exposed to LF. Results from one biological experiment. Data shown are mean±SEM, 
where the error bars are from two technical repeats. 

 

4. Discussion 
The results show that the novel self-assembling peptide is cytocompatible with osteoblasts and 

has potential to be used as a sustainable drug delivery matrix for LF.  
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The self-assembling peptide hydrogels were biocompatible and non-toxic to osteoblasts. The 

addition of the RGD motif to the gel allowed osteoconduction with osteoblasts and increased 

cell viability. Whether the gel allows osteoconduction with other host inflammatory and bone 

marrow cells is to be further examined. We have not shown if the gels are osteoinductive; 

whether osteoblasts on the gel are able to differentiate into more mature osteoblasts and 

osteocytes, which are involved in bone mineralisation, so a further study needs to be done to 

examine whether the gel supports osteoblast differentiation.  

Previous studies done in our lab suggested that 6 hours of exposure to LF is effective in 

calvarial defect regeneration in vivo (Gao et al., 2018). In our new self-assembling peptide 

hydrogels, LF was released rapidly within the first 20 hours and then plateaued. Thus, this 

showed that the LF was released from the hydrogel in a more sustained manner than from the 

collagen gel in the previous in vivo study. 

Cells on LF-loaded H4LMAX-RGDS gel showed an increase in cell viability compared to cells 

on the gel without LF in short term culture, suggesting the LF delivered in the gel was bioactive.  

To assess if LF delivered in the gel would influence osteoblasts beyond the 

viability/proliferation during the culture, the changes in mRNA levels were measured. LF in 

the gel does not seem to affect the osteoblast and inflammatory markers that we tested. The 

only change was with Mmp13, the gene that is engaged in extracellular matrix 

degradation/production, which could be linked to the morphological changes observed in the 

fluorescent images. Thus, it seems that LF does not have much effect on osteoblasts beyond 

proliferation on the H4LMAX-RGDS gel. However, one thing to note is that it is possible that 

we missed the window of the effective time of LF, as the effect of LF on osteoblasts was 

observed as early as 2 hours after treatment and the change of mRNA levels returned to baseline 

by 24 hours, based on what was observed by Naot et al. (2011). The release rate of LF from 

the gel also slows down from 20 hours.   

One of the advantages of synthetic hydrogels is that they can be modified easily to optimise 

the gel properties. RD analogues were synthesised to reduce gelation time. However, due to 

the unfavourable morphology of the cells on the most promising RD analogue, H2LRDMAX, 

further optimisation is required with the RD analogues if we want to continue with 

H2LRDMAX. The rheology results suggest that H4LMAX-RGDS is able to re-form a gel even 

after going through the strain, and the gel set within a reasonable time, therefore it was 

reasonable to test the H4LMAX-RGDS for LF delivery even if it had a slower gel setting time 
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than H2LRDMAX. For a clinical use, the self-assembling peptides need to be either kept as 

powder form until usage or made in advance as a gel form which then needs to go through the 

syringe for an injection. Hence, the recovery of gel properties after exposure to strain is one of 

the characteristics that we examined, unlike the temperature sensitive poloxamers which can 

change between sol-to-gel. 

Limitations of this study are that we could not assess whether the self-assembling peptide gel 

supports osteoinductivity to form mineralised bone. Long-term ability of the gel to release LF 

(12 days) and increase in osteoblast proliferation on the LF-loaded gel in the short-term suggest 

that LF-loaded gel could support osteoinductivity, however, gene expression results with 

osteoblast markers suggest it does not support osteoinductivity.  

For the gel to be an ideal delivery system for LF, it is important that the gel degradation rate is 

suitable so the host cells can be integrated into the gel, to help the host cells to regenerate the 

bone (Laurencin and Nair, 2014). Another limitation of this study is that we could not 

investigate how long the gel takes to be degraded, and whether the cells can migrate into the 

gel to replace the space previously occupied by the injected gel. In our study, the gel was forced 

to break at the end of the LF release study, at 12 days. In principle, most peptides present in 

two forms of L- or D-amino acids, and the peptides containing L-amino acids are susceptible 

to protease degradation (Feng and Xu, 2016). The peptides that assemble into a nanostructure 

to form a gel, like the gel assessed in our study, are less susceptible for protease degradation as 

the peptides are less likely to be exposed to the active site of the enzymes for cleavage, which 

makes the gel more stable than before the assembly. We saw the hydrogels were intact on day 

7 of the culture with cells on the gel. However, the appearance of aggregate formation of 

osteoblasts on H4LMAX-RGDS gels on day 7 in the fluorescent image suggests that the gels 

may disintegrate as cells occupy the site (Figure 7-7). Rat osteoblasts also showed aggregation 

of cells on  H4LMAX-RGDS gels on day 7 (data not shown), and this might explain a slight 

decrease in cell viability reading on day 7 shown in Figure 7-5. Nevertheless, in vitro condition 

is very different to in vivo, with presence of proteases and constant flush of fluids which would 

make the gel easier to be degraded. It is assumed that the injected gel would be eventually 

degraded and replaced by integrated host cells.  

In this chapter, we used osteoblasts from three different species. The initial cell viability 

experiments were examined on human osteoblasts, as it was important that the human cells 

were compatible with the novel synthetic peptides. After we were assured that human 
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osteoblasts are viable on the gels, we moved on to use osteoblasts from rodents, which were 

freshly collected and more available for use. Most of the experiments were carried out using 

rat osteoblasts so that we could proceed to rat calvarial defect study if the gels gave promising 

results.  

Lastly, we were not able to check if the gel induces osteoconductivity by recruiting host cells 

other than osteoblasts, including inflammatory cells and bone marrow cells that are important 

for bone regeneration at a defect site. In addition to the recruited bone cells on the gel, host 

immune cells play a role in bone healing by secreting the inflammatory factors which can 

stimulate recruitment and activation of hematopoietic and mesenchymal cells to differentiate 

into the bone-forming cell lineage (Baht et al., 2018). This can be examined in vivo.  

Overall, our study with osteoblasts showed that H4LMAX-RGDS, the self-assembling peptide 

hydrogel, was cytocompatible with osteoblasts, allowing attachment and proliferation of the 

cells on the gel. The presence of LF in the gel slightly increased cell proliferation in short term 

culture and the gel has proven sustained release of LF. Hence, the self-assembling peptide 

hydrogel has a potential to be evaluated as a drug delivery system for LF in vivo. 
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CHAPTER 8 OVERALL DISCUSSION AND 

CONCLUSION  

Part A Endocrine peptides 
This study was designed to determine the direct effect of irisin and orexin on bone by assessing 

bone cells at all development stages. We validated a new osteocyte-rich ex vivo system for 

testing the effects of factors on osteocytes in a more physiologically relevant system than 

currently available cell lines. The osteocytes within the bone tube retained their morphology 

within lacunae and were responsive to rhPTH(1-34) by decreasing expression of Sost as 

osteocytes in vivo would normally do. This is a useful system for a short-term assessment of 

the effect of factors on osteocytes. 

In vivo studies have shown positive effects of irisin and orexin on bone. Currently available 

literature on irisin and orexin shows limited understanding based on in vitro studies showing 

disagreement in different studies. If either irisin or orexin are to be used as an anabolic drug, 

we need to understand how it is affecting individual cells in the bone environment. Thus, this 

study provides a comprehensive assessment of irisin and orexin on bone cells to fully 

understand their direct effects. We identified that myokine irisin and neuropeptide orexin A 

and B have direct effects on bone cells, and showed both irisin and orexin enhanced bone 

marrow stromal cell differentiation into adipocytes. Both orexin A and B increased osteoblast 

proliferation. Irisin and orexin did not affect matrix mineralisation by osteoblasts, osteocyte 

function or osteoclastogenesis. These findings might partially explain the positive effect of 

those factors in in vivo studies in the literature. Whilst this study did not suggest the use of 

irisin and orexin as anabolic factors for local bone regeneration, it did partially expand our 

understanding of irisin and orexin, as both remain inconclusive, with contradictory results in 

the literature.  

 

Part B Delivery systems 
Different delivery systems for LF, suitable for clinical use were examined. LF has been proven 

to be anabolic to bone and local delivery of LF enhances bone regeneration (Gao et al., 2018, 
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Takaoka et al., 2011, Gormez et al., 2015). However, the anabolic effect of LF does not always 

improve bone regeneration (Paknejad et al., 2012), suggesting the LF delivery system may play 

a critical role on the effectiveness of LF to enhance bone regeneration. A previous in vivo study 

in our group showed that fast release of LF delivered in collagen gel was effective in enhancing 

rat calvarial regeneration. Thus, building on our previous knowledge, we aimed to use 

commercially available and clinically used material for LF delivery. INFUSE® Bone Graft 

Absorbable Collagen Sponge (Medtronic) had similar properties to the collagen gel that was 

used in the previous in vivo study (Gao et al., 2018), in that it was made from collagen and had 

burst release of factors. It is also the first bone graft substitute that was approved by the FDA. 

However, LF did not enhance calvarial bone regeneration when delivered in ACS compared to 

the untreated control group. It is speculated that the disappointing result is because ACS was 

designed for the optimal delivery of rhBMP2, and not optimised for LF delivery. However, it 

was interesting to observe that the burst release of rhBMP2 from ACS produced abnormal bone 

growth.  

To further examine if different systems are suitable for LF delivery, hydrogels were examined 

as a delivery system. Poloxamers are also an FDA approved gel, which have been examined 

for targeted drug delivery in different applications other than bone. The results from our in 

vitro studies showed poloxamers supported cell viability and were not likely to induce an 

unfavourable immune response, so we proceeded to an in vivo study. Disappointingly, the LF 

delivered in poloxamers did not enhance rat calvarial regeneration, and suggested poloxamers 

may have impaired bone regeneration in our defect model. To further examine gel delivery 

systems, synthetic self-assembling peptide hydrogels were designed and tested so that the LF 

release can be tailored. The in vitro studies showed the hydrogels were cytocompatible with 

osteoblasts, and capable of delivering LF. The LF delivered in the self-assembling peptide 

hydrogels suggests that they are active, as seen by increase in osteoblast proliferation in short-

term, however, if the LF delivered in the hydrogels is potent enough to influence osteoblasts 

beyond the proliferation is still to be answered. An in vivo study will be planned after LF 

delivered in the hydrogel has proven long-term cytocompatibility and osteoinductivity.  

Based on currently available literature and the results from this study, it is speculated that 

targeting the right window of effective time and concentration for LF is important. The results 

from Gao et al. (2018) and the following in vitro study suggest fast release (10 µg in 6 hours) 

of LF is beneficial for local bone regeneration in a rat calvaria model. Therefore, in this thesis, 

we covered the broad range of release time for LF, from fast releasing ACS to poloxamers to 
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self-assembling peptide hydrogels which had the longest LF releasing time. For the first 6 

hours, the poloxamer released approximately 10 µg of LF, which was similar to the rate and 

concentration released from the collagen gel in the in vivo study. However, with insignificant 

results with poloxamer, we doubled the amount of LF released from the self-assembling 

peptide hydrogel during the first 6 hours, aiming to improve the potential of LF to enhance 

bone regeneration when the gels are tested in vivo in the future (Table 8-1). Thus, more studies 

should be carried out to find the optimal release profile of LF for local bone regeneration. 

 

Table 8-1 Delivery systems evaluated in this thesis and their LF release time 

Delivery system Release time Total LF amount 
per scaffold 

Collagen gel 
(Gao et al., 2018) 

6 hours 10 µg 

ACS Not evaluated 100 µg 

Poloxamers 72 hours 
(9 µg released during the first 6 hours, similar 
to the collagen gel) 

40 µg 

Self-assembling 
peptide hydrogel 

275 hours 
(24 µg LF released during the first 6 hours, 
more than twice amount of LF released 
compared to the collagen gel) 

80 µg 

All the delivery systems examined in this thesis released LF by diffusional breakdown. Initial burst 
release of LF by diffusion was observed, and later the rest of the LF was released by break down of the 
gel. 

 

There are limitations in this study that need to be considered. Firstly, the two in vivo studies in 

this thesis did not include a group with defect filled with the delivery system only, i.e. ACS or 

plain poloxamer gel without LF. We did not include this group since both delivery systems are 

already used in clinic, and they are known to be cytocompatible. They are also known to not 

support osteoinduction alone. Also, we had to limit animal usage due to ethical constraints. For 

the ACS study, the aim of the study was to compare the efficacy of LF delivered in ACS 

compared to BMP2 delivered in ACS, which meant it was not essential to include an ACS only 

group in the study. Also, there is already a study which included ACS-only group in the rat 

calvarial defect model which showed BMP2/ACS group had lower bone density compared to 
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empty defect control or ACS-only groups (Pelaez et al., 2014). A second limitation of the study 

is that the delivery systems were only examined in a calvarial defect model, and not tested in a 

long bone defect model. As the two bones involve different mechanisms of fracture healing 

including endochondral and intramembranous bone healing, and different fracture repair time, 

the effect of LF in each delivery system could show different results. It also has to be noted 

that different animal species have different elimination rate and may require varying optimum 

LF release profiles. In our calvarial defect studies, it was unexpected to observe the control 

groups had regenerated bone within the defect even without any intervention, which we could 

not call the defect “critical-sized”. Also, limitation of using calvarial defect model needs to be 

considered. Although calvarial defect model has some advantages for studying the effect of 

growth factors or scaffolds, ultimately, we are more interested in regenerating long bones. 

Assessments in long bone segmental defect model would allow us to see if the regenerated 

bone has desirable mechanical strength and stiffness. Lastly, we could not assess different 

concentrations of LF in the animal studies. Examining multiple concentrations of LF would 

have given more information as we do not know the optimal time and concentration of LF 

release for maximal effect of LF. 

The in vivo experiments in this thesis did not show positive results, however despite its 

limitations, the study certainly adds to our understanding of how the delivery system plays a 

crucial role in local bone regeneration.  

 

Future directions 
The osteocyte-rich ex vivo bone tube system will be useful to study osteocyte function. The 

next step with the bone tubes would be evaluating whether secreted proteins from osteocytes 

would be influential to other cells. Co-culturing the bone tubes with osteoblasts, osteoclasts or 

bone marrow stromal cells and assessing differentiation and activity of bone cells would show 

whether the secreted proteins from osteocytes are functional. As shown in Chapter 3, sclerostin 

and RANKL were released from the bone tubes. Sclerostin is known to inhibit osteoblast 

activity and to enhance osteoclast activity through increasing Tnfsf11 (RANKL) and decreasing 

Tnfrsf11b (OPG). Thus, evaluating osteoblast and osteoclast activities in the presence of bone 

tubes would further contribute to the current understanding of work of osteocytes. Although 

osteocytes from bone tubes did not secrete RANKL in high amounts, it would be interesting to 

see if osteoclasts respond even with a small amount. If co-culturing bone tubes show some 
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effect on bone cells, then the next study would be to determine which osteocyte-derived 

component from the conditioned media would have the most influence on osteoblasts and 

osteoclasts. The investigation can start with the addition of antibodies against sclerostin and 

RANKL in culture, and then move on to other possible components in the conditioned media, 

including DKK-1. 

It would also be beneficial to examine the effect of fluid shear stress on osteocyte viability and 

responsiveness. In our lab, we have a cell stimulating device called Cell-EX, which can apply 

fluid dynamics to cells by adjusting microscopic stains to cell culture plastic (Joo Kim et al., 

2016). It is known that fluid shear stress can decrease RANKL and increase OPG release from 

osteocytes, increase dendricity and elongation of osteocyte dendrites, and upregulate 

Connexin43 mRNA expression: the gap junction channel involved in communication with 

osteoblasts and osteoclasts (Wittkowske et al., 2016). Examining whether application of fluid 

shear stress similar to physiological conditions would change osteocyte gene expression and 

protein secretions would be interesting. 

Once we understand the osteocyte response from the above studies, the next steps would be to 

examine whether the presence of fluid shear stress in osteocyte-rich ex vivo bone culture has 

effects on differentiation and activity of bone cells, including BMSC, osteoblasts or osteoclasts, 

in a co-culture system. 

Future investigations on delivery systems can also be expanded from the self-assembling 

peptide hydrogel studies. Evaluating whether LF delivered in the hydrogels supports long-term 

cell viability, proliferation and differentiation would be the next step. LF is known to increase 

osteoblast proliferation and differentiation. If similar effects on osteoblasts can be 

demonstrated by the LF delivered in the hydrogels, this can then be further examined in an 

appropriate in vivo model. 

 

Overall conclusion 
In conclusion, the present study was designed to determine the direct effect of irisin and orexin 

on bone, and the results suggest that they increase bone marrow stromal cell differentiation 

towards adipogenesis, and orexin increase osteoblast proliferation. However, there is not 

enough evidence to demonstrate that irisin and orexin have potential as anabolic factors for 

local bone regeneration. The present study also assessed different delivery systems to find a 
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clinically suitable delivery system for the anabolic factor LF for local bone regeneration, by 

evaluating different materials and compositions from natural polymers to synthetic peptides. 

While this study has not yet determined a suitable delivery system for LF, we found that the 

synthetic self-assembling peptide hydrogels have the potential to be further examined for local 

delivery of LF in vivo. 
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