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Abstract 

 

Tissue engineering therapies have been developed over the past few decades for 

bone repair and regeneration. Tissue-engineered constructs can be fabricated using a 

range of different materials. Calcium sulfate (CaSO4) based scaffolds have been used as 

a bone substitute for more than a century and are now commercially available. CaSO4 

scaffolds have been reported to be of benefit for the healing of fracture nonunions. Bone 

marrow-derived mesenchymal stem cells (BM-MSCs) possess the ability to differentiate 

into osteoblasts. Studies have implanted scaffolds loaded with BM-MSCs into injured 

areas and discovered that it enhanced the recovery.  

In this study, human BM-MSCs were seeded onto two types of disk-shaped CaSO4 

based scaffolds – Stimulan (CaSO4) and Genex (CaSO4/ β-TCP) to observe and compare 

growth, proliferation and osteogenic differentiation of BM-MSCs on the scaffolds. Two time 

points (7 days and 21 days) were used for each scaffold.  

BM-MSCs attached to plastic culture flask surface when observed using microscope. 

BM-MSCs differentiation assays showed that these cells were able to undergo osteogenic 

and adipogenic differentiation. Flow cytometry indicated BM-MSCs expressed a specific 

set of MSCs surface markers which were CD90, CD44, CD73 and CD105. The 4′,6-

diamidino-2-phenylindole (DAPI) assay indicated that the number of cells on the scaffolds’ 

surface increased at day 21 compared to day 7. The DAPI imaged side of half-cut scaffolds 

showed similar penetration depth of BM-MSCs at day 7 and 21. The cell viability assay– 

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) assay, demonstrated that BM-MSCs were able to remain viable on the 

scaffolds after cultured for three weeks. BM-MSCs seeded on both types of scaffolds 

secreted enzyme alkaline phosphatase (ALP) but revealed no significant difference in ALP 

level between the two types of scaffolds. Variation in donors’ cells behaviour was observed 

in this study as the patterns differed between donors. In conclusion, both Stimulan and 

Genex supported BM-MSCs growth, proliferation and osteogenic differentiation. More 

research on this cell-scaffold construct is needed to optimise its use in clinical practice.  

 

 



5 
 

MScR The University of Edinburgh 2021 

Lay Summary 

 

Bone fracture nonunion is a recognised complication following bone fracture. 

According to U.S. Food and Drug Administration (FDA), nonunion is defined as a fracture 

which is a minimum of nine months old and has not shown any healing signs for three 

months. Nonunion is also defined as a fracture which is unlikely to heal without any further 

intervention.  

Mesenchymal stem cells (MSCs) are a type of stem cell which can be found in various 

sites of the body, such as the bone marrow and fat tissue. These cells have the ability to 

differentiate into bone, cartilage and fat cells. Therefore, it has been suggested that MSCs 

may be of benefit in the treatment of nonunions to help in repair and regeneration. The 

utilisation of MSCs in the clinical setting has been enhanced through the introduction of 

three-dimensional (3D) constructs, known as bone scaffolds. Bone scaffolds can serve as 

a template for cells to attach, grow and form new tissue on it. A suitable bone scaffold 

should not trigger an immune reaction when implanted into body and ideally would 

degrade over time.  

Scaffolds used in this study were made up of calcium sulfate (CaSO4) and β-tricalcium 

phosphate (β-TCP). Bone is the major storage site of calcium in the form of hydroxyapatite. 

MSCs isolated from human bone marrow were seeded on the scaffolds to observe 

whether these scaffolds supported BM-MSCs growth and able to stimulate the stem cells 

to differentiate into bone cells. In addition, the activities of cells were compared between 

the two types of scaffolds. It was found that BM-MSCs grew and experienced osteogenic 

differentiation on both scaffolds. The cells increased in number as cultured time increased. 

However, there was no obvious change in the cells’ behaviour between the two types of 

scaffolds.   

This in vitro study shows that these scaffolds have the potential to be part of a tissue 

engineered construct consisting of both cells and a matrix. However, further studies are 

needed to examine the growth and activities of BM-MSCs on these scaffolds in an in vivo 

setting. 
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1 Introduction 

 

1.1 Bone 
 

Bone is a rigid tissue, which is the main component of mammalian skeletal systems. 

The human skeleton is comprised of approximately 270 bones at birth while it will decrease 

to around 206 bones by adulthood as some bones tend to fuse. The skeletal system 

provides structural support to the body and has a number of mechanical functions, such 

as locomotion, mastication, respiration, manipulation and protection of internal organs. In 

addition, bone has several non-mechanical functions; it acts as a source of stem cells, red 

and white blood cells and a storage site of minerals such as calcium (1). Bone can be 

categorised into four groups which are long bones, short bones, flat bones and irregular 

bones. Long bones include bones in the limbs such as femora, humeri and tibiae. Short 

bones consist of the patellae and sesamoid bones. Flat bones include the vault of the skull 

and scapulae while irregular bones comprise of vertebrae and hyoid bone.  

Macroscopic structure of bone  
 

A long bone is divided into three parts, the diaphysis, cone-shaped metaphysis and 

rounded epiphysis. Dense cortical bone makes up the majority of the diaphysis. On the 

other hand, the metaphysis and epiphysis are composed of trabecular bone surrounded 

by a thin layer of cortical bone. The cortical bone is dense and solid, whereas the 

trabecular bone, also known as cancellous bone or spongy bone, is porous with a 

honeycomb-like network. 20% of trabecular compartment volume is comprised of bone, 

while the other 80% is made up of marrow and fat (2). For normal bone, cancellous bone 

has an average of 300-600 µm diameter pores and cortical bone has 10-50 µm diameter 

pores (3). 

Microscopic structure of bone  
 

Bone is microscopically composed of cellular and extracellular components. 

Osteoblasts, osteoclasts and osteocytes are the cell types found in bone. Osteoblasts are 

specialised mesenchymal cells (MSCs), which have undergone differentiation from 

mesenchymal stem cells and pre-osteoblasts. Therefore, MSCs applied onto a bone 
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scaffold can act as a source of osteoblasts. Some osteoblasts develop further into 

osteocytes (4). Osteoblasts work in harmony with osteoclasts to maintain equilibrium 

between bone formation and bone resorption. Osteoblasts synthesise bone matrix while 

osteoclasts break down bone tissue and release minerals. The extracellular components 

can be subdivided into organic and inorganic phases. The inorganic or mineral phase 

mainly consists of hydroxyapatite (HA; Ca10(PO4)6(OH)2) and small amounts of carbonate 

and magnesium. The organic phase is made up of type I collagen and non-collagenous 

proteins like osteocalcin, osteopontin (OPN) and bone sialoprotein (5). Bone minerals 

contribute to the rigidity and mechanical strength while the organic matrices play roles in 

flexibility and elasticity.  

Bone modelling and remodelling 
 

Bone will undergo modelling and remodelling processes continuously throughout a 

human’s life. Bone modelling is a process where bones change their shape when 

stimulated by mechanical forces. Remodelling takes place to remove mature and micro-

damaged bone tissue by a process known as bone resorption (Figure 1). The old bone 

tissue is replaced by new bone tissue with the process of ‘cutting cones’ which helps to 

maintain the mechanical strength of bone (1). The bone remodelling cycle starts with 

secretion of receptor activator of nuclear factor-kappa B ligand (RANKL) by cells of 

osteoblast lineage. The RANKL that has formed, interacts with the RANK receptor on 

osteoclast precursors, resulting in activation, differentiation and fusion of cells of 

osteoclast lineage. Partially differentiated pre-osteoclasts migrate to the bone surface to 

form multinucleated osteoclasts. After resorption, a reversal phase occurs where 

mononuclear cells prepare the bone surface for osteoblasts to initiate bone formation. The 

mononuclear cells also releases signals for osteoblast migration and differentiation (6). 

During the formation phase, osteoblasts regulate mineralisation and secrete a type I 

collagen-rich matrix. Bone remodelling ends when osteoblasts experience apoptosis, 

develop into bone-lining cells or differentiate into osteocytes within bone matrix (7). 
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Figure 1: Bone remodelling phases: activation, resorption, reversal, formation and 
mineralisation. (8) 
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1.2 Bone Defects 
 

Bone defects arise due to congenital or acquired conditions (9). They can have a 

negative impact on patients’ daily activities and can cause a massive amount of patient 

morbidity and functional disability. Congenital bone disorders, such as Treacher Collins 

syndrome (TCS) can be associated with a genetic mutation. In this condition, the 

development of facial bones is affected, leading to deformities of the eyes, ears, 

cheekbones and chin. On the other hand, acquired bone defects can be caused by trauma, 

infection or tumour. Traumatic injuries frequently occur in sport, car accidents and war 

zones.  

Bone defects can arise after pieces of bone are surgically removed (10). Neoplasms 

in the bone like osteosarcoma may require tumour resection with wide margins. As a result, 

tumour with a part of healthy tissue surrounding it is removed (11). This causes a 

significant loss of bone. In bone infection, also known as osteomyelitis, debridement of 

bone may be required to control the infection. 

Classification 
 

Bone defects are mainly categorised based on location, defect size and margins. The 

classification systems allow preoperative planning for treatment, management and 

rehabilitation. Anderson Orthopaedic Research Institute (AORI) classification is one of the 

most frequently applied systems that mainly depends on the size of the bone defect 

derived from femur and tibia (12). AORI classification system classified bone defects into 

three types. Type I with minor bone loss without compromising stability of component. In 

type II, unilateral or bilateral metaphyseal bone damage occurred and augmentation is 

needed. Furthermore, in type III, there is a significant metaphyseal bone loss which may 

involve patellar tendon detachment (12).  

Consequences 
 

In the case of critical-sized bone defects, the bone is not able to heal or regenerate 

on its own. Lack of treatment can result in severe nonunion (10). According to U. S. Food 

and Drug Administration (FDA), nonunion is defined as a fracture with a minimum period 

of nine months old and has not shown any healing signs for three consecutive months 

(13). Calori et al. defined nonunion as a fracture which is impossible to heal without any 
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further intervention (13). The two fractured bone ends will not bridge. Frequency of bone 

fracture nonunion is between 5 to 10% with the incidence of 19 per 100000 patients (14). 

Patients with fracture nonunion often suffer from pain and disability preventing them from 

working and carrying out daily activities. A number of factors have been shown to 

contribute to nonunion. They are host factors such as smoking and diabetes, biological 

factors like infection and mechanical factors such as fixation method (15). However, when 

a large amount of bone is lost, this critical loss of bone is sufficient to prevent the bone 

uniting. Management and treatment of nonunion are clinical challenges worldwide. 

Bone healing mechanism  
 

Bone healing is a complex process which involves interaction of biological and 

mechanical factors (15). There are two mechanisms of bone healing used in clinical 

practice: primary/ direct/ osteonal bone healing and secondary/ indirect bone healing (16). 

Primary healing uses similar processes to those seen in remodelling, such as removal of 

microcracks by cutting cones. In secondary healing mechanism, the process begins with 

haematoma formation, followed by organisation of the haematoma and an inflammatory 

reaction at the fracture site, then soft callus formation, hard callus formation and 

remodelling (17).  

When trauma happens, blood vessels are disrupted and bleeding occurs. Integrity of 

vascular endothelium is also affected. A fibrin blood clot forms and platelets that are bound, 

release platelet-derived growth factor (PDGF) to attract early-stage inflammatory cells. In 

addition, necrotic cells and tissues are formed. These stimulate initial inflammatory 

response where pro-inflammatory cytokines such as interleukin-6 (IL-6) are released to 

the site and immune cells such as neutrophils are attracted. These initial molecules and 

cells, ‘chemoattract’ other endothelial, fibroblastic and inflammatory cells. More 

specifically, transforming growth factor β1 (TGF-β1) has been discovered to recruit 

mesenchymal stem cells (MSCs) which can differentiate into osteoblasts and 

chondrocytes (18, 19). Moreover, TGF-β1 can induce the synthesis of collagen, alkaline 

phosphatase (ALP) and OPN (20). Macrophages play an essential role in producing 

vascular endothelial growth factor (VEGF) and bone morphogenetic proteins (BMPs), 

which help in angiogenesis and bone formation at the fracture area (21). The initial 

haematoma is converted into granulation tissue and then chondrogenesis takes place to 

bridge the fracture gap. The chondrocytes first proliferate then undergo hypertrophy. The 
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soft callus formed is replaced by hard callus consisting of woven bone. In remodelling, 

woven bone is replaced by lamellar bone and finally continuity of the medullary cavity is 

restored (17, 20). 

Application of tissue engineering in bone defects 
 

In the cases of bone defects, tissue engineering therapies have been developed over 

the past few decades to reduce the burden on patients and healthcare systems. Tissue-

engineered biological constructs, also known as scaffolds, are fabricated using a range of 

different materials and techniques. However, to date, there is no single material and 

technique which can produce an ideal scaffold to be used in all cases of bone defect. 

Load-bearing and non-load-bearing bone defects may need different scaffolds with 

dissimilar properties such as its compressive strength and porosity (10). Scaffolds applied 

in the load-bearing area need a higher compressive strength compared than in non-load-

bearing part.  

A study by Morishita et al. filled defects caused by bone tumours curettage (n=3) with 

autologous bone marrow-derived mesenchymal stem cells (BM-MSCs) seeded onto 

hydroxyapatite (HA) ceramics. The MSCs were differentiated into osteoblasts by culturing 

with osteogenic medium and had formed bone matrix on the scaffold before it was 

implanted into patient’s bone cavity. Serial plain radiograph and computed tomography 

(CT) scan confirmed healing of the defects (22). Moreover, research by Marcacci et al. 

also implanted porous HA ceramic scaffolds seeded with expanded BM-MSCs into other 

bone defect site. A complete fusion between the implant and host bone was reported five 

to seven months after the surgery. A study focusing on the long-term utilisation of the 

scaffold showed integration of the implants was still satisfactory after six to seven years 

(23). This provides a promising approach to the application of bone tissue engineering for 

bone defects. 
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1.3 Mesenchymal Stem Cells (MSCs) 
 

Stem cells are currently of topical research interest. They possess a few significant 

and unique properties which make them a focus in medical research. Stem cells are a 

group of specialised cells which are capable of self-renewal and able to differentiate into 

multi-lineage cells. There are various types of stem cells originating from different 

locations in an organism. Stem cells are characterised into two main groups which are 

pluripotent stem cells (PSCs) and multipotent stem cells. Pluripotent stem cells have the 

ability to differentiate into all types of cells derived from the three germ layers: ectoderm, 

mesoderm and endoderm in the body (24). Embryonic stem cells (ESCs) and induced 

pluripotent stem cells (iPSCs) are examples of pluripotent stem cells. ESCs originate from 

the inner cell mass of pre-implanted blastocyst while iPSCs are produced by inducing adult 

somatic cells with cell reprogramming technology (25). Four iPSCs transcription factors 

are overexpressed. They are octamer-binding transcription factor 4/3 (Oct4/3), sex 

determining region Y (Sox2), kruppel-like factor 4 (Klf4) and Avian Myelocytomatosis virus 

oncogene cellular homologue (c-Myc) (26). 

Criteria for MSCs by ISCT  
 

Multipotent stem cells are cells which able to differentiate into every cell types within 

one cell lineage (27). One of the well-known multipotent stem cells is the mesenchymal 

stem cell (MSCs), also known as mesenchymal stromal cell. MSCs are non-hematopoietic 

stromal cells. They can be found in a few adult tissues such as bone marrow, adipose 

tissue and dental tissue (25, 28, 29). Many researches have demonstrated MSCs can 

differentiate into a few mesoderm-type lineages, including bone, cartilage, adipose and 

muscle cells (27, 30). A set of criteria had been proposed by the Mesenchymal and Tissue 

Stem Cell Committee of the International Society for Cellular Therapy (ISCT) to 

standardise the definition for MSCs. MSCs must adhere to plastic such as tissue culture 

flask in standard culture conditions. In addition, they should (i) exhibit a specific set of 

surface markers which are cluster of differentiation (CD) 73 (SH3), CD90 and CD105 (SH2) 

and (ii) lack expression of CD45, CD34, CD14, CD19 and human leukocyte antigen (HLA)-

DR. HLA-DR is a cell surface receptor which is only expressed on MSCs when stimulated. 

Honczarenko et al. showed that MSCs isolated from bone marrow express a set of 

chemokine receptors such as C-C chemokine receptor type 1 (CCR1), CCR7, CXC-
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chemokine receptor 4 (CXCR4) and CXCR5 (31). These receptors play an important role 

in MSCs mobilisation and trafficking. 

Last but not least, MSCs must have the capability to differentiate into osteoblasts, 

chondroblasts and adipocytes that belong to the mesodermal lineage under standard 

differentiating conditions in vitro (32). MSCs from different sources or tissues have distinct 

differentiation potentials (33).  

Dexamethasone, ascorbic acid and β–glycerophosphate are chemicals used to 

induce osteogenesis in MSCs. Dexamethasone is a synthetic glucocorticoid which is 

essential for MSCs differentiation into osteoprogenitor cell by inducing at transcriptional 

stage (34). β–glycerophosphate acts as a source of inorganic phosphate. When MSCs 

undergo differentiation into osteoblasts, its shape change from fibroblastic to cuboidal (34).  

Adipogenesis of MSCs is stimulated by insulin, dexamethasone, indomethacin and 3-

isobutyl-1-methylxanthine (IBMX). As in osteogenesis process, dexamethasone triggers 

at the transcription stage. It stimulates accumulation of transcriptional factors such as 

peroxisome proliferation-activated receptor γ2 (PPARγ2) which plays a role in 

adipogenesis of MSCs (35). The effect of dexamethasone is enhanced by IBMX as it 

stimulates PPARγ2 expression. In addition, indomethacin also assists by binding to 

PPARγ2 and acting as PPARγ2 agonist (36). For insulin, it will increase and speed up 

accumulation of triglyceride (37).  

Chondrogenic differentiation media is composed of dexamethasone, ascorbic acid, 

transforming growth factor-beta 3 (TGF-β3), proline and insulin-transferrin-selenium 

solution (ITS) (38). Ascorbic acid enhances MSCs proliferation and production of an 

extracellular matrix (ECM) protein, collagen type 2 (39). These differentiation abilities of 

MSCs can be confirmed by staining tests. Alizarin red is used to demonstrate 

osteogenesis, oil red O for adipogenesis and alcian blue for chondrogenesis. 

Properties of MSCs 
 

MSCs are generally cultured in growth media upon isolation. For instance, Dulbecco’s 

modified Eagle’s media (DMEM), α-MEM and Roswell Park Memorial Institute media 

(RPMI). The medium is supplemented with serum such as foetal calf serum (FCS) to 

provide nutrients and growth factors to MSCs. MSCs have a fibroblast-like morphology 

and are capable of forming adherent colonies (40) (Figure 2). They are able to self-renew 
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which means they can undergo cell division at the same time yet retain their stem cell 

identity (41). Blood supply is vital in tissue repair and MSCs have been shown to have 

pro-angiogenic effect (42).  

In addition to these self-renewal and multipotent characteristics, MSCs also have 

immunomodulatory properties (25). They are described as ‘universal donor cells’. MSCs 

exert their immunoactivity (i) directly by contacting with immune cells such as B and T 

cells and (ii) indirectly, by secreting bioactive molecules that target cells such as 

monocytes, neutrophils and T cells, which can be stimulated or inhibited (41). MSCs can 

drive macrophages towards an anti-inflammatory M2 phenotype, instead of into pro-

inflammatory M1 macrophages (43). These qualities make MSCs a useful cell source in 

regenerative medicine and tissue repair. MSCs lack expression of major histocompatibility 

complex (MHC) class II and express low level of MHC class I (44). Moreover, they secrete 

certain cytokines and receptors to modify the immune environment (25). As a result, they 

do not trigger alloreactivity. Currently, the research trend has shifted to focus on factors 

and cytokines secreted by MSCs, which exert a paracrine effect instead of purely 

concentrating on the ability of MSCs to engraft and replace damaged cells (45). Tissue 

regeneration is a complex activity which is unlikely to depend on MSCs replacement 

entirely. Thus, collaboration between various cells and factors is needed.  

Furthermore, MSCs have been found to have an antimicrobial effect both in vivo and 

in vitro. In 2015, Sutton et al. carried out a well-designed study using a murine model with 

cystic fibrosis to show the antimicrobial properties of MSCs from human bone marrow 

(BM-MSCs) and adipose tissue (46). This study was one of the studies which has 

demonstrated a positive antimicrobial effect. All types of human MSCs, regardless of their 

origin, possibly possess antimicrobial properties. The impact of the effect can be altered 

by donor variability, isolation methods, culture conditions and route of administration. The 

activity of human MSCs on bacteria can be considered to act through two possible 

mechanisms (46). Firstly, MSCs diminish the ability of bacteria to overcome the antibiotic 

effect by slowing down bacterial growth. In addition, MSCs can interact with the host innate 

immune system to exert their antimicrobial effect indirectly. Studies have shown that 

MSCs secrete factors to increase activation and phagocytosis of monocytes and 

neutrophils (47-49). Secondly, MSCs secrete antimicrobial peptides (AMPs) like peptide 

leucine leucine-37 (LL-37) (50). LL-37 is the only antimicrobial peptide derived from 

cathelicidin found in human.  
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Figure 2: BM-MSCs attached to plastic well plate appeared elongated and spindle-
shaped.  
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1.4 Scaffold 
 

Conventionally, bone autograft is the standard treatment to augment bone healing. In 

this treatment, the patient’s bone is harvested from one part, such as from the iliac crest, 

and grafted into the damaged site. The benefit of using this treatment is because there is 

a low risk of graft rejection. However, the patient has to have an additional surgical incision. 

In addition, the osteogenic potential of the donor site bone graft can vary; for instance, in 

some cases there may be abundant fibrous tissue caused by previous harvesting (17). 

Alternative treatments, like bone allograft, have been proposed. This strategy also has its 

drawbacks as it increases the risk of immunological rejection and it may transfer disease 

from the donor to patient. These limitations suggested that there is a clinical need for an 

alternative treatment.  

As the bone tissue engineering field becomes more developed, artificial bone, also 

known as biomaterial or bone scaffold, has been used in bone therapy. A bone scaffold is 

a three dimensional (3D) bone-like material which is fabricated in a laboratory to be used 

as a bone graft or part of bone graft (51). It is designed to be implanted into a living 

organism and provide mechanical support to the bone damaged site. Moreover, it acts as 

a template which allows cell migration, adhesion and new tissue formation on it (52). 

Various materials have been used to fabricate a scaffold such as biomaterial. According 

to European Society for Biomaterials (ESB), a biomaterial is a material able to interface 

with biological systems to treat and replace any damaged tissue, organ or function of the 

body (52). Biomaterials can be categorised into three main groups, the ceramic, natural 

polymer and synthetic polymer (52). Each group of biomaterials has its strengths and 

weaknesses. Bioactive materials such as collagen have excellent biocompatibility but 

weak mechanical strength (in compression) whereas polymers have good mechanical 

properties but poor biological characteristics. Hence, composite scaffolds have gained 

increased interest. 

Characteristics of bone scaffold 
 

As a bone scaffold, the construct must fulfil a few important criteria (Figure 3). It must 

be biocompatible and biodegradable, have an interconnected 3D pore structure, at least 

be osteoconductive and mechanically enable cell growth (53). Biocompatibility ensures 

the implanted scaffold will not trigger an immune reaction. A biodegradable implant will 
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resorb over time without additional surgery to remove it. Calcium sulfate is an example of 

a resorbable implant whereas polymethyl methacrylate (PMMA) is a non-resorbable 

implant. An optimised pore size will allow cell infiltration, new blood vessel growth and 

nutrient and waste diffusion. The vascularisation process is particularly important in bone 

formation. Adequate blood supply brings oxygen, nutrients, cells and growth factors to the 

injured site, which contributes towards bone regeneration. Previous research has 

suggested that a mean pore size of 96-150 µm helps in cell attachment while some studies 

indicated larger pore size (300-800 µm) are better for bone growth in scaffolds (54). Pores 

with a diameter larger than 250 µm have been linked with better vascularisation (55). 

These contradictory results show that the optimal balance for achieving cell attachment, 

vascularisation and bone formation need to be investigated further. Osteoconductivity of 

a bone scaffold supports bone growth on its surface and even into the pores (56). Fong et 

al. stated a good scaffold should be not only osteoconductive but also osteoinductive (57). 

Osteoinduction will stimulate osteoprogenitor cells to differentiate into bone-forming cell 

lineage, a process named osteogenesis.  

Biomimetic bone scaffold  
 

The stiffness of a biomaterial also helps in the regulation of cells’ fate such as 

adhesion, migration, proliferation and differentiation (58).  

Structural bone scaffolds should be able to withstand the body load applied to it (59). 

For many applications, the scaffold ideally should have mechanical strength and stiffness 

similar to natural bone. Differences in the mechanical properties of scaffolds with 

surrounding bone tissue in vivo can lead to a phenomenon called stress shielding (60). 

The implants with a higher mechanical strength remove certain stress or load generally 

exerted on the bone, which result in insufficient mechanical stimulation to the bone. As 

time progress, the bone tissue around the implant will resorb and the prosthesis will loosen 

and an additional operation is required to re-fix it. In a severe case, there is a risk of bone 

fracture. 

An ideal and effective scaffold should be biomimetic of different aspects of bone tissue 

hierarchy, from molecular composition of bone to extracellular micro or nanostructure (61). 

Native bone extracellular matrix (ECM) is made up of inorganic and organic components 

where hydroxyapatite (HA) is the primary inorganic component and type 1 collagen (COL 

1) predominates the organic component. The assembly pattern of HA and COL1 within 



27 
 

MScR The University of Edinburgh 2021 

bone ECM is responsible for strong mechanical properties of bone. Thus, synthetic HA 

and bioceramics have been broadly used as bone substitutes. Other than directly 

fabricated scaffold using HA, HA layers can be formed and deposited on scaffold surface 

by soaking the scaffold in a simulated body fluid (SBF) which has nearly similar ion 

concentration as in human blood plasma (62). Development in nanotechnology and 3D 

printing have enabled better recapitulation of bone structure. Topological features such as 

surface roughness and pore structure of bone have been targetted to be simulated in bone 

scaffolds. In the tissue engineering field, a bone scaffold is designed to have 

interconnected pores to resemble the porous structure in cancellous bone. As bone 

marrow fills the spaces between trabeculae, the pores in scaffold allow seeded cells such 

as mesenchymal stromal cells (MSCs) to migrate and proliferate between it. Previous 

researches have shown that MSCs and bone progenitors cells proliferate and differentiate 

into osteogenic lineage more efficiently when those features are replicated in a scaffold 

(63, 64). 

Scaffolds can be directly implanted into a damaged site or they can be supplemented 

with osteogenic factors and growth factors and seeded with cells such as BM-MSCs 

before being grafted into an injured area. A combination of biomaterials with suitable 

molecular signals and cells provides an ideal environment for healing and restoration at a 

damaged site (5, 65). Yuan et al. implanted a hybrid biomaterial loaded with MSCs and 

growth factors like VEGF and fibroblast growth factor 9 (FGF9) subcutaneously into mice. 

Results showed enhancement in blood vessels and ectopic bone formation in vivo (66). 

Giannoudis et al. proposed addition of a suitable mechanical environment as another 

factor as it plays equal role as other elements in bone healing (67). This leads to the 

formation of a diamond concept of fracture healing: three biological factors which are the 

growth factors, stem cells and scaffolds with a mechanical factor which is the favourable 

mechanical environment.  
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Figure 3: Material (top) and biological (bottom) properties of an ideal bone scaffold. (10)  

 

Calcium sulfate scaffold 
 

Calcium sulfate (CaSO4) has been utilised as a bone substitute since late 19th century 

(68). Calcium is one of the ionic components that have been shown to enhance osteogenic 

activity and vascularisation. A rise in local calcium ion concentration resembles the 

resorption phase of bone remodelling process where calcium ions are released from the 

bone matrix. This inhibits further osteoclast activity and favours the bone formation 

process (69). Study also suggests positive effects of CaSO4 on vascular induction (70). 

CaSO4 possesses osteoconductive properties and does not elicit inflammatory reaction 

(71). Its osteoinductive properties stimulate osteoprogenitor cells to differentiate into pre-

osteoblast (72). In addition, it is a quickly resorbable material degrading faster than 

hydroxyapatite (HA). This enables better vascular invasion into damaged areas (68). 

However, resorption of CaSO4 had been tested to be faster than formation of new bone 

and this makes it not suitable for healing of large bone defect (73).  

CaSO4 bone graft biomaterial is currently commercially available and it is used in 

orthopaedic surgery. In year 2009, Yu et al. reported complete fracture healing in 31 
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patients with tibial plateau fractures at 14-month follow up after CaSO4 injection to fill the 

bony defects (74). Apart from utilisation in contained bone defect cases, CaSO4 

biomaterial had been reported for successful treatments in cases like fracture nonunion 

and established bone infection. A case report by Bajada et al. implanted CaSO4 pellets 

(Stimulan) seeded with autologous BM-MSCs into a tibial nonunion site that had existed 

for nine years. Results showed the nonunion healed two months after implantation and 

the patient regained his pre-injury level of mobility and function after two years (68). A 

retrospective study carried out by Borrelli et al. on 26 patients with nonunions and osseous 

defects revealed a union rate of 92% after given treatment with autologous bone graft and 

calcium sulfate scaffolds (75). Tobramycin-impregnated CaSO4 has been reported to be 

effective in eliminating long bone infection (76).  

Osteogenic induction capability of CaSO4 scaffold on MSCs has been studied by 

Rubén et al (77). They reported a dual effect where the differentiation of MSCs was slow 

initially, followed by a progressive increased by determining osteogenic genes expression 

such as osteocalcin.  

Research has been performed on CaSO4 scaffolds for more than a century and more 

studies are still ongoing to break through the obstacles. A composite scaffold utilises the 

strengths of different materials, combines them and forms an improved product. CaSO4 

scaffold has been incorporated with materials such as β-tricalcium phosphate (β-TCP). β-

TCP is a type of calcium phosphate (CaP) ceramic, widely used in bioengineering. β-TCP 

is osteoconductive and osteoinductive (10). In this composite scaffold, CaSO4 will resorb 

first and create a porosity that is ideal for vascularisation and early bone growth. Leaving 

the β-TCP, which resorbs slower, to contribute towards new bone formation (78). Lowery 

et al. studied the use of a synthetic calcium composite graft (Genex) in the treatment and 

management of tibial plateau fractures. Research outcomes showed radiologically and 

clinically satisfactory bone healing and union (79). However, a study by Friesenbichler et 

al. reported soft tissue inflammation in 16% of bone tumour patients after surgery with 

Genex (80). The authors suspected liquefaction of CaSO4 during resorption leads to local 

pH reduction and increased inflammatory cells infiltration. This implant needs to be further 

investigated to determine whether the application of this bone substitute in different 

locations and conditions plays a different role. 
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1.5 Evaluation of Cells Growth on Scaffold 
 

Cell viability and metabolic activity  
 

Stem cells seeded onto a suitable and supportive scaffold will undergo growth, 

proliferation and differentiation. A number of assays can be used to examine the condition 

of cells on the scaffold.  

For analysis of cells’ viability and metabolic activity, live/dead staining (81) and 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) 

assay (82) are applied. In live/dead cell staining, different fluorescent dyes are available. 

Some dyes are manufactured to stain live cells while some aim to stain dead cells. 

Fluorescence microscopy and flow cytometry are used for post-staining determination.  

Calcein-AM is converted to a green-fluorescent, calcein, upon hydrolyse by intracellular 

esterases in live cells. Ethidium homodimer-1, a cell-impermeant nucleic acid stain will 

stain dead cells by binding to DNA and emitting red fluorescence. This is conditional on 

the dead cells having impaired plasma membrane integrity.  

The MTS assay is a colourimetric assay. A yellow MTS tetrazolium compound is 

reduced by mitochondrial nicotinamide adenine dinucleotide phosphate hydrogen 

(NAD(P)H)-dependent dehydrogenase enzymes in viable and metabolically active cells to 

a purple formazan product. MTS assay also aims to determine the potential cytotoxicity of 

a biomaterial.  

Cell distribution and morphology  
 

4′,6-diamidino-2-phenylindole (DAPI), a blue-fluorescent stain, binds to A-T rich DNA 

sequences in fixed cells. In cell-seeded scaffold, DAPI is used to evaluate proliferation 

and distribution of seeded cells (82). Moreover, structure, morphology and distribution of 

the cells on the scaffold can be observed using an advance instrument, scanning electron 

microscope (SEM) (82, 83). In addition, the surface topography of the scaffold and the 

mineral deposits produced by cells are also readily observed by SEM. Energy dispersive 

X-ray spectroscopy (EDX) is a technique that can be used in conjunction with SEM to 

analyse elemental composition of sample (83). In bone tissue engineering, it is used to 

evaluate calcium to phosphorus ratio (Ca/P) of sample, which indicates the formation of 

bone tissue.  
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Osteogenic differentiation 
 

Mesenchymal stem cells (MSCs) are well-known for their osteogenic potential. A bone 

scaffold is often required to have osteoconductive and osteoinductive ability. To examine 

these pathways, assays for alkaline phosphatase (ALP), alizarin red s staining (ARS), 

quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) and 

immunofluorescence staining have been carried out in studies to assess the osteogenic 

differentiation of MSCs on scaffold (81, 82, 84). ALP activity is measured using a 

colorimetric p-nitrophenyl phosphate (pNPP) assay. MSCs on a scaffold will synthesis the 

enzyme ALP if they undergo osteogenic differentiation and the enzyme will 

dephosphorylate the colourless pNPP to a yellow end product. Alizarin red s staining has 

been used to evaluate calcium deposits by cells as it will stain the calcium mineral red. 

The presence of calcium may suggest that the MSCs on the scaffold are exhibiting 

osteogenesis.  

Expression of osteogenic genes in seeded cells is another reliable and sensitive 

method for confirming osteogenic differentiation of MSCs. qRT-PCR is applied to measure 

osteogenic genes like ALP, osteocalcin (OCN) and collagen type I (Col I). Osteogenic 

molecules or proteins secreted by MSCs when they experience osteoblastic differentiation 

such as OPN, OCN and Col 1 can be determined by immunofluorescence staining. In 

some protocols, cells are first incubated with primary antibodies, followed by secondary 

antibodies labelled with fluorescence and lastly counterstained with DNA stain. 

Fluorescence microscope is used for observation and analysis.  
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1.6 Research Justification 
 

Bone marrow-derived mesenchymal stem cells (BM-MSCs) have been shown to be 

able to grow, proliferate and differentiate on calcium based scaffolds (68). Creation and 

development of bone scaffolds aimed to help in bone repair. In addition, scaffolds provide 

a specialised microenvironment for the MSCs which mimic the in vivo condition (85). 

Calcium sulfate based scaffolds have been shown to be osteoconductive, osteoinductive 

and biocompatible (71). These characteristics make calcium sulfate an ideal biomaterial 

to use in clinical treatment.  

However, there are a lack of studies on growth and osteogenic differentiation of BM-

MSCs seeded on pure CaSO4 scaffold (Stimulan) and CaSO4/ β-TCP scaffold (Genex) or 

comparison of the condition of cells on these two types of scaffolds. 

 

1.7 Objective 
 

General Objective  

The objective of this project was to determine the growth, proliferation and osteogenic 

differentiation of bone marrow-derived mesenchymal stem cells (BM-MSCs) on calcium 

sulfate based (CaSO4) scaffolds. 

Specific objectives 

i. To observe attachment and distribution of BM-MSCs on surface of calcium sulfate 

based scaffolds 

ii. To evaluate proliferation of BM-MSCs on calcium sulfate based scaffolds 

iii. To determine osteogenic differentiation of BM-MSCs seeded on calcium sulfate 

based scaffolds 

iv. To compare growth of BM-MSCs between calcium sulfate (CaSO4) scaffold 

(Stimulan) and CaSO4/ β-tricalcium phosphate (β-TCP) scaffold (Genex) 
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1.8 Hypotheses 
 

i. Bone marrow-derived mesenchymal stem cells (BM-MSCs) will grow, proliferate 

and undergo osteogenic differentiation on calcium sulfate based scaffolds. 

ii. BM-MSCs will have better growth on CaSO4/ β-TCP scaffold (Genex) than on 

CaSO4 scaffold (Stimulan). 
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2 Method 
 

2.1 Bone Marrow-derived Mesenchymal Stem Cells (BM-MSCs) 

Isolation and Culture 
 

2.1.1 Bone Marrow Extraction from Femoral Head 
 

Human femoral heads were collected from three patients undergoing surgery in the 

Royal Infirmary of Edinburgh’s orthopaedics operation theatres. The 3 donors underwent 

total hip replacement surgery and they consented for the use of their femoral head for 

research. The femoral heads were kept in sterile containers filled with phosphate buffered 

saline (PBS) (Sigma) and 1% of antibiotic penicillin-streptomycin (pen-strep) (Gibco) in a 

4ºC fridge and processed within 24 hours. Before starting to process, the biosafety cabinet 

was cleaned, followed by putting all the materials needed such as bone cutters, sterile 

dressing pack and silver top container inside. The ultraviolet (UV) light was then turned on 

for about 15 minutes. Each femoral head was removed from the container using tweezers 

with the cut side being held up. It was wrapped in a few layers of sterile gauze and placed 

in a sterile yellow bag. After removal from cabinet, the femoral head was placed in a sturdy 

plastic bag and hit with a hammer until it split. The plastic bag was removed and the 

femoral head was placed back into the cabinet within the yellow bag. The yellow bag and 

sterile gauzes were taken off before the trabecular bone was cut into chips. 50ml of 

collagenase type II (1 mg/ml) (Gibco) was then added to the silver top container with bone 

chips and it was digested in a shaking water bath for 45 minutes at 180rpm, 37ºC. While 

waiting for the bone chips to digest, the cabinet was cleaned to prepare for bone marrow-

derived mesenchymal stem cell (BM-MSCs) isolation.  

 

2.1.2 BM-MSCs Isolation and Counting 
 

After 45 minutes of digestion, the fluid was decanted into a new silver top container. 

The digested chips were washed and shaken in 2% foetal calf serum (FCS)/PBS, followed 

by pouring into the silver top container. This step was repeated a few times until the chips 

became a white colour. The suspension was then filtered using 100µm and 70µm cells 
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strainers into 50ml centrifuge tubes. The tubes were centrifuged at room temperature, 

1200rpm for 5 minutes and the supernatant was decanted. Next, red cell lysis buffer made 

up with 0.83% ammonium chloride (NH4Cl) and 2.059% tris base in a 9:1 ratio was used 

to re-suspend the pellet and the solution was incubated at room temperature for 10 

minutes. An equal volume of 2% FCS/PBS was added and the mixture was filtered using 

40µm cells strainers. It was centrifuged again at room temperature, 1200rpm for 5 minutes 

and supernatant was discarded. The pellet was re-suspended by 2% FCS/PBS. Cell 

counting was carried out to estimate the number of stem cells isolated. 10µl of cell 

suspension and 10µl of trypan blue solution (Sigma) were mixed in a 1:1 ratio and 10µl of 

the mixture was placed on a haemocytometer. Cell count was done under microscope. 

The final number of cells was calculated using formula as below:  

𝑁𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 =  
𝑇𝑜𝑡𝑎𝑙 𝑛𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 5 𝑔𝑟𝑖𝑑𝑠

5
𝑥 2 𝑥 10000 𝑥 𝑣𝑜𝑙 𝑜𝑓 2% 𝐹𝐶𝑆/𝑃𝐵𝑆(𝑚𝑙) 

 

2.1.3 BM-MSCs Culturing 
 

A culture flask T75 was first labelled with study number, cells type, number of passage, 

number of cells and date. 10ml of growth medium -DMEM Glutamax (Gibco) 

supplemented with 20% FCS (LSP) and 1% pen-strep was added into the T75 flask, 

followed by adding the cell suspension the amount of which depended on the number of 

cells needed. The T75 flask was observed under a microscope and placed in a 37ºC 

incubator with 5% carbon dioxide (CO2). The cells were fed every 2 or 3 days by removing 

5ml of culture medium and adding 5ml new media into the flask to ensure the cells had 

sufficient supply of nutrients. 

 

2.1.4 BM-MSCs Passaging  
 

When the cells reached 80-90% confluency, they were passaged to new culture flasks 

for more space or cryopreserved for future use. All culture media was removed from the 

flask and placed into a centrifuge tube. Cells in the flask were washed with 5ml PBS by 

agitating gently back and forth. The PBS was discarded after the wash. Next, 2ml of 0.25% 

trypsin-EDTA (Gibco) was added into the flask and agitated gently to ensure it covered 
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the whole surface. The flask was incubated at 37ºC with 5% CO2 for 3-5 minutes. After 

that, the flask was tapped at the side to help the cells to detach and checked under a 

microscope to confirm all the cells were detached. Detached cells appeared round in 

shape while attached cells were spindle in appearance. 5ml of old culture media in the 

centrifuge tube was added into the flask to stop the reaction of trypsin-EDTA. The media 

with cells was washed round the flask and aspirated into a new centrifuge tube. This step 

was repeated with remaining old media once. The tube with cells was centrifuged at 

1200rpm for 5 minutes and the supernatant was discarded. The cell pellet formed was re-

suspended with 2ml of 2% FCS/PBS. Cell counting was then carried out to determine the 

amount of cells to passage in each flask or cryopreserve in cryovial. For cell passaging in 

T75 flasks, 10ml of growth media was added into each flasks prior addition of cells at 

calculated volume. The flasks were incubated at an optimum environment for the cells 

which was in a 37ºC incubator with 5% CO2 and a cross movement was done to distribute 

the cells evenly.  

 

2.1.5 BM-MSCs Cryopreserving 
 

After the confluent cells were trypsinised and counted, the remaining cell suspension 

was centrifuged again at 1200rpm for 5 minutes. Cryovials were labelled with study 

number, type of cells, number of passage, number of cells and date. The supernatant in 

the centrifuge tube was decanted and 10% dimethyl sulfoxide (DMSO) (BDH) in FCS was 

used to re-suspend the cell pellet. 1ml of 10% DMSO/FCS was needed for 1 cryovial. Next, 

re-suspended cells were distributed into cryovials and the cryovials were put into a Mr. 

Frosty freezing container. The container has a cooling rate of -1ºC/minute which is an 

optimal rate for cell preservation. The container was then placed in -20ºC freezer followed 

by placing in -80ºC freezer.  
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2.2 BM-MSCs Characterisation 
 

2.2.1 BM-MSCs Osteogenic and Adipogenic Differentiation 
 

Cells reached 80-90% confluency in T75 flask were then plates onto 24 well plates 

for differentiation tests. The cells were trypsinised following steps mentioned in 2.1.4 and 

a cell count was carried out. The 24 well plates were labelled with study number, type of 

cells, number of passage, group and date. The cells of each donor were divided into four 

groups: differentiation and control groups for both osteogenic and adipogenic 

differentiation with each group in triplicate (Figure 4). There were two time points for each 

donor which were seven days and 14 days. 500µl of 20% DMEM was added into each 

well and the cell suspension was then added into the wells. Each well had 4 x 104 cells. 

After that, the plate was placed in an incubator. Once the cells reached 90% confluency 

in the 24 well plate, differentiation procedures were carried out. The growth media was 

removed from all wells and replaced with 500µl osteogenic differentiation media (Table 1), 

adipogenic differentiation media (Table 2) or 10% DMEM for control groups. Osteogenic 

and adipogenic differentiation media were changed on every two days while control growth 

media was replaced once a week. When changing media, only 250µl of old media was 

removed and replaced with 250µl new media.  

 

Figure 4: Plate map of osteogenic and adipogenic differentiation experiment. Each 
group was plated in triplicate 
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Table 1: Volume of reagents needed to make 100ml osteogenic medium 

FCS 10ml  

Pen/Strep 1ml 

1mM Dexamethasone (Sigma) 10µl 

5mM Ascorbate-2-phosphate (L-Ascorbic Acid (L-

AA)) (Sigma) 

1ml 

1M β-glycerophosphate (β-GP) (Calbiochem) 1ml 

DMEM Glutamax Approximately 87ml 

 

Table 2: Volume of reagents needed to make 100ml adipoogenic medium 

FCS 10ml 

Pen/Strep 1ml 

1mM Dexamethasone (Sigma) 100µl 

0.2M Isobutyl-methylxanthine (IBMX) (Sigma) 250µl 

Insulin 590µl 

60mM Indomethacin 333µl 

DMEM Glutamax Approximately 88ml 

 

2.2.2 BM-MSCs Differentiation Staining with Alizarin Red and Oil 

Red O 
 

Once the time point for differentiation was reached, all media was removed from all 

wells. 500µl PBS was used to wash every well and 500µl of 4% paraformaldehyde (PFA) 

was added, followed by incubation at room temperature for 10 minutes to fix the cells. The 

4% PFA that had been added, was then aspirated and the wells were washed with 500µl 

Milli-Q (MQ) water twice. For adipogenic wells, 500µl of 70% ethanol was added to 

permeabilise cells. Next, it was removed immediately and 500µl of Oil Red O stain was 

added. For osteogenic wells, 500µl of Alizarin red stain was added. The plate was 

incubated at room temperature for 15 minutes. After the staining step, the stains were 

removed and all wells were washed with 500µl MQ water twice. 500µl MQ water was 

added again and the plate was prepared to be imaged using Zeiss observer. When 
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removing chemicals from wells for each steps, the tip was avoided to touch the bottom of 

well as this can dislodge the cells and precipitation. 

 

2.2.3 BM-MSCs Flow Cytometry for Surface Markers’ Expression 
 

When the cells reached 80-90% confluency in T75 flask, they were trypsinised as 

mentioned in 2.1.4 and a cell count was carried out. The volume of suspension with the 

required amount of cells was pipetted into a new 1.5ml eppendorf tube and centrifuged at 

1200rpm for five minutes. The supernatant was discarded and the cell pellet was re-

suspended with 600µl of 2% FCS/PBS. Each 100µl of suspension was aliquoted into 2ml 

eppendorf tube with a total of six tubes (100000 cells/tube). The six tubes were labelled 

as: unstained, full stained, single stained for CD90, CD44, CD73 and CD105 antibodies 

(Ab) (BD Biosciences) (Table 3). Ab CD90 and CD44 were first diluted to a ratio of 1:10 

with 2% FCS/PBS. In a dark hood, 1µl of antibody was added into its labelled tube and 

the tubes were vortexed to mix them thoroughly. The tubes were placed on ice for 20-30 

minutes to allow antibodies binding to specific markers on cells. After that, 2ml of 2% 

FCS/PBS was added into each tube and the tubes were centrifuged at 1200rpm for five 

minutes. The supernatant was discarded to remove the free antibodies, then re-

suspended with 300µl 2% FCS/PBS. The tubes were kept on ice and they were ready to 

be analysed using flow cytometer (BD LSR Fortessa (5 laser)). DAPI stain was added into 

each tube before analysis to determine the amount of live cells.  

 

Table 3: Fluorochrome-labelled monoclonal antibodies used and their final dilution 

Antibodies Clone Fluorochrome Final Dilution 

CD90 5E10 PE-Cy5 1:1000 

CD44 G44-26 Alexa Fluor 700 1:1000 

CD73 AD2 PerCP-Cy5.5 1:100 

CD105 266 PE-CF594 1:100 
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2.3 Scaffolds Synthesis 
 

2.3.1 Silicone Mould Production 
 

Rubber was poured into a mixing cup, then the catalyst was added into the mixing 

cup (100 parts of rubber with 6 parts of catalyst) (Sylmasta). The rubber was stirred and 

mixed thoroughly with catalyst until it became uniformly blue and streak free. The mixture 

was poured onto metal moulds with 2 sizes 9 x 2mm and 14 x 2mm (diameter x height). 

The moulds were left overnight and ‘de-moulded’ on the next day. The silicone moulds 

were autoclaved to sterilise them before used (Figure 5).    

   

Figure 5: Silicone moulds (left: 9 x 2mm, right: 14 x 2mm) packed for sterilisation. 

 

2.3.2 Scaffolds Fabrication 
 

Genex scaffold (Biocomposites) fabrication was started by adding all powder into a 

sterile mixing bowl, then the liquid was added to the powder and left for one minute. A 

spoon spatula was then used to mix for 30 seconds until it became a paste. The paste 

was scooped into a syringe and squeezed over the sterile silicone mould to make pellets. 

A wide spatula was used to push the paste into the mould. It was set for ten minutes before 

the pellets were removed from the mould and stored in a sterile container (Figure 6).  

For Stimulan scaffold (Biocomposites), powder was also first emptied into a sterile 

mixing bowl. Next, liquid was added to the powder and mixed with spoon spatula directly 

for 30 seconds until it formed a smooth paste. The paste was applied over the sterile 

silicone mould and pushed with wide spatula into the mould to make pellets. It was set 
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aside for 10 minutes. After that, the pellets were removed and kept in a sterile container 

(Figure 6).  

   

Figure 6: Scaffold pellets in cylinder shape (left: Stimulan, right: Genex) removed from 
the silicone moulds. 
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2.4 BM-MSCs Behaviour on Scaffold 
 

2.4.1 BM-MSCs Seeding on Scaffold 
 

Scaffolds were exposed to ultraviolet (UV) light before use to sterilise them. Scaffolds 

were transferred to 24 well plate with one scaffold per well. Two types of scaffold were 

used: Stimulan and Genex.  

20% DMEM was added to pre-wet the scaffolds and the plate was incubated in an 

incubator for one hour. While waiting for scaffolds to pre-wet, confluent cells in flask were 

trypsinised, centrifuged, re-suspended in 2% FCS/PBS and counted. From the cell count 

result, the amount of cell suspension needed was determined and transfer to a 1.5ml 

eppendorf tube to re-centrifuge. The pellet was re-suspended with 20% DMEM. Then, 

media were removed from the 24 well plate. Cells were seeded on top of the scaffolds of 

the test group (n=4) with 4 x 104 cells per scaffold in 30µl cell suspension. Control group 

scaffolds (n=4) were not seeded with cells (Figure 7). The plate was then incubated for 

two hours to allow cells to adhere to the scaffold. After that, 20% DMEM was used to top 

the well up to 600µl. The plate was incubated in 37ºC incubator with 5% CO2. Media were 

changed every two or three days.  

 

 

Figure 7: Plate map of stem cells seeded on both Stimulan and Genex scaffolds. 
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2.4.2 4′,6-diamidino-2-phenylindole (DAPI) Staining  

 

Scaffolds were removed from their original 24 well plate and placed into a clean 24 

well plate with one scaffold per well. The scaffolds were washed twice with 600µl PBS. 

600µl 10% neutral buffered formalin (NBF) was then added into wells with the scaffold and 

incubated at room temperature for 10 minutes. DAPI stain (BD Biosciences) was diluted 

with PBS using ratio 1:1000 (DAPI: PBS). After incubation, 10% NBF was removed and 

scaffolds were washed twice with 600µl PBS again. 600µl of diluted DAPI was then added 

into each wells and incubated at room temperature for 15 minutes, followed by washing 

with 600µl PBS twice. 600µl PBS was added into each well and the scaffolds were flipped 

to make the top surface face downwards. The scaffolds were ready to be imaged using 

an inverted fluorescence microscope (Nikon Eclipse TS100-F). The images captured were 

analysed using software ImageJ. After the surface was imaged, the scaffolds were cut 

transversely into equal halves and stained again with DAPI to image cells on the cut 

surface. 

 

2.4.3 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium (MTS) Assay 
 

All scaffolds were first transferred to a new 24 well plate with one scaffold per well 

and the scaffolds were washed twice with 600µl PBS. Each well, then had 500µl 20% 

DMEM and 100µl CellTiter 96® AQueous One Solution Reagent (Promega) added in ratio of 

5:1. Four empty wells were also added with 20% DMEM and MTS solution (5:1). This was 

used as a blank control to correct the background 490nm absorbance. The steps were 

carried out with light off as the MTS solution is light sensitive. The plates were incubated 

at 37ºC, 5% CO2 incubator for two hours. After incubation, the solution from each well was 

transferred in quadruplicate to 96 well plate with 100µl per well. The absorbance was read 

at 490nm using iMark™ Microplate Absorbance Reader (Bio-Rad). 
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2.4.4 Alkaline Phosphatase (ALP) Assay 
 

0.5M alkaline buffer solution (2-Amino-2-methyl-1-propanol, AMP) was prepared from 

1.5M AMP solution (Sigma) by diluting with distilled water. Lysis buffer was made by 

adding triton X-100 (Sigma) to 0.5M AMP solution (0.1% of triton X-100 stock). For the 

standard graph, 5mM 4-nitrophenol (Sigma) stock solution was prepared by dissolving 

6.95mg of 4-nitrophenol in 10ml of 0.5M AMP solution and it was stored in a standard 

fridge.  

To carry out the ALP assay, scaffolds were transferred to a new 24 well plate with one 

scaffold per well and the scaffolds were washed twice with 600µl PBS. 200µl lysis buffer 

was added and washed around the scaffolds few times, followed by scratching the cells 

off the surface of the scaffold with a pipette tip and washed around again. The solution 

was transferred to separate 0.5ml eppendorf tubes and vortexed vigorously at 2700rpm 

for 10 seconds. Freeze-thaw cycles were then carried out twice to disrupt and lyse the 

cells: freeze cells at -20ºC freezer for 20 minutes and defrost at 37ºC in BTD Dry Block 

Thermostat (Grant) for three minutes. The cell lysates formed were spun for five minutes 

at 13000rpm. After spinning, the supernatants which were the cells lysates were 

transferred to new 0.5ml eppendorf tubes.  

In each eppendorf tube, 150µl 0.5M AMP, 200µl p-nitrophenyl phosphate (pNPP) 

(Sigma), which acted as substrate, and 50µl lysate that contained enzyme alkaline 

phosphatase (ALP) were added and vortexed to mix well. The mixtures were incubated 

for 10 minutes at 37ºC in BTD Dry Block Thermostat (Grant). While incubating, standard 

mixtures were prepared using 1.5ml eppendorf tubes. The amount of 0.5M AMP and 5mM 

4-nitrophenol needed were shown in Table 4.  
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Table 4: Amount of 0.5M AMP and 4-nitrophenol for each concentration of standard 

Standard 0.5M AMP (ul) 4-Nitrophenol(ul) Final Conc. 

1 (Blank) 350 0.00 - 

2 672 28 (5mM stock) 200uM 

3 350 350 of STD2 100uM 

4 350 350 of STD3 50uM 

5 350 350 of STD4 25uM 

6 350 350 of STD5 12.5uM 

7 350 350 of STD6 6.25uM 

8 350 350 of STD7 3.125uM 

 

Once incubation was done, the samples and standards were transferred in triplicate 

to a 96 well plate with 100µl per well. Absorbance was read on iMark™ Microplate 

Absorbance Reader (Bio-Rad) at 415nm. If the reading was not taken immediately, 1M of 

sodium hydroxide (NaOH) was added to halt the reaction.  
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2.5 Technical Trials  
 

2.5.1 Scaffolds Sectioning and Mounting Medium with DAPI 

Staining 
 

Both types of scaffolds were tested for histological processing to determine if they 

were suitable to be processed into slides and stained. Microtome and cryostat sectioning 

methods were tried.  

For cryostat sectioning, the cryostat was first set to the appropriate temperature and 

allowed to stand for at least 30 minutes to reach the set temperature. Steel blade along 

with brushes and chuck were also allowed to equilibrate to the chamber’s temperature. 

Fresh 5% polyvinyl alcohol (PVA) was added onto top of the chuck and as the PVA started 

to freeze, scaffold was positioned on the chuck in a desired orientation. The scaffolds were 

prior cut transversely in half. The scaffold adhered to the chuck was left frozen using 

pieces of dry ice. The prepared sample was then trimmed and cut into sections of desired 

thickness (7-10µm). Sections were collected by pushing the slide against the cut section 

on the knife and they were allowed to air dry for 20 minutes. Lastly, the slides were stained 

with mounting medium with DAPI.  

For histology process using a normal microtome, the transversely cut scaffolds were 

fixed with chemical solvents, embedded with paraffin wax and sectioned into slices with 

thickness between 5-12µm. After that, the slides were stained with mounting medium with 

DAPI. There were a few scaffolds which did not undergo sectioning but were dewaxed 

and stained with mounting medium with DAPI.  

 

2.5.2 Alizarin Red Staining on Scaffolds 
 

Alizarin red reagent was prepared by dissolving 500mg of alizarin red powder in 40ml 

distilled water (dH2O). The pH of the reagent after it was fully dissolved was around 2.8. 

The total volume was made up to 50ml with dH2O. Ammonium chloride (NH4Cl) was used 

to adjust the pH to around 4.1. The reagent was stored in dark and filtered before use.  

Both Stimulan and Genex were placed individually in wells of a 24 well plate. 600µl 

alizarin red was added into each well with scaffold and incubated at room temperature for 
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15 minutes. The stain was then aspirated and the scaffolds were washed with Milli-Q (MQ) 

water twice. The scaffolds were observed for staining present on it.  

2.5.3 Von Kossa Staining on Scaffolds 
 

1% aqueous silver nitrate (AgNO3) solution was prepared by dissolving one gram of 

AgNO3 powder in 100ml dH2O and stored in dark as it is light sensitive. 5% sodium 

thiosulfate (Na2S2O3) was made with five gram Na2S2O3 powder and 100ml dH2O. 

The first trial was carried out by staining the scaffolds only. Stimulan and Genex were 

placed separately in wells of three 24 well plates. 600µl of AgNO3 solution was added into 

wells with scaffold and incubated under three conditions: (i) UV for 20 minutes, (ii) sunlight 

for 1.5 hours and (iii) table lamp for 1 hour followed by five minutes UV. After that, scaffolds 

were washed with dH2O twice before incubated in 5% Na2S2O3 for five minutes to remove 

unreacted silver. The scaffolds were washed with dH2O twice again and observed for any 

staining on them.  

For second trial, BM-MSCs were seeded on the two types of scaffolds. Scaffolds 

without cells were used as negative control (Figure 8). The cells were cultured on 

scaffolds for one week. Once that time had been reached, the media were removed from 

every well and the cells with scaffolds were fixed with 10% NBF at room temperature for 

10 minutes. The scaffolds were then washed with dH2O twice, followed by the staining 

protocol as in the first trial. The scaffolds were incubated with AgNO3 solution under one 

condition which was the light of a table lamp for one hour. 
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Figure 8: Plate map of BM-MSCs seeded on both Stimulan and Genex for Von Kossa 
staining 

 

2.5.4 Osteocalcin assay  
 

Confluent cells in T-75 flask were seeded onto scaffolds as stated in 2.5.1. Scaffolds 

with size 14 x 2mm were used where each scaffold was cut into four parts. Each type of 

scaffold consisted of three groups: DMEM group (n=3), osteogenic differentiation medium 

group (n=3) and osteogenic differentiation medium group without adding primary 

antibodies in later steps as negative control (n=3) (Figure 9). The cells were cultured on 

scaffolds for one week.  

After one week, all the wells with scaffolds first had 400µl of 10% NBF added and 

were then incubated for 5 minutes at room temperature before removing all of the solution. 

Then, the cells were fixed with 600µl 10% NBF for 10 minutes at room temperature. Whilst 

fixing, blocking buffer was prepared by adding 10% normal goat serum (Life Technologies), 

1% bovine serum albumin (BSA) (Sigma) and 0.1% triton X-100 in PBS. 10% NBF was 

removed and washed at least three times with 600µl PBS for five minutes each to ensure 

all fixative was removed to reduce autofluorescence. Fixed cells were blocked with 600µl 
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blocking buffer for 30 minutes. This blocking buffer blocked non-specific protein binding 

sites of the cells and permeabilised the cells to allow entry of antibodies.  

At the same time, primary antibody (1º Ab) (MAB1419, Bio-Techne Ltd) was 

reconstituted with sterile PBS to a concentration of 500µg/ml. Reconstituted 1º Ab was 

next diluted to 10µg/ml with dilution buffer (1% normal goat serum, 1% BSA and 0.1% 

Triton X-100 in PBS). Blocking buffer was discarded after 30 minutes and 600µl diluted 1º 

Ab was added into each well and incubated for one and a half hours at room temperature. 

For the negative control groups, 1º Ab was not added but replaced with blocking buffer. 

1º Ab and blocking buffer were removed and scaffolds were washed three times with PBS 

for five minutes.  

Diluted secondary antibody (2º Ab) (1:500) (Goat anti- mouse 488, Invitrogen) was 

then added and incubated for one hour at room temperature, in the dark. The scaffolds 

were washed thrice with PBS again for five minutes each and counterstained with diluted 

DAPI (1:1000) for 15 minutes. The scaffolds were washed with PBS after counterstaining. 

The scaffolds were ready to be imaged using fluorescence microscope with FITC and 

DAPI filter.  

 

Figure 9: Plate map of BM-MSCs seeded on Stimulan and Genex for osteocalcin 
immunostaining assay 
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2.6 Statistical Analysis 
 

All statistical analyses were performed using Microsoft Excel 2016 and Statistical 

Package for the Social Sciences (SPSS) version 25. Data was tested for normality before 

carried out statistical test. An alpha value of 0.05 was used for all the analyses.  

Most of the data was not normally distributed, therefore, a non-parametric test for 2-

way analysis of variance (ANOVA), Kruskal Wallis was used to determine whether the two 

independent variables, scaffold and cultured period, have effect on cells growth. Besides, 

Kruskal Wallis with post hoc test Dunn-Bonferroni was applied to find out which pairwise 

group show significant difference.  
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3 Results 
 

3.1 BM-MSCs Characterisation 
 

3.1.1 BM-MSCs Adherence to Plastic Surface 
 

Bone marrow-derived mesenchymal stem cells (BM-MSCs) were observed under 

inverted light microscope. Figure 10 showed the cells attached to culture flask surface 

when cultured with normal culture medium, DMEM. This fulfils ISCT criteria for MSCs 

where the cells adhere to plastic surfaces in standard culture condition. The cells 

appeared elongated in shape, with an oval nucleus in the middle and few cell processes 

that are long and thin.  

 

 

Figure 10: BM-MSCs adhered to culture flask surface when cultured with DMEM.     
(10x magnification) 
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3.1.2 BM-MSCs Osteogenic and Adipogenic Differentiation 
 

BM-MSCs osteogenic and adipogenic differentiation staining was carried out to 

characterise the multipotency of cells. BM-MSCs will undergo osteogenic differentiation 

when cultured in osteogenic differentiation medium and experience adipogenic 

differentiation when cultured in adipogenic differentiation medium. Figure 11 shows 

alizarin red staining of control and osteogenic differentiated BM-MSCs from three donors 

at day 7 and 14. Differentiated BM-MSCs displayed extracellular calcium precipitates 

which were stained red in colour whereas there was no precipitate formed in control cells. 

Concentration of calcium precipitates increased at day 14 compared with day 7.  

Figure 12 demonstrates oil red O staining of adipogenic undifferentiated and 

differentiated BM-MSCs from three donors at day 7 and 14. Intracellular lipid droplets 

accumulated in adipogenic differentiated cells. Control cultures using basic culture 

medium (10% DMEM) showed no cell differentiation which was indicated by absence of 

lipid droplet formation. There were more lipid droplets in differentiated cells of day 14 

compared to day 7. 
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Figure 11: Alizarin red staining of BM-MSCs at day 7 and 14 of osteogenic 
differentiation. Arrows indicate the formation of extracellular calcium precipitates. (A-D) 

Donor 1. (E-H) Donor 2. (I-L) Donor 3. (10x magnification) 
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Figure 12: Oil red O staining of BM-MSCs at day 7 and 14 of adipogenic differentiation. 
Arrows show the formation of intracellular lipid droplets. (A-D) Donor 1. (E-H) Donor 2. 

(I-L) Donor 3. (10x magnification) 
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3.1.3 BM-MSCs Surface Markers’ Expression 
 

Flow cytometry data were analysed using FlowJo software. Initial analysed events 

were gated a few times to obtain single, live cells. Debris, clumps, duplet cells and dead 

cells were excluded for the final analysis. From the analysis, it was demonstrated that the 

BM-MSCs from all three donors consistently and highly expressed the four MSCs surface 

markers which are CD44, CD73, CD90 and CD105.  

CD73, CD90 and CD105 were being expressed more than 95% by cells from the three 

donors. For CD44, it was expressed to a level greater than 90%. In unstained tubes, all 

single, live cells were negatively stained for the four markers. This shows the signals were 

not due to autofluorescence from the cells. The figure below shows results of BM-MSCs 

of three donors staining with the four specific markers (Figure 13).  
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(A)  

(B)  
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(C)  

Figure 13: Histograms showing results of BM-MSCs from (A) donor 1 (B) donor 2 and 
(C) donor 3 staining for indicated surface markers- CD44, CD73, CD90 and CD105. The 

type of the antigens and percentage of positively stained cells are stated in each plot. 
The blue histogram (left) of each plot represents DAPI-stained negative control while the 

red histogram (right) of each plot represents conjugated antibody of each antigen. 
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3.2 BM-MSCs Behaviour on Scaffold 
 

3.2.1 4′,6-diamidino-2-phenylindole (DAPI) Staining 

 

For every scaffold, four different areas were randomly captured from the top surface 

and cell count was carried out for all images using a plugin, StarDist in the software ImageJ. 

StarDist was trained to detect cell/ nuclei with star-convex shape on microscopy image 

(86). Around 35.27% of scaffold surface was counted for number of stained nuclei. 

Calculation for the percentage of area counted is as below. 

 Surface area of scaffold, 𝐴 = 𝜋(𝑟)2 

                                            = 𝜋(4.5𝑚𝑚)2 

                                                        = 63.617mm2  

 Area of captured images, 𝐴 = (𝑙𝑒𝑛𝑔𝑡ℎ 𝑥 𝑤𝑖𝑑𝑡ℎ) x 4 

                                                         = (2.735mm x 2.051mm) x 4 

                                                         = 22.438mm2 

 Percentage = 
22.438

63.617
 𝑥 100 

                               = 35.27% 

 

Statistical test Kruskal Wallis showed types of scaffold did not have an effect on cells 

number (p>0.05) while time point had an effect on the number of cells (p<0.05) for 

combined results of all three donors. Some variation occurs for individual results. Donor 

two showed effect of scaffold types on cells number and donor three displayed no effect 

of time point on amount of cells. Kruskal Wallis with Dunn-Bonferroni was used to 

determine which pairwise group reveal significant difference. In Figure 17, cells seeded 

on Genex showed significant increase in number on day 21 (655±210) compared to day 

7 (520±198) (p<0.05). BM-MSCs seeded on Stimulan for 21 days (548±158) also showed 

slight increase in amount than 7 days (516±175) but it was not significant (p>0.05). Growth 

of cells between Stimulan and Genex at same time point did not reveal significant 

difference (p>0.05). However, number of cells on Genex day 21 increased significantly 

compared to Stimulan day 7 (p<0.05).  

Scaffolds had been cut transversely into equal halves and stained again with DAPI to 

image migration of cells from the side, on the cut surface. Representative images showed 
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the cells did not penetrate much into the scaffolds after two weeks (Figure 18 andFigure 

19). The stained nuclei were all located nearby to the top surface.  

 

(A)  (B)  

Figure 14: DAPI staining of BM-MSCs seeded on (A) Stimulan and (B) Genex scaffolds 
after 7 days. The stained nuclei appeared fluorescence blue in colour. Representative 

images are from one donor. (10x magnification) 

 

(A)  (B)  

Figure 15: DAPI staining of BM-MSCs seeded on (A) Stimulan and (B) Genex scaffolds 
after 21 days. The stained nuclei appeared fluorescence blue in colour. Representative 

images are from one donor. (10x magnification) 
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Figure 16: Amount of BM-MSCs on measured top surface of Stimulan and Genex 
scaffolds stained by DAPI staining (n=4). Two time points were tested (day 7 and 21) for 
all three donors. Data are expressed as mean and standard deviation. The line on top of 

the graph showed the two respected groups had significant difference. **: p<0.01 

 

 

Figure 17: Amount of BM-MSCs on measured top surface of Stimulan and Genex 
scaffolds stained by DAPI staining (n=4). Results from three donors were combined and 
analysed together. Data are expressed as mean and standard deviation. The lines on 
top of the graph showed the two respected groups had significant difference. *: p<0.05 

 





64 
 

MScR The University of Edinburgh 2021 

3.2.2  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium (MTS) Assay 
 

The MTS assay showed BM-MSCs from all three donors were able to proliferate on 

the two types of scaffolds. This showed the biomaterials were biocompatible as they 

allowed the cells to grow on them. Kruskal Wallis test showed inconsistent outcomes 

occurred between the three donors for effects of scaffold and time point on absorbance. 

Overall, the type of scaffold did not had effect (p>0.05) whereas time point played a role 

(p<0.05) on proliferation of cells. For donor one, the type of scaffold (p<0.05) affected the 

absorbance while time point (p>0.05) did not. Donor two had the inverse results as donor 

one. Both scaffold and time point showed effects on absorbance (p<0.05) for donor three. 

When tested for significant difference between the groups using Kruskal Wallis with 

Dunn-Bonferroni, slight difference was observed in individual donors. On day 7, donor one 

had a lower cell proliferation with Genex compared to Stimulan (p<0.01), whereas donor 

two and donor three showed opposite results with a higher proliferation of cells with Genex 

(p<0.05) (Figure 20). Overall result of three donors showed significantly greater cell 

proliferation on day 21 compared to day 7 for both scaffolds (p<0.01) (Figure 21). 

Absorbance for Stimulan at day 7 was 0.20±0.04 and 0.26±0.07 at day 21. For Genex, it 

was 0.20±0.07 at day 7 while 0.27±0.11 at day 21.  
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Figure 20: Cellular proliferation of BM-MSCs on Stimulan and Genex scaffolds 
measured by MTS assay (n=4). Two time points were used (day 7 and 21) for all three 

donors. Data are showed as mean and standard deviation. The lines on top of the graph 
showed the two respected groups had significant difference. *: p<0.05, **: p<0.01 and 

***: p<0.001 

 

 

Figure 21: Cellular proliferation of BM-MSCs on Stimulan and Genex scaffolds 
measured by MTS assay (n=4). Results from three donors were combined and analysed 

together. Data are showed as mean and standard deviation. The lines on top of the 
graph showed the two respected groups had significant difference. *: p<0.05, **: p<0.01 

and ***: p<0.001 
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3.2.3 Alkaline Phosphatase (ALP) Assay 
 

The alkaline phosphatase (ALP) activity of BM-MSCs seeded on Stimulan and Genex 

was measured by a colorimetric pNPP assay. In general, scaffold types and time points 

did not play a role on ALP concentration (p>0.05) when tested with Kruskal Wallis test. 

Although, there were some significant differences when individual donors were analysed 

separately. For donor one and two, the ALP activity was different with the different 

scaffolds (p<0.05). For donor two and three, there was a significant difference in the ALP 

activity at the different time points (p<0.05).  

The data was analysed for the difference between groups using Kruskal Wallis with 

Dunn-Bonferroni. Each donor presented some level of statistical difference (Figure 22). 

Donor one and three showed higher ALP level on day 7 than day 21. Overall, when the 

results of the three donors were combined, there was no statistically significant difference 

in the level of ALP between the two types of scaffold (p>0.05) (Figure 23). Similarly, with 

the combined results, there was no significant difference between the two time points 

(p>0.05). The ALP concentration was 6.50±4.31µM for Stimulan day 7, 5.39±3.23µM for 

Stimulan day 21, 5.91±4.53µM for Genex day 7 and 5.96±3.94µM for Genex day 21. 
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Figure 22: ALP protein synthesis by BM-MSCs cultured on Stimulan and Genex 
scaffolds for two time points, 7 and 21 days (n=4). Data are showed as mean and 

standard deviation. The lines on top of the graph showed the two respected groups had 
significant difference. *: p<0.05, **: p<0.01 and ***: p<0.001 

 

 

Figure 23: ALP protein synthesis by BM-MSCs cultured on Stimulan and Genex 
scaffolds for two time points, 7 and 21 days (n=4). Results from three donors were 

combined and analysed together. Data are showed as mean and standard deviation. 
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3.3 Technical Trials  
 

3.3.1 Scaffolds Sectioning and Mounting Medium with DAPI 

Staining 
 

The trials using the cryostat to cut the scaffolds into sections of thickness between 7-

10µm demonstrated that cryostat did not produce sections of great quality. The transverse 

surface was not sectioned nicely into a whole surface and the centre of the scaffolds 

crumbled. In addition, when the sections on the slides were stained with mounting medium 

with DAPI, some dissolution of scaffolds was observed (Figure 24).  

When the scaffolds were cut with a normal microtome, they were first fixed with 

chemical solvents and embedded in wax. However, the same problem occurred as with 

the cryostat cutting; the sections were not satisfactory as part of the scaffolds crumbled. 

Consequently, a whole nice transverse section was not obtained for either type of scaffold. 

In addition, when the slides were stained, dissolution of the sections also occurred (Figure 

25).  

All of the attempts to cut the scaffolds into sections with a cryostat or microtome were 

unsuccessful. Therefore, unsectioned, whole paraffin wax embedded scaffolds were 

dewaxed and straight stained with mounting medium with DAPI. The stained whole 

scaffolds did not dissolve and crumble (Figure 26).  
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(A)   

(B)  

Figure 24: Pictures show cryostat sectioned scaffold slides before and after staining with 
mounting medium with DAPI for (A) Stimulan and (B) Genex. 
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(A)   

(B)   

Figure 25: Pictures show sectioned scaffold slides before and after staining with 
mounting medium with DAPI for (A) Stimulan and (B) Genex. 

 

 

Figure 26: Picture shows the dewaxed and stained whole scaffolds (left: Stimulan, right: 
Genex) both had a satisfactory appearance, without dissolution. 
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3.3.2 Alizarin Red Staining on Scaffolds 

 

As both scaffolds were calcium based, this experiment aimed to determine whether 

the two types of scaffolds were suitable for alizarin red staining when seeded with BM-

MSCs. Alizarin red is used to stain calcium ions produce by the cells when they 

differentiate towards osteogenic lineage.  

After incubation for 15 minutes with alizarin red stain, both Stimulan and Genex 

stained dark red in colour (Figure 27). The colour intensity was similar between the two 

types of scaffolds.  

 

 

Figure 27: Both scaffolds: Stimulan (left) and Genex (right) stained dark red. 

 

3.3.3 Von Kossa Staining on Scaffolds 
 

Since both scaffolds were calcium based, trials were performed for Von Kossa 

staining aimed to find out whether this type of staining could be of use for assessing BM-

MSC function once they had been seeded onto these two types of scaffolds. Von Kossa 

stain is aimed to use as an osteogenic differentiation stain.  

Trials were therefore carried out, just with the scaffolds, without the addition of any 

cells. These scaffolds only trials were carried out for three settings; namely (1) under UV 

light for 20 minutes, (2) sunlight for 1.5 hours and (3) table lamp (1 hour) + UV light (5 

minutes). For scaffolds put under UV for 20 minutes, Stimulan stained light grey colour 

while Genex stained black on the top surface. For scaffolds exposed to sunlight for 1.5 

hours, both Stimulan and Genex stained light grey but Genex stained darker than Stimulan. 

In addition, Stimulan put under table lamp for 1 hour followed by five minutes UV appeared 

white in most part with a very light grey stain while for Genex, half of the top surface 

stained black and the other half stained grey (Figure 28). 
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 These results suggested that the calcium in the scaffolds may overwhelm any effect 

from the cells. However, one trial was carried out with BM-MSCs seeded scaffolds, to 

assess whether any effect of the cells could be observed. Unfortunately, both Stimulan 

and Genex scaffolds stained dark black/green. Scaffolds of the same type had similar 

staining intensity regardless of the presence of cells and culture medium used. The 

Stimulan group stained a little darker than Genex group (Figure 29). This causes calcium 

secreted by cells was not able to differentiate from the scaffold itself.  

 

(A)    (B)  

(C)  

Figure 28: Photos show Von Kossa staining of scaffolds without cells (left: Stimulan, 
right: Genex) at three different settings which are (A) UV for 20 minutes, (B) sunlight for 
1.5 hours and (C) table lamp for 1 hour followed by five minutes UV when incubated with 

AgNO3 solution. 

 

(A)  (B)  

Figure 29: Photos show Von Kossa staining of BM-MSCs seeded (A) Stimulan and (B) 
Genex scaffolds after cultured for one week. Left: scaffold with DMEM only, Middle: 
scaffold seeded with BM-MSCs cultured in DMEM, Right: scaffold seeded with BM-

MSCs cultured in osteogenic medium 
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3.3.4 Osteocalcin assay  

 
The osteocalcin immunostaining was carried out to determine if osteocalcin (OCN) 

had been secreted by BM-MSCs after one week of culture on scaffolds. The scaffold was 

imaged with FITC and DAPI filter and captured separately. FITC and DAPI images were 

merged using software ImageJ.  

The results demonstrated that only cells seeded on Stimulan and cultured in 

osteogenic differentiation medium exhibited positive fluorescent staining. Cells cultured 

on Genex in the osteogenic differentiation media, did not demonstrate any osteocalcin 

staining. In the negative antibody control groups where the primary antibody was omitted, 

fluorescent staining was not found. This means the positive staining was due to specific 

binding of antibodies to osteocalcin. BM-MSCs cultured in DMEM did not show any 

fluorescent staining (Figure 30 andFigure 31). Therefore, the cells had not been induced 

into osteoblast lineage and were not secreting OCN. DAPI stain was used as counterstain 

and demonstrated the existence of cells on scaffolds.   
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Figure 30: Osteocalcin staining of BM-MSCs seeded on Stimulan for one week. 
Osteocalcin staining was observed with the cells cultured in osteogenic differentiation 

media.                                                                                                                              
(A) Osteogenic differentiation medium group without adding primary antibodies (10x)   

(B) DMEM group (10x)                                                                                                     
(C) Osteogenic differentiation medium group (10x)                                                         
(D) Osteogenic differentiation medium group (20x) 
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Figure 31: Osteocalcin staining of BM-MSCs seeded on Genex for one week. No 
evidence of osteocalcin staining was observed.                                                              

(A) Osteogenic differentiation medium group without adding primary antibodies (20x)   
(B) DMEM group (10x)                                                                                                     

(C) Osteogenic differentiation medium group (20x) 
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4 Discussion 
 

Calcium sulfate based scaffolds (CaSO4) have been used in clinical treatments such 

as fracture nonunion and bone infection with promising results, which has encouraged 

further research to be undertaken in this field to improve the outcomes. Two commercially 

available CaSO4 based scaffolds: Stimulan (CaSO4 only) and Genex (CaSO4/ β-tricalcium 

phosphate (β-TCP)) were used in this project. There is a lack of in vitro studies 

investigating how human bone marrow-derived mesenchymal stem cells (BM-MSCs) grow 

and differentiate on these two scaffolds. Hence, this project aimed to assess BM-MSCs 

behaviour on these two scaffolds. In addition, BM-MSCs growth was compared between 

Stimulan and Genex.  

 

4.1 Characterisation of BM-MSCs 
 

Before BM-MSCs were seeded onto the scaffolds, they were characterised according 

to a set of criteria proposed by the Mesenchymal and Tissue Stem Cell Committee of the 

International Society for Cellular Therapy (ISCT). The cells were observed using inverted 

light microscope and the cells were found attaching to plastic culture flask surface. Flow 

cytometry was carried out to evaluate the expression of a specific set of surface markers 

which are CD73, CD90, CD105 and CD44. CD44 is not listed by ISCT (32),  but some 

studies have involved it as a marker for MSCs (87, 88). In this study, the cells from the 

three donors were found to express all of these markers positively (89).  

As well as the plastic adherence and specific surface marker expression, it is 

important to demonstrate that the cells have multipotent differentiation ability. BM-MSCs 

were stained with alizarin red and oil red O after culturing in osteogenic and adipogenic 

differentiation medium respectively. Cells from all three donors showed positive staining. 

BM-MSCs that have undergone osteogenic differentiation will secrete extracellular 

calcium precipitates and consequently stain red with alizarin red stain. For adipogenic 

differentiation of BM-MSCs, lipid droplets will accumulate intracellularly and stain by oil 

red O (81). These findings confirmed that the cells isolated were multipotent in keeping 

with them being BM-MSCs. There are a few types of cells present in human bone marrow 
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such as undifferentiated and differentiated hematopoietic stem cells, mesenchymal stem 

cells and fat cells (90). Hence, it is essential to characterise the cells used in the study.  

 

4.2 BM-MSCs Behaviour on Scaffold 
 

4.2.1 Growth and Distribution of BM-MSCs 
 

Human BM-MSCs seeded onto calcium sulfate based scaffolds have been shown by 

DAPI staining to attach and proliferate on the scaffolds. Both Stimulan and Genex were 

shown to promote adhesion and proliferation of BM-MSCs. Cell adhesion is the initial 

phase of the cells-scaffold interaction, further stimulating subsequent cellular activities 

such as migration and differentiation (91). Whole scaffolds were stained with DAPI and 

the top surface was imaged with an inverted fluorescence microscope with DAPI filter. The 

DAPI stained BM-MSCs nuclei fluorescent blue. Microscopic imaging demonstrated the 

distribution of BM-MSCs across the whole surface of the scaffolds. The distribution pattern 

of cells appeared similar between Stimulan and Genex.  

Migration of cells into the depth of the scaffolds did not change greatly between the 

two time points (7 and 21 days). The cells seemed to lie almost entirely near the scaffold 

top surface. The cells may proliferate and migrate into the porous scaffolds, filling the 

empty area at the side prior to moving downwards as there was an elevation in number of 

cells. A study by Rubén et al. showed an optimal range of calcium sulfate (CaSO4) 

concentration (3 to 5mM) would promote migration of MSCs (77). Pore size and porosity 

of a scaffold also affect migration of MSCs (54). An optimum pore size is needed for the 

cells to initiate adhesion, followed by proliferation and migration. The pore size and CaSO4 

concentration of Stimulan and Genex are yet to be investigated. 

 

4.2.2  Proliferation of BM-MSCs 
 

BM-MSCs attached and proliferated on the scaffolds. To confirm that the scaffolds 

are entirely biocompatible, a longer term in vivo study is required, which is beyond the 
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scope of this study. However, the human cell culture results obtained in this study were 

all consistent with the material being biocompatible (92).  

The results showed duration of culture affected cell proliferation. Cells were seeded 

on scaffolds for seven days and 21 days in this experiment. As cultured time increased, 

proliferation of cells on scaffold increased. These findings support the DAPI stain cell 

count results. Therefore, it was identified that both Stimulan and Genex are able to support 

the proliferation of BM-MSCs. Overall, the results revealed no significant effect of scaffold 

types on proliferation of cells. With neither showing superiority over the other despite the 

difference in their composition. Genex contains β-tricalcium phosphate (β-TCP) whereas 

Stimulan does not. If β-TCP does not play a part in BM-MSCs proliferation, it would explain 

the similar response seen with both Stimulan and Genex. A study by Polini et al. (2011) 

reported incorporation of HA and β-TCP into scaffolds did not affect proliferation of cells 

over time, which would support this explanation (91).  

However, when the readings were analysed separately for individual donors, donor 

one and donor three showed scaffold types had significant effect on cell proliferation. This 

variability could be explained in part due to individual variability of BM-MSCs caused by 

factors such as age, physical activity and medical history (82, 93). Previous studies have 

reported variation in MSCs physiology influenced by donor variability and source of cells 

(42, 94). Russell et al. found more donor variation for proliferation in BM-MSCs than 

adipose tissue-derived MSCs (AD-MSCs) (94). Hence, this should be taken into account 

when a study is designed. This study only used cells from three donors and a greater 

number of donors is needed to validate this explanation. A type two error may occur if the 

biological repeat is not sufficient.  

One methodological concern for this assay is the diffusion of MTS solution into the 

porous scaffolds. A plate shaker can be considered for gentle shaking of the plate during 

incubation. This can allow better diffusion of MTS solution and ensure it reacts with the 

seeded cells. In future technical study, a comparison between static and gentle shaking 

could be undertaken.  

 

 

 



79 
 

MScR The University of Edinburgh 2021 

4.2.3 Osteogenic Differentiation of BM-MSCs 
 

Alkaline phosphatase, ALP is an enzyme produced by BM-MSCs when the cells 

experience osteoblastic differentiation (81). In this study, ALP had been detected on cells 

seeded on Stimulan and Genex. The finding of ALP supported both Stimulan and Genex 

being osteoinductive. They stimulated BM-MSCs to differentiate towards osteogenic 

lineage when cultured in normal culture medium. 

The concentration of the osteogenic marker, ALP, reduced on day 21 compared to 

day seven. Similarly, study by Koroleva et al. observed ALP level peaked at day seven for 

human BM-MSCs (83). Jain et al. also determined ALP activity on human BM-MSCs every 

week for a period of four weeks. They found BM-MSCs in un-induced culture conditions 

came to a peak at day 14 and started to decrease after that (95). The study by Jain et al. 

determined ALP level on day 14 whereas this study and the study by Korovela et al. only 

tested the level on day seven and 21. In future studies using this protocol, it would be 

interesting to measure the ALP concentration after two weeks of culture to discover the 

pattern of ALP secretion.  

The finding of no significant difference in ALP level between Stimulan and Genex at 

both time points is consistent with a study reporting incorporation of HA or β-TCP into 

polycaprolactone (PCL) scaffold, which does not show a significant enhancement in cell 

mineralisation when HA or β-TCP was added (91). In contrast, a separate study reported 

the addition of β-TCP improved osteogenic differentiation of mesenchymal stem cells (96).  

Secretion pattern of ALP varied between the three donors. Donor one demonstrated 

higher ALP levels in Genex scaffold whereas donor three had ALP activity higher in 

Stimulan. Donor two reported the lowest ALP concentration for both types of scaffolds. 

The findings of Widholz et al. support the view that, individual or donor-specific factors 

play a role in causing this variability in biological properties of MSCs (97). Gender is one 

of the affecting factors. Hong et al. have shown steroid regulation of osteogenic 

differentiation of BM-MSCs is sex-linked (98).  
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4.3 Technical Trials  
 

4.3.1 Scaffolds Sectioning and Mounting Medium with DAPI 

Staining 
 

Attempts were made with both Stimulan and Genex scaffolds to section them into thin 

slices to determine if histological analysis could be carried out on these scaffolds as a 

method for analysing the ability of the BM-MSCs to migrate into these two scaffolds. The 

scaffolds were first sectioned using a cryostat. Due to the scaffolds’ crumbliness, the 

surfaces were not fully sectioned, but with holes in the middle. Mounting medium with 

DAPI staining caused the sections to dissolve. Hence, the scaffolds were next tried to fix 

with solvents and embed with paraffin wax. This was to determine whether the scaffolds 

would be affected by solvents and whether the wax would make the scaffolds easier to 

section. The solvents and wax did not affect the scaffolds’ structure. However, the sections 

were still not of good quality and dissolved when stained as with the cryostat sections. 

Dewaxed scaffolds without sectioning did not dissolve after staining. Trials showed the 

scaffolds were not suitable for histology test due to its crumbliness and the components 

in the stain may cause the dissolution of scaffolds. It is possible that plastic embedding 

might enable histological studies to be performed, but this would require further evaluation. 

 

4.3.2 Staining on Stimulan and Genex Scaffolds 

 
As expected due the calcium based nature of the materials, alizarin red and Von 

kossa stains stained the scaffolds without cells seeded on it. In alizarin red staining, free 

ionic calcium forms will precipitate with alizarin and thus, result in red staining. For Von 

Kossa staining, silver ion (Ag+) from silver nitrate (AgNO3) solution will replace calcium ion 

(Ca2+) from its compound and deposit. The Ag+ is next reduced by strong light to black 

metallic silver. Since both Stimulan and Genex consist of calcium, reactions occurred with 

the two stains. When Von Kossa stained the plain scaffolds, Genex stained darker than 

Stimulan. Silver phosphate (Ag3PO4) displayed reduced solubility in water and increased 

photo sensibility than silver sulfate (Ag2SO4) (99). Thus, stains were more readily detected 

in Genex.  
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However, some trials were performed to see if the rate at which these assays reacted 

with the calcium varied and also if it was grossly slower than the speed the assays reacted 

with the calcium deposited by the cells. If the latter was the case, then it was postulated 

that a time point might exist at which the calcium from the cells could be detected prior to 

the staining occurring with the calcium in the scaffolds. Unfortunately, this was not the 

case, therefore the use of this assay to support the ALP findings of osteogenic 

differentiation was abandoned. In its place, osteocalcin staining was developed in this 

setting. 

 

4.3.3 Osteocalcin Immunostaining  

 
The osteoblastic marker osteocalcin (OCN) is expressed and synthesised by 

mesenchymal stem cells which undergo osteoblastic differentiation (83, 100). It has been 

observed that only BM-MSCs cultured on Stimulan with osteogenic medium were 

osteocalcin positive in comparison to other conditions. This result suggests that the 

osteogenic medium had induced osteogenic differentiation of BM-MSCs on Stimulan but 

not on Genex. Difference in scaffolds’ composition may play a role. However, ALP assay 

did not show a significantly higher enzyme concentration on Stimulan compared to Genex.  

Osteocalcin is a late marker for bone formation while ALP is an early bone marker. 

ALP expression and activity come before expression of specific bone proteins such as 

OCN (83, 101). Hence, when expression of osteogenic genes is upregulated, expression 

and activity of ALP may be downregulated. BM-MSCs were only cultured on scaffolds for 

one week, this may explain the absence of OCN on scaffolds. A longer culture period of 

at least up to 21 days is needed to confirm the expression of OCN and determine its 

expression pattern (83).  

BM-MSCs from donor two were used in this trial. However, the final analysis showed 

that the ALP level for donor two was the lowest of the 3 donors, compared to donor one 

and donor three. This low-level secretion of ALP enzyme by BM-MSCs from donor two 

might have reduced ability to differentiate towards osteogenic lineage. This reinforces the 

view that variation in characteristics of the cells from different donors needs to be taken 

into account. 
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4.4 Limitations 
 

There are several limitations in this study which can be improved upon to enhance 

the outcomes and accuracy of the study. Concerning the cell seeding method onto the 

scaffold, some cells were observed on the 24-well plate’s surface surrounding the scaffold 

after the cells-scaffold constructs were incubated for two hours. In some cases, the cell 

suspension added on scaffold’s surface was not able to hold together as a water droplet. 

The surface tension of droplet was not sufficient to hold the droplet together, resulting in 

the droplet losing its integrity and spilling the cell suspension. As a result, the number of 

cells attached to the scaffold may vary and contribute to the variation in readings. This 

issue may be resolved by adjusting the volume of the droplet, therefore a few different 

volumes of cell suspension could be tested to assess whether this improves the efficiency 

of cell seeding on scaffold and to determine the optimum volume (82).  

A different in pattern was observed between the three donors, especially in ALP assay 

for osteogenic differentiation. This variation in results highlights the possible role of donor 

variability affecting the results. Hence, BM-MSCs from more donors should be used to 

study the donor-to-donor variability. In addition, further repeats would be of value to 

investigate the pattern between scaffolds and time points. 

The osteogenic differentiation of BM-MSCs was assessed with ALP colourimetric 

assay and osteocalcin (OCN) immunostaining. The OCN experiment was used to verify 

the findings of the ALP assay. OCN assay was only tested once for cells from one donor 

cultured for seven days. A longer culture period and cells from all donors should be done 

for OCN assay. ALP assay was done for day seven and day 21. To assess how the 

secretion of osteogenic markers by BM-MSCs varies with time, it would be interesting to 

perform the assays once every week, for up to four weeks. 

Furthermore, DAPI staining of the internal ‘cut surface’ of the scaffolds also has its 

limitation. Some of the cut surface had parts missing due to the crumbliness of the 

scaffolds particularly with Genex. It is possible that the parts with stained nuclei crumbled 

off accounting for the paucity of cells below the surface of the disc. This concern was 

supported by the finding that on the cut surface, stained nuclei were not present all along 

the side near the top surface of the scaffold, whereas the stained nuclei were observed 

throughout the top surface when viewed from the top of scaffold prior to the disc being cut. 
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4.5 Future Directions 
 

Studies have developed and studied a few different methods of cell seeding onto 

scaffolds. Seeding procedure plays a crucial role as it can affect the functioning of cell 

growth. Dynamic seeding of cells provides a culture environment which mimics the in vivo 

environment (102). A bioreactor is used in perfused culture where factors such as flow 

rate can be controlled. This method also enhances exchange of nutrients and waste 

products besides provides mechanical stimuli (102). Studies comparing cells cultured 

under dynamic and static culture condition revealed that dynamic seeding allowed 

homogenous cell growth and enhanced cell osteogenic differentiation (102, 103). This 

dynamic seeding method can be considered to use on BM-MSCs seeded on Stimulan and 

Genex. It can determine whether dynamic seeding reacts better than normal static seeding 

as reported in other studies (102, 103).  

Physical characteristics of scaffold such as surface topography and porosity play a 

role in seeded cells’ growth (10). These characteristics of scaffold can be determined by 

scanning electron microscopy (SEM). Besides, morphology, adherence and distribution of 

seeded cells can be observed. DAPI staining is able to detect the presence and 

distribution of cells on the surface of scaffold, but it does not allow observation of cell 

behaviour and mineral produced by cells. By using SEM, or possibly sectioned plastic 

embedded samples, observation of cell penetration into scaffold would also be possible.  

An ideal bone scaffold should have a degradation rate similar to the formation of new 

bone tissue (73). Calcium sulfate scaffold has been reported to have a rapid resorption 

rate, which is faster than new bone formation. A study by Hu et al. suggested calcium 

phosphate cement containing higher amount of calcium sulfate had higher degradation 

rate (73). It is useful to know the degradation rate of scaffold, especially when it is applied 

in vivo. In vitro degradation rate of Stimulan and Genex can be tested by soaking with 

Tris-HCL solution and the rate is characterised by residual weight ratio (73). Calcium ion 

released during degradation of the scaffolds leads to a rise in local calcium ion 

concentration which favours bone formation process (77). This may trigger the 

osteoinductive properties of the scaffolds. By knowing the degradation rate and when it is 

initiated, the relationship of these with osteogenic proteins expression and secretion by 

cells can be discovered.  
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Variation in donor cells’ behaviour has been observed in this study. Mesenchymal 

stem cells (MSCs) are described to have heterogeneous characteristics. This 

heterogeneity of MSCs is reported to be affected by culture conditions and donor factors 

such as age and chronic disease (104, 105). More studies on MSCs variation are needed 

to have a better understanding of these issues. When the cells are used clinically, a deeper 

knowledge of the effect of different donor variables would be of great benefit in helping to 

optimise the outcome for the patient. A guideline named minimum information for studies 

reporting biologics (MIBO) has been developed to help address the problem of inadequate 

reporting of studies testing biologics in orthopaedics, mainly MSCs and platelet rich 

plasma (PRP) (106). Although this guideline was designed for clinical studies, researchers 

undertaking in vitro study should be encouraged to collate this information as it may 

explain the variation in identified results, as seen in this study. With the help of this 

guideline, studies carried out are more precisely interpreted and standardised.  
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4.6 Conclusion 
 

In conclusion, this study has shown both calcium sulfate based scaffolds, Stimulan 

and Genex supported bone marrow-derived mesenchymal stem cells (BM-MSCs) growth, 

proliferation and osteogenic differentiation. The basic purpose of a three dimensional 

scaffold is to serve as a physical substrate which allow cells to attach and grow on it. This 

study demonstrated that cell number and proliferation increased over time, however cell 

osteogenic function reduced over time. There was no significant difference in cell 

behaviour between the two types of scaffolds. Donor cells variation occurred in this study 

since the patterns or changes differed between donors.  

These results demonstrate the application of seeding BM-MSCs on Stimulan and 

Genex is feasible. Further in vitro studies are required to further investigate the osteogenic 

function of these cells loaded scaffolds as well as in vivo studies to determine the 

performance of cells-scaffold constructs in the living organism. 
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Supplemental Figures 
 

(A)  (B)  

Supplemental Figure 1: DAPI staining of control scaffolds, (A) Stimulan and (B) Genex 

after cultured for 7 days. Images show absence of fluorescence blue nuclei on scaffolds. 

Representative images are from one donor. (10x magnification) 

 

(A)  (B)   

Supplemental Figure 2: DAPI staining of control scaffolds, (A) Stimulan and (B) Genex 

after cultured for 21 days. Images show absence of fluorescence blue nuclei on 

scaffolds. Representative images are from one donor. (10x magnification) 

 




