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Abstract 

Spinal fusion is an effective and one of  the most commonly used surgeries to treat 

intervertebral disc degeneration (IDD) related low back pain. However, non-fusion still 

occurs in about 10-15% of  the clinical cases. The global objective of  this project is to develop 

a synthetic bone graft for the spinal fusion, combined with bone growth enhancing factors 

named bone and cartilage stimulating peptides (BCSP®). The focus of  this present study is 

to assess BCSPs’ performance in various concentrations with respect to their effects on 

osteoprogenitor proliferation, osteogenic differentiation, cell culture mineralization and cell 

migration. 

BCSPs appeared to enhance the bone growth in the previous study using an animal 

model; however, the cellular and molecular mechanisms of  BCSPs performance remain 

unclear. In this study, we examined three BCSPs in vitro with respect to their ability to 

enhance proliferation, to induce early osteogenic differentiation and mineralization, and to 

simulate the migration of  osteoprogenitor cells. The proliferation, early differentiation, 

mineralization and migration assessments were carried out with a double-stranded DNA 

quantification, an alkaline phosphatase (ALP, early osteogenic differentiation marker) 

expression assay, an Alizarin Red S staining assay and a Boyden Chamber assay, 

respectively. Osteoprogenitor cells examined included MC3T3-E1 preosteoblasts, human 

bone marrow-derived mesenchymal stem cells (hBM-MSCs), human periosteum-derived 

stem cells (hPDSCs), and rabbit periosteum-derived stem cells (rPDSCs).  
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Both hBM-MSCs and MC3T3-E1 preosteoblasts exhibited a significant increase of  

ALP expression after the exposure to BCSP1 and BCSP7, and MC3T3-E1 preosteoblasts 

also exhibited a significant increase of  ALP expression after the exposure to BCSP11. 

However, no significant difference was observed in proliferation, migration or 

mineralization assessments for any of  the examined osteoprogenitor cells after exposure to 

BCSPs. The present work showed that BCSPs have a stimulating effect on the early 

differentiation of  MC3T3-E1 preosoteblast and human BM-MSCs. However, BCSPs did not 

show any stimulating effects on the proliferation, mineralization and migration of  

osteoprogenitors listed, indicating that promoting early differentiation of  osteoprogenitors 

might be one of  the mechanisms of  BCSPs’ in vivo bone growth stimulating effect. 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Chapter 1: Introduction 

1.1 Clinical Motivation 

Worldwide, approximately 80% of  the population is affected by low back disease, 

which gives rise to severely debilitating symptoms (1). Low back pain has become one of  the 

leading causes of  function loss with consequent impairment to quality of  life, while also 

contributing to lower work productivity (2). In 1998 in the United States, people suffering 

from back pain spent $90.7 billion for their healthcare expenses, and what is more alarming 

is that, healthcare of  back pain patients costs 60% more than that of  individuals without 

back pain ($3,498 vs. $2,178) (3). Limited daily activity and reduced capability of  working 

impose a heavy social and economic burden on both individuals and governments (4-6). 

Intervertebral disc degeneration (IDD) is the leading cause of  lower back pain and accounts 

for 80% to 90% of  clinical cases, while neurogenic conditions (e.g., spinal stenosis) and non-

mechanical conditions (e.g., infection, inflammation) are the leading causes for the 

remaining 10-20% of  the population with low back pain (7).  

In the majority of  clinical cases, low back pain is associated with IDD. Magnetic 

resonance imaging has a long history of  being the gold standard for assessing IDD, 

indicating the strong association between IDD and lower back issues. In addition, a recent 

study also shows that the correlation between IDD and low back pain symptoms becomes 

stronger when the global severity of  IDD progresses (8). Moreover, the global severity of  

disc degeneration can also be used to predict the occurrence of  first-time low back pain 

episodes (9). Compared to other musculoskeletal diseases, the occurrence of  IDD appears 

�1



early, with approximately 20% of  the people developing mild disc degeneration in their 

teenage years. Based on a study with approximately 600 specimens, the incidence of  disc 

degeneration increased sharply with age and exhibited a higher severity in males than 

females. In the specimens examined, 17% of  those who were in their 50s had severe disc 

degeneration while the percentage increased to 55 of  hose who were in their 70s (10).  

1.2 Intervertebral Disc 

The intervertebral disc is sandwiched between vertebral bodies, and it consists of  

two parts: the annulus fibrosus (AF), a tough outer fibrous ring, and the nucleus pulpous 

(NP), an amorphous gelatinous central region [Figure 1]. Cells in the AF have elongated 

nuclei and align with collagen fibrils, showing a fibroblast-like morphology. Cells in the 

inner region of  the AF show a rounded chondrocyte-like morphology, similar to the cells in 

the NP. Type II collagen and proteoglycan are produced in the inner region of  the AF with 

type I collagen being the dominant component of  the extracellular matrix (ECM) of  the AF. 
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Figure 1. Diagram of intervertebral disk. 
Photo credit: OpenStax College, Anatomy & Physiology, Connexions Web site. http://cnx.org/
content/col11496/1.6/, Jun 19, 2013. Open access. 



Alternatively, the NP has a higher proteoglycan concentration compared to the AF with 

type II collagen being the dominant type of  collagen in the ECM of  the NP. In the outer 

region of  the AF, type I collagen represents about 80% of  the total collagen. This percentage 

drops and type II collagen concentration increases towards the central region of  the disc. At 

the AF-NP transition zone, type II collagen accounts for about 80% of  the total collagen 

and type I collagen becomes almost absent (11, 12). Collagen represents approximately 70% 

of  the dry weight of  AF and 20% of  NP (13). 

Intervertebral discs serve as the main joints within the spinal column and take up 

one-third of  the total length. Aggrecan is the major proteoglycan in the intervertebral disc, 

accounting for approximately 25% of  the dry weight of  the AF and 70% of  the dry weight 

of  the NP (14, 15). Aggrecan is negatively charged due to its disaccharide side chain 

structure. This negative charge produces an osmotic pressure which acts to maintain disc 

tissue hydration. With sufficient hydration, the disc possesses a swelling pressure and the 

latter contributes to compression resistance (16). The sum of  the supports from both the AF 

and the NP is reflected by the disc height, which is maintained and balanced by the tensile 

strength of  the AF and the swelling pressure of  the NP (17).  

1.3 Function Loss 

As described above, the load-bearing property of  the intervertebral disc can mainly 

be attributed to the swelling pressure produced by proteoglycans within the hydrated tissue. 

Therefore, the loss or reduction of  proteoglycans within the extracellular matrix has a 

markedly negative effect on the intervertebral disc’s mechanical function and compression 
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or load bearing resistance (18). Following the loss of  proteoglycan within the disc, resulting 

in a reduction of  osmotic pressure, the disc loses its ability to maintain optimum tissue 

hydration. Previous research has shown that degenerated discs have a lower water content 

compared to healthy discs (18), which results in these discs losing height (19) with a 

concomitant increased risk of  bulging of  the disc or spinal disc herniation. Major changes 

of  the disc not only affect its function and the adjacent vertebral bodies, but also have a 

critical influence on the entire spinal structure. The lack of  tissue hydration and disc 

herniation can alter the distribution of  loading pressure on the spine (e.g., abnormal 

pressure may be applied to apophyseal joints) potentially leading to an osteoarthritic 

condition (20). Work-related injury is one of  the leading causes of  disc degeneration and 

structural damage due to the abnormal load distribution (21). Studies using animal models 

have also indicated that the disc degeneration can be initiated by overload or injury (22, 23).  

In addition to the mechanical function changes, loss of  proteoglycan also affects the 

cellular and molecular environment of  the disc. When the tissue is healthy, large molecules 

cannot enter the disc matrix due to the negative charge and the complex structure of  

aggrecan. Following the loss of  proteoglycan, large molecules such as cytokines or growth 

factors can enter the disc, thereby changing cellular behaviour and the internal environment, 

which then can accelerate the progression of  disc degeneration (21, 24).  

1.4 Spinal Fusion 

Spinal fusion is one of  the most commonly used methods to treat IDD and ease 

lower back pain symptoms and discomfort. In spinal fusion surgery, two vertebrae are 
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merged into one, thus eradicating a mobile joint. The degenerated disc between these 

vertebrae is removed and the two vertebrae are bridged through the ingrowth of  the newly 

formed bone tissue under the guidance of  the grafts (25, 26) [Figure 2]. From 2005 to 2008, 

there were, on average, 360,000 spinal fusion surgeries performed annually in the United 

States (27). In 2011, the number of  spinal fusion procedures increased from 2005-2008 levels 

to approximately 480,000 and comprised 3.1% of  the total number of  operating room 

procedures (28). The number of  spinal fusions increased 1.7-fold through 2001 (287,600 

cases) to 2011 (29). In the United States, overall spending for spinal fusion surgery in 1998 

was estimated to be $4.3 billion, and this had increased to $33.9 billion by 2008, an increase 

of  7.9 fold, indicating a significant business market for spinal fusion techniques.(27) 

However, despite the great number of  spinal fusion procedures performed and the 

improvement in clinical techniques, spinal fusion failure is still a significant occurrence. It 

has been reported that in 10-15% of  clinical cases (30-33), vertebrae and bone grafts do not 
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Figure 2. Diagram of spinal fusion techniques. a) Posterolateral fusion, bone grafts were implanted 
beside the vertebrae and form the bone bridge between transverse processes (25, open access). b) 
Interbody fusion, bone grafts were placed between vertebrae (26, open access). 
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fuse thus resulting in a non-union condition where the patient’s body sees vertebrae as 

separated bones and does not guide them to fuse. Poor outcomes in spinal fusion may cause 

prolonged discomfort to patients and extra procedures to be performed, resulting in a 

financial burden to patients and stressing the healthcare system. Since 1911, when Hibbs 

(34) first reported the use of  bone tissue harvested from other regions of  the patient’s body 

such as the hips, to bind two vertebrae into one, autograft (using bones from the patients 

themselves) has become the gold standard. However, limited accessibility and serious 

complications following autograft harvest and spinal fusion surgery (35) are compelling 

researchers to search for improvements in bone fusion and healing strategies, with advanced 

scaffolds and bone growth enhancing factors. 

1.5 Project Overview 

The global objective of  this project was to develop a synthetic replacement for bone 

autograft, consisting of  a non-degradable structural polymer and a porous inorganic 

material, combined with bone growth enhancing factors named bone and cartilage 

stimulating peptides, or BCSPs. The objective of  this present study was to seek an optimal 

concentration of  BCSP for the following drug delivery system design. The improvement of  

cell proliferation, cell osteogenic differentiation, cell culture mineralization and cell 

migration were used as parameters to assess various types of  BCSP in various 

concentrations in vitro.  

�6



Chapter 2: Literature Review 

The healing process after the spinal fusion surgery is very similar to the healing 

process of  a critical bone fracture, which includes bone growth and bone remodeling. In this 

chapter, the fundamental knowledge of  bone structure, cell biology of  bone tissue, bone 

remodeling and fracture healing process are introduced, as well as the previous studies 

involving the activity of  the various BCSPs. The objective of  this present study and the 

approaches of  experiments are also included in this chapter. 

2.1 Bone Anatomy 

Bone is a dense connective tissue that protects organs and supports the human body 

structure. Bone is also the primary reservoir of  essential minerals such as calcium, 

phosphate, magnesium, sodium and carbonate. Erythrocytes, thrombocytes and most of  the 

leukocytes arise from bone marrow (36). Muscles attach to the bone, via tendons, and 

provide mobility for the human body. Bones are categorized into five types according to the 

shape: long bones (e.g., femur), short bones (e.g., carpal), flat bones (e.g., frontal) and 

sesamoid bones (e.g., patella) and irregular bones (e.g., vertebra). Irregular bones have a 

relatively thin cortical bone layer and a cancellous bone interior (37). 

Cortical bones are also known as compact bones, which refer to the hard compact 

outer layer of  bones. Cortical bone consists of  highly packed osteon, which is the primary 

functional unit also referred to as the Haversian system (38). Each osteon has a concentric 

ring structure termed a lamellae, which is generated by multiple layers of  osteoblasts and 
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osteocytes (trapped and differentiated osteoblasts) and a central tunnel called the Haversian 

canal. The space where osteoblasts and osteocytes reside is referred to as the lacunae. The 

network of  linked lacunae and Haversian canals is connected by small transverse channels, 

termed canaliculi, and this network is responsible for the transportation of  nutrients to the 

osteon and the removal of  waste products from within the osteon (38). Blood vessels taking 

up space within the Haversian canals are aligned with the axial direction of  osteon 

cylinders. In contrast, a Volkmann’s canal is a perforating canal system that is connected 

with the Haversian canals, and also consists of  blood vessels. Blood vessels in both 

Volkmann's canals and Haversian canals form a network for the transportation of  nutrition 

from the surface of  the bone to the interior. The periosteum covers the outer surface of  

cortical bones while the endosteum covers the inside surface (37) [Figure 3].  
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Figure 3. Microscopic diagram of bone structure. (U.S. National Cancer Institute's Surveillance, 
Epidemiology and End Results (SEER) Program, http://training.seer.cancer.gov/index.html, open 
access)
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Cancellous bone, also known as spongy bone or trabecular bone, makes up around 

20% of  the total bone mass within the human body. Thin lamellae called trabeculae form a 

sponge-like porous architecture in cancellous bones in response to the loading and are able 

to provide an enormously large surface area, as compared to cortical bone, for bone growth 

and remodeling (39, 40). Cancellous bone also provides space for bone marrow which 

contains bone-marrow stem cells and produces red blood cells. As the bone matures with 

age, red bone marrow is replaced by fatty marrow. However in femurs, ribs and the vertebrae 

of  adults, red bone marrow can still be found (41). 

2.2 Cell Biology of Bone 

2.2.1 Bone Formation, Resorption and Maintenance 

Osteoblasts, osteoclasts and osteocytes are essential cells among the cell population 

in the mature bone tissue and play critical roles in the formation, resorption and 

maintenance of  bone, respectively.  

The population of  osteoblasts is made up of  cells of  three differentiation phases: 

pre-osteoblasts, mature osteoblasts and osteocytes. Both endosteum and periosteum are 

reservoirs of  pre-osteoblast cells (42). Endosteum pre-osteoblasts give rise to mature 

osteoblasts that are active on the endocortical bone surfaces and trabecular bone surfaces, 

and which play an important role in maintaining the mechanical function of  the skeletal 

structure. Mature osteoblasts differentiated from periosteum pre-osteoblasts are active on the 

outer surface of  cortical bones. After maturation, osteoblasts are responsible for producing a 
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matrix known as osteoid. Collagenous proteins, of  which 97% are type I collagen and 3% 

are type V collagen, comprise around 95% of  the osteoid secreted by mature osteoblasts. 

The remaining 5% of  the osteoid consists of  proteoglycans, water, and non-collagenous 

proteins, such as osteonectin and sialoproteins (43). Mineralization of  the osteoid occurs 

during the bone remodeling. Prior to mineralization, the osteoid consists largely of  organic 

component and a portion of  this is replaced with inorganic compounds as the process of  

calcification occurs. The mature bone tissue consists of  approximately 5% water, 

approximately 25% organic component that is similar to osteoid (around 90% type I 

collagen), and the remaining 70% is composed of  inorganic calcium and hydroxyapatite 

(44). Osteoblasts are involved in the mineralization process and release alkaline 

phosphatase, an enzyme that cleaves the phosphate groups which become the mineral 

deposition foci (45). 

Osteoblasts will undergo either apoptosis, commonly known as programmed cell 

death, or they will be trapped by the matrix they secreted and eventually differentiate into 

osteocytes. Osteocytes are the most abundant cells within bone tissue and they play critical 

roles in bone maintenance, regulation and mineral homeostasis (46). Osteocytes form a 

communication network with their characteristic elongated plasma membrane and dendritic 

extensions. One important role of  this network is to serve as a mechano-sensing system to 

regulate bone formation activities and resorption activities of  osteoblasts and osteoclasts 

(47, 48).  

Osteoclasts typically reside on the inner surface of  the bone, and the bone 

resorption cavities are known as the Howship’s lacunae. They are derived from the fusion of  
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multiple mononuclear hemopoietic precursors into one multinucleate cell (44). Osteoclasts 

are responsible for bone resorption by producing hydrolytic enzymes and protons to digest 

and dissolve the organic and inorganic components of  the bone tissue, respectively. 

Osteoclasts contact bone surfaces with what is called a ruffled border [Figure 4], which 

provides a large interaction area for resorption (49). The ruffled border attaches to the bone 

surface and creates a space between the cell and the bone surface, known as the extracellular 

resorbing compartment. Hydrolytic enzymes, such as the matrix metalloproteases (MMPs) 

and cathepsin, are produced intracellularly, transported by secondary lysosomes or vesicles, 

and released into the resorbing compartment (50). H+-ATPase proton pumps along the 
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ruffled border transport protons from inside the cells, across the cellular membrane into the 

resorption cavities (51, 52). These protons provide an ideal pH to promote and stimulate the 

hydrolytic process (51, 53). As a result of  the secretion of  protons, the local pH within the 

resorbing cavities gradually becomes acidic and inorganic components such as the 

hydroxyapatite are dissolved. The concentration of  calcium ions rises as the hydroxyapatite 

is dissolved over time. The concentration increases to a point at which calcium ions enter 

the osteoclasts through the membrane, inhibiting the osteoclast activity (54) and inducing 

the osteoclast apoptosis (55, 56). The decreased production of  protons leads to a lower level 

of  bone resorption and extracellular matrix digestion. Eventually, the osteoclasts detach and 

migrate away from the resorption cavities or undergo apoptosis (57). 

2.2.2 Bone Remodeling  

During bone remodeling, osteoclasts and osteoblasts work together to maintain 

bone tissue homeostasis by balancing the bone resorption by osteoclasts and the bone 

formation by osteoblasts. Over the span of  one’s life, bone tissue is under constant 

remodeling orchestrated by signaling pathways and cellular activities. This process can be 

recognized in the following five phases: quiescence, activation, resorption, reversal, and 

formation/mineralization (58) [Figure 5]. In the quiescent phase, bone cells rest on the bone 

surfaces in a flat and thin morphology, known as bone lining cells. Approximately 80% of  

cancellous bone surface and 95% of  cortical bone surface are in quiescence in terms of  bone 

remodeling (59). Processes extending from the bone lining cells reach into canaliculi and 

form connections with the network of  osteocytes. Bone lining cells are involved in the 

maintenance of  the bone fluid environment of  ion fluxes and mineral homeostasis (60). 
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When the bone surface is activated, bone lining cells alter their morphology from being 

elongated and flat to one that is round and osteoblastic, and also become migratory (61). 

The critical step of  the activation phase is the recruitment of  mononuclear osteoclast 

progenitors, which differentiate and fuse into mature multinucleated osteoclasts after 

interacting with osteoblast progenitor cells and mature osteoblasts (62). The mature 

osteoclasts attach to the bone surface and start the resorption phase by producing enzymes 

and protons to decompose the organic component and dissolve the inorganic component 

(53). This process is also promoted by macrophages (63, 64) and factors released from the 

digested extracellular matrix such as platelet-derived growth factor (PDGF), insulin-like 

growth factor 1 (IGF-1) and transforming growth factor beta (TGF-beta) (65). The entire 

resorption phase of  the remodeling cycle continues for two to three weeks. The transition 

phase between resorption and bone formation is referred to as the reversal phase. At the end 

of  the resorption phase, a variety of  cells are present at the resorption cavity sites, including 
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monocytes, osteocytes that are liberated from the bone matrix, and osteoclasts that are 

undergoing apoptosis. Osteoblast progenitors also migrate to the resorption sites so as to 

begin the process of  bone formation (44). The coupling signal pathways that regulate the 

reversal phase are complex (66) and beyond the scope of  this thesis. However, it is believed 

that some growth factors released from the matrix by resorption, such as insulin-like growth 

factors (IGF) and bone morphogenetic proteins (BMPs), promote the osteoblastic activities 

and bone formation (67). The osteoclasts are replaced with differentiated osteoblasts or pre-

osteoblasts once the resorption phase is completed. It usually takes around five to ten days 

to generate the first layer of  bone matrix by the osteoblasts and eventually the osteoid matrix 

is mineralized. The osteoblasts transform to bone lining cells that cover the surface of  the 

regenerated bone tissue and establish the connection with osteocytes with the extended 

membrane process network. The transformation from osteoblasts to bone lining cells marks 

the end of  the formation/mineralization phase and the beginning of  the quiescent phase 

(the next remodeling cycle) (59).  

2.2.3 Osteogenic Differentiation 

Osteoblasts arise from the osteogenic differentiation of  mesenchymal stem cells 

(MSCs) (68). MSCs are defined by the minimal criteria established by the International 

Society for Cellular Therapy (69), which are the positive expression of  CD73, CD90 and 

CD105 surface markers; the negative expression of  CD45, CD34, CD14 or CD11b, CD79-

alpha or CD19 and human leukocyte antigen-D related (HLA-DR); attachment to tissue 

culture polystyrene surfaces, and the ability to differentiate towards osteoblasts, 

chondrocytes, and adipocytes in vitro. The differentiation process from MSCs to mature 
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osteoblasts includes four stages: mesenchymal cells, pre-osteoblasts, mature osteoblasts and 

eventually osteocytes (68).  

During osteogenic differentiation, runt-related transcription factor 2 (Runx2) and 

transcription factor Osterix play important roles. Runx2 is believed to play a master 

regulating role in the entire osteoblastic differentiation process. In Runx2 knock-out mice, a 

cartilaginous skeleton was formed, but there was no presence of  minerals or mineralization. 

The osteoblasts isolated from these mice showed an inability to initiate mineralization (70). 

Runx2 is critical in the differentiation both from MSCs to pre-osteoblasts and from pre-

osteoblasts to mature osteoblasts, and it is mainly expressed by pre-osteoblasts and is down-

regulated once pre-osteoblasts are differentiated into mature osteoblasts (71). Osterix also 

plays important roles and is needed for proper bone formation. Osterix is located 

downstream of  Runx2, as indicated by a study where Runx2 was expressed in an animal 

model where the Osterix was knocked out, whereas Osterix was absent in the Runx2 

knockout animal (72). Runx2 and Osterix are widely used as markers of  osteogenic 

differentiation of  MSCs and since the expression of  Runx2 occurs throughout the early 

stage to the maturation of  osteoblasts, Runx2 is also widely used as a marker of  early 

osteogenic commitment of  MSCs (71). The enzyme alkaline phosphatase (ALP) is 

commonly assessed as an early osteogenic differentiation marker (73). ALP plays a critical 

role in the mineralization of  bone formation and an increased expression level of  ALP is 

required for bone regeneration (74). The expression level of  ALP elevates as the 

differentiation of  pre-osteoblasts to mature osteoblasts occurs and gradually drops as 

osteoblasts differentiate into osteocytes or undergo cell death (75). At the stage of  mature 
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osteoblasts, a high level of  expression of  alkaline phosphatase (ALP), osteocalcin (OC) and 

bone sialoprotein (BSP) is observed (76). Bone sialoprotein and osteocalcin are non-

collagenous proteins secreted in the osteoid and are involved in the bone matrix 

mineralization. Bone sialoprotein binds to the collagen I secreted by the pre-osteoblasts and 

the osteoblasts, and the binding sites become nucleation sites of  hydroxyapatite crystals (77). 

Osteocalcin is the most abundant non-collagenous protein secreted specially by osteoblasts 

and it has important roles in both bone formation and bone resorption (78, 79).  

The selection of  markers to assess the osteogenic differentiation varies according to 

the different stages of  differentiation on which the study focuses, and the span of  the 

differentiation that the study covers. For instance, the elevation of  Runx2 occurs after the 

osteogenic commitment, and the expression of  Runx2 stays at a relatively high level 

throughout the MSCs, pre-osteoblast and osteoblast stages, whereas osteocalcin is the 

specific marker that is used to indicate the presence of  osteoblasts (68, 76) [Figure 6]. 
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Figure 6. Diagram of the process of osteogenic differentiation and osteogenic markers at different 
phases. Runx2 and Osterix play important roles throughout the early differentiation and the 
maturation of osteoblasts. ALP expression starts to elevate once the MSCs are committed towards a 
osteogenic differentiation. BSP and osteocalcin are secreted by osteoblasts into the ECM, which are 
used as markers to indicate the formation of mature osteoblasts. 



2.3 Fracture Healing 

The process of  healing and recovery that occurs after two vertebrae are fused into 

one after spinal fusion surgery is very similar to the way in which other bone fractures heal. 

The biological processes of  spinal fusion are composed of  the following three phases: the 

inflammation phase, the reparative phase and the remodeling phase [Figure 7] (80, 81) . 

There is no strict boundary between each phase throughout the entire healing process with 

different phases transitioning into the next and often overlapping each other for a period of  

time. 

Inflammation occurs rapidly after the fusion surgery. As a result of  the surgical 

trauma (e.g., damage to the blood supply, decortication of  bone), a hematoma forms and 
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Figure 7. Fracture healing stages. a) Inflammation phase, characterized by the formation of 
hematoma. b) Early reparative phase, granulation tissue and cartilage tissue start to form 
and the woven bone tissue is generated. c) Late reparative phase, granulation tissue 
volume decreases, cartilage tissue starts to mineralize. d) Remodelling phase. (81, used 
with permission) 



this region is soon invaded by inflammatory cells such as macrophages, blood monocytes 

and polymorphonuclear leukocytes (82). During the first few days after surgery, growth 

factors such as platelet-derived growth factor (PDGF), tumour necrosis factor alpha (TNF-

alpha) and transforming growth factor beta (TGF-beta) and cytokines such as interleukin-1 

(IL-1) and interleukin-6 (IL-6) are produced in order to regulate inflammatory responses and 

cellular activities, and to recruit mesenchymal stem cells from bone marrow and periosteum 

tissue to the fusion site (83). Angiogenesis is also initiated and stimulated by the growth 

factors and cytokines released around the wound site (82), and the hematoma is then 

gradually infiltrated and eventually replaced by fibrovascular tissue. This fibrovascular 

tissue, which is commonly referred to as a granuloma, serves as the scaffold for cell 

migration and the future woven bone formation (84).  

The late period of  the inflammatory phase overlaps with the reparative phase. The 

reparative phase begins 3-5 days after surgery and lasts for several weeks, during which 

vascularization is further increased, necrotic tissue is resorbed and a soft callus is formed by 

osteoblasts, chondroblasts and fibroblasts. These cells are differentiated from mesenchymal 

stem cells, which originate from the bone marrow and periosteum adjacent to the surgery 

sites or migrate to the surgery site through blood vessels. In the reparative phase, the tissue 

at the injury sites transforms from granulation tissue to a mixture of  connective tissue, 

woven bone and cartilage and eventually only woven bone. This woven bone tissue bridges 

the vertebrae and becomes the scaffold for lamellar bone formation. Eventually, the woven 

bone tissue is replaced with lamellar bone by bone remodeling (85).  
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This transformation from granulation tissue to woven bone tissue is largely 

attributed to intramembranous ossification, cartilage formation and endochondral 

ossification. During intramembranous ossification, no cartilage is formed at the matrix of  

ossification as a precursor, but woven bone tissue is laid down directly by the osteoblasts 

differentiated from pluripotent mesenchymal cells or osteoblasts migrated from adjacent 

areas. This woven bone area is also referred to as a hard callus (86). As intramembranous 

ossification occurs, chondroblasts start to form cartilage at the central region of  the fusion. 

Fibroblasts also form fibrous tissue in addition to the cartilage formation, and the 

combination of  these two tissues is commonly referred to as a soft callus. The soft callus is 

eventually replaced so that in the end, only cartilage remains. In the late period of  the 

reparative phase, chondroblasts stop producing collagens and transform into hypertrophic 

chondrocytes producing alkaline phosphatase which helps promote calcification of  the 

cartilage. The cartilage then undergoes endochondral ossification and eventually it is 

replaced by the woven bone (85). During endochondral ossification, capillaries from the 

periosteum and nearby undamaged bone tissue begin to permeate the calcifying matrix and 

supply the matrix with oxygen and nutrients, as well as remove cellular wastes. With a more 

hospitable microenvironment created by the flow of  nutrient and oxygen, osteoblasts also 

take up residence in the injured area and secrete osteoid, which will be remodeled into 

trabecular bones afterward (86) [Figure 8].  

The final step of  the bone healing process is the remodeling phase wherein the 

woven bone is replaced with lamellar bone. The remodeling process gradually modifies the 

distribution of  lamellar bone in response to the stress load at the fusion site until an optimal 

�19



formation is achieved (44). In an animal model study, the formation of  the cortical rim 

around the fusion site and the presence of  newly formed bone marrow were also found, 

indicating the sophistication of  this remodeling process (87).  

2.4 BCSPs 

There are three essential design criteria for a successful bone graft in the post-

surgery healing process of  spinal fusion: the capability of  osteogenesis, and the ability to be 

osteoconductive and osteoinductive (88). The osteogenesis criterion means that the graft 

should include osteogenic cells or precursors and is able to generate bone tissue in situ. The 

osteoconductive agent serves as a scaffold to which the osteo-related cells can attach, 

migrate towards, and grow on or serves as a factor to regulate cell attachment and 

migration. It supports the bone ingrowth and facilities fusion site revascularization. 

Osteoinductive factors are able to initiate or promote osteogenic differentiation of  
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Figure 8. Timeline of bone fracture healing. 



osteoprogenitors, improve the proliferation of  the osteo-related cells or to recruit cells to the 

fracture sites to aid the fusion process (89).  

BCSPs are synthetic peptide fragments selected from the alpha I chain of  the 

human Type I collagen [Figure 9]. The amino acid sequences of  BCSP1, BCSP7, and 

BCSP11 are Asn-Gly-Leu-Pro- Gly-Pro-Ile-Gly-hydroxy Pro, Pro-Gly-Pro-Ile-Gly and Gly-

Pro-Ile-Gly, respectively. In a previous in vivo study (90), BCSP1 and BCSP7 were 

administrated onto the periosteum tissue at the tibia of  rabbit, and after 7 days the bone 

mineral content (BMC) and bone mineral density (BMD) at the injection sites [region 2 in 

Figure 10] and whole tibia were measured. Scan results showed that, at the injection region 

and the whole tibia, both bone mineral content and bone mineral density were significantly 
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Figure 9. BCSP sequence and its location in human collagen I peptide sequence.



greater in the BCSP-treated groups as compared to the controls [Figure 11]. BCSP11 was 

not assessed in vivo but an in vitro study was conducted to assess its osteogenic promoting 

capability [personal communication from Dr. Tim Smith, Octane]. The RNA expression 

levels of  various osteogenic markers, such as osteopontin, BMP-2 and BSP, were 

significantly elevated after the treatment with BCSP11 in the concentrations range from 0.1 

ng/mL to 100 ng/mL over a period of  three weeks, which was indicated by at least a 2.5-

fold increase of  RNA expression compared to the non BCSP11 treated controls. A previous 

in vitro study also indicated that BCSP1 had a dose dependent stimulating effect on the 

proliferation of  bovine chondrocytes, human chondrocytes, and rat bone marrow derived 

osteoblasts (90).
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Figure 10. Bone densitometry analysis of the BCSP treated tibia. The BMC increase and BMD 
increase of the whole tibia were analyzed on all three regions. BMC increase and BMD increase 
around the injection sites were analyzed at region 2. “L” and “H” indicate low density and high 
density of the bone mass. More high density bone mass was observed on the tibia scan image on 
the left (BCSP1 treated) compared to the non BCSP treated group on the right. (87)



2.5 Experiment Cell Types 

2.5.1 MC3T3-E1 Preosteoblasts 

The MC3T3-E1 cell, with its pre-osteoblastic phenotype, has been the most 

commonly used cell line for in vitro osteogenesis studies since its establishment from the 

newborn mouse calvaria (91). A high ALP expression level was used as a biological 
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Figure 11. Bone mass content (BMC) and bone mass density (BMD) scan results 7 days after the treatment 
of BCSP1 and BCSP7 in the in vivo study. a) BMC percentage of increase at region 2. b) BMD percentage of 
increase at region 2. c) BMC percentage of increase in the whole tibia. d) BMD percentage of increase in the 
whole tibia. Treatment of BCSP1 or BCSP7 significantly enhanced the bone mass content increase and 
bone mass density increase around the injection sites (region 2) and in the whole tibia compared to the 
non-BCSP treated group (Control). (87, adapted)



parameter for MC3T3-E1 cell selection. Sub-clones of  this cell line were further 

characterized by their mineralization capability and late osteogenic marker expression of  

proteins such as bone sialoprotein (92). MC3T3-E1 cells demonstrate a mineralization 

process that is very similar to that of  intramembranous ossification in vivo (91). Sub-clones 

4, 8, 11, 14 and 26 stained positive for the presence of  mineralization using a Von Kossa 

stain, after being cultured in an inorganic phosphate and ascorbic acid supplemented 

medium. Sub-clones 4 and 14 demonstrated collagen-associated mineralization with the 

characteristic fibrillar Von Kossa staining, whereas sub-clone 17 and 24 culture showed the 

characteristic granular mineralization of  ectopic mineral that is non-collagen associated. 

The MC3T3-E1 subclone 4 is an effective cell source to study bone biology and it was used 

in this study for its consistency of  cell performance (mineralization, osteogenic marker 

expression, etc.) throughout previous studies (93-96) and because there are well established 

techniques to detect its osteogenic process (ALP level increase and decrease, mineral 

formation, etc.). The ability of  BCSPs to affect MC3T3-E1 sub-clone 4 proliferation, 

differentiation, mineralization and migration were assessed with various concentrations.  

2.4.2 Human BM-MSCs 

Human BM-MSCs are a widely studied and used cell type in bone regeneration and 

fracture healing and represent a gold standard to compare with in terms of  osteogenic 

differentiation and osteogenesis (97-99). The proliferation (cell growth) and differentiation 

(towards osteoblastic cells or chondrogenic cells) of  BM-MSCs are crucial to bone tissue 

regeneration and the outcome of  the fracture repair. The enhancement of  the bio-activities 

of  BM-MSCs by a stimulating agent can make this agent a promising candidate for post-
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surgical drug administration. Recently, utilizing the clinical benefits of  mesenchymal stem 

cells has emerged as a new strategy to assist the fracture healing process (100, 101). 

Osteoprogenitors are isolated from bone marrow and expanded ex vivo, prior to the in vivo 

application via scaffolds (100, 102). Stem cell therapy could potentially benefit from the 

improvement of  BM-MSC osteogenic activities during ex vivo cell expansion (103, 104). In 

this present study, the effects of  BCSPs were assessed with respect to proliferation 

stimulating, differentiation inducing, and mineralization stimulating on human BM-MSCs 

in vitro. 

2.4.3 Periosteum Derived Stem Cells 

Periosteum possesses a composite structure with two main layers. The outer layer is 

a thick and fibrous layer that consists of  two sections. The superficial zone of  the outer layer 

contains a large amount of  organized collagen fibres and elastic fibres as well as a small 

amount of  matrix, cells and blood vessels. The layer beneath this fibroelastic layer is known 

as the matrix layer, which is highly vascularized and contains a relatively large amount of  

collagenous matrix. Some of  these blood vessels extend through the periosteum into the 

cortical bone and form a blood supply network with blood vessels in the osteons. The inner 

layer, which is commonly referred to as the cambium layer, is relatively thin and is the cell 

reservoir of  the periosteum tissue, containing cells that are either fibroblastic, osteoblastic, or 

other cells that still maintain the multi potential (105).  

Cells isolated from the periosteum tissue are commonly referred to as periosteal 

cells or periosteum derived cells. Osteoblast-like cells represent about 90% of  cells in the 

cambium layer, whereas fibroblast-like cells make up around 95% of  the cells in the 
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fibroelastic layer (106). The density of  fibroblast-like cells increases moving from the 

cambium layer that is close to the bone surfaces to the outer fibroelastic layer. The 

morphology also changes from a round shape to a flat and elongated shape towards the 

outer layer of  periosteum. The cell population of  the periosteum tissue is composed of  

MSCs, fibroblasts, osteoblasts and pericytes. In addition to a significant portion of  the cell 

population that is recognized as MSCs, the osteocytes and fibroblasts also exhibit very 

similar morphology and differentiation potential to that of  MSCs (107, 108). The distinction 

that can specifically separate fibroblast-like multi-potential cells apart from fibroblasts in the 

periosteum tissue remains poorly studied. However, a comparison study using a rabbit 

model presented evidence that cells derived from the cambium layers showed a higher 

osteogenic phenotype than cells derived from the fibroelastic layer, by producing a higher 

level of  alkaline phosphatase and osteocalcin (109). Studies have also shown that 

periosteum derived cells have comparable osteogenic ability, if  not better, to that of  human 

BM-MSCs in bone regeneration (110-112).  

In the in vivo bone regeneration study by Stevens, M. M. et al., space was created in 

vivo between the cortical bone surface and periosteum tissue, which was filled with the 

injection of  a calcium-alginate gel in the absence of  growth factors, and this approach was 

to trigger a fracture healing response to the “gap” created between periosteum tissue and the 

bone surface. A series of  osteogenic behaviours were observed in the space and new bone 

tissue was generated over 12 weeks; periosteal cells and newly generated capillaries filled the 

space at day 3, woven bone tissue was observed after 2 weeks and bone remodeling was 

observed with the decrease of  woven bone tissue and the increase of  lamellar bone tissue 8 
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weeks after the space manipulation (113). In the in vivo rabbit model study with BCSPs 

described previously, bone mass content and bone mass density were increased significantly 

when BCSPs were administrated onto the periosteum tissue of  intact tibia, and the majority 

of  the bone mass content increase and bone mass density increase occurred around the 

BCSP injection sites. These findings indicated that periosteum and cells migrated from the 

periosteum play important roles in fracture healing and periosteum-derived cells could be 

one of  the cell types that are responsive to BCSPs. In the present study, the potential 

stimulating effect of  BCSPs on cell proliferation and cell migration were examined with 

periosteum-derived stem cells isolated from rabbits (rPDSCs) and human PDSCs obtained 

from Octane Inc. 

2.6 Scope and Objective 

BCSPs appear to promote bone growth in vivo and the osteogenic process in vitro as 

described above. BCSPs therefore have the potential to be used as osteoinductive factors in a 

bone graft system to enhance the bone growth and fusion process. The long-term objective 

of  this research project involves assessing the cellular and molecular mechanisms of  BCSPs’ 

performance, developing a drug delivery system for a controlled dosage of  BCSPs, 

integration of  BCSPs and the delivery system and assessment of  its biocompatibility, 

stability, and overall performance. For this thesis, the objective was to screen three BCSPs in 

various concentrations with respect to their ability to enhance proliferation, to induce early 

osteogenic differentiation and mineralization, and to simulate the migration of  

osteoprogenitor cells in vitro. 
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2.7 Approach 

The stimulating effects of  each of  BCSP1, BCSP7 and BCSP11 on proliferation, 

early osteogenic marker expression and cell culture mineralization were first screened with 

MC3T3-E1 preosteoblasts and hBM-MSCs. Given the significance of  the periosteum tissue 

to bone fracture healing as described above, the enhancement of  the performance of  

periosteal cells is a promising direction to study in order to optimize the healing process. 

Promoting cell migration to the fracture or surgery sites is one of  the strategies for 

increasing the population of  clinically useful cells such as osteogenic cells and cells with 

osteogenic potential. The screening of  the stimulating effects of  BCSPs was carried on 

hPDSCs with the assessments of  the stimulating effect of  BCSP1, BCSP7 and BCSP11 on 

hPDSC proliferation, and migration. Assessment of  the stimulating effect of  BCSP1 on 

rabbit PDSC migration was also carried out in an effort to confirm the reported in vivo bone 

growth stimulating effect of  BCSP1 in a rabbit model. Migration assays of  BCSP1, BCSP7 

and BCSP11 were also carried out with MC3T3-E1 preosteoblasts. Experiment conditions 

and time points were listed below [Table 1]. 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Table 1. Conditions and time-points in BCSP assessment assays. 

The concentrations indicate the experiment conditions in each assay (e.g., the proliferation assay of 
MC3T3-E1 was carried out after the treatment of BCSP1, 7 or 11 at the concentration of 10 or 50 ng/mL)

Aspects Proliferation Differentiation Mineralization Migration

Methods
dsDNA 

quantification

ALP 
expression 

assay

Alizarin Red S 
staining 

Boyden Chamber 
assay

Cell types MC3T3-E1 10, 50 ng/mL 10, 50 ng/mL 10, 50 ng/mL 10, 25, 50 ng/mL

hBM-MSCs 10, 50 ng/mL 10, 50 ng/mL 10, 50 ng/mL

hPDSCs
10, 25, 50 ng/

mL 10, 25, 50 ng/mL

rPDSCs
BCSP1 at 10, 25, 50 

ng/mL)

The assays were conducted at the time points listed below. (e.g., proliferation assay with hBM-MSCs was 
conducted with a dsDNA quantification after 5 days of BCSP treatment)

Cell types MC3T3-E1 Day 5 Day 7 Day 14 24 hrs

hBM-MSCs Day 5 Day 14 Day 21

hPDSCs Day 5 24 hrs

rPDSCs 24 hrs (BCSP1 only)



Chapter 3: Materials and Methodology 

3.1 Cell Sources and Materials 

MC3T3-E1 subclone 4 preosteoblast cells and human bone marrow-derived 

mesenchymal stem cells (hBM-MSCs) were obtained from ATCC (Manassas, VA, USA). 

Rabbit periosteum-derived stem cells (rPDSCs) were isolated from the tibia of  fresh rabbit 

cadavers. Human periosteum-derived stem cells (hPDSCs) were obtained from Octane 

Biotech Inc (Kingston, ON, Canada). Basal medium for hBM-MSC was Dulbecco's 

Modified Eagle Medium (DMEM) with low glucose (SH30021.FS, GE Healthcare Life 

Sciences) and basal medium for MC3T3-E1 was MEM Alpha Modification (alpha-MEM, 

SH30265.01, GE Healthcare Life Sciences). A 1:1 mixture of  DMEM and Ham’s F12 

medium (DMEM-F12) was used as the basal medium for both rPDSC and hPDSC culture.  

BCSP1, BCSP7, BCSP11 were obtained from Octane Biotech Inc. (Kingston, ON, 

Canada). Sodium chloride (NaCl), magnesium chloride (MgCl2), Nuclear Fast Red, 

tris(hydroxymethyl)aminomethane hydrochloride (Tris-Cl), ethylenediaminetetraacetic acid 

(EDTA), TritonX-100, aluminum sulfate, dexamethasone, ascorbic acid-2-phosphate, beta-

glycerophosphate, bovine serum albumin (BSA), silver nitrate and paraformaldehyde were 

purchased from Sigma-Aldrich Canada Co. (Oakville, Ontario). Fetal bovine serum (FBS), 

penicillin-streptomycin (pen-strep), 0.25% trypsin-EDTA were obtained from Life 

Technologies Inc. (Burlington, Ontario). P-nitrophenyl (pNP) and Alizarin Red S were 

purchased from MP Biomedicals, LLC. (Santa Ana, USA). Collagenase type II was 

purchased from Worthington Biochemical Co. (Lakewood, New Jersey). 4’,6-diamidino-2-
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phenylindole (DAPI) mounting medium was obtained from Abcam (Cambridge, 

Massachusetts). Dimethyl sulfoxide (DMSO) was purchased from Corning Cellgro 

(Manassas, USA).  

3.2 Cell Culture 

3.2.1 MC3T3-E1 preosteoblast primary expanding culture 

Cells from ATCC (Manassas, VA, USA) were thawed from the vial and seeded in 

T175 flasks at a density of  3,000 cell/cm2. Alpha-MEM supplemented with 10% FBS and 

1% pen-strep were used as complete medium with the medium being changed every two 

days. Once the cell population reached approximately 90% confluence, the cells were 

subcultured and propagated for future experiments. The medium was removed and cells 

were rinsed with PBS twice, and then 25 mL of  trypsin-ethylenediaminetetraacetic acid 

(trypsin-EDTA) was added to each T175 flask. Flasks were incubated at 37°C for 3-5 min 

and observed under an inverted microscope to ensure proper cell dispersion. Cell solutions 

were then transferred to 50 mL Falcon tubes and the same amount of  complete growth 

medium was added to the tube to stop the trypsinization. Finally, cells were collected via 

centrifugation at 500g for 5 min and resuspended in complete growth medium for cell 

counting and subculturing. Appropriate aliquots of  the cell solution were transferred to new 

T175 flasks at a density of  3,000 cell/cm2. Subculture was carried out twice and cells were 

cryopreserved for future experiments. Passage 3 cells were used in the experiments.  
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3.2.2 hBM-MSCs primary expanding culture 

Cells purchased were thawed and seeded at a density of  5,000 cell/cm2 in a T175 

flask. In primary expanding culture, the Mesenchymal Stem Cell Growth for Bone Marrow-

derived MSCs (PCS-500-041, ATCC) was used as basal medium, supplemented with 

Mesenchymal Stem Cell Growth Kit for Bone Marrow-derived MSCs (PCS-500-041, 

ATCC) (final concentration: 7% FBS, 15 ng/mL rh-IGF-1, 125 pg/mL rh-FGF-b) and 1% 

pen-strep with the medium being changed every two to three days. When the cell population 

was approximately 90% confluent, the medium was removed and the cells were rinsed with 

PBS twice. 25 mL of  trypsin-EDTA was added to the T175 flask and the flask was 

incubated at 37°C for 3-5 min. The flask was observed under an inverted microscope for 

proper cell dispersion. Cell solutions were then transferred to 50 mL falcon tubes and same 

amount of  complete growth medium was added to the tube to stop the trypsin-EDTA. 

Finally, cells were centrifuged at 500 g for 5 min and then resuspended in complete growth 

medium for cell count and following subculture. Appropriate aliquots of  the cell solution 

were transferred to new T175 flasks at a density of  5,000 cell/cm2. Subculture was carried 

out twice and the cells were cryopreserved for future experiments.  

3.2.3 Rabbit Periosteum Derived Stem Cells Isolation 

Periosteum tissues were isolated from the medial proximal tibia of  a male New 

Zealand dwarf  rabbit in 0.5 cm × 0.5 cm squares and these fragments were washed twice 

with PBS with 1% pen-strep. The periosteum fragments were digested in DMEM-F12 

(supplemented with 10% FBS and 1% pen-strep) with 0.25 % collagenase type II (CLS-2, 

Worthington, Freehold, NJ, #LS004176) for 4 h at 37°C. The digested cell solution was 
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filtered through a 40 µm cell strainer (Fisher, #22-363-547) and the cells were collected via 

centrifugation at 500g for 10 min. Primary cells were resuspended in the T175 flask and 

cultured to around 90% confluence before the subculture was carried out. For the 

subculture, 25 mL trypsin-EDTA was added to the T175 flask and the flask was incubated at 

37°C for 3-5 min. The cells were transferred to the 50 mL falcon tube once they were 

properly dispersed, and then centrifuged at 500g for 5 min. Cells were counted and 

transferred to new T175 flasks at a density of  5,000 cells/cm2 to complete the subculture. 

Subculture was carried out twice and passage 3 cells were used in the experiments.  

3.2.4 Osteogenic Differentiation Characterization 

Human PDSCs were cultured in osteogenic medium for 21 days and isolated rabbit 

PDSCs were cultured in osteogenic medium for 14 days prior to the osteogenic 

differentiation characterization using Von Kossa staining. Osteogenic medium was prepared 

with complete medium and 10 mM beta-glycerophosphate, 10 nM dexamethasone, and 50 

μg/mL ascorbic acid-2-phosphate. Briefly, the cells were washed with deionized water twice 

and fixed with 4% paraformaldehyde solution for 30 min. Fixed cells were again washed 

twice with deionized water and incubated with 5% silver nitrate solution under a UV light 

for 30-45 min (longer exposure was required if  darker cell sheets were not observed). The 

cell sheets were washed with deionized water and un-reacted silver was washed by 5% 

sodium thiosulfate solution. Cell sheets were washed and then stained with 0.1% Nuclear 

Fast Red solution (0.1% Nuclear Fast Red with 5% aluminum sulfate). The mineral 

deposition, nuclei and cytoplasm were stained black/brown-black, red, and pink, 

respectively.  
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3.2.5 Cryopreservation  

The same cryopreservation method were used for all cell types. Cells were detached 

from the flasks by adding 25 mL of  trypsin-EDTA to T175 flasks or 10mL to T75 flasks and 

cultured for 3 to 5 min. Flasks were observed under a microscope and once the cells were 

properly dispersed, trypsinization was stopped by adding the same amount of  complete 

medium. Cell number was counted with a hemacytometer, and the cells were collected via 

centrifugation at 500g for 5 min. The cryopreservation solution was 80% FBS, 10% 

complete culture medium and 10% DMSO. Collected cells were aliquoted in the 

cryopreservation vials at a density of  1.5 million cells/vial and preserved in liquid nitrogen.  

3.3 Cell Proliferation Assay QuantiFluor® dsDNA Quantification:  

MC3T3-E1 cells were seeded to 24-well plates at a density of  10,000 cells/well and 

cultured with complete growth medium (alpha-MEM supplemented with 10% FBS and 1% 

pen-strep). 24 h after initial seeding, the medium was changed to the complete growth 

medium supplement with BCSP1, BCSP7 and BCSP11 at the concentrations of  both 10 ng/

mL and 50 ng/mL. The BCSP supplemented medium was changed every two days and after 

5 days of  culture, a proliferation assay was carried out using a QuantiFluor® dsDNA 

Quantification kit (Promega, USA). Briefly, the cells were washed with PBS twice to remove 

serum proteins on the surface and then lysed in 1 mL lysis buffer (50 mM Tris-HCl, 150 mM 

NaCl, 1mM EDTA, 1% TritonX-100, adjusted to pH 8) to obtain the cell lysate solution. All 

samples were analyzed in duplicate in 96-well plates (Corning-Costar, Oneonta, USA). For 

each replicate, 100 μL cell lysate solution and 100 μL QuantiFluor® dsDNA Dye (1X) were 
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mixed and incubated for 5 min while protected from light at room temperature. The 

fluorescence was read at an excitation wavelength of  504 nm and emission wavelength of  

531 nm with a plate reader (EnSpire Multimode Plate Reader, PerkinElmer Inc). Readings 

were converted to dsDNA concentration using a standard curve prepared according to the 

manufacturer’s protocol and then converted to the total cell number with the total lysate 

solution volume of  each well (1 mL) and a 6 pg dsDNA/cell ratio (114).  

The proliferation of  hBM-MSCs was analyzed 5 days after the initial seeding at 

2,000 cells/well density. The proliferation assay of  hPDSCs with BCSP1 was conducted 5 

days after initial seeding at 3,000 cells/well. The proliferation assay of  hPDSCs with BCSP7 

and BCSP11 were conducted 5 days after initial seeding at 2,000 cells/well. All proliferation 

assays were carried out with the QuantiFluor® dsDNA Quantification kit (Promega, USA) 

to quantify the cell numbers.  

3.4 Early Differentiation Marker Alkaline Phosphatase Assay 

MC3T3-E1 cells were seeded in the 24-well plates at a density of  100,000 cells/well. 

24 h after initial seeding, the complete medium was changed to BCSP supplemented 

medium. The medium was changed every 2 days and at day 7, the ALP expression level was 

analyzed with a p-nitrophenyl phosphate liquid substrate system (N7653, Sigma). Cells were 

gently washed twice with PBS and sonicated in 1 mL ALP buffer (100 mM NaCl, 5 mM 

MgCl2, 100 mM Tris-Cl, adjust to pH 9.5). The lysate solutions were transferred to 1.5 mL 

Eppendorf  tubes and centrifuged at 13,000g for 10 min, and the supernatant was then 

collected for the assay. In the 96-well plates, 100 μL p-nitrophenyl phosphate substrate was 
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added to 40 μL of  lysed sample solution, and 40 μL ALP buffer was used as a blank. 

Following 30 min of  incubation at room temperature, the absorbance was measured at 405 

nm with a plate reader. The blank reading was subtracted from the sample readings and the 

results were standardized to nmol pNP generated /min according to the standard curve 

prepared with p-nitrophenyl and further normalized to the nmol pNP/mg protein/min with 

the protein content measurement. The ALP/protein readings were also standardized to the 

control group result and presented as fold-increase of  the ALP expression level over control 

after the treatment of  various dosages of  BCSPs. 

Protein content was measured using the Bio-Rad Protein Assay. Briefly, 40 μL of  

Bio-Rad reagent was added to 100 μL of  each lysed sample and 100 μL ALP buffer as 

blanks on the 96-well plates. The plates were incubated at room temperature for 5 min and 

the absorbances was measured at 595 nm by the plate reader. The blank reading was 

subtracted from the absorbance reading of  each lysed sample and the results were 

standardized to mg protein according to the standard curve prepared with bovine serum 

albumin. The protein content results were used to normalize the ALP absorbance readings. 

hBM-MSCs were seeded to the 24-well plates at a density of  60,000 cells/well. ALP 

assays were carried out after 14 days of  treatment with BCSP1, BCSP7 and BCSP11 at the 

dosages of  10 ng/mL added every second day and 50 ng/mL added every second day.  

3.5 Mineralization Alizarin Red S Staining Assay 

MC3T3-E1 cells were seeded on 12-well plates in a 150,000 cells/well density. 24 h 

after initial seeding, the complete media were changed to fresh complete media as control, 
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to osteogenic medium (complete medium with 10 mM beta-glycerophosphate, 10 nM 

dexamethasone, and 50 μg/mL ascorbic acid-2-phosphate) as positive control, and to BCSP 

supplemented complete medium as experimental conditions. Culture medium was changed 

every two days and at day 14, Alizarin Red S staining was used to assess the mineral 

deposition qualitatively and quantitatively. Briefly, the medium was removed from each well 

and the cells were gently washed twice with Milli-Q water. Cells were fixed with 

paraformaldehyde solution (4%, pH 7.4) for 30 min at room temperature afterwards and 

washed with deionized water. Then, the cells were stained with the Alizarin Red S solution 

(40 mM, pH 4.1-4.2) at room temperature for 15 min and any un-bound dye was gently 

washed off  with deionized water. Pictures of  the culture plates of  the experimental groups 

were taken using a photo scanner (Epson Perfection V600 Photo). Images of  the positive 

control groups were taken with an inverted microscope to confirm the osteogenic 

characteristic of  the cells. The dye extraction solution (20% methanol and 10% acetic acid) 

was added to each well and allowed to stay at room temperature for 15 min with gentle 

shaking. Dye solutions were collected in Eppendorf  tubes from each well and transferred to 

96-well plates (100 µL/well) in duplicate prior to the absorbance measurement at 450 nm 

with the plate reader. For hBM-MSCs, the mineralization assay was conducted on Day 21 

after the initial seeding at 100,000 cells/well density with the same method used for 

MC3T3-E1 cell mineralization.  
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3.6 Migration Boyden Chamber Assay 

Random cell movement regardless of  the concentration of  soluble factors is 

generally referred to as chemokinesis, whereas directed migration in response to the 

presence of  a soluble stimulus, such as cytokines and growth factors, is known as 

chemotaxis. The migration assessment was carried out with a Boyden chamber assay (115), 

in which chemotactic agents were added to the bottom part of  the chamber and cells are 

seeded at the top [Figure 12]. ThinCerts Cell Culture Inserts (8 µm pore size, Greiner Bio-

One Inc., #662638) were placed in the 24-well plates. 600 μL of  complete culture medium 

was added to the plate wells as control and 600 μL of  BCSP supplemented medium 

(complete culture medium with BCSP in various concentrations) was added to the plate 

wells below the inserts as experimental conditions. 200 μL of  cell solution was added into 

each insert. Cell culture plates with inserts were incubated at 37°C and 5 % CO2 for 24 h. 

After 24 h, the inserts were gently washed three times with PBS. Non-migrated cells left 
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Figure 12. Diagram of chamber migration assay. Cells were seeded inside the inserts and BCSP 
supplemented medium was added outside the inserts in the wells. After 24 hours of culture, un-migrated 
cells in the inserts were removed and migrated cells were fixed, stained and counted afterwards. Adapted 
from (115, open access)



inside the inserts were removed with cotton swabs and the insert membranes were then fixed 

with 4% para-formaldehyde solution for 20 min at room temperature. The membranes were 

detached from the inserts and stained with 4ʹ 6-diamidino-2-phenylindole (DAPI), followed 

by fluorescent cell imaging using a confocal microscope (Olympus FV1000). The area of  

each image was 33.6 mm2 and at least six pictures were taken at different locations for each 

membrane. The cell number on each picture was counted using ImageJ, and the cell 

migration percentage was then calculated with an equation of  average cell number per 

picture, actual size of  a single picture, size of  the membrane culture surface and total 

number of  seeded cell, as noted below. 

  

3.7 Statistics 

 Significant differences were assessed using a one-way ANOVA with a Tukey post-

hoc test performed using Graphpad Prism 6 (Graphpad Software, La Jolla, CA, USA) and p 

≤ 0.05 was considered significant (“*”= p<0.05, “**”= p<0.01, “***”= p<0.001, “****”= 

p<0.0001). Data values are presented as means ± standard deviation (SD) and the number 

of  samples per group (n) is indicated for each experiment.  
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Chapter 4: Results 

4.1 Proliferation 

No significant difference in cell numbers between each group was observed of  

either MC3T3-E1 pre-osteoblasts [Figure 13], hBM-MSCs [Figure 14] or hPDSCs [Figure 

15] in the presence of  any of  the three BCSPs. During a 5 day exposure to BCSP1, BCSP7 

and BCSP11, the growth of  MC3T3-E1 pre-osteoblast cells, hBM-MSC and hPDSCs was 

not inhibited. However, the BCSPs also did not have a positive effect on the cell growth of  

these three types of  cells.  
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Figure 13. Proliferation assay result of MC3T3-E1 
preosteoblast. The dsDNA quantification assay 
was conducted 5 days after initial cell seeding. 
Initial seeding density: 10,000 cells/well, n=6.
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Figure 14. Proliferation assay result of 
human BM-MSCs. The dsDNA quantification 
assay was conducted 5 days after the initial 
cell seeding. Initial seeding density: 2,000 
cells/well, n=6. 



4.2 Evidence of Early Differentiation 

BCSP1, BCSP7 and BCSP11 was administered individually to the cells at dosages 

of  10 ng/mL added every second day and 50 ng/mL added every second day. The ALP 

expression level of  MC3T3-E1 preosteoblasts [Figure 16] and hBM-MSCs [Figure 17] were 

assessed at days 7 and day 14, respectively, and the results are presented in nmol pNP/mg 

protein/min and fold-increase over control [Table 2].  

In the assays with MC3T3-E1 preosteoblasts, the ALP expression was significantly 

enhanced to approximately two fold greater than control when treated for seven days with 

BCSP1 at 10 ng/mL (8.46 ± 1.56 nmol pNP/mg/min), BCSP7 at 50 ng/mL (9.16 ± 2.55 

nmol pNP/mg/min) and BCSP11 at 10 ng/mL (9.31 ± 1.84 nmol pNP/mg/min). The 
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Figure 15. Proliferation assay result of human PDSCs. Initial seeding density of BCSP1 assay: 
3,000 cells/well, initial seeding density of BCSP7 and BCSP11 assays: 2,000 cells/well, the dsDNA 
quantification assay was conducted 5 days after the initial cell seeding. n=6



ALP expression level in MC3T3-E1 preosteoblasts that were treated with the rest of  the 

conditions also showed an increase; however, it was not significant.  

In the experiments with hBM-MSCs, only BCSP1 and BCSP7 showed significant 

increases in ALP expression level. The ALP expression level of  the treated hBM-MSCs 

increased two fold over that of  the untreated hBM-MSCs after treatment with BCSP1 at 

both 10 ng/mL (26.96 ± 5.44 nmol pNP/mg/min) and 50 ng/mL (23.36 ± 2.31 nmol pNP/

mg/min) or BCSP7 at 10 ng/mL (28.69 ± 3.25 nmol pNP/mg/min) over a period of  14 

days. The cells treated with BCSP11 at 10 ng/mL and 50 ng/mL added every second day 

over a period of  14 days showed no significant increase in ALP expression level.  
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Figure 16. ALP expression assay result of MC3T3-E1 Preosteoblast. ALP expression assay 
was carried out at day 7 and the ALP activity is expressed in nmol pNP generated/mg 
protein/min, n=6.



4.3 Mineralization 

Each of  BCSP1, BCSP7 and BCSP11 was administered at the dosage of  10 ng/mL 

or 50 ng/mL added every second day to MC3T3-E1 preosteoblasts over a period of  14 days 

and to hBM-MSCs over 21 days, followed by Alizarin Red S staining. Images of  the positive 

control groups and pictures of  the experimental group plates were taken and stains were 

quantified with dye extraction and absorbance measurement. 
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Figure 17. ALP expression assay result of human BM-MSCs. ALP expression assay was 
carried out at day 14 and the ALP activity is expressed in nmol pNP generated/mg protein/
min, n=6.
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Table 2. Fold-increase of ALP expression level over control. ALP expression level of the BCSP-treated 
groups were normalized to the ALP expression level of the control groups (cultured in complete medium)

BCSP-1 
(10ng/mL)

BCSP-1 
(50ng/mL)

BCSP-7 
(10ng/mL)

BCSP-7 
(50ng/mL)

BCSP-11 
(10ng/mL)

BCSP-11 
(50ng/mL)

MC3T3-E1 2.01 1.39 1.64 2.17 2.21 1.69
BM-MSCs 2.09 1.81 2.22 1.07 1.51 1.26



Mineral deposition was observed in the positive control groups of  MC3T3-E1 

preosteoblasts [Figure 18] and in the human BM-MSCs [Figure 19]. However, no mineral 

deposition were observed in the BCSP treatment groups. BCSP-treated groups of  MC3T3-

E1 preosteoblasts [Figure 20] and BM-MSCs [Figure 21] all stained negative. When 

quantified, no significant difference was found between the absorbance readings of  BCSP 

treated groups and that of  the control, either with MC3T3-E1 preosteoblast cells or human 

BM-MSCs [Figure 22].  
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Figure 18. Alizarin Red S staining on the positive control of MC3T3-E1 Preosteoblast. Cells were 
seeded in the same seeding density (150,000 cells/well) and cultured in the osteogenic differentiation 
medium for the same period of time (14 days) as the BCSP-treated groups. Red staining is the dyed 
mineral deposition, which confirms the osteogenic capacity of the cells used in the experiment. 

Figure 19. Alizarin Red S staining on the positive control of human BM-MSCs. Cells were seeded in 
the same seeding density (100,000 cells/well) and cultured in the osteogenic differentiation medium 
for the same period of time (21 days) as the BCSP-treated groups. Red staining is the dyed mineral 
deposition, which confirms the osteogenic capacity of the cells used in the experiment. 
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Figure 20. Alizarin Red S staining of BCSP treatment groups of MC3T3-E1 preosteoblast. Alizarin Red S 
staining was conducted after 14 days of BCSP treatment in the conditions listed and no mineral deposition 
was observed in any of the BCSP-treated groups. Treatment conditions in A-F: BCSP1 at 10 ng/mL, BCSP1 
at 50 ng/mL, BCSP7 at 10 ng/mL, BCSP7 at 50 ng/mL, BCSP11 at 10 ng/mL, BCSP11 at 50 ng/mL

Figure 21. Alizarin Red S staining of BCSP treatment groups of hBM-MSCs. Alizarin Red S staining was 
conducted after 21 days of BCSP treatment in the conditions listed and no mineral deposition was 
observed in any of the BCSP-treated groups. Treatment conditions in A-F: BCSP1 at 10 ng/mL, BCSP1 at 
50 ng/mL, BCSP7 at 10 ng/mL, BCSP7 at 50 ng/mL, BCSP11 at 10 ng/mL, BCSP11 at 50 ng/mL



4.4 PDSC Characterization and Migration 

The osteogenic differentiation potential of  rPDSCs and hPDSCs were confirmed. 

Both rPDSCs [Figure 23] and hPDSCs [Figure 24] cultured in osteogenic medium stained 

positive for Von Kossa staining, indicated by the black nodules in the figures.  

A migration assay was carried out 24 h after cell seeding, and cells that migrated 

through the membrane were counted to obtain the migration percentage. No significant 

difference of  migration percentage was observed between any of  the BCSP groups and the 

control groups. The migration of  MC3T3-E1 preosteoblasts [Figure 25] and human PDSCs 

[Figure 26] did not significantly increase or decrease in the presence of  BCSP1, BCSP7 or 

�46

Contro
l

BCSP-1
 (1

0n
g/m

L)

BCSP-1
 (5

0n
g/m

L)

BCSP-7
  (

10
ng/m

L)

BCSP-7
 (5

0n
g/m

L)

BCSP-1
1 (

10
ng/m

L)

BCSP-1
1 (

50
ng/m

L)
-40

-20

0

20

40

60

80

pe
rc

en
ta

ge
 o

f d
iff

er
en

ce
 

ov
er

 c
on

tr
ol

Contro
l

BCSP-1
 (1

0n
g/m

L)

BCSP-1
 (5

0n
g/m

L)

BCSP-7
  (

10
ng/m

L)

BCSP-7
 (5

0n
g/m

L)

BCSP-1
1 (

10
ng/m

L)

BCSP-1
1 (

50
ng/m

L)
-40

-20

0

20

40

60

80

pe
rc

en
ta

ge
 o

f d
iff

er
en

ce
 

ov
er

 c
on

tr
ol

Figure 22. Alizarin Red S staining quantification of MC3T3-E1 preosteoblasts (left) and hBM-
MSCs (right). Presented as percentage of difference of the absorbance of the BCSP treatment 
groups over that of control group. n=4



BCSP11 at concentrations of  10, 25 and 50 ng/mL. Furthermore, no significant difference 

was observed in the migration of  rPDSCs in the presence of  BCSP1 compared to the 

control [Figure 27]. 
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Figure 24. Von Kossa staining on the positive control of human PDSCs. 
Black staining is the dyed mineral deposition.

Figure 23. Von Kossa staining on the positive control of rabbit PDSCs. Black 
staining is the dyed mineral deposition.
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Figure 25. Migration assay result of MC3T3-E1 preosteoblasts. Migration assay was conducted 24 hours 
after cell seeding and the seeding density in the assay was 15,000 cells/insert, n=4.
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Figure 26. Migration assay result of hPDSCs. Migration assay was conducted 24 hours after the cells 
seeding. Seeding density in the assay is 30,000 cells/insert, n=4.
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Figure 27. Migration assay result of rabbit PDSCs. Migration assay was conducted 
24 hours after initial seeding and the seeding density was 9,000 cells/insert, n=6.



4.5 Results Summary 

Results of  the assays above are summarized in Table 3 below. Non-enhancing 

effects of  the BCSPs examined are marked as “-” while positive effects of  the BCSPs are 

indicated with BCSP type and effective concentrations.  
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Table 3. Screening Chart of BCSP Performance. Negative results are indicated as “—” and positive results 
are indicated by the BCSP type and the condition.

BCSP1 BCSP7 BCSP11

Proliferation MC3T3-E1 - - -

BM-MSCs - - -

Human PDSCs - - -

ALP Expression MC3T3-E1 BCSP1, 10ng/mL BCSP7, 50ng/mL BCSP11, 10ng/mL

BM-MSCs
BCSP1, 10 and 50 

ng/mL 
BCSP7, 10ng/mL -

Mineral 
Formation MC3T3-E1 - - -

BM-MSCs - - -

Cell migration MC3T3-E1 - - -

Human PDSCs - - -

Rabbit PDSCs -



Chapter 5: Discussion 

5.1 Proliferation 

Previous studies (90) indicated that BCSP1 had a dosage-dependent stimulating 

effect on the proliferation of  bovine chondrocytes and human chondrocytes. However, the 

proliferation of  MC3T3-E1 preosteoblasts, hBM-MSCs and hPDSCs were not enhanced by 

the treatment with various concentrations of  BCSP1, BCSP7 or BCSP11. This inconsistency 

could be due to the differences of  species and cell types. In addition, human BM-MSCs are 

multipotent stem cells and hPDSCs and MC3T3-E1 cells are undifferentiated osteoblast 

precursors and committed osteoblast precursors, whereas human and bovine chondrocytes 

are well-differentiated cell types. The difference of  differentiation stages could also 

contribute to the inconsistency between this present study and the studies carried out 

previously.  

As described above in the literature review about bone fracture healing, two types of  

ossification, intramembranous ossification and endochondral ossification, occur during the 

fracture healing, among which the endochondral ossification requires the cartilage tissue as 

a precursor for the following ossification. The non-stimulating effect of  BCSPs on the 

proliferation of  osteoprogenitors along with the stimulating effect of  BCSP1 on the 

proliferation of  chondrocytes suggest that the enhanced bone growth in the previous in vivo 

study may be attributed to the improvement in the endochondral ossification stage due to 

the enhanced proliferation of  chondrocytes.  
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Cells are thought to slow down their proliferating activity once they are committed 

towards a specific lineage (in this case, the osteogenic lineage) and start the differentiation 

process (116). The non-stimulating effect of  the BCSPs on proliferation that was observed 

may therefore be due to the cells becoming committed to the osteogenic phenotype.  

5.2 Early differentiation and mineralization 

ALP is commonly used as an early osteogenic marker of  both MC3T3-E1 

preosteoblasts and hBM-MSCs. Day 7 and day 14 are common time points to assess ALP 

expression level for both MC3T3-E1 preosteoblasts and BM-MSCs (117-119). Type I 

collagen matrix is laid down as the ALP expression level reaches its peak and declines 

afterwards. The matrix is then mineralized, which is a hallmark of  the late stage of  

osteogenic differentiation. Mineralization reflects advanced osteogenic differentiation and 

the osteogenic outcome over a relatively long period of  time both in vivo and in vitro. As 

described above, BCSP1 showed a stimulating effect on ALP expression in rat bone marrow-

derived osteoprogenitors and rat calvaria-derived osteoprogenitors. BCSP1 and BCSP7 also 

significantly enhanced bone mineral formation and bone mineral density in vivo in a rabbit 

fracture healing model (90).  

In the present work, BCSP1 and BCSP7 showed a stimulating effect on ALP 

expression level of  both MC3T3-E1 preosteoblasts and human BM-MSCs, similar to the 

effects observed in previous studies, even though this present study was carried out with 

different cell sources. However, in the present study, no mineral deposition was observed on 

BCSP-treated cell culture, indicating that mineralization was not induced by BCSP1, BCSP7 
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or BCSP11 alone. Compared to the expression of  a single marker such as ALP, 

mineralization is orchestrated by various factors and signal pathways, especially in vivo. 

Many factors, such as Runx2, Osterix, ALP, osteopontin and osteocalcin, play critical roles 

in the differentiation process of  MSCs or pre-osteoblasts to the mature osteoblasts, and they 

are also critical in in vitro bone formation process from the newly seeded cell population to 

the mineralized cell culture (74, 120-122). Intracellular ALP is the early marker indicating 

the osteogenic differentiation commitment of  the MSCs and the continued osteogenic 

differentiation from pre-osteoblast to mature osteoblasts. However, mineralization is the 

ultimate outcome of  in vitro osteogenic differentiation which requires, at a molecular level, 

the expressions of  critical factors as described above and, at a cellular level, the secretion of  

osteoid (mostly collagen I, unmineralized matrix) and its mineralization. Elevation of  the 

early expression of  ALP can be used to predict the long-term mineral deposition outcome 

but the elevated ALP expression level cannot guarantee a successful in vitro mineralization 

outcome. Evidence reported in the previous study indicated a 5-fold increase of  ALP 

expression level in vitro that still failed to lead to in vivo bone formation (104), which 

supports the findings herein. The expression level of  multiple markers, therefore, needs to be 

tested to acquire a better understanding of  the potential differentiation stimulating effect of  

BCSPs.  

5.3 Migration 

 Migration assays were conducted with cells in two differentiation phases: pre-

osteoblasts and PDSCs. Pre-osteoblasts, or osteoblast precursors and multi-potential stem 
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cells make up the majority of  the clinically beneficial cell population around the injury sites 

or post-surgery trauma sites that contribute to the healing process. Another possible 

mechanism, by which the in vivo bone formation observed in rabbits may have arisen, was 

through inducing the migration of  osteoprogenitor cells to the site. However, the data in the 

present study indicates that neither MC3T3-E1 preosteoblasts nor human PDSCs increased 

cell migration under the influence of  BCSP1, BCSP7 or BCSP11 at concentrations of  10, 25 

or 50 ng/mL. This non-response at the concentrations listed suggests that BCSP1, BCSP7 

and BCSP11 are not chemokines for MC3T3-E1 pre-osteoblasts and human PDSCs. In the 

migration assay with rabbit PDSCs and BCSP1, which mimics the cell type and BCSP type 

in the previous in vivo study, rabbit PDSCs also showed no increase in migration in the 

presence of  BCSP1 at concentrations of  10, 25 and 50 ng/mL, suggesting that induction of  

PDSCs chemotaxis was not responsible for the enhanced bone formation shown in the 

previous in vivo study. 

The cell population of  rabbit PDSCs obtained in the present study were likely a 

mixture of  various cell types including fibroblasts, fibroblast-like osteogenic cells, pre-

osteoblasts, osteoblasts and mesenchymal stem cells. The migration assays conducted were 

done with un-sorted PDSCs and it is possible that BCSPs may function as a chemokine to 

specific cell types among the PDSCs cell population or to cells that are in a specific 

differentiation stage. However, the cells that are responsive to BCSPs might only make up a 

small portion of  the entire population and this stimulating effect may be too small to be 

observed among other non-responding cells. Cell sorting and purification may therefore be 

required to further study the potential chemotactic function of  BCSPs to PDSCs.  
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In this present study, BCSPs were suspended in the medium and the chemotactic 

migration of  cells towards the presence of  BCSPs were studied. The chemotactic migration 

was not observed since the number of  the cells migrated was not increased with the presence 

of  BCSPs, suggesting that the presence of  the BCSPs in the medium have no stimulating 

effect on cell migration. However, when coated on the surface, BCSPs may be capable of  

stimulating the motility of  the cells once they are attached to the coated surface. The global 

objective of  this project is to design a autograft substitute incorporating a synthetic bone 

graft and the BCSPs. BCSPs may not be able to improve the recruitment of  the osteogenic 

cell to the graft implant sites, however, BCSPs may have the potential to serve as 

osteoconductive factors to improve the cell motility and intragraft cell infiltration.  
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Chapter 6: Conclusions and Recommendations 

6.1 Conclusions 

The ALP expression level of  MC3T3-E1 preosteoblasts was significantly increased 

in the presence of  BCSP1, BCSP7 or BCSP11. The ALP expression level of  hBM-MSCs 

was significantly increased in the presence of  BCSP1 or BCSP7 but not in the presence of  

BCSP11. However, the elevation of  the ALP expression level did not lead to the 

mineralization of  the cell culture of  both MC3T3-E1 preosteoblasts and hBM-MSCs in the 

presence of  BCSP1, BCSP7 or BCSP11. These finding indicate that BCSPs have a 

stimulating effect on MC3T3-E1 and hBM-MSCs in the early osteogenic differentiation 

phase by enhancing the ALP expression but BCSP alone may not be able to initiate the in 

vitro mineralization. Furthermore, the proliferation of  MC3T3-E1 preosteoblasts, hBM-

MSCs and hPDSCs was not stimulated in the presence of  the BCSP1, BCSP7 or BCSP11. 

The cell migration of  MC3T3-E1 preosteoblasts and hPDSCs was not stimulated in the 

presence of  BCSP1, BCSP7 or BCSP11, and the cell migration of  rPDSCs was not 

stimulated in the presence of  BCSP1 either. These findings suggest that the enhanced bone 

formation in the previous in vivo study was not attributed to the proliferation or the 

migration of  osteoprogenitors. 
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6.2 Recommendations 

Multiple markers are related to the osteogenic differentiation, and these markers 

regulate the outcomes of  in vitro cell matrix mineralization and in vivo bone formation. 

Further assessment of  the stimulating effect of  osteogenic differentiation could include the 

expression of  Runx2, osterix, osteocalcin (OC) and bone sialoprotein (BSP) as they are 

critical markers in both differentiation and mineral deposition.  

In the mineralization assays, complete medium was used as control and 

experiments were conducted with complete medium with BCSPs but no mineralization was 

observed in BCSP treated groups. However, BCSPs might be able to promote the 

mineralization process once the mineralization is initiated. In the future studies, osteogenic 

medium could be used in both controls (osteogenic medium) and experiment conditions 

(osteogenic medium with BCSPs) so as to induce the mineralization before the assessment 

of  BCSPs’ stimulating effect. In the osteogenic differentiation assays, same design could also 

be used to assess whether the presence of  BCSPs still promote the differentiation once the 

cells are committed to the osteogenic cell fate, with respect to enhancing the expression of  

osteogenic markers 

Both in vitro mineralization and in vivo formation have two major steps: the 

formation of  a un-mineralized collagenous matrix and the mineralization (in vitro) or 

ossification (in vivo) to form the bone tissue. The collagenous matrix is largely comprised of  

collagen Type I, therefore a staining specific to collagen type I could be used prior to the 

mineralization assay to assess the stimulating effect of  BCSPs on un-mineralized matrix 

secretion. 
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In vitro mineralization is the hallmark of  osteogenic differentiation and a useful 

biological parameter to measure the performance of  a specific osteogenic cell type or the 

osteogenic enhancing activity of  an agent. However, in vivo environment is more complex 

than the in vitro environment where cells are isolated from tissues and ECM. Enhanced in 

vivo bone growth is the ultimate goal of  this project, therefore, an in vivo study with animal 

model of  bone fracture is necessary to assess the overall performance of  BCSPs. 
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