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Chapter 1: Executive Summary 

The use of adipose-derived stromal/stem cells (ASCs) continues to increase in the field of 

regenerative medicine and other clinical applications. Adipose tissue can be collected in a less 

invasive procedure, when compared to bone marrow aspirations, from patients undergoing 

cosmetic liposuction or abdominoplasty procedures either as an aspirate or as intact tissue. 

Adipose tissue is seen as medical waste that would otherwise been discarded. ASCs are seen 

as the one of the most promising stem cell populations for tissue regeneration as they can be 

harvested with relative ease, can yield large quantities, grow under standard cell culture 

conditions, differentiate into multiple lineages, and secrete various cytokines.  

 

One of the clinical applications of ASCs is their role in enhancement of bone regeneration. To 

achieve osteogenic differentiation of ASCs, the ASCs are exposed to a differentiation cocktail 

containing 𝛽-glycerophosphate, ascorbate-2-phosphate and dexamethasone. Currently there 

is no consensus regarding the most optimal osteogenic differentiation medium for in vitro 

osteogenic differentiation of mesenchymal stromal/stem cells (MSCs), and the 

concentrations of the stimulating factors vary amongst published osteogenic induction 

media. It is for this reason we tested 3 previously published osteogenic differentiation media 

with varying concentrations of 𝛽-glycerophosphate, ascorbate-2-phosphate and 

dexamethasone. The success of the different differentiation cocktails was assessed using two 

osteogenic assays namely Alizarin Red S (ARS) and alkaline phosphatase (ALP) which were 

used to quantify the amount of calcified product and ALP enzyme activity respectively. Of the 

three differentiation media, one differentiation medium that produced the best osteogenic 

differentiation was chosen for further downstream testing. 

 

Foetal bovine serum (FBS) has been the gold standard for medium supplementation when 

expanding ASCs ex vivo despite the many disadvantages associated with its use, such as batch-

to-batch variability, the presence of xenogenic proteins, possibility of zoonotic disease 

transmission, and ethical concerns regarding animal welfare to name a few. Furthermore, for 

ASCs to be used in a clinical setting, they need to comply with Good Manufacturing Practice 

(GMP) guidelines, which strongly advise against the use of FBS in clinical-grade cell therapy 

products. For this reason, researchers and clinicians continue to seek optimal and GMP 
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compliant alternatives to FBS. Human alternatives to FBS will not only overcome FBS-

associated disadvantages, but also more accurately mimic the environmental niche thus 

making the cell therapy product more physiologically compatible and consequently more 

reliable when applied clinically.  

 

The current study explored the use of two human alternatives to FBS namely platelet-rich 

plasma (PRP) and pooled human platelet lysate (pHPL) for use in osteogenic differentiation of 

ASCs in vitro. ASCs were expanded and differentiated in medium supplemented with either 

FBS, PRP or pHPL. Again, the two osteogenic assays, ARS and ALP were used to determine the 

success of osteogenic differentiation. To examine the kinetics of osteogenic gene expression, 

RNA was isolated at 4 time points during the differentiation period (days 0, 7, 14 and 21) and 

quantitative reverse transcription polymerase chain reaction (RT-qPCR) was performed.  

We found that both human alternatives were superior to FBS supplemented medium in terms 

of the amount of calcified bone product produced and the rate at which osteogenesis 

occurred. RT-qPCR data revealed that cells grown in FBS take longer to switch from a 

proliferative to an osteogenic differentiation state. Results revealed that PRP and pHPL are 

effective substitutes to FBS when differentiating ASCs into osteoblasts, and that this can 

effectively be assessed in the therapeutic setting.  

 

The aim of this study is to optimize and standardize protocols to differentiate MSCs into 

osteoblasts. 

 

The objectives of this study include: 

1. To isolate MSCs from adipose tissue. 

2. To establish standardized quantitative assays for osteoblast differentiation of MSCs in 

vitro using microscopy and gene expression. 

3. To test a range of different osteogenic differentiation media to determine which 

medium is optimal for ASC-induced osteogenesis using microscopy and gene 

expression. 

4. To test two human alternatives to FBS including platelet rich plasma and pooled 

human platelet lysate, to determine which is optimal for MSC-induced osteogenesis 

using microscopy and gene expression. 
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5. To differentiate MSCs from adipose tissue into osteoblasts using the optimal 

osteogenic medium and the optimal human alternative. 
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Chapter 2: Literature Review 

Disclosure 
 

Parts of this literature review has been published as a review article in Stem Cells International 

Journal. The sections that were copied verbatim from the review are indicated using italic 

font. 

Jamie Mollentze, Chrisna Durandt, Michael S. Pepper, “An In Vitro and In Vivo Comparison of 

Osteogenic Differentiation of Human Mesenchymal Stromal/Stem Cells”, Stem Cells 

International, vol. 2021, Article ID 9919361, 23 pages, 2021. 

https://doi.org/10.1155/2021/9919361. 

 
Author contributions 
 
Jamie Mollentze: Writing- Original draft preparation, Investigation, Visualization. 

Chrisna Durandt: Writing- Review and editing. 

Michael S. Pepper: Writing- Review and editing. 

 

2.1. Defining stem cells  
 

Stem cells are unspecialized cells which simultaneously possess self-renewal and 

differentiation ability. For this reason, stem cells have been the focus of cell based therapy in 

the field of regenerative medicine [1]. Regenerative medicine makes use of the ability of stem 

cells to differentiate into various cell types, replacing damaged or dysfunctional cells at the 

site of injury, and in doing so, restoring the function and structure of the damaged tissue or 

organ [2]. The stem cells received from donors used in regenerative medicine can either be 

autologous or allogeneic. Autologous refers to stem cells that are taken from an individual 

and later given back to that same individual whereas allogeneic refers to stem cells taken 

from a donor whose human leukocyte antigen (HLA) has an acceptable level of compatibility 

to that of the patient i.e. a relative or a person found on a donor registry [3,4].  

 

The term ‘potency’ refers to the ability of stem cells to differentiate into multiple lineages. 

There are four potency levels: totipotent, pluripotent, multipotent and unipotent, listed from 
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most to least potent. Totipotent cells give rise to all embryonic and extra-embryonic cells and 

are derived from zygotes/blastomeres [5]. Pluripotent stem cells are derived from blastocysts 

and are termed “master cells” as they can differentiate into any cells of the three embryonic 

germ layers [6].  Multipotent stem cells can be described as cells that reside in a specific site, 

e.g. bone-marrow, and are only able to differentiate into a restricted number of cell types. 

Both haematopoietic stem cells (HSCs) and MSCs are examples of multipotent stem cells [7,8]. 

Lastly, cells whose differentiation is limited to one cell type and which have limited  

self-renewing ability, such as germ line stem cells responsible for sperm production, are 

known as unipotent stem cells [6]. Table 2.1 compares features of totipotent, pluripotent, 

multipotent and unipotent stem cells. 

 

From a therapeutic perspective, stem cells are divided into two categories: pluripotent stem 

cells and adult stem cells. Pluripotent cells include embryonic stem cells (ESCs) and induced 

pluripotent stem cells (iPSCs). Embryonic stem cells are usually isolated from the inner cell 

mass of a pre-implantation blastocyst obtained during in vitro fertilization [9]. Induced 

pluripotent stem cells (iPCs)  are adult stem cells that have been genetically reprogrammed 

in vitro into pluripotent stem cells [10]. Briefly, iPSCs are produced by taking somatic cells and 

reprogramming them to express Myc, Oct3/4, Sox2 and Klf4. By encoding these transcription 

factors, the somatic cells are converted into pluripotent stem cells. Induced pluripotent stem 

cells are very similar to ESCs at the cellular level as they also have a self-renewing ability and 

the ability to differentiate into the three different germ lines, however iPSCs have less ethical 

concerns than ESCs [11].  

 
Adult stem cells are found throughout the body in a variety of tissues and organs. Adult stem 

cells can either be multipotent or unipotent. As mentioned before, multipotent adult stem 

cells are able to differentiate into various cell types of the mesodermal layer [12]. Unipotent 

adult stem cells are only able to repair or replace damaged tissue of the same origin as the 

adult stem cell, i.e. satellite cells found in skeletal muscle can only differentiate into skeletal 

muscle cells as seen in muscle regeneration [13]. MSCs, HSCs and neural stem cells are three 

examples of multipotent adult stem cells. In this study, we will be investigating mesenchymal 

stromal/stem cells.  
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Table 2.1 Comparison of stem cell potency. 

 Totipotent Pluripotent Multipotent Unipotent 

Terminology Toti = Whole Pluri = Many Multi = Several Uni = One 

Relative potency High Medium Low Very low 

Cell types Any cell type Any cells of the three 

germ lines 

Limited number of cell types  Only differentiate into one 

specific cell type 

Origin Cells of zygote Inner cell mass of 

blastocyst 

Multiple tissues Multiple tissues 

Expression of pluripotent 

genes 

++++ +++ ++ + 

Expression of lineage 

specific genes 

+ ++ +++ ++++ 

Advantages of use in 

research 

Isolation and culture process is 

relatively easy 

Isolation and growth 

process is relatively easy 

Less ethical concerns Less ethical concerns 

Disadvantages of use in 

research 

Ethical limitations Ethical limitations and 

concerns of teratoma 

formation 

Limited differentiation 

ability, difficult to isolate 

Limited differentiation 

ability 

Examples Zygotes/Blastomeres Embryonic and induced 

pluripotent stem cells 

Mesenchymal, 

haematopoietic, neural stem 

cells, and satellite cells 

Germline stem cells that 

produce sperm in the testes 
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2.2. Mesenchymal stem/stromal cells  
 

MSCs contain a population of multipotent adult stem cells capable of differentiating into cell 

types of mesodermal origin [14]. MSCs were initially isolated from bone marrow (BM) and are 

in this setting referred to as bone marrow-derived MSCs (BM-MSC)[15]. Since then, human 

MSCs have been isolated from various foetal and adult tissues, such as adipose tissue [16], the 

amniotic membrane [17], amniotic fluid [18], placental and foetal membranes [19], umbilical 

cord lining membrane [20], the endometrium [21], dental tissue [22], menstrual blood [23], 

peripheral blood [24], skin [25], synovial fluid [26], Wharton’s jelly [27] and others. 

 

It is well accepted that isolated MSC populations are heterogeneous, containing both stem 

cells and mature stromal cells. Even though the terms mesenchymal stem cells and 

mesenchymal stromal cells are used interchangeably [14], there are distinct differences 

between the two. Mesenchymal stem cells possess the ability to self-renew and differentiate, 

demonstrating the functionality of true stem cells, while the term ‘mesenchymal stromal cells’ 

refer to a heterogeneous populations of progenitor cells at various stages of maturation. 

Directly after isolation, the isolated cell population may also contain differentiated cells 

present in the tissue microenvironment such as endothelial cells, pericytes, fibroblasts and 

immune cells, as well as various haematopoietic cells [28–30]. 

 

2.2.1. Characterization of MSCs 

All MSCs, independent of their source, should adhere to minimal criteria recommended by the 

International Society for Cellular Therapy (ISCT). These include (a) the ability to adhere to 

plastic; (b) the expression of a specific set of cell surface markers such as cluster of 

differentiation (CD)73, CD90, CD105 or CD13 and the lack of CD14, CD19, CD31, CD45 and 

human leukocyte antigen (HLA)-DR; and (c) the ability to differentiate into at least adipocytes, 

osteoblasts and chondrocytes in vitro [31]. Many studies have suggested that the expression 

of CD34 is variable and therefore MSCs can either be positive or negative for CD34  

[31–33]. Currently, there is no cell surface protein specific to MSCs and MSCs isolated from 

different sources may differ regarding cell surface protein expression profiles. Table 2.2 
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summarizes the different cell surface markers that are associated with MSCs isolated from 

different tissue sites.  

Table 2.2 Cell surface markers expressed by MSCs isolated from different tissues.  

Source Cell Surface Marker Reference 

Positive Negative 

Adipose tissue CD10, CD13, CD29, CD34, 

CD44, CD49e, CD59, CD71, 

CD73, CD90, CD105, CD166, 

CD200, HLA-ABC 

CD11b, CD14, CD19, CD31, 

CD34, CD45, CD56, CD146, 

CD235a, Stro1, HLA-DR 

[16,34–37]  

Amniotic membrane and fluid CD29, CD44, CD73, CD90, 

CD105, SH2-4 HLA-ABC 

CD11b, CD10, CD14, CD19, 

CD20, CD34, CD45, CD79a, 

HLA-DR 

[18,38–40]  

Bone marrow CD29, CD44, CD73, CD90, 

CD105, CD271, Stro-1 

CD14, CD34, CD45,  

HLA-DR 

[31,35,41,42] 

Dental tissue CD29, CD34, CD44, CD73, 

CD90, CD105, CD105, CD117, 

CD166, Stro1  

CD11b, CD14, CD19, CD31, 

CD34, CD45, CD79a, CD146, 

HLA-DR 

[22,41,43,44] 

Endometrium CD44, CD49d, CD479f, CD73, 

CD90, CD105, CD146 

CD14, CD19, CD34, CD45, HLA-

DR 

[21,45]  

Peripheral blood CD29, CD73, CD90, CD105, 

CD106, CD146, CD166,  

CD34, CD45, CD133 [24,46,47] 

Placental and foetal membrane CD29, CD73, CD90, CD105 CD34, CD45  [19]  

Skin CD29, CD44, CD73, CD90, 

CD105, CD166 

CD14, CD34, CD45, HLA-DR [25,48] 

Synovial fluid CD44, CD73, CD90, CD105, 

CD147, Stro-1 

CD11b, CD14, CD19, CD31, 

CD34, CD45, CD79a, CD106, 

HLA-DR 

[26,39] 

Umbilical cord lining membrane CD29, CD44, CD73, CD90, 

CD105, CD106, HLA-I 

CD14, CD31, CD34, CD45, HLA-

DR 

[16,20,49] 

Wharton’s jelly within umbilical 

cord 

CD73, CD90, CD105 CD14, CD19, CD34, CD45, 

CD79, HLA-DR 

[27,50]  

 
2.2.2. Adipose derived stem/stromal cells  
 
MSCs were initially isolated from bone marrow and has been the standard practice for many 

years, but this might not be the most optimal source from which to harvest MSCs for future 

clinical applications as bone marrow aspirations are known to be highly invasive and painful 

[15,51,52].  The invasive nature of bone marrow aspirations does not adhere to the criteria 

set by Gimble et al. 2017 [53].  Gimble et al. 2017 states that; (1) the harvesting process should 

be done through a minimally invasive process, (2) MSCs should be harvested in large 
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therapeutic quantities, (3) that MSCs used in regenerative medicine should show multilineage 

potential, (4) the transplantation of these cells must be done under safe and effientient 

protocols that minimizes the risk of pathogen exposure in both autologous and allogeneic 

conditions, and lastly (5) the manufactured cells should adhere to current GMP guidelines.  

 

Zuk et al. 2001 [54] characterized the first ASCs, which are MSCs that have been harvested 

from adipose tissue,  in 2001 and together with the work of Gimble et al. 2017  suggests that 

adipose tissues is a more acceptable source of MSCs as large quantities can be isolated from 

resected fat or lipoaspirates from cosmetic surgeries. Adipose-derived stromal/stem cells 

exhibit similar characteristics as BM-derived MSCs, such as multipotent differentiation 

potential and  plastic adherent properties [53,55]. Adipose-derived stromal cells are 

specifically isolated from the stromal vascular fraction (SVF) [34]. The SVF is a component of 

lipoaspirate that is obtained by enzymatically digesting adipose tissue with collagenase, 

washing the tissue with phosphate-buffered saline (PBS) and collecting the cells by 

centrifugation. The SVF contains a wide range of cells including ASCs, HSCs, endothelial cells, 

fibroblasts, erythrocytes and immune cells such as monocytes, macrophages and 

lymphocytes [34].  

 

2.3. Alternative serum supplementation 

A limit to in vitro cell culturing is the use of foetal bovine/calf serum (FBS/FCS) as a supplement 

to cell culture medium to ensure optimal cell proliferation [56]. Although commonly used, 

FBS/FCS-supplemented growth media are associated with number of disadvantages.  

First, FBS/FCS shows batch-to-batch variation due to the variable composition of the product, 

and thus results are often not reproducible [57]. Furthermore, FBS/FCS is xenogeneic and 

contains bovine proteins that can potentially elicit an immune response in humans [58]. The 

transmission of zoonotic diseases is also a possibility and thus also a primary concern when 

culturing cells in FBS/FCS; cells that have been cultured in FBS/FCS can therefore not be used 

clinically [59]. 

Due to the disadvantages associated with FBS/FCS, the use of human blood products in cell 

culture medium as alternatives to animal serum is becoming increasingly popular [60,61].  

In short, blood is separated by centrifugation into its components i.e., platelets, growth 
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factors, fibrin, etc., which are separated from erythrocytes [62]. Some of these blood products 

include human serum (HS), platelet-rich plasma (PRP), platelet-poor plasma (PPP), fresh 

frozen plasma (FFP) and human platelet lysate (HPL).  

 

Both human serum and plasma are the liquid portion of whole blood. The difference between 

serum and plasma is the presence of clotting factors. Human serum (HS)  is produced by taking 

whole blood donated by a patient, allowing it to clot after which the clotted blood is  

centrifuged to produce serum that is devoid of platelets, erythrocytes and leukocytes [63]. 

Plasma is also produced by centrifuging whole blood containing an anti-coagulant to produce 

the non-cellular liquid part of whole blood known as plasma [64].  

 

It has been reported that ASC cultures maintained in HS, the cells show an extended lifespan, 

accelerated growth and clonogenic potential. Furthermore, it has been reported that there 

are no differential potential and senescence marker expression differences observed 

between cells cultured in FBS and cells cultured in HS [65]. However, one of the disadvantages 

that have been associated with HS is the limited availability of large quantities of autologous 

HS. This limitation can be overcome by pooling HS from different patients to produce large 

quantities of allogeneic HS for clinical applications. To ensure that the product is acceptable 

for clinical applications, blood banks perform strict quality checks as well as disease screening 

before releasing allogeneic HS [66]. 

 

Two human alternatives can be prepared from plasma: PRP and PPP. The difference is the 

concentration of platelets present in the product. Platelets are anucleated, disc-shaped cell 

fragments that play a role in cell growth, differentiation and tissue regeneration [67]. When 

preparing PRP, whole blood is centrifuged and the supernatant (plasma) is centrifuged again 

(high-speed centrifugation) to collect a platelet pellet, the platelet pellet is then re-suspended 

in a smaller volume of plasma to produce PRP [68]. Alternatively, PRP can be collected via 

apheresis [69]. PPP is prepared by removing platelets from the plasma obtained from whole 

blood. PPP thus has low levels of platelet-derived growth factor (PDGF) and will usually 

require the addition of growth factors [70]. Both PRP and PPP have been shown to increase 

ASC proliferation compared to FBS, and are considered to be an alternative to FBS [70,71]. 

Fresh frozen plasma (FFP) is obtained by rapidly freezing plasma separated from whole blood 
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at -65°C [72]. Mitra et al. 2014 determined that ASCs maintained in low glucose Dulbecco's 

Modified Eagle Medium (DMEM), with 5% (v/v) of FFP, resulted in a higher ASC proliferation 

rate than ASCs grown in FBS supplemented medium [72].  

 

Lastly, to produce HPL, PRP is submitted to several freeze-thaw cycles to rupture the platelets 

releasing growth factors, followed by centrifugation to remove cell debris [69]. The various 

human alternatives provide unique advantages and disadvantages with regard to culturing 

MSCs in vitro by providing suitable growth factors and ensuring genomic stability [64].  

ASCs cultured in HPL also show increased cell proliferation and differentiation rate when 

compared to FBS [73]. It has also been reported  that ASCs cultured in HPL show neither 

chromosomal abnormalities nor any changes in immunophenotype [74].  

 

2.4. Osteogenic differentiation 

Osteogenesis can be divided into intramembranous and endochondral ossification processes. 

Intramembranous ossification occurs in the craniofacial bones and clavicle and involves the 

direct differentiation of MSCs into osteocytes to form bone, while endochondral ossification 

involves the differentiation of MSCs into chondrocytes to form cartilage, which then forms a 

template for bone formation. Endochondral ossification is responsible for the formation of the 

long, short and irregular bones that form part of the axial and appendicular skeleton [75].  

Bone is a highly dynamic tissue and involves the constant build up and breakdown of bone 

tissue known as bone remodelling. Bone is composed of both cells (osteocytes, osteoblasts 

and osteoclasts) and an extracellular matrix that is mineralized by the deposition of calcium 

hydroxyapatite [76]. Bone matrix homeostasis is monitored and maintained by mature bone 

cells known as osteocytes [77]. When matrix microdamage occurs, such as in a fracture, 

disruption of osteocyte canaliculi leads to the paracrine release of cytokines and other 

mediators by osteocytes, attracting osteoclasts to the site of injury/defect [78,79]. 

Osteoclastogenesis (osteoclast differentiation) from mononuclear osteoclast precursors can 

also be induced by the secretion of receptor activator of nuclear factor kappa-B ligand (RANKL) 

and macrophage-colony stimulating factor (M-CSF) by surrounding stromal and osteoblast 

cells [80,81].  Osteoclasts secrete a collagen digesting enzyme and an acidic hydrogen ion 

mixture that dissolves the calcium phosphate in the defective bone tissue, a process known as 
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bone resorption [82]. Once the defective bone tissue is cleaned out, macrophage-like cells 

smooth the resorbed bone tissue in preparation for matrix deposition [81]. Osteoclasts then 

recruit bone-forming cells termed osteoblasts before they undergo apoptosis. Osteoblasts are 

responsible for synthesizing components of the bone matrix, such as type I collagen, 

proteoglycan and alkaline phosphatase (ALP), to name a few [76]. By balancing bone 

resorption and bone formation, bone homeostasis is maintained (Figure 1). 

 

Figure 2.1. Schematic representation of the bone remodelling process.Solid lines indicate differentiation and 
dotted lines indicate stimulation. Osteocytes within bone tissue stimulate osteoclast progenitor cells to 
differentiates into osteoclasts. Osteoblasts can also stimulate osteoclast progenitor cells through RANK/RANKL 
binding. Once the defective bone tissue is cleared, macrophage-like cells smooth the resorbed bone tissue. 
Before undergoing apoptosis, osteoclasts recruit osteoblasts for matrix deposition. Osteoblasts stimulate the 
release of osteoprotegerin (OPG) that acts as a soluble decoy and inhibits osteoclast differentiation. Adapted 
from Wittkowske et al. [81], Bone remodelling cycle, https://creativecommons.org/licenses/by/4.0/legalcode 
http://creativecommons.org/licenses/by/4.0/]. MSC, Mesenchymal stroma/stem cell; RANK, Receptor activator 
of nuclear factor kappa-Β; RANKL, Receptor activator of nuclear factor kappa-Β ligand; OPG, osteoprotegerin. 
Mollentze et al. 2021. 

2.4.1. Transcriptional genes involved in osteogenesis 

Osteogenesis is controlled by a wide range of stimulators and inhibitors, which occur both at 

the transcriptional level and through extracellular signalling pathways. Runt-related 

transcription factor 2 (RUNX2) is an essential transcription factor that controls the 

differentiation of MSCs into osteoblasts [83]. Additionally, osteogenesis is regulated through 

changes in the osteoprotegerin (OPG)/ RANKL ratio. RANKL binds to RANK, found on the 
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surface of pre-osteoclasts, to induce differentiation of pre-osteoclasts into mature osteoclasts 

in the presence of M-CSF, leading to bone resorption [76]. Osteoclast differentiation needs to 

be blocked in order for osteoblast differentiation to occur; this happens through the secretion 

of OPG that acts as a soluble decoy receptor, which binds to RANKL, blocking RANKL/RANK 

interactions and thereby inhibiting osteoclast differentiation (Figure 2.1).  

2.4.1.1. RUNX2: Master regulator of osteogenic transcription 

RUNX2 is the main molecular regulator responsible for the differentiation of MSCs into 

preosteoblasts and is expressed early to promote osteogenesis and inhibit adipogenesis and 

chondrogenesis [84]. RUNX2 regulates many downstream osteogenic genes such as Osterix 

(Osx), osteocalcin (Ocn), ALP, β-catenin, core binding factor-1α (CBF-1α), bone sialoprotein 

(BSP), osteonectin, osteopontin (Opn) and type I collagen, to name a few (Figure 2). 

Furthermore, activation/overexpression of RUNX2 results in a significant decrease in 

adipogenic related transcription factors and enzymes, peroxisome proliferator-activated 

receptor (PPARγ) and lipoprotein lipase (LPL) [85]. RUNX2 is downregulated during the later 

stages of bone maturation [84]. In vitro studies show that RUNX2 also directly regulates 

synthesis of both OPG and RANKL [86,87]. These findings have been confirmed in vivo [85,88]. 

Otto et al. [88] showed that a mutation in the RUNX2 gene resulted in a complete absence of 

osteoblasts, which resulted in turn in a cartilaginous skeleton; RUNX2 deficient mice also die 

shortly after birth. A later study done by Adhami et al. [89] demonstrated that RUNX2 null 

mice were born alive and were identical to wildtype mice and only after a month did the 

RUNX2 null mice display poor growth, weighing 20-25% less than their wildtype counterparts. 

With closer inspection they found there was a 50% decrease in trabecular number and a 20% 

decrease in trabecular thickness indicating that the loss of RUNX2 led to significant growth 

deficits. They also noticed impaired bone mineralization due to a decrease in the average 

density of hydroxyapatite. Together these findings indicated that RUNX2 is important in bone 

formation. The difference between the two studies could be explained by differences in the 

strain of mice used in the respective studies. On the other hand, Zhang et al. [85] 
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demonstrated that the overexpression of RUNX2 in 4-week-old nude mice resulted in 

increased mineral deposition.  

2.4.1.2. Early-stage osteogenic regulators 

Msx2 is a homeobox transcription factor that mainly controls the early stages of osteogenic 

differentiation but also plays a role in the later stages of osteoblastic mineralization. Ex vivo 

studies have shown that the expression of Msx2 promoted up-regulation of Osx and ALP, but 

did not influence the expression of RUNX2 [90]. Cheng et al. [90] demonstrated the ability of 

Msx2 to regulate osteogenesis through the suppression PPARγ. Ocn, a late stage osteogenic 

marker, is down-regulated in the early stages of osteogenesis through protein-protein 

interactions between Msx2 and Ocn [91]. Satokata et al. [92] reported osteoblast deficiency 

leading to osteoporosis syndromes in Msx2 null mice, supporting the idea that Msx2 plays an 

important role in osteogenic differentiation. The insulin-like growth factor (IGF) axis regulates 

both osteoblast and osteoclast differentiation and is one of the most abundant growth factors 

in bone tissue [93]. Osteocytes upregulate IGF-1 in response to mechanical loading; IGF-1 is 

thus considered to be an early osteogenic marker [94]. The knockout of IGF-1 in MSCs 

compromises the osteogenic process in vitro [95]. This study was corroborated by  

Zhang et al. [96] who showed that bone formation was completely blocked by disrupting the 

Igf1 gene in mature osteoblasts. Similarly, in vivo, a disruption in the Igf1 gene inhibited 

periosteal expansion resulting in rodents with smaller body features [97].  

Osx and activating transcription factor 4 (Atf4) are located downstream of RUNX2 and are 

both important transcription factors in osteogenesis. Atf4 regulates osteogenesis through its 

ability to regulate Ocn and collagen type I. Deletion of Atf4 in mice led to impaired terminal 

osteoblast differentiation and resulted in severe osteopenia and other defects during skeletal 

development [98,99]. Osx is a potent bone forming stimulator that is part of the specificity 

protein 1 family [100]. Osx stimulates osteoblastic differentiation in MSCs through the 

repression of PPARγ, which inhibits adipogenesis [101]. Several in vivo studies have 

demonstrated the indispensable function of Osx in osteogenic differentiation [100,102–104]. 

The importance of Osx was demonstrated by Hilton et al. [102]: inhibition of Osx impairs 

osteoblast mineralization of cartilage into bone. In vitro studies suggest that Osx is modulated 

by IGF-I, BMPs, Msx2, and the Wnt signalling pathway [100,103,104]. Overexpression of Osx 
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in C2C12 cells resulted in increased expression of ALP and Ocn, leading to the calcification of 

bone tissue [100]. ALP plays an important role in phosphate metabolism by hydrolysing 

inorganic phosphate to promote matrix calcification, thus playing a key role during 

osteogenesis [105]. Nakamura et al. [106] overexpressed ALP in wild-type osteoblast cells 

which resulted in increased expression of osteogenic genes RUNX2, Osx, Ocn, and dentin 

matrix acidic phosphoprotein 1 (Dmp1), an osteocyte differentiation marker. Consistent with  

Nakamura et al.’s [106] in vitro study, Narisawa et al. [107] demonstrated that the 

overexpression of ALP by osteoblasts resulted in an increase in bone mineralization in vivo. 

ALP-/- mice exhibit long bone and skull fusion defects, and by administering exogenous ALP, 

the authors were able to increase bone density and the life span of these mice [107–111]. 

Another early-stage osteogenic marker is COL1A1. Mutations in COL1A1 have been studied 

extensively in osteogenesis imperfecta, a genetic disorder that results in bone fragility and 

multiple fractures. COL1A1 is important for the synthesis of collagen type I which is a major 

component of bone extracellular matrix (ECM), is expressed in all osteoblastic cells throughout 

osteogenic differentiation, and mutations lead to ineffective or absent differentiation 

[112,113].  

2.4.1.3. Late-stage osteogenic regulators 

Transcription factors involved in the later stages of osteogenesis regulate terminal 

differentiation and are involved in mineralization. Some of the most important late-stage 

transcription factors are Opn, distal less homeobox 5 (Dlx5), Ocn, OPG and BSP, to name a 

few. Opn is a matricellular protein that belongs to the small integrin-binding ligand N-linked 

glycoprotein (SIBLING) family and is involved in mineralization in response to mechanical 

stress. Chen et al. [114] observed that Opn-/- MSCs form considerably less bone tissue in vitro 

compared to their wild-type counterparts; however, the same is not true in vivo. Chen et al. 

[114] suggest that the difference between in vitro and in vivo studies may reflect functional 

redundancy and that other members of the SIBLING family can compensate for Opn deficiency. 

Interestingly however, Opn-/- mice did show a higher fat weight/body weight ratio. Dlx5 is 

another bone inducing transcription factor that plays a role in the later stages of osteogenesis. 

In vitro studies show that by inhibiting Dlx5, RUNX2 and Osx expression was blocked, 

suggesting that Dlx5 may be an upstream regulator of RUNX2 and Osx. Dlx5 is also a 

downstream target of BMP signalling [115]. Additionally, upregulation of Dlx5 did not increase 
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the osteogenic markers ALP and Ocn in vitro. Other cell culture studies demonstrated however 

that overexpression of Dlx5 increases expression of Ocn [116]. Dlx5 null osteoblasts display a 

higher RANKL/OPG ratio, suggesting that Dlx5 deficient osteoblasts are able to induce 

osteoclastogenesis [117]. Dlx5-deficient mice displayed delayed and abnormal osteogenesis, 

resulting in severe craniofacial abnormalities as well as a decrease in RUNX2, Osx, Ocn and 

BSP expression [117,118]. An increase in the number of osteoclasts was observed in the femurs 

of Dlx5 null mice [119]. Bone defects were also present in Dlx5/Dlx6 double knockout mice, 

further indicating that Dlx5 plays an important role in bone mineralization [119].  

Interestingly, the forced overexpression of Dlx5 in vivo also resulted in reduced bone 

mineralized matrix deposition despite high levels of RUNX2 and BSP expression, suggesting a 

block in the later stages of osteogenesis [120].  

OPG is expressed by osteoblasts, MSCs and endothelial cells, and can enhance osteogenesis 

by acting as a decoy receptor for RANKL, inhibiting osteoclastogenesis [121,122]. Both in vitro 

and in vivo models have demonstrated that OPG levels are inversely related to 

osteoclastogenesis [123,124]. In an in vitro study, the treatment of undifferentiated MSCs with 

OPG resulted in the enhancement of osteogenesis [125]. Furthermore, OPG knockout mice 

demonstrate an increase in bone resorption due to increased osteoclast activity [42].  

Ocn and BSP are both non-collagenous proteins found in bone tissue. Ocn is the most 

abundant, non-collagenous protein in bone tissue, and is used as a biochemical marker for 

bone formation in vitro and in vivo: an increase in Ocn levels has been associated with an 

increase in bone mineral density [126]. BSP is found in mineralized tissue such as bone, 

calcified cartilage and dentin, and makes up approximately 8% of the non-collagenous protein 

of bone [127]. Although the function of BSP is not yet fully known, it is suspected to play a role 

in the formation of hydroxyapatite (essential component of healthy bone tissue) [128]. In the 

absence of BSP in vitro, osteogenic differentiation is negatively impacted. BSP overexpression 

leads to an increase in osteoblast-related gene expression as well as enhanced mineralization. 

The opposite is also true; when BSP expression is reduced, there is both a reduction in 

osteoblast-related gene expression and bone mineralization [129]. In vitro studies have 

suggested that a lack of BSP reduces osteoprogenitor cell numbers and has a compensatory 

role on Opn. The BSP-/- phenotype is associated with the upregulation of Opn in an attempt 
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to rescue the cells. However, the overexpression of Opn is not enough to rescue the cells, and 

thus bone formation and mineralization does not occur [130,131]. BSP-/- mice demonstrate 

normal skeletal development; however, they display under-mineralization of long bones 

[131,132]. 

2.4.1.4. Additional osteogenic transcription factors 

Other transcription factors that are involved in osteogenic differentiation are frizzled-related 

protein (FRZB), dickopf (Dkk) 2, homeobox protein Hox-B7 (HOXB7), β-catenin and others. 

FRZB is a Wnt modulator that increases the expression of osteogenic-related markers and 

calcium deposition. The overexpression of Frzb in MC3T3-E1 cells increases osteogenic activity 

while the loss of Frzb results in a decrease in osteogenic activity [133]. However, Frzb null mice 

show an increase in cortical bone thickness [134]. These contrasting results may be explained 

by the deficiency of FRZB leading to supraphysiological levels of other Wnt modulators such 

as Dkk1 and Dkk2, that stimulate osteogenesis. Dkk1 and Dkk2 work antagonistically in vivo, 

where the increased expression of Dkk1 results in a decrease in bone mass while an increase 

in Dkk2 expression positively stimulates bone formation [135,136].  

When the transcription factor HOXB7 is over expressed, osteogenesis is enhanced through the 

upregulation of RUNX2 [137]. Gao et al. [137] performed both in vitro and in vivo studies to 

investigate the role of HOXB7 during osteogenic differentiation. In their in vitro studies, the 

overexpression of HOXB7 enhanced bone mineralization through activation of ALP.  

HOXB7 overexpression also had an effect on other osteogenic transcription factors and 

proteins such as RUNX2, osteonectin, collagen type I, BSP and Ocn, leading to the promotion 

of osteogenesis. In contrast, when HOXB7 was inhibited these transcription factors were 

downregulated resulting in a decrease in ALP activity that led to a decrease in mineralization. 

Other HOX genes involved in osteogenesis are HOXa2 and HOXd9. In vivo studies showed that 

during bone regeneration, HOXa2 is upregulated after bone fracture while HOXd9 is 

downregulated [138].  

The β-catenin protein is multifunctional. One important function is its ability to regulate the 

transduction of Wnt signalling [139]. The inhibition of β-catenin leads to the inhibition of 

osteogenesis and the promotion of chondrogenesis [140]. β-catenin is activated by the Wnt 
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signalling pathway; β-catenin then interacts with LEF/TCF which together increase bone 

mineralization [141]. Ex vivo studies have demonstrated the importance of β-catenin in 

osteoblast mineralization through its downstream regulation of BMP2 [142]. In an in vivo 

study, Hill et al. 2005 [143] knocked-down β-catenin from head and limb mesenchyme in 

mouse embryos. In the absence of β-catenin, the mutant mice did not form cortical or 

trabecular bone. Interestingly, the overexpression of β-catenin does not result in an increase 

in osteoblast number, but rather inhibits chondrogenesis and allows for MSC osteogenesis 

[143].  

There are several other transcription factors, not discussed in this overview (review), that are 

involved in osteogenesis. These include matrix extracellular phosphoglycoprotein (MEPE), 

human high-temperature requirement protein 1 (HTRA1), IGFBP-2, secreted protein acidic and 

rich in cysteine (SPARC), TMEM119, sclerostin and hypoxia-inducible factor-1α (HIF-1α); for 

further information, please refer to [144–151]. The osteogenic process involves a complex 

network of cells and mediators, and even the slightest disruption of the network leads to 

defective bone formation (Figure 2.2). 

2.4.2. Signalling pathways involved in osteogenesis 

Successful translation of in vitro findings to clinical applications in vivo requires a good 

understanding of potential differences in events during in vitro and in vivo regulation of 

osteogenic differentiation. The BMP pathway and the Wnt/β-Catenin signalling pathway are 

two important extracellular signalling pathways involved in osteogenic differentiation 

[140,152]. Several studies have investigated the role of the BMP pathway during in vitro and 

in vivo osteogenic differentiation and reported on the differences and similarities in 

extracellular signalling pathways regulating events in these settings. Tsialogiannis et al. [153] 

concluded that the BMP pathway plays an important role during both in vitro and in vivo 

osteogenic differentiation. The majority of studies looking at the relationship between the 

Wnt/β-Catenin signalling pathway and bone formation have been done in vivo. Other 

extracellular signalling pathways that play a role in osteogenesis are the Notch signalling 
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pathway, the hedgehog pathway, fibroblast growth factor (FGF), vascular endothelial growth 

factor (VEGF) and extracellular signal-regulated kinase [154] (Figure 2.3). 

Figure 2.2. Regulation of MSC osteogenic differentiation. Green arrows indicate positive regulation while red 

lines indicate negative regulation. This figure illustrates the complex network of cells and mediators involved in 

bone formation. Mesechymal stem cells differentiate into pre-osteoblasts, then into osteoblasts and when 

osteoblasts become enclosed in the mineralized bone matrix, they are then classified as osteocytes. Mollentze 

et al. 2021.  

2.4.2.1. BMP signalling pathway 

BMP binds to its receptor, BMPR, found on epithelial cells, which in turn activates the 

intracellular transcription factor Smad. Smad binds to the master regulator, RUNX2. The 

Smad-RUNX2 complex induces osteogenesis [155] (Figure 3). Using various BMP antagonists 

in vitro, Tsialogiannis et al. [153] demonstrated that inhibition of BMP function affects 

multiple downstream factors, such as RUNX2, BSP and Ocn. The investigators extended their 

investigation by overexpressing noggin, a BMP antagonist, in transgenic mice, and reported a 

significant decrease in bone density and bone formation in these animals [156]. In contrast, 

complete knockout of noggin led to irregularly thickened bones and death shortly after birth 

[153,157]. Other BMP antagonists include chordin and gremlin. Multiple in vitro studies have 

demonstrated that chordin is a strong endochondral ossification stimulator [158–161]. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



20  

Zhang et al. [162] examined the role of chordin in vivo and their results show that BMP-2 

enhances maturation of chondrocytes resulting in growth of the growth plate of  

Hamburger-Hamilton stage 25-27 embryonic chick limbs. When chordin (a BMP antagonist) 

was expressed ectopically, it resulted in a delayed growth rate of the growth plate by binding 

to BMP to inhibit BMP’s function. From previous in vitro studies it is known that when  

gremlin-1 is supressed, the expression of osteoblastic genes ALP, BSP, MSX2, OC, OPN, and 

RUNX2 is significantly increased [163]. It was only recently that the role of gremlin was 

investigated in vivo. Rowan et al. [164] explored the effect of Grem 1 deletion in ROSA26CreER-

Grem1 flx/flx mice. Although these mice demonstrated normal bone structure, there were 

other abnormalities present including severe bowel disruption as well as abnormal 

haematopoiesis. Cyclooxygenase 2 (COX-2) enhances in vitro osteogenic differentiation 

through initiating the BMP signalling pathway via a positive regulatory loop with BMP9, a 

potent osteogenic stimulator [165,166]. Wang et al. [166] demonstrated that COX-2 is critical 

for orchestrating the BMP/Smad signalling pathway in vitro (Figure 3). Silencing Cox2 down-

regulated the expression of RUNX2 and Dlx-5. Similarly, in vivo studies showed that  

COX-2 knockout mice displayed 98% and 86% reduction in bone formation when they received 

a bone graft from other COX-2 knockout mice or wild type mice, respectively [167].  

Foxc1 is another important osteogenic regulator that interacts with an osteogenic factor, 

BMP4. Foxc1 mutant mice display numerous abnormalities related to bone development. The 

calvarial bones and sternum are absent, the ribs are deformed, and the skull base is reduced 

in size [168,169]. The ectopic expression of Foxc1 in C2C12 myoblasts resulted in the rescue of 

osteogenesis by increasing ALP activity and inducing early osteogenic markers such as RUNX2 

and type I collagen [170]. Furthermore, Hopkins et al. [171] demonstrated that a  

down-regulation of Foxc1 in C2C12 cells resulted in the inhibition of RUNX2, Msx2 and ALP 

activity (Figure 3). These investigators suggested that Foxc1 is required for the initiation of 

osteogenesis but not for the later stages, as they observed a decrease in Foxc1 levels as 

differentiation proceeded. 

2.4.2.2. Wnt/β-Catenin signalling pathway 

Wnt/β-Catenin signalling, also known as the classical or canonical Wnt pathway, is of 

particular importance as it can either induce or inhibit osteogenesis. This pathway can 
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regulate the expression of RUNX2 to induce osteogenesis. Alternatively, the Wnt pathway 

inhibits osteogenesis by altering the OPG/RANKL ratio. The expression of PPARγ is also 

controlled by the Wnt pathway. PPARγ is the main transcription factor in adipogenesis and 

therefore its expression needs to be inhibited in order for osteogenesis to occur [104]  

(Figure 3).  

 

Figure 2.3. Illustration of how various signalling pathways regulate osteogenesis through the master regulator 

of osteogenesis, RUNX2. Green arrows indicate positive regulation while red lines indicate negative regulation. 

The main signalling pathways involved in osteogenesis are the BMP pathway which involves the upregulation of 

the master transcription factor RUNX2. The other important signalling pathway involved is the Wnt signalling 

pathway. Mollentze et al. 2021. 

Mice lacking the Lrp5 gene, which codes for a Wnt co-receptor, developed osteopenia, while 

the overexpression of Lrp5 resulted in high-bone-mass syndromes [172,173]. Genome-wide 

association studies in humans revealed an association between multiple mutations in Wnt1 

and Wnt16, and early onset osteogenesis imperfecta and osteoporosis; both bone disorders 

result in brittle bones as well as an increased risk of fractures [174,175]. Hilton et al. [102] 

removed all the components of the Notch network in mice, and this resulted in increased bone 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



22  

mass and a depleted pool of MSCs in the bone marrow [102]. The Notch network inhibits 

osteogenesis through the expression of HEY1 and HEYL transcription factors that directly 

inhibit RUNX2 (Figure 2.3). Over-expression of Notch-1 in mice inhibited osteogenesis through 

the inhibition of the Wnt/β-Catenin signalling pathway [176]. It is clear that extracellular 

signalling pathways play a major role in osteogenesis via a complex network of transcription 

factors. It is therefore important to examine the network as a whole and not separate out 

specific interactions, as would occur in an in vitro setting. 

2.5. Osteogenic potential of MSCs In Vitro 

In vitro, MSCs are induced to undergo osteogenic differentiation following exposure to 

compounds such as β-glycerophosphate, dexamethasone and ascorbate-2-phosphate, that 

promote cell proliferation and osteogenic differentiation. Although these 3 compounds  

(β-glycerophosphate, dexamethasone and ascorbate-2-phosphate) are present in all in vitro 

osteogenic media, there is a lack of consensus regarding the optimal medium for in vitro 

osteogenic differentiation of MSCs, particularly regarding the concentration of 

dexamethasone, which varies significantly between studies. Table 2.3 summarises the 

composition of the osteogenic media used most often. Ascorbic acid and dexamethasone are 

the main osteogenic inducing factors, and together increase the activity of ALP. Upregulation 

of ALP activity increases the speed at which bone differentiation occurs [177].  

Ascorbate-2-phosphate is responsible for the synthesis of collagen in the early stages of 

osteogenesis, while β-glycerophosphate is responsible for mineralization in the later stages 

[178,179]. Along with increasing ALP activity, dexamethasone also regulates the osteogenesis 

related gene RUNX2 [180].  

Various spectrophotometric assays are used to determine the extent of in vitro osteogenic 

differentiation. Both the Von Kossa assay and the Alizarin Red S (ARS) assay stain for calcium 

deposits that are present in bone tissue. The Von Kossa assay is a qualitative assay in which 

calcium is replaced with silver ions (source: silver nitrate solution) to form black/brown 

deposits that can be analysed under a microscope [181]. The ARS assay is semi-quantitative 

in which ARS reacts with calcium to form a red deposit which is extracted using acetic acid. 

The extracted dye is spectrophotometrically quantified at 405 nm [182]. Another assay that is 

often used to quantify osteogenesis is the ALP assay that also uses spectrophotometry to 
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measure the level of ALP activity. In short, 4-nitrophynylphosphate is used as a phosphate 

substrate for ALP which dephosphorylates 4-nitrophenylphosphate which then turns yellow. 

This colour change is measured at 405 nm [183].
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Table 2.3. Summary of different osteogenic differentiation media reported in the literature. 

Reference Cell Density Assays 

/Stains 

Passage Induction 

time (days) 

Basal Culture 

Medium 

FBS Antibiotics Dexamethasone  

(μM) 

Ascorbate-2-

phosphate (μM) 

B-glycero-

phosphate 

(mM) 

Cai et al. 

2014 

NI Alizarin Red 

S and ALP 

 

2 21 DMEM-low 

glucose (lg) 

10% 100 units/mL 0.01 155.26 1 x 10-5 

Vieira et al. 

2010 

NI Von Kossa 3 21 NI 10% NI 0.1  50  1 x 10-5 

Nishimura et 

al. 2015 

5 x 105  5 14 DMEM 10% 100 units/mL 0.05 0.0002 10 

Bieback et 

al. 2004 

3.1 x 103/cm2 Von Kossa NI 21 Cell Systems 10% NI 0.1 50 10 

Waterman 

et al. 2010 

3 x 104 

cells/well (6-

well) 

Alizarin Red 

S 

NI NI NI NI NI 0.1 50 1 x 10-5 

Elashrya et 

al. 2019 

2 x 104 

cells/well (6-

well) 

Alizarin Red 

S 

2-3 NI DMEM 10% 100 U/mL 0.1   60 10 

Li et al. 2015 5 000 cm2 ALP NI NI DMEM-high 

glucose 

10% 100 U/mL 0.01 155.26 10 
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NI, Not indicated 
DMEM, Dulbecco’s Modified Eagle’s Medium  
ALP, Alkaline phosphatase 

Sotiropoulou 

et al. 2006 

NI Von Kossa NI NI DMEM-lg 10% 50 μg/mL 

Gentamicin 

1 50 10 

Rada et al. 

2011 

NI Alizarin Red 

S 

NI 21 α-MEM 10% 1% 0.1 155.26 10 

Meuleman 

et al. 2006 

NI Von Kossa 1 14 α-MEM NI NI 0.1 60 10 

Sasaki et al. 

2008 

NI Von Kossa NI NI DMEM 10% 0.1 μM - 50  10 

Zuk et al. 

2001 

NI ALP or Von 

Kossa 

1 14 DMEM 10% 1% 1 50 10 

Bunnell et al. 

2008 

NI Alizarin Red 

S 

NI 14 α-MEM 20% 1% 0.001 50 2 

Wagner et 

al. 2005 

1-2 x 104 

cells/cm2 

ALP or Von 

Kossa 

NI 21 DMEM 10% - 1 200 10 
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MSCs isolated from various tissues also differ in their differentiation capabilities [195–198]. 

This may be due to DNA methylation of key transcription factors. Xu et al. [195] demonstrated 

that MSCs retain their epigenetic memory and favour either of adipogenic or osteogenic 

differentiation, depending on their tissue of origin. In BM-MSCs, the CpG island in the RUNX2 

promoter is hypomethylated while the CpG island in PPARγ is hypermethylated. The opposite 

is true in adipose tissue-derived stromal/stem cells (ASCs): the PPARγ promoter is 

hypomethylated while the RUNX2 promoter is hypermethylated. Pérez-Silos et al. and McLeod 

et al. [199,200] suggest that MSCs consist of sub-populations that share common features 

while varying in the expression profile of their cell surface proteins, which can be related to 

differences in differentiation potential. Cantentin et al. [201] found that UC-MSCs produced 

significantly more ECM, while stronger staining for type I collagen was observed for BM-MSCs 

indicating that BM-MSCs have enhanced osteogenic potential when compared to UC-MSCs. 

UC-MSCs produced molecules that BM-MSCs did not such as type X collagen and the HtrA1 

gene product. Umbilical cord MSCs (UC-MSCs) additionally displayed a higher proportion of 

CD73+ cells. The authors suggest that the difference in CD73 expression and the production of 

these atypical molecules are the major reason for differences in chondrogenic differentiation 

potential between BM-MSCs and UC-MSCs.  

Other factors that may influence the differentiation capabilities of MSCs include the age of the 

donor, the health of the donor, culture conditions and method of isolation. Barboni et al. and 

Xin et al. [202,203] both demonstrated a positive correlation between age and DNA 

methylation status. Barboni et al. [202] observed a correlation between gestational age of 

amniotic derived MSCs and global DNA methylation status, which resulted in a decrease in 

osteogenic differentiation potential. Xin et al. [203] extensively compared DNA methylation 

status and multi-lineage differential capabilities. An age-related decline in ASC osteogenic 

differentiation was observed when ASCs from young and old donors were compared. In 

another study, the differentiation potential of BM-MSCs from patients with osteoarthritis (OA) 

was compared to MSCs isolated from a control group of a similar age: both the chondrogenic 

and adipogenic differentiation potential of BM-MSCs from OA patients were significantly 

decreased compared to controls, while the osteogenic potential was similar when BM-MSCs 

from OA patients and MSCs from the control group were compared [204].  
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He et al. [205,206] demonstrated that the extracellular matrix is important in directing MSCs 

down a specific lineage: a hydroxyapatite (HA)-collagen matrix was found to be superior to a 

HA-synthetic hydrogel for osteogenic differentiation. For chondrogenesis, the HA-synthetic 

hydrogel was preferred over the HA-collagen matrix. The HA-collagen matrix imitated the 

natural composition of bone and resembled the physical and chemical microenvironment 

found in the human body, thus favouring osteogenesis. The reason why the HA-synthetic 

hydrogel was favoured for chondrogenesis is not fully understood, as the HA-synthetic 

hydrogel does not imitate natural cartilage. Overall, the use of a matrix increased cell 

proliferation, adhesion, migration and differentiation. The biomechanics of the MSC 

microenvironment also has an effect on differentiation capabilities. Gungordo et al. [207] 

concluded that rat BM-MSCs progress to an adipogenic lineage under unstrained conditions 

on a softer polyacrylamide hydrogel film, while rat BM-MSCs seeded on a stiffer 

polyacrylamide hydrogel and under strained conditions are driven down the osteogenic 

lineage. The use of animal serum which contains xenoantigens is another culture condition 

that can affect differentiation potential, specifically osteogenic differentiation [208,209]. 

Okajcekova et al. [210] compared three different osteogenic induction media and their 

differentiation capabilities, of which one was xeno-free. Not only did the xeno-free induction 

medium result in significantly greater osteogenic differentiation potential compared to the 

other two, but the morphology of the cells grown in the xeno-free medium changed much 

earlier than the cells grown in the FBS induction medium: cell proliferation decreased while 

cell differentiation increased.  

The method of isolation also has an impact on the differentiation capability of MSCs. In a 

recent study by Walter et al. [211], different isolation techniques from the same donor site 

were compared with regard to osteo-, adipo- and chondrogenic differentiation. MSCs isolated 

from bone marrow aspiration showed better osteogenic differentiation than MSCs generated 

through outgrowth from culturing bone chips, which can be attributed to the fact that bone 

marrow aspiration yields more biomaterial and thus more MSCs. Chondrogenic and 

adipogenic differentiation, both from MSCs from bone marrow aspiration and MSCs 

generated through outgrowth from culturing bone chips, was relatively low; the authors 
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attribute this to the specific microenvironment of the isolated bone tissue and suggest that 

this led to MSCs favouring the osteogenic lineage.  

Musina et al. [212] compared the osteogenic differentiation potential of MSCs from different 

tissue sources after a three-week induction period. These investigators reported that BM-

MSCs displayed the highest level of osteogenic differentiation, followed by ASCs which showed 

better osteogenic differentiation capabilities than MSCs isolated from the thymus, skin and 

placental tissues. Mohamed-Ahmed et al. [213] compared the osteogenic potential of MSCs 

isolated from bone marrow and adipose tissue and also reported that BM-MSCs possess 

enhanced osteogenic potential when compared to ASCs. The reason for the difference was 

attributed in part to increased alkaline phosphatase (ALP) activity and osteogenic gene 

expression kinetics. Early-stage osteogenic genes such as RUNX2, collagen type I and ALP were 

expressed as early as day 14 in osteogenic differentiating BM-MSCs, while these genes were 

only expressed on day 21 in differentiating ASCs. This indicates that BM-MSCs stop 

proliferation early (day 14) and switch to differentiation and formation of a mature 

collagenous matrix, while ASCs have an extended proliferation period and only switch to 

differentiation after day 21, resulting in BM-MSCs having greater mineralization and therefore 

more bone tissue on day 21 [213]. Shen et al. [196] compared MSCs derived from the amniotic 

membrane (AM-MSCs), the UC-MSC), the chorionic membrane (CM-MSCs) and the  

decidua (DC-MSCs) and reported enhanced osteogenic differentiation (based on ARS staining 

and ALP activity) in AM-MSCs and UC-MSCs when compared to CM-MSCs and DC-MSCs. In 

terms of gene expression profiles involved in osteogenesis, AM-MSCs and UC-MSCs showed 

strongly enhanced expression of Ocn compared to CM-MSCs and DC-MSCs. MSCs from all four 

sources showed the same expression levels of Osx and collagen type I on day 21. Szöke et al. 

[214] compared the osteogenic potential of MSCs isolated from bone marrow and adipose 

tissue. They concluded that although ASCs had a higher proliferative capacity and a greater 

ability to form a collagenous extracellular matrix, their terminal osteogenic differentiation 

capability was reduced. BM-MSCs expressed a higher level of the late osteogenic markers Ocn 

and BSP. They further went on to suggest that ASCs may be more suitable for in vitro studies, 

as their isolation procedure is less invasive than BM-MSCs, and although their terminal 

differentiation capability is reduced, it is still adequate for in vitro studies, while BM-MSCs may 
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hold greater potential for in vivo studies as their terminal osteogenic differentiation capability 

is greater than that of ASCs. 

2.6. The use of MSC-derived exosomes for osteogenesis in vivo  

The ability of MSCs to secrete exosomes, in addition to cytokines and growth factors, 

contributes to their therapeutic effect [215]. Multiple in vivo studies have demonstrated that 

very few MSCs engraft at sites of injury when administered intravenously, but rather are 

filtered out in the lungs; however, they still exhibit a therapeutic effect [216–220]. Other 

studies have gone on to report that it is in particular the microvesicles/exosomes secreted 

from MSCs than provide this therapeutic effect [32,221,222]. The therapeutic effect of  

MSC-derived exosomes has been extensively studied in vivo in a wide range of disease models. 

Some of these include cardiovascular disease [223–225], renal disease [226–228], 

neurological complications [229–231], pulmonary disease [232–234], wound healing 

[235,236], muscle regeneration [237] and many more. With regard to osteogenesis, multiple 

studies have shown that MSC-derived exosomes can stimulate the osteogenic differentiation 

process, increasing bone regeneration. Qi et al. [238] demonstrated that exosomes from  

BM-MSCs from ovariectomized rats stimulated osteogenesis and were able to regenerate 

bone tissue in a critical-sized calvarial defect. They also found that the increase in osteogenic 

stimulation was related to the increase in exosome concentration over time. The repair of a 

critical osteochondral defect in adult immunocompromised rats through the intravenous 

injection of human embryonic MSC-derived exosomes was demonstrate by Zhang et al. [239]. 

The use of MSC-derived exosomes in regenerative medicine has gained a great deal of 

attention as it is an attractive alternative to using MSCs. MSC-derived exosomes are cell-free 

and are more compatible with a variety of administration routes [239]. Another reason why 

exosomes are attractive is that they lack major histocompatibility complex (MHC) I/II proteins, 

and there is therefore no need for immunosuppression [240,241].  

2.7. Clinical relevance 

Bone is a vital part of the human body that protects and supports various organs, enables 

mobility, stores minerals and produces cells of the hematopoietic lineage [242]. Bone fractures 

typically heal without the need for major intervention; however, there are more than 2 million 

cases worldwide in which patients require bone reconstruction using tissue transplants [243]. 
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Current reconstruction procedures involve autologous bone grafts, allogeneic bone grafts, and 

artificial metal or ceramic replacements.  

Autologous bone grafts are viewed as the gold standard for treating bone defects as they 

enhance osteogenesis and are less likely to be rejected by the host [244]. However, 10% of 

bone harvests are associated with major complications, limited supply and donor-site 

morbidity [245,246]. Allogeneic bone grafts provide an ample source of tissue, but the risk of 

immune-rejection and the transmission of diseases makes them less ideal [247]. The use of 

metals as artificial replacements also has limitations such as tissue-host integration, increased 

risk of infection and wearing out [248]. The brittle nature of ceramic replacements is especially 

problematic in areas where high stress or torsion is endured [249]. It is thus clear that 

alternative, more effective options are needed for the treatment of skeletal defects. 

2.7.1. The use of cultured MSCs for osteogenesis in vivo  

The osteogenic differentiation potential of multipotent MSCs has gained increasing interest in 

tissue engineering especially when it comes to offering an alternative to overcome the 

limitations of bone grafts and artificial bone replacements [250]. Multiple in vitro studies have 

demonstrated that MSCs are able to differentiate into bone tissue, but bone formation is a 

complex process that involves many cell types, growth factors, cytokines and mechanical 

stimulation, that all form part of the environmental niche [251]. Therefore, investigation of 

bone formation in vivo is required to provide a complete understanding of osteogenesis, and 

also bridges the gap between the use of MSCs in vitro and the clinical use of MSCs for bone 

repair. 

Most studies that have investigated osteogenic differentiation of MSCs in vivo first expanded 

the cells ex vivo, seeded them onto a scaffold and transplanted the scaffold subcutaneously in 

an animal model in which osteogenesis was studied [252–254]. For optimal bone 

regeneration, the biomaterial used as a scaffold should be biocompatible, cost effective, 

biodegradable and should also induce or improve the osteogenic process. The biological 

behaviour of MSCs is greatly affected by the surface morphology of the biomaterial which in 

turn affects the formation of bone tissue [255]. The most common scaffold material being 

used in tissue engineering is hydroxyapatite, an inorganic material that is naturally found in 
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bone tissue [256]. These scaffolds are cast into the desired shape. Another new and attractive 

method of making scaffolds is the use of 3-dimensional (3D) printing, as it allows for a 

reproducible design when it comes to pore size [257]. Once the scaffolds are transplanted, 

MSCs differentiate into osteoblasts and form bone tissue. 

Bone remodelling is a complex and highly integrated process, and as described in this overview 

(review) involves various transcription factors and osteogenic genes and their protein products 

including cytokines, growth factors, extracellular matrix components and others. The smallest 

deviations from this well-balanced system can affect bone health and can lead to a number of 

bone diseases. Bone tissue is a porous, mesh-like network made up of collagen proteins and 

calcium phosphate minerals and is constantly being replaced throughout life. When the bone 

remodelling process is defective, this mesh-like structure becomes porous as seen in 

osteoporosis, leading to brittle bones and fractures.  

According to the International Osteoporosis Foundation, over 200 million people are affected 

by osteoporosis worldwide [258]. Osteoporosis is associated with low bone mass as well as 

bone deterioration usually seen with increasing age, and it is thought that osteoporosis 

results, in part, from a significant decrease in the number of MSCs present in the bone marrow, 

leading to less new bone formation [259]. Osteoporosis is currently treated with drugs that 

increase bone resorption, but these drugs are associated with multiple adverse effects [260]. 

Stem cell therapy is a potential alternative for the treatment of osteoporosis, reducing the 

susceptibility to fractures by increasing the MSC pool present within the bone marrow. Wang 

et al. [261] reported increased bone formation, trabecular thickness and overall strength of 

bone tissue by embedding MSCs into the distal femurs of osteoporotic rabbits. Hsiao et al. 

[262] treated osteoporotic mice by injecting MSCs intravenously. They observed that the MSCs 

homed to the bone marrow where they increased bone density, rescuing the mice from 

osteoporosis.   

OA is a degenerative joint disease affecting synovial joints and frequently results in chronic 

pain [263]. Currently the treatment of OA involves long-term pain management with the use 

of pharmacological therapies. Osteotomy can improve alignment, but this therapy is limited 

as it can decrease the risk of OA but has little effect on degeneration once it has occurred 

[264].  It has been hypothesized that the multipotency properties of MSCs could also benefit 
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patients with OA. Currently, there are over 100 documented clinical trials assessing the 

potential of MSCs for the treatment of OA; however more preclinical work is needed to fully 

understand the mechanisms behind the potential healing effect of MSCs in OA [263]. Eder et 

al. [265] comprehensively reviewed the use of both ASCs and BM-MSCs in the treatment of 

musculoskeletal disorders, including OA. The overall conclusion of these studies is that the use 

of MSCs (ASCs and BM-MSCs) decreases pain levels and improves healing rates. Eder et al. 

[265] concluded that MSCs could be used as a therapeutic option in the future treatment of 

OA, although the field would benefit from large, randomized, blinded clinical investigations.  

The repair and reconstruction of large segments of bone, such as fractures displaying non-

union or delayed union, and large bone defects, have been a challenge to orthopaedic surgery. 

MSCs are an attractive therapeutic option for the healing of bone defects due to their ability 

in vivo to influence the secretion of specific factors by the immune system and through their 

interaction with other cells [266]. A number of clinical trials have been conducted with the aim 

of assessing the ability of MSCs to improve fracture healing. In most cases, improved fracture 

healing rates, decreased pain levels, and improved remodelling have been observed when 

compared to controls [267–274]. The conclusions that can be drawn from these studies 

indicate that the use of MSCs could be an important treatment option for larger more difficult 

bone defects in the future. Many more bone diseases could benefit from bone regeneration 

therapy, and hence the importance of understanding the osteogenic process in full. 

2.8. Rationale for this study 
 

Current trends in tissue engineering and regenerative medicine include the use of MSCs.  One 

of these applications is the use of MSCs to enhance fractured bone tissue healing that would 

naturally heal over an extensive time period or not heal at all (non-unions). The optimization 

and standardization of protocols following GMP guideline is needed in the production of cell 

therapy products to ensure the safety of these cells in a clinical setting. Furthermore, to 

capitalize on the use of these cells, the mechanism in which the cells differentiate into the 

different lineages needs to be fully understood. The adipogenic differentiating potential of 

ASCs has previously been studied in depth at the ICMM and several papers have been 

published on this subject [275–280]. The ability of MSCs to differentiate into muscle 

(myogenesis) has been investigated by Ms Simone Grobbelaar, while chondrogenesis and 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



33  

osteogenesis have also been investigated at the ICMM, but not in as much depth as 

adipogenesis [281,282]. No standardized protocol for osteogenic differentiation of MSCs and 

no optimal protocol for the use of growth medium supplemented with human alternative for 

osteogenic differentiation exists at the ICMM. The ultimate goal of all research projects done 

at the ICMM is to understand the characteristics of stromal/stem cells better in order to allow 

for the development of optimal clinical-grade cell therapy products. As described above, 

differentiation media used for osteogenesis include the use of FBS, a xenogeneic agent, which 

limits the application of ASC use in a clinical setting. This study aims to establish standard 

operating protocols that will allow for optimal differentiation of ASCs into osteoblasts, in 

other words undergo osteogenic differentiation. Factors that will be optimized include which 

differentiation supplementation cocktail is optimal and which human alternative is optimal 

as a growth medium supplement for osteogenic differentiation of ASCs. This study will serve 

as future reference to osteogenic protocols in our laboratory. Reverse transcriptase real-time 

quantitative polymerase chain reaction (RT-qPCR), microscopy and spectrophotometry are 

used to quantify osteogenic differentiation of ASCs and to study the expression patterns of a 

select number of osteogenesis-associated genes at set time points.   
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Chapter 3: Isolation of ASCs 

3.1. Introduction 
 
Mesenchymal stem/stromal cells (MSCs) are characterized as undifferentiated cells that have 

the ability to proliferate, self-renew and differentiate into many cells types that originate from 

the mesoderm [1]. MSCs are thus an attractive cell type for regenerative medicine. 

Multipotent MSCs were originally isolated from bone marrow [15].  Alternative sources of 

MSCs are being considered due to the highly invasive nature of a bone marrow harvest 

procedure, the low cell yield obtained and, the decrease in differential potential observed 

with increasing age of the donor [283,284]. New sources of MSCs are continuously being 

explored and cells from these new sources are being characterized. Some of these sources 

include various foetal and adult tissues such as adipose tissue [16], the amniotic membrane 

[17], amniotic fluid [18], placental and foetal membrane [19], umbilical cord lining membrane 

[20], the endometrium [21], dental tissue [22], menstrual blood [23], peripheral blood [24], 

skin [25], synovial fluid [26], Wharton’s jelly (umbilical cord) [27] and many others. 

 

The collection of adipose tissue from patients undergoing cosmetic liposuction or 

abdominoplasty procedures either as an aspirate or as intact excised tissue is viewed as less 

invasive. The adipose tissue removed during the above-mentioned surgical procedures is 

usually discarded as medical waste. Adipose tissue is a rich source of MSCs with a higher 

number of MSCs per volume of tissue when compared to the conventional bone marrow 

tissue. Adipose-derived stem/stromal cells (ASCs) are seen as one of the most promising stem 

cell populations for tissue regeneration as they can be harvested with relative ease, and at 

relatively large quantities, can be expanded and maintained under standard cell culture 

conditions, have the ability to differentiate into multiple lineages and secrete various 

cytokines that play a role in maintenance and differentiation of these cells [285–287].  

     

In this chapter, published isolation and culturing methods, with slight modifications, were 

used and are described below [54]. 
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3.2. Materials, reagents, and equipment 
 
3.2.1. Materials and reagents 
 
All serological pipettes were acquired from NUNCTM (Roskilde site, Kamstrupvej, Denmark). 

Filter cap culture flasks, 6-well tissue culture plates, and cryovials were manufactured by 

Greiner (Bio-One GmbH, Frickenhausen, Germany). Sigma Aldrich Chemie (Darmstadt, 

Germany) supplied the dimethyl sulfoxide (DMSO). Phosphate buffered solution (PBS), 

penicillin-streptomycin (pen/strep), Dulbecco’s Modified Eagle Medium (DMEM), trypsin 

(0.25%), and foetal bovine serum (FBS) were sourced from Gibco/InvitrogenÔ  

(Carlsbad, California, United States of America (USA)). Microcentrifuge tubes was supplied by 

the Scientific Group (Johannesburg, South Africa).  

 
3.2.2. Equipment 
 
The following equipment was used: ESCO Class II biological safety cabinet (AC2-4Si), SL 16R 

centrifuge from Lasec South Africa, NALGENE® Mr FrostyTM Cryo1oC freezing container 

manufactured by Thermo Fischer ScientificÔ, Waltham (Massachusetts, USA), CytoFLEX flow 

cytometer from Beckman Coulter (Miami, FL, USA), Thermo FormaÔ CO2 water jacketed 

incubator (3111TF) from Thermo Fisher ScientificÔ  (Waltham, Massachusetts, USA) , Zeiss 

Axiocam digital camera, and an inverted light microscope (Zeiss Primo Vert) from Carl Zeiss 

Werke, Göttingen, Germany. 

 
3.3. Methods 
 

The main objective of this chapter is to describe how the primary ASC cultures used in this 

study were established. The isolation of ASCs from adipose tissue, ex vivo expansion of ASCs, 

maintenance and differentiation of the primary cultures are described in Chapters 4 and 5.  

 

3.3.1. Adipose tissue collection 
 
The lipoaspirate was collected from informed and consenting patients undergoing liposuction 

or abdominoplasty procedures and who had also given informed consent (See supplementary 

information). These collections were done in collaboration with Dr Yanke van der Westhuizen 
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(Lift and Tuck). Additional information that was collected from the donors included age, 

gender, ethnicity, height, weight, whether the donors smoked, suffered from diabetes, 

cardiovascular disease, or hypertension. If the donors smoked, suffered from either diabetes, 

cardiovascular disease, or hypertension, they were excluded from the study. 

 
3.3.1.1. Sample coding 
 
The samples were anonymized by labelling with a specific code as illustrated in Figure 3.1.  

 

 
Figure 3.1. Illustration of the coding strategy to keep samples anonymous. 

The coding strategy was developed to give each sample a unique identifier while keeping the patients anonymous. *In 

situations where more than one sample was collected from more than one patient on a given day, different numbers were 

given to the different patients. E.g., A291019-01A and A291019-02A are samples collected on the same day from two 

different patients. 

 
3.3.1.2. Screening for HIV, Hepatitis B and C and mycoplasma 
 
All samples were tested for the Human Immunodeficiency virus (HIV), Hepatitis B and 

Hepatitis C by the South African National Blood Services (SANBS). Mycoplasma testing  

(nucleic acid testing) was performed by Ms. Candice Murdoch at the Institute for Cellular and 

Molecular Medicine (ICCM) laboratory. All samples in this study tested negative for HIV, 

Hepatitis B and C and were free of mycoplasma. 
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3.3.2. Isolation of primary MSCs 
 

The following protocol was used to isolate MSCs from adipose tissue. 

 
3.3.2.1.  Isolation of ASCs from Adipose tissue 
 

The protocol previously described by Zuk et al. [54] was used, with minor modifications, to 

isolate ASCs from adipose tissue. In short, approximately 25mL of the lipoaspirate was 

transferred into 50 mL centrifuge tubes. The tubes were then topped up with PBS  

(2% pen/strep) and centrifuged for 3 minutes (min) at 1660 x g after which the lipid fraction 

and PBS were aspirated. The compacted adipose tissue was transferred into a new 50 mL 

tube. If there was a lot of blood contamination, the tissue was again washed with PBS  

(2% pen/strep), centrifuged and the lipid fraction and PBS again aspirated until no blood 

contamination was observed. The tubes were weighed, and the volume and the mass of the 

compacted adipose tissue was recorded to determine the amount of collagenase type I that 

was needed to digest the tissue. Collagenase type I powder was dissolved in PBS  

(2% pen/strep) to prepare a 0.1% collagenase type I solution. Before use, the collagenase was 

filtered through a 0.22μm filter. An equal volume of the 0.1% collagenase type I solution was 

added to the washed adipose tissue, followed by incubation at 37°C for 45 min in a rotating 

incubator. After incubation, the tubes were centrifuged for 5 min at 738 x g after which the 

tubes were shaken vigorously to disrupt the pellet and mix the cells. The cell suspension was 

then put through a cell strainer (70 μm) to remove any tissue debris and again centrifuged for 

5 min at 738 x g. The collagenase solution was neutralized by adding a volume (equal to the 

volume of collagenase type I solution added) of complete growth medium (CGM, DMEM with 

10% FBS and 2% pen/strep). The tube was filled with PBS (2% pen/strep) and centrifuged at 

266 x g for 5 min. The supernatant was aspirated, while taking care not to disrupt the cell 

pellet. The cell pellet was resuspended in a volume of VersalyseÔ and incubated at room 

temperature (RT) for 10 min, after which the tubes were filled with PBS (2% pen/strep) and 

centrifuged at 266 x g for 5 min. The supernatant was once again removed, the pellet 

resuspended in PBS (2% pen/strep) and again centrifuged at 266 x g for 5 min. The VersalyseÔ 

step was repeated if red blood cell contamination was visible. The cell suspension was 

strained using a 70 μm cell strainer to get rid of any remaining tissue debris. The cell strainer 
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was washed with CGM to optimize cell recovery. Cells were then counted as described below. 

Cells were plated at 50 000 cells/cm2 in T75 flasks and maintained at 37°C, 5% CO2. After  

72 hours, the cultures were washed with PBS (2% pen/strep) to remove any non-adherent 

cells. The isolation process is visually summarised in Figure 3.2.  

 

 
Figure 3.2. Schematic illustration of ASC isolation from lipoaspirate. 
Lipoaspirate was washed with PBS to remove any excess blood and lipid fraction. The adipose tissue was then digested with 
0.1% type I collagenase solution. The digested adipose tissue was centrifuged and filtered. VersalyseÔ was added to the 
remaining tissue to lyse any residual red blood cells. The cell pellet, also referred to as the stromal vascular fraction (SVF) 
was resuspended in PBS and an aliquot taken to obtain a cell count and determine the viability of the isolated cells. The SVF 
was seeded at 50 000 cells/cm2. (This image was taken from Ms. Simone Grobbelaar’s MSc, titled “In vitro adipose-derived 
cell myogenic differentiation”). 

 
3.3.3. Flow cytometry 
 
Flow cytometry is a technique used to measure multiple physical and chemical characteristics 

of a cell. The underlying principle of flow cytometry involves a light beam (commonly a laser 

beam) that strikes moving particles to cause light scattering and fluorescence emission  

(Adan et al. 2017). With the use of fluorochrome-labelled monoclonal antibodies and a variety 

of fluorescent stains, the size, granularity, and fluorescent features of cells can be derived 

(Wilkerson 2012).  
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After cells were isolated, they were counted to obtain cell number. Cells were counted on a 

CytoFlex flow cytometer by transferring 100 μl of the cell suspension to a flow cytometry 

tube. 7-Aminoactinomycin D was added to the flow cytometry tubes to exclude anucleated 

cells from the count. Additionally, PBS (1 mL) and 100 μl of Flow-CountTM fluorospheres was 

added to the flow tube.  In the case where 7-AAD/VDC Ruby was not available, DAPI  

(0.02 μg/ml in molecular grade H2O) was used and the following additional steps were 

performed. Paraformaldehyde (4%, 100 μl) was added to the 100 μl cell suspension (before 

adding PBS and Flow-CountTM fluorospheres) and incubated for 15 min. After incubation  

1 μl of DAPI (0.02 μg/ml in molecular grade H2O) was added to the 200 μl. PBS and Flow-

CountTM fluorospheres were then added and the flow tube was analysed on the CytoFLEX 

cytometer. Analyses was done on a minimum of 5 000 viable MSCs (Figure 3.3). The following 

equations describes how the absolute cell count was determined. 

 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒	𝑐𝑒𝑙𝑙	𝑐𝑜𝑢𝑛𝑡	(
𝑐𝑒𝑙𝑙𝑠
µ𝐿 ) 	= 	

𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑒𝑣𝑒𝑛𝑡𝑠	𝑖𝑛	𝑟𝑒𝑔𝑖𝑜𝑛	𝑜𝑓	𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑏𝑒𝑎𝑑	𝑐𝑜𝑢𝑛𝑡𝑠 	× 	𝐶𝑎𝑙	𝑓𝑎𝑐𝑡𝑜𝑟 

Equation 3.1. Formula the analysis software uses to calculate absolute cell count (cells/ul) shown in Figure 3. 
 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒	𝑐𝑒𝑙𝑙	𝑐𝑜𝑢𝑛𝑡	(𝐶𝑒𝑙𝑙𝑠) = 	𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒	𝑐𝑒𝑙𝑙	𝑐𝑜𝑢𝑛𝑡	 A
𝑐𝑒𝑙𝑙𝑠
𝑢𝑙 B × 	𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑐𝑒𝑙𝑙𝑠 

Equation 3.2. Formula used to calculate absolute cell count (cells). 

𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑐𝑒𝑙𝑙𝑠	(𝑢𝑙) = 	𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒	𝑐𝑒𝑙𝑙	𝑐𝑜𝑢𝑛𝑡	 A
𝑐𝑒𝑙𝑙𝑠
𝑢𝑙 B ÷ 	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑒𝑙𝑙𝑠	𝑝𝑒𝑟	𝑝𝑙𝑎𝑡𝑒 

Equation 3.3. Formula used to the volume of cells to add to each plate for optimal seeding density of 5000cells/cm2. 

 

  

A B 
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Figure 3.3. Schematic representation of the flow cytometry protocol, including gating strategies used to determine 
absolute cell counts and cell viability.  
A. Side-scatter versus 7-AAD dot plot used to visualise the viable cells. B. Forward scatter versus side-scatter gated on the 
viable cells created a P1 gate that was used to determine the cells/ul. C. An event count versus FITC identified the Flow-
CountÔ fluorospheres. D. FITC versus time gated on FlowCount beads identified the intact fluorospheres. E. The events/ul 
of P1 population were used to calculate the total cell count (Equation 3.2).  

 
3.3.4. Cell passaging and maintenance  
 
The isolated cells were maintained at 37oC, 5% carbon dioxide (CO2) in a Thermo Scientific™ 

water-jacketed CO2 incubator and were assessed 2-3 times a week during which the culture 

medium was replaced with fresh CGM. Once the cells reached 80-90% confluency, they were 

either frozen for later use, plated for experiments, or passaged further depending on the 

number of cells required for an experiment. To passage cells, cells were first washed with  

4 mL pre-warmed PBS (2% pen/strep), and 2-3 mL 0.25% of Trypsin-EDTA was added to the 

cells for 7 min. The trypsin was neutralized by adding 2-3 mL of CGM to the flask and the 

content was swirled gently to get all the cells into suspension. The cell suspension was 

transferred into a 15/50 mL centrifuged tube (each culture in a separate tube) and centrifuged 

C D 

E 
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at 300 x g for 5 min. The supernatant was aspirated, and the cell pellet was re-suspended in 

2 mL CGM. Cells were seeded at 5000 cells/cm2 with CGM and the growth medium was 

replaced every 3-4 days. Excess cells not plated were cryopreserved in cyrogenic medium 

(CGM supplemented with 10% DMSO) in cryovials by placing the vials in NALGENE®  

Mr FrostyTM Cryo 1oC freezing container to control the freezing rate. The container was placed 

in a -80oC freezer overnight, they were then placed in a liquid nitrogen tank for long term 

storage.  

 
 
3.3.4.1. Light microscopy 
 
Bright field images were taken of samples to compare the morphology of the primary ASC 

cultures isolated from lipoaspirates obtained from different patients. The Zeiss Primo Vert 

inverted light microscope, Zeiss Axiocam digital camera, and ZEN software (version 2.6) was 

used to capture the images. 

 
3.4. Results 
 
3.4.1. MSCs isolated from adipose tissue 
 
A total of 7 patients’ lipoaspirate were collected and processed (Table 3.1). All 7 patients were 

female between the ages of 33 and 45 (Table 3.1). None of the patients enrolled in the study 

smoked, suffered from diabetes, cardiovascular disease, or hypertension as this might 

introduce additional variance. Of the 7 patients, 4 patients were Caucasian (57%), and 3 

patients were African (43%) (Table 3.1). The average body mass index (BMI) was calculated 

as 30.35 (Table 3.1). HIV and hepatitis status were negative for all samples. The volume of 

adipose tissue processed from each patient ranged from 304 ml – 510 ml (average  

433.5 ± 71.78 ml) (Table 3.1). The number of cells obtained from each isolation was variable 

and ranged from 29.82 x 106 – 224.26 x 106 (Average cell yield of 78.09 x106 ± 62.09 x106) 

(Figure 3.4). The majority of the cells isolated from the lipoaspirates displayed a fibroblastic 

morphology (Figure 9).   
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Table 3.1. Sample information of adipose-derived stem/stromal cells.  

1 A150221-01L is the same patient as A150221-01A just from a different location on the body.  
2 Comparing the weight collected from other results, this measurement seems to be an outlier and thus may be incorrect. 
3 The empty tube was first weighed. Lipoaspirate samples were then added to the tube and weighed. To determine the weight of the lipoaspirate processed the weight of the empty tube was subtracted from 
the total weight of the lipoaspirate + tube to obtain only the weight of the lipoaspirate. 

 
The number of nucleated cells obtained per isolation ranged from 29.82 x106 – 224.26 x106 (Average 76.41 x106 ± 62.09 x106). The variance can 

be attributed to biological variance, amount of adipose tissue processed or due to varying personnel who performed the isolation procedure.

Patient ID Anatomical 
position 

Collection 
Date  

Patient details Patient measurements  Amount collected  
Patient Age Gender Patient 

Ethnicity 
Height (m) Weight (kg) BMI Volume (ml) Weight 

(g)3 

A091019 Not 
specified 

09/10/2019 Not recorded Female African 1.7  101 34.95 393 ml 
 

336.69 

A231019 Not 
specified 

23/20/2019 33-year-old  
 

Female Caucasian 1.74  88 29.07 304 ml 
 

293.7 

A311019-
01A 

Abdomen 31/10/2019 30-year-old  
 

Female African Not 
recorded 

Not 
recorded 

Not 
recorded 

400 ml 
 

Weight 
not 
recorded 

A311019-
02T 

Thigh 31/10/2019 39-year-old  
 

Female Caucasian 1.52  62 26.83 502.5 ml 
 

461.2 

A270620-
01A 

Abdomen 27/06/2020 45-year-old  
 

Female African 1.57  94 38.14 438 ml 
 

659.09 

A150221-
01A 

Abdomen 15/02/2021 38-year-old  
 

Female Caucasian 1.68  75 26.57 413 ml 
 

590.9 

A150221-
01L1 

Love-
handle 
(Bilateral 
overhang) 

15/02/2021 38-year-old  
 

Female Caucasian 1.68 75 26.57 Volume not 
recorded 

1418.42 

 

A280621-
01B 

Back 28/06/2021 39-year-old Female Caucasian 1.66 75 27.22 510 639.3 

A280621-
01R 

Arms 28/06/2021 39-year-old Female Caucasian 1.66 75 27.22 507.5 712.2 
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Figure 3.4. Cell yield from each adipose tissue sample. 
A311019-02T sample provided the highest yield, while A150221-01L provided the lowest yield of cells.  

0

50

100

150

200

A09
10

19

A15
02

21
−0

1A

A15
02

21
−0

1L

A23
10

19

A27
06

20
−0

1A

A28
06

21
−0

1B

A28
06

21
−0

1R

A31
10

19
−0

1A

A31
10

19
−0

2T

C
el

ls
 (x

10
^6

)

Cell Numbers

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



44  

 
 
A091019 A231019 A311019-01A 

   
A311019-02T A270620-01A A150221-01A 
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A150221-01L A280621-01B A280621-01R 

   
Figure 3.5. Morphology of adipose-derived stem/stromal cells isolated from 8 different donors.  
MSCs isolated from different adipose tissue all showed a flattened fibroblastic morphology. 

Cell viability and immunophenotyping was done before the start of experiments and will be described in Chapter 4. 
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3.5. Discussion 
 
The isolation of ASCs from adipose tissue has been well documented by many research groups 

[54,63,194,214]. Two main methods of isolation, the enzymatic technique, or the explant 

method, are used. Currently there is no consensus regarding which method is the best. There 

is also a lack of standardisation of isolation protocols. These are important challenges that 

need to be addressed to ensure reproducible results in the clinical setting. The ISCAT and 

IFATS have attempted to create some standardisation when it comes to the characterization 

of ASCs, and have included guidelines regarding acceptable viability, minimum phenotypic 

criteria that the isolated cells should adhere to, morphology, and ability to differentiate into 

cells of mesodermal origin [34]. 

 

A total of 8 patients undergoing routine liposuction were consented and their lipoaspirate 

was collected. The SVF was obtained from the lipoaspirate samples through centrifugation 

and plated into culture flasks. The SVF is a highly heterogenous population consisting of  

pre-adipocytes, fibroblasts, endothelial cells, pericytes, smooth muscle cells, macrophages 

and erythrocytes [34]. One of the properties of ASCs is their ability to adhere to plastic. This 

property is used to isolate the ASCs from heterogenous SVF.  

 

We adopted the enzymatic digestion and density centrifugation method of isolation from 

adipose tissue. However, this procedure can be expensive and thus more cost-effective 

alternatives (isolation procedures) should be explored. A study done by Markarian et al. [288] 

compared 3 alternative isolation methods. All three methods presented with smaller cell 

yields than the conventional collagenase method. Priya et al. [289] suggests an explant 

method that is more simple, efficient and economical. In this method, lipoaspirate samples 

were washed to remove excess blood. The fat was then minced in a tissue culture dish and 

spread out. Just enough culture medium was added to the dish to ensure that the fat pieces 

remained in contact with the culture dish and were not floating on top of the culture medium. 

The culture dishes were then maintained in a 37°C, 5% CO2 incubator for 5 – 7 days. A higher 

cell yield was obtained from the explant method when compared to the enzymatic isolation 

method. However, Priya et al. [289] suggests that this technique is likely to select for cells 

with grater migratory potential. 
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The age and health of the donor are two demographic factors that can influence the quality 

of ASCs in terms of their differentiation capacity. Studies done by both Barboni et al. and  

Xin et al. [202,203] demonstrated that there was a positive correlation between the age of 

the donor and methylation status. The health of individual donors also has an effect on the 

quality, viability and consistency of ASCs isolated [290]. All our donors were of a relatively 

young age (between 33 and 45) and none of our donors smoked, had diabetes, cardiovascular 

disease or hypertension, making them suitable for this study. In conclusion, ASCs were 

successfully isolated from the 8 patients and produced adherent, fibroblast-like cells for 

downstream experiment 
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Chapter 4: Determining the Optimal Osteogenic 

Differentiation Medium 

4.1. Introduction 
 
As mentioned in the previous chapter, one of the characteristics of adipose-derived 

stem/stromal cells (ASCs) is that they are able to differentiate into many cells types of the 

mesodermal layer, one cell type being osteoblasts [1]. Osteogenic differentiation is induced 

by exposing a confluent monolayer of multipotent ASCs to an osteogenic differentiation 

cocktail consisting of 𝛽-glycerophosphate, ascorbate-2-phosphate and dexamethasone.  

𝛽-glycerophosphate, ascorbate-2-phosphate and dexamethasone, which together 

orchestrate several regulatory mechanisms such as various transcription factors, stimulators 

and inhibitors to induce osteogenesis in vitro [177,178,180,291]. To achieve successful 

osteogenesis,  ASCs  need to be cultured/maintained in complete growth medium (CGM) 

supplemented with the three compounds, 𝛽-glycerophosphate, ascorbate-2-phosphate and 

dexamethasone, for a minimum period of three weeks [292].  

 

Although these three compounds are consistently described as being used in osteogenic 

differentiation medium, there is currently no consensus regarding the most optimal 

concentrations for osteogenic differentiation of ASCs in vitro as the concentrations of the 

stimulating factors vary amongst published osteogenic induction media (Chapter 2, Table 3). 

The dexamethasone concentration used in osteogenic induction media used in studies varies 

the most. Dexamethasone is one of the key inducing factors of osteogenesis as it increases 

alkaline phosphatase (ALP) activity, an important enzyme which promotes extracellular 

matrix calcification [105,177]. Dexamethasone also promotes the proliferation of ASCs by 

preventing apoptosis [293,294]. Furthermore, dexamethasone is known to regulate the 

expression of runt-related transcription factor 2 (RUNX2), a master regulator of osteogenesis 

[180]. Together with dexamethasone, ascorbate-2-phosphate also increases the activity of 

ALP. In addition, ascorbate-2-phosphate plays an important role during the early stages of 

osteogenesis and induces the secretion of collagen type I into the extracellular matrix 

[291,295].  𝛽-glycerophosphate plays a role in the later stages of osteogenesis by facilitating 
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the mineralization of the extracellular matrix [178]. 𝛽-glycerophosphate acts as source of 

phosphate to produce the mineral hydroxyapatite, the main compound found in mineralized 

bone extracellular matrix [296].  

 

In this chapter, the differentiation of ASCs into osteoblasts in vitro using three previously 

published osteogenic differentiation formulations will be described. The three different 

osteogenic differentiation media all contain β-glycerophosphate, ascorbate-2-phosphate and 

dexamethasone, but in varying concentrations (Table 4.1). This study will evaluate the three 

osteogenic differentiation media based on their ability to differentiate ASCs into osteoblasts 

using two different osteogenic assays namely the ARS assay and the ALP assay. 

 
Table 4.1.  A summary of the different osteogenic differentiation media that will be tested in the study.  

* Please see Supplementary information for calculations for each osteogenic differentiation. 

 

4.2. Materials and reagents 
 
Please refer to chapter 3 section 3.2 Materials and reagents. 

New materials and reagents include Sigma Aldrich Chemie (Darmstadt, Germany) was the 

supplier of ascorbate-2-phosphate, B-glycerophosphate, dexamethasone, 

paraformaldehyde, and the ARS stain. Flow-CountÔ  fluorospheres, flow cytometry test 

tubes and 7-aminoactinomycin D (7-AAD) were purchased from Beckman Coulter (California, 

USA). Table 4.2 summarizes the monoclonal antibodies, fluorochromes and their respective 

manufacturers used in flow cytometric assays in this study. Parafilm, acetic acid and 

ammonium hydroxide were purchased from Thermo Scientific, Lasec, South Africa. The  

96-well plates used for qPCR experiments were ordered from Roche (Basel, Switzerand).  

 

 

 

 

Differentiation 

medium 

Dexamethasone Ascorbate-2-

phosphate 

β-

glycerophosphate 

Reference 

1 10 nM 50 mg/L (155269 nM)* 10 mM [189]  

2 0.1 μM (100 nM) 6000 nM 10 mM [188]  

3 50 nM 0.2 nM 10 mM [177]  
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Table 4.2. Monoclonal antibodies, function, fluorochromes, detector channels, lasers, filters and their respective 

manufacturers 
Monoclonal 

antibodies 

Function Fluorochromes Fluorescent 

detector 

channel (FL) 

Laser and 

band pass 

filters 

Manufacturer 

Mouse anti-

human 

CD90 

MSC surface 

marker 

Fluorescein Isothiocyanate 

(FITC) 

FL1 488 nm 

(525/40) 

Beckman Coulter, 

Miami, USA 

Mouse anti-

human 

CD105 

Endothelial cell 

marker 

Phycoerythrin (PE) FL2 488 nm 

(585/42) 

Beckman Coulter, 

Miami, USA 

Mouse anti-

human 

CD34 

Primitive/Stem 

cells marker 

 Phycoerythrin-Cyanin 5 

(PC5) 

FL5 488 nm 

(690/50) 

Beckman Coulter, 

Miami, USA 

Mouse anti-

human 

CD36 

ASC surface 

marker 

Allophycocyanine (APC) FL6 635 nm 

(660/10) 

Beckman Coulter, 

Miami, USA 

Mouse anti-

human 

CD44 

Surface 

adhesion 

receptor 

present on 

MSCs 

Allophycocyanin: Cy-7 

tandem conjugate  

(APC Cy7) 

FL8 635 nm 

(780/60) 

BioLegend, San 

Diego, USA 

Mouse anti-

human 

CD73 

MSC surface 

marker 

Brilliant Violet 421 (BV) FL9 405 nm 

(450/45) 

BD Biosciences, 

Franklin Lakes, 

New Jersey, USA 

Mouse anti-

human 

CD45 

Heamatological 

marker, to 

exclude 

hematological 

cells 

Krome Orange (KO) FL10 405nm 

(525/40) 

Beckman Coulter, 

Miami, USA 

 
 
4.3. Methods 
 
Adipose-derived stromal/stem cells were used to determine the optimal osteogenic medium 

from three previously published protocols. In this chapter osteogenic differentiation medium 

was supplemented with Foetal Bovine Serum (FBS) as it is commonly used for cell culture and 

was also used in the original publication. 

 
 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



51  

4.3.1. Isolation of ASCs 
 

MSCs isolated from adipose tissue were collected from 7 female patients undergoing 

liposuction or abdominoplasty procedures after obtaining informed consent. The age of the 

patients ranged between 33 and 45. All samples in this study tested negative for HIV, Hepatitis 

B and C and mycoplasma. ASCs were isolated as described in in Chapter 3. 

 
4.3.2. Thawing of ASCs 
 
Cryovials containing ASCs were removed from the liquid nitrogen Dewar and allowed to thaw 

slightly on ice. For each sample, 10 mL pre-warmed CGM (CGM; DMEM, 10% FBS,  

2% pen/strep, 25 𝜇g/mL amphotericin) was added to a 15 mL centrifuge tube (one tube per 

sample). From the 15 mL centrifuge tube, 1 ml of the pre-warmed complete DMEM was 

added to the cyrovial and the contents of the vial were pipetted up down and transferred 

back to the 15 mL centrifuge tube. This was repeated until the sample was completely 

thawed. 

 

After all the contents in the cryovial had been transferred to a 15 mL centrifuge tube, the cell 

suspension was centrifuged for 5 minutes (min) at 300 x g (SL 16R centrifuge from Thermo 

Fischer Scientific, Waltham, Massachusetts, USA). The supernatant was aspirated, leaving 

behind the cell pellet. Complete DMEM was added (1 ml per flask) to re-suspend the cells 

after which the cell suspension was seeded in T75 cm2 culture flasks at 5000 cells/cm2 and 

placed in a 37oC/5% carbon dioxide (CO2) water-jacketed incubator (Thermo Scientific™) to 

allow for cell growth and expansion of culture.  

 
4.3.3. Cell passaging and maintenance of ASCs 
 
The thawed cells were maintained in a 37oC/5% CO2 water-jacketed incubator and were 

assessed 2-3 times a week during which the culture medium was replaced with fresh CGM. 

Once the cells reached 80-90% confluency, they were either cryopreserved for later use or 

plated for an experiment. To passage cells, the cells in the culture flasks were first washed 

with 4 mL pre-warmed PBS (2% pen/strep), after which 2-3 mL 0.25% of Trypsin-EDTA was 

added and incubated for 7 min at 37oC. To neutralize the trypsin, 2-3 mL CGM was added to 

the cell suspension, and the contents were swirled gently to mix. The cell suspension was 
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transferred to a 15 mL or 50 mL centrifuged tube (each sample in a separate tube; tube size 

dependant on the number of culture flasks per culture) and centrifuged at 300 x g for 5 min. 

The supernatant was aspirated, and the cell pellet was re-suspended in CGM (1 mL per flask). 

To count the number of cells, 100 𝜇l of cell suspension, 5 𝜇l of 7-AAD, 100 𝜇l of Flow-CountÔ  

Fluorospheres and 400 𝜇l of PBS was added to a flow tube and analysed on the CytoFLEX flow 

cytometer (Figure 4.1). To get to the ASC population, a 7-AAd vs. SSC plot was created to 

exclude any non-viable cells. Next a SSC vs. FSC plot was created gated on the viable cells from 

the previous plot. Cells were seeded at 5000 cells/cm2 and the CGM was replaced every 3-4 

days.  

 

  

  

A B 

C D 
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Figure 4.1. Schematic representation of the gating strategies used to determine cell number and cell viability.  
A. A Side-scatter versus 7-AAD plot was used to select for viable cells. B. A forward scatter versus side-scatter plot gated on 
viable cells was used to select (Region P1) and enumerate (cells/ul) intact, viable ASCs. C. A count versus FITC plot was used 
to identify the Flow-CountÔ fluorospheres. D. A FITC versus time plot gated on the region “FlowCount beads” was used to 
identify and select intact fluorospheres. E. The cell concentration (Events/ul) was calculated by the CytoFLEX software and 
used to calculate the total cell count. Percentage total refers to the number of events in question divided by the total number 
of events analysed multiplied by 100 while the percentage parent refers to the number of events in question divided by the 
number of events that the cells are gated on multiplied by 100. E.g. Population P1; %Total = 3839/10000 x 100 and %Parent 
= 3839/3865 x100. 

 

4.3.4. Immunophenotyping of ASCs 
 

The ISCT guidelines recommended that ASCs should express certain pre-defined cell surface 

markers. The ASCs were immunophenotyped by staining them with a panel of monoclonal 

antibodies consisting of CD34, CD36, CD44, CD45, CD73, CD90 and CD105.  

 
It is important to set up compensation experiments before doing a multi-colour 

immunophenotyping panel as fluorochromes have a wide fluorescence emission spectrum 

and the emitted fluorescence may spill-over in more than one channel which may lead to 

false positive results. In a compensation experiment, single fluorochrome tubes are run and 

the level of spectral spill over is measured. This spectral spill over is then removed from the 

respective channel. A colour compensation matrix is then calculated by the software to 

determine how much spill over should be removed from each channel (See figure 4.3I).   

 

The following tubes were prepared to generate a colour compensation matrix for the 

combination of fluorochromes used for phenotyping of the ASCs: Tube 1, “unstained cells”; 

Tube 2, an unstained positive and negative VersaComp beads tube; Tubes 3-8 contained 

positive and negative VersaComp beads stained with the individual monoclonal antibodies; 

Tube 9 contained cells stained with CD90; and Tube 10 contained cells simultaneously stained 

with all 7 monoclonal antibodies (combination tube) - this tube was used to verify the 

E 
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compensation matrix generated using the single colour staining tubes and to make final 

adjustment where need  (Table 4.3). The VersaComp Kit consist of two vials, a vial with 

positive beads and a vial with negative beads. Positive beads are coated with IgG binding 

agent, whereas the negative beads are not. Antibodies will bind to the positive beads and 

cause a fluorescence. This will create a distinct positive population in the relevant channel 

(Figure 4.2A). The positive population will be gated and used to detect the spectral spill  

over in other channels (Figure 4.2B). This setup is repeated for each monoclonal antibody in 

the panel. 

 

  
Figure 4.2. Example of compensation experiment of FITC monoclonal antibody. 

A. Single stained FITC tube run on the DxFLEX produces a positive FITC population that is used to gate other channels on to 

determine the amount of spill over to be removed from respective channels. B. Spill over of FITC fluorescence into PE channel 

that needs to be removed. 

 
Positive and negative VersaComp beads were vortexed before use and one drop of each bead 

type (negative and positive) was added to the respective tubes (Tube 2-8); Tube 9 contained 

a single stain of CD90, however CD90 does not have a high binding affinity to the beads and 

therefore cells were used instead. Once all the antibodies were added to the respective tubes; 

the flow cytometry tubes were then vortexed and incubated in the dark for 20 min. After 

incubation, the beads and cells were washed by adding 3 mL PBS (2% pen/strep) to the tubes 

followed by centrifugation 300 x g for 10 min. The supernatant was aspirated and the cells or 

beads were resuspended in 400 μl of PBS (2% pen/strep) before analysis on the CytoFLEX flow 

cytometer. Analyses were performed on a minimum of 5 000 viable beads or ASCs.  

A B 
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Table 4.3. Setup of experiment to calculate the ASC phenotype compensation matrix. 

Flow tubes 

 Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 Tube 6 Tube 7 Tube 8 Tube 9 Tube 

10 

Cells x         *x x 

Beads 

(Positive 

and 

negative) 

 x x x x x x x   

Addition of monoclonal antibodies 

CD34   x       x 

CD36    x      x 

CD44     x     x 

CD45      x    x 

CD73       x   x 

CD90        x  x 

CD105         x x 

* CD90 does not bind tightly to the beads, therefore cells are used.  

 

The ASC population was visualised using an FSC-A vs. SSC-A two-parameter dot plot  

(Figure 4.1- A). A gate was drawn around the intact ASC population to exclude any debris 

present in the samples. A histogram plot (Count vs. respective fluorescent channel) was 

created for each of the fluorochromes (Figure 4.4). All the histograms were gated on the intact 

ASC population. In the respective single colour positive tube (e.g Count vs FITC) a positive 

signal for that fluorochrome was observed. A region of interest was positioned over the 

positive population. If this fluoresce was picked up in any other channel it was subtracted 

from that channel and so a compensation matrix was set up to remove any spill-over that 

might occur during further immunophenotyping experiments (Figure 4.1-I). See Appendix B 

for full compensation experiment. 
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Figure 4.3. Colour compensation experiment set up for the use in downstream multi-colour immunophenotype panel. 
Positive single colour tubes (B-H) were stained and analysed on the CytoFLEX. Any spectral spill-over fluorescence was 
calculated, and a compensation matrix was generated (I). 
 

The immunophenotype of the ASCs used in experiments was determined before cells were 

plated for an experiment. A multi-colour immunophenotype panel (CD31- /CD34variable/CD45-

/CD44+/CD73+/CD90+/CD105+) was designed in-house at the ICMM based on previously 

published ASC cell surface marker expression data [31,34,297]. ASCs stained with the 

monoclonal antibody panel were analysed on the CytoFLEX flow cytometer (Figure 4.4) and 

the data was then analysed (post-acquisition) using the Kaluza® Flow Cytometry Data Analysis 

(Beckman Coulter, Miami, USA). Dominici et al. 2006 and Bourin et al. 2013 described the 

minimum immunophenotype criteria, as recommended by  the International Federation for 

Adipose Therapeutics and Science (IFATS) and the ISCT, for MSCs, in which 95% of the ASC 

population must express CD105, CD73 and CD90 [31,34].  

 

G H 

I 
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Figure 4.4. Schematic representation of the gating strategies used to determine the immunophenotype of the ASCs. 
A. Intact ASCs were identified using a forward versus side-scatter plot. Plots B-L were all gated on ASCs for subsequent 
analysis. Plots B-H were one parameter plots versus side-scatter to determine the expression profiles, the positive gates 
were set using unstained samples. Plots I-L are two-parameter plots to verify colour compensation. 
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4.3.5. Osteogenic differentiation 
 
Once seeded in 6 well plates (5000 cells/cm2), ASCs were grown to 70-80% confluence 

(Passage 2-4) after which the CGM was removed and replaced with osteogenic differentiation 

medium. ASCs not exposed to osteogenic differentiation medium were maintained in CGM 

and served as negative (undifferentiated) controls. The efficiency of the differentiation media 

was assessed through a range of osteogenic assays (described later in this chapter) on days 0 

(day of induction) and 28 (day of termination). We opted for a 28-day differentiation period 

based on a study done by Mohamed-Ahmed et al. 2018 who reported that ASCs have a longer 

proliferation period and only switch to the differentiation phase on day 21 as well as 

preliminary experiments[213]. In preliminary experiments (n=2), we too did not observe bone 

formation at day 21 and consequently decided to extend the differentiation period to 28 days 

as suggested by Mohamed-Ahmed et al (2018) (Figure 4.5).  

 

 
Figure 4.5. Timeline of osteogenic induction.  
The illustration shows when the cells were induced and the differentiation timelines. Osteogenic differentiation of ASCs 
maintained in osteogenic differentiation medium supplemented with FBS was assessed at days 21 and 28. Media was 
changed twice a week.  
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Day 0 

 

Day 21/28 

 
Figure 4.6. Experimental layout used for Alizarin Red (ARS) and Alkaline Phosphatase assays. 
ASCs were seeded into 6 well plates at 5000 cells/cm2. Day 0; not induced samples at day of osteogenic differentiation 
induction and unstained controls were assessed. On day 21/28 samples, not induced controls, induced samples as well as 
unstained controls were assessed. Unstained controls were processed as for the stained samples except for not adding ARS 
stain. ARS stain was replaced with PBS in the unstained controls.  

 
 
4.3.6. Osteogenic differentiation assays 
 
Alizarin Red (ARS) Staining Assay 
 
On the day of termination, the ASC monolayer in 6 well plates (9.6 cm2/well) was washed with 

PBS (2% pen/strep) after which the cells were fixed by adding 2 mL paraformaldehyde (4%) 

per well followed by incubation for 15 min at room temperature. After 15 minutes, the 
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paraformaldehyde was removed, and the cells were washed with PBS. The PBS was removed 

completely before adding 2 mL of a 2% ARS staining solution to the wells followed by 

incubation at room temperature for 10 min. After aspirating the unincorporated staining 

solution, cells were washed four times with PBS (2% pen/strep). Excess PBS was removed by 

incubating the plates at an angle to drain and remove any excess PBS. Plates were air dried 

overnight, and the stained monolayer was visualized by light microscopy (Carl Zeiss Werke, 

Göttingen, Germany) and images were captured using a Zeiss Axiocam digital camera  

(Carl Zeiss Werke, Göttingen, Germany).  

 

The level of osteogenic differentiation was quantified by determining the concentration of 

ARS in each well. To quantify the ARS concentration, 2 mL of acetic acid (10%) was added to 

each well followed by incubation for 30 min at room temperature. This was done to extract 

bound ARS from the cells. The reaction was stopped by adding 200 μl of ammonium hydroxide 

(10%) to each well. An aliquot (100 μl) from each well was then transferred into a 96-well 

plate (opaque-walled, transparent-bottomed plates) and the ARS concentration in milli mole 

mM from each well was determined using a spectrophotometer (PowerWave X, BioTek 

Instruments Inc, Winooski, USA) at 405nm and 650 nm (reference wavelength).  

 

To determine the concentration (mM) of ARS, a standard curve was prepared. This was done 

by preparing a 4 mM ARS stock solution. A 1:1 serial dilution was performed to obtain 

concentrations ranging from 4 mM to 0.0625 mM. The optical density (OD) of each 

concentration was determined (in triplicate) by transferring the relevant staining solutions to 

the wells of a 96-well plate. The average OD405nm readings of the ARS standards, blanks and 

sample readings were calculated and the average OD405nm of the blanks was subtracted from 

the average OD405nm from each concentration. Using the OD405nm readings of the ARS 

standards, a standard curve was drawn up by plotting the absorbance (405 nm) OD405nm 

readings against the ARS concentrations. The ARS concentration of the samples was 

extrapolated from the standard curve.  

 

The acetic acid was aspirated, and the cells were washed with PBS (2% pen/strep). PBS  

(2% pen/strep) was added and 1 μl of DAPI (0.02 μg/ml in molecular grade H2O), a fluorescent 

nuclear stain, was added to each well to stain the nuclei of the cells to perform a cell count 
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for normalization. The DAPI (0.02 μg/ml in molecular grade H2O) was incubated for 5 min and 

images were taken on the Zeiss AxioVert A1 fluorescence microscope (Carl Zeiss Werke, 

Göttingen, Germany) using the Zeiss Axiocam digital camera (Carl Zeiss Werke, Göttingen, 

Germany). The ARS concentrations were adjusted (normalized) to the relative number of cells 

using the following formula: 

 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 	
𝑂𝐷	𝑣𝑎𝑙𝑢𝑒	𝑜𝑟	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐶𝑒𝑙𝑙	𝑛𝑢𝑚𝑏𝑒𝑟 	𝑥	𝑉𝑎𝑙𝑢𝑒 
 

 Equation 4.1. Formula used to normalize the OD value i.e. the amount of stain, to the number of cells 

 
Alkaline Phosphatase Assay 
 
As described for the ARS assay, the cultures were washed to remove any free-floating cells 

and fixed using paraformaldehyde (4%). An ALP buffer (2 mL/well) was then added to the cells 

and incubated for 60 min at 37oC. The composition of the ALP buffer was  

4-nitrophenylphosphate (5 mM), magnesium chloride (MgCl2) hexahydrate (0.5 mM), Tris-HCl 

(50 mM) and Triton X-100 (0.01%). An aliquot (100 µl) of each reaction was transferred into 

a 96-well plate and the absorbance of each reaction was read at 405 nm and 650 nm 

(reference wavelength). Like with the ARS assay, the ALP assay solution was aspirated, and 

the cells were stained with DAPI (0.02 μg/ml in molecular grade H2O) to determine the 

average number of cells/well. 

 
As for the ARS assay, the ALP concentrations were adjusted for the (normalized relative 

number of cells/well using the same formula (Equation 4.1). 

 
4.3.7. Microscopy 
 
Light microscopy 
 
 
Bright field microscopy images were captured on days 0 and day 21 or 28 using the Zeiss 

Primo Vert inverted light microscope (Carl Zeiss Werke, Göttingen, Germany) and Zeiss 

Axiocam digital camera. The ZEN software (version 2.6) was used to capture the images. 

Bright field images were used to compare the morphology of cells grown in different 

osteogenic differentiation media. Images were also taken after the cells had been stained 
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with ARS to visually assess the degree of osteogenic differentiation. 5x magnification was 

used.  

Fluorescence microscopy 
 
To normalize the levels of ARS and ALP to the relative number of cells (calculated as the 

average number of nuclei per well), cells were stained with DAPI (0.02 μg/ml in molecular 

grade H2O) and imaged using the Zeiss AxioVert A1 fluorescence microscope (blue filter- 

531/40) and Zeiss Axiocam digital camera. A 5x/10x/20x/40x objective lens magnification was 

used depending on the number of cells present in each well. The more cells there were the 

more difficult it was to accurately determine the relative number of cells. For this reason, a 

higher magnification was used to decrease the number of cells per field of vision making the 

identification of single cells easier for downstream counting analysis. The scale bar was used 

to calculate the area of the field of vision. The average of five fields of vision were used as a 

representative count per well (Figure 4.7). The following equation was used to calculate an 

approximate cell count per well (9.6 cm2) thus allowing for the comparison of counts even if 

different magnifications were used: 

 
𝐴𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒	𝑐𝑒𝑙𝑙	𝑐𝑜𝑢𝑛𝑡

= 	
𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑐𝑒𝑙𝑙𝑠	𝑓𝑟𝑜𝑚	𝑡ℎ𝑒	5	𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑖𝑣𝑒	𝑖𝑚𝑎𝑔𝑒𝑠	𝑥	9.6	𝑐𝑚!

𝐴𝑟𝑒𝑎	𝑜𝑓	𝑓𝑖𝑒𝑙𝑑	𝑜𝑓	𝑣𝑖𝑠𝑖𝑜𝑛  

Equation 4.2. Formula used to calculate the approximate number of cells in each well of a 6-well plate. 
 

 
Figure 4.7. Schematic illustration of the fields of visions used to calculate a representative cell count per well. 
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Protocol for obtaining cell numbers within a well using ImageJ 
 
Images captured on the fluorescent microscope were saved as a .tiff files and were opened 

and processed in ImageJ (Version 2.1.0/1.53c; Laboratory for Optical and Computational 

Instrumentation, University of Wisconsin, Wisconson, USA). The brightness and contrast of 

the images was adjusted, but the images were not manipulated. The image was converted 

into an 8-bit image and the threshold was adjusted to Black and White (“B&W”). The image 

was converted into a mask using the binary option in ImageJ (Menu: Process > Binary > 

Convert to Mask). Watershed was then applied to the image (Menu: Process > Binary > 

Watershed) to separate out connected particles. The particles (individual nuclei) were then 

analysed using the count function under the Analyse menu (Menu: Analyse > Analyse 

particles). Everything less than 200-pixel units was excluded as this was seen as debris and 

not cells. The number of cells were displayed. Cells close to each other were sometimes 

identified (called) as a single cell. Therefore, images were also manually assessed to ensure 

that the correct calls were made by the software and the necessary adjustments were made 

when needed. The scale was calibrated by measuring the scale bar to determine the number 

of pixels (indicated as the yellow line) and setting the known distance given on the scale bar 

(e.g., 50𝜇m) and entering the correct units (𝜇m). The pixel aspect ratio is by default 1, 

meaning that the height and width of individual pixels are equal. The area of the field of vision 

is calculated using the formula A = length x breadth. The length and breadth of the field of 

vison is given by the software once the distance in pixels, known distance and the correct 

units are entered e.g., 642.59 x 480.56 𝜇m (Figure 4.8B).  
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A. 

 

B. 

 

 

C. 

 

D. 
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E. 

 

F. 

 

G. 

 

H. 

 

I. 

 

J. 

 
Figure 4.8. A summary of the steps followed to obtain an approximate cell count per well using ImageJ software. 
A. The original image captured. B. The scale was calibrated by measuring the scale bar to determine the number of pixels, 
setting the known distance and entering the correct units. These parameters were all used to calculate the area of the field 
of vision displayed by the software in the top left-hand corner e.g., 642.59 x 480.56 𝜇m. C. The brightness of the images was 
adjusted to improve the resolution of the nuclei. D. The image was converted to an 8-bit image. E. Threshold was adjusted 
to “B&N”. F. The image was analysed to determine the number of nuclei per field of vision. G. The nuclei count as determined 
by the ImageJ software. I & J. Images were manually assessed and incorrect calling of events (nuclei), such as the scale bar 
counted as a nucleus (I) or nuclei in close proximity counted as a single event were corrected.    
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4.3.8. Statistical analysis 
 
Statistical analysis of data was performed in R (Version 4.0.1) and RStudio (Version 1.3.959). 

Data is reported as mean ± Standard Deviation (SD). To test statistical significance, a one-way 

ANOVA was performed. This test was followed by a Tukey’s test to determine the individual 

significance between each treatment group. A p-value ≤ 0.05 was considered statistically 

significant.  

 
4.4. Results 
 
4.4.1. ASC Isolation and Characterisation 
 
Prior to plating for each experiment ASC morphology was checked, cells were counted, their 

viability was checked, and their phenotypic profiles were assessed. Plastic adherent ASCs had 

a typical fibroblastic morphology. Cells grown in CGM supplemented with FBS revealed a 

more flattened, broader spindle morphology (Figure 4.9). Cell numbers were determined 

using Flow-CountÔ fluorospheres. The average cell viability was 38.17% ± 6.72. The low cell 

viability in FBS supplemented CGM can be due to long expansion periods. FBS cells took longer 

to proliferate to reach the desired cell numbers and were kept in culture for extended 

periods. The immunophenotype of the ASCs was determined by analysing individual cell 

surface markers. The expression profile was as follows: CD90 on 97.02% ± 3.38 of ASCs, 

CD105 on 0.43% ± 0.38 and CD34 on 3.51% ± 3.4 ASCs. CD36 was present on 31.5% ± 25.61 

of cells, CD44 on 99.66% ± 0.2, CD73 on 81.69% ± 19.67 and CD45 on 0.3% ± 0.31  

(Figure 4.10). The immunophenotype of the individual cultures were as follows; A150221-01A 

was CD90+/CD44+/CD73+/CD105-/CD34-/CD36-/CD45-, A231019 was 

CD90+/CD44+/CD73+/CD105-/CD34variable/CD36variable/CD45-, A311019-01A was 

CD90+/CD44+/CD73+/CD105-/CD34-/CD36variable/CD45-, and A311019-02T was 

CD90+/CD44+/CD73+/CD105-/CD34-/CD36variable/CD45-. 
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Cultures 

A311019-01A A311019-02T 

  
A231019 A150221-01A 

  
 
Figure 4.9. Morphology of different adipose-derived MSC cultures expanded in FBS supplemented growth. 
Cells grown in CGM supplemented with FBS have a flattened appearance. No apparent differences are seen in the 
morphology between different osteogenic differentiation media. 

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



69  

 
 
Figure 4.10. Percentage expression of the respective surface antigens on ASCs before plating for experiments. 
The graph shows the average proportion (%) of ASCs expressing the respective markers. The ASCs were cultured/maintained 
in CGM FBS-supplemented medium before plating for experiments. Results are expressed as mean ± standard deviation (SD). 
Only a very small proportion of ASCs expressed CD45 and CD105. More than 75% of the ASCs expressed CD44, CD73 and 
CD90.  

 
4.4.2. Osteogenic differentiation 
 
Osteogenic differentiation was assessed in a semi-quantitative manner using either ARS 

staining or an ALP assay. The results of both assays were measured on a spectrophotometer. 

Results of both assays were normalised against the average cell number per well. In addition, 

brightfield images were captured of the ARS assays.  

 

Alizarin Red S Assay 
 
At the day of termination (day 21/28), the cells were fixed and stained with ARS as described 

earlier. Unstained samples were included as non-specific staining controls (Figure 4.11A, C, E, 

F). Non-induced samples that were maintained in CGM were included an undifferentiated 

control (Figure 4.11B, D, F, G). On day 0, both the stained and unstained samples did not show 

any presence of ARS stain (Figure 4.11 A, B). On day 21, both non-induced controls and 

induced samples showed very low levels of ARS staining if any (Figure 4.11 D, F). Due to little 

osteogenic differentiation, samples were differentiated for an additional 7 days to day 28.  
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On day 28, the induced samples showed increased amounts of calcium deposition compared 

to day 21 induced samples (Figure 4.12).  

 

A. Day 0 Unstained B. Day 0 Stained 

  
C. Day 21 Non-induced Unstained D. Day 21 Non-induced Stained 

  
E. Day 21 Induced Unstained F. Day 21 Induced Stained 
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G. Day 28 Not Induced Unstained H. Day 28 Not Induced Stained 

  
I. Day 28 Induced Unstained J. Day 28 Induced Stained 

  
Figure 4.11. Examples of the different control and experimental groups. 
Once cultures reached 70–80% confluency, they were induced to undergo osteogenic differentiation. On day 0, both 
unstained and stained samples were included (A and B). On day 21 and 28, samples were divided into 4 groups namely non-
induced unstained (C and G), non induced stained (D and H), induced unstained (E and I) and induced stained (F and J). 
 

A. Day 21 Induced Stained B. Day 28 Induced Stained 

  
Figure 4.12. Comparison between amount of calcified bone product on day 21 and day 28. 
Very little calcium deposition was seen on day 21 (A). The differentiation period was extended to 28 days based on 
observations reported by Mohamed-Ahmed et al. 2018 and an increase of stain i.e differentiation was seen (B). 
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An ARS standard curve was used to convert OD readings into ARS concentrations (mM). The 

serial dilution ranged from 4 mM to 0.0625 mM ARS. The OD readings were read at 405 nm 

and 650nm (Reference wavelength used as an internal reference where no signal should be 

picked up). The average blank reading (reading of distilled water) was subtracted from all the 

other readings. The adjusted OD results were converted into a concentration using the 

formula y = 1.05119977x – 0.03407551; where y is equal to the OD reading and x is the 

concentration of ARS Stain in mM. The linear correlation (R2) of the standard curve was 

0.9997746 (Figure 4.13).   

 
 

 
Figure 4.13. ARS Standard Curve 
Standard curve displaying the equation y = 1.05119977x – 0.03407551 used to calculate the concentration of ARS  

 
 
Differentiation medium 1 resulted in a gradual increase in calcium deposition from day 0 to 

day 21 to day 28 (Figure 4.14), which was significantly greater (p = 0.0058302) at day 28 when 

compared to day 0. Differentiation medium 2 resulted in only low levels of calcium deposition 

at day 21, which were not significant when compared to the levels measured at day 0; 

however, there was a significant increase in ARS staining, i.e., calcium deposition, on day 28  

(p = 0.0003160). Differentiation medium 3 showed a noticeable increase of ARS staining on 

both day 21 and day 28 compared to day 0. However, the day 21 results should be interpreted 
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with caution as only one of the two cultures showed unusually high levels of calcium 

deposition on day 21.  

 

The level of ARS stain was the highest on day 28 for differentiation medium, although the 

variability was relatively high between the four biological repeats. There was also no 

significant difference in the ARS concentration on day 28 between the three differentiation 

media. However, based on the more gradual increase observed in calcium deposition and the 

more consistent results observed at day 21 for differentiation medium 1, we opted for this 

medium (differentiation medium 1) for further experiments described in the chapters to 

follow (Figure 4.14).  

 

 
 
Figure 4.14. ARS stain concentration eluted from various samples. 
Differentiation medium 1 had more consistent osteogenic differentiation at day 28 and had a significant increase in ARS 
present from day 0 and day 21. For differentiation medium 2 very little ARS staining was present at day 21. A large degree 
of variation was observed between different biological repeats which resulted in large error bars. Results are displayed and 
mean ± SD.. Significance: p <0.00001 “***”, p<0.01 ”**”, p<0.05 “*”. 
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Culture Condition 
 Medium 1 Medium 2 Medium 3 
A311019
-01A 

   
A311019
-02T 
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A230919 

   
A150221
-01A 

   
 
Figure 4.15. Representative brightfield images of differentiated ASCs stained with Alizarin Red S on day 28. 
When ASCs reached 70 – 80% confluency, they were induced to undergo osteogenic differentiation. Osteogenic differentiation was assessed on days 21 and 28.  Images were captured at two 
different magnifications, 5x (scale bar 200 𝜇m) and 20x (scale bar of 50 𝜇m). Four biological repeats were included as 2 out of the 4 repeats did not show osteogenic differentiation.  
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Alkaline Phosphatase Assay 
 
ALP activity was measured at Day 0 and on the day of termination in non-induced and induced 

samples. On day 0, ASCs showed relatively high ALP activity.  As expected, the level of ALP 

activity significantly decreased during the differentiation period. There was a significant 

increase in ALP activity on day 21 in ASCs induced with osteogenic medium 2 before the levels 

diminished as expected. This observation is aligned with the ARS results observed using 

medium 2 and explains why ARS stain was only seen to increase at day 28 in cultures induced 

with medium 2. When looking at the ALP activity in ASCs differentiated in osteogenic medium 

3, the activity is also seen to decrease significantly when comparing day 0 and day 28 samples 

(Figure 4.16). Results from osteogenic medium 1 support the ARS data that osteogenic 

differentiation medium 1 is the most optimal for ASCs osteogenic differentiation as the level 

of ALP activity on day 21 is less than the level of ALP activity of both osteogenic differentiation 

medium 2 (p<0.01) and 3 (Not significant). 

 

 
 
Figure 4.16. Level of alkaline phosphatase activity in the various samples. 
The amount of ALP activity present in differentiation medium 1 decreased gradually but significantly during the 
differentiation period. For differentiation medium 2, ALP activity increased initially (day 21) before decreasing, indicating 
that ASCs were still in the early stages of osteogenesis at day 21. As for differentiation medium 3, the amount of ALP activity 
decreased gradually but significantly over the differentiation period.  Significance: p <0.00001 “***”, p<0.01 ”**”, p<0.05 
“*”.  
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4.5. Discussion 
 
In this chapter we evaluated three previously published osteogenic differentiation media to 

determine which is the optimal for ASC osteogenic differentiation. We used two different 

osteogenic assays to evaluate the degree of osteogenesis, namely an ARS assay and an ALP 

assay.  

 

It is commonly known that ASCs possess the ability to differentiate into osteoblasts. In vitro 

this is achieved by the addition of osteogenic inducing compounds, such as  

𝛽-glycerophosphate, dexamethasone and ascorbate-2-phosphate, to complete growth 

medium. In the early stages of osteogenesis, the level of ALP will first increase to form the 

extra-cellular matrix which is later calcified to form the final bone product. Both 

dexamethasone and ascorbic acid are responsible for the upregulation of ALP that initiates 

the osteogenic differentiation process [177]. Ascorbic acid promotes collagen synthesis 

during early stages of osteogenic differentiation process [178,291]. Dexamethasone, in 

addition, upregulates RUNX2, the master regulator of the osteogenic differentiation process 

osteogenic regulator, at the early stages of osteogenesis [180]. In the later stages of 

osteogenesis, 𝛽-glycerophosphate helps with mineralisation of the extra cellular matrix.  

Although there is agreement regarding the essential components of osteogenic medium, 

there is a lack of consensus regarding the optimal concentration of the different compounds.  

 

Osteogenesis consists of four sequential phases namely lineage commitment, proliferation, 

matrix synthesis and lastly matrix mineralization [298]. Most studies assess osteogenic 

differentiation over a 21-day period [16,184,188,191]. Initially we adopted the suggested  

21-day induction period and differentiated two independent primary ASC cultures for 21 days 

but observed almost no calcification after this time. Mohamed-Ahmed et al. [213] compared 

the osteogenic differentiation of MSCs isolated from bone marrow (BM-MSCs) and MSCs 

isolated from adipose tissue (ASCs). They found that BM-MSCs have a shorter proliferation 

period than ASCs and that BM-MSCs start the formation and calcification of the collagenous 

matrix as early as day 14 whereas ASCs have an extended proliferation period and only start 

the mineralization phase on day 21. Based on these observations, we decided to extend our 
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osteogenic differentiation a further 7 days and to terminate the differentiation process at day 

28. Two out of the three osteogenic differentiation media showed an increase in ARS staining 

i.e. amount of calcium deposition, from day 21 to day 28, while all three osteogenic 

differentiation media resulted in noticeable calcium deposition at day 28. Our data therefore 

suggest that osteogenic differentiation supplemented with FBS should be assessed 28 days 

post induction and not on day 21 as the majority of current research studies suggest.  

 

Looking at the ARS data, medium 1 is the only medium out of the three osteogenic 

differentiation media that showed a significant increase in the amount of ARS stain present 

from day 0 to day 28, however there was not statistical difference between the different 

osteogenic media. Although medium 1 and 3 had similar levels of ARS concentrations at day 

28, the results were not significant for medium 3. Medium 3 had large biological variance due 

to 1 biological repeat showing increased osteogenic differentiation. Medium 1 has the lowest 

concentration of dexamethasone out of the three osteogenic differentiation media. Medium 

2 and 3 have relatively the same amount of ARS stain present at day 28 although medium 2 

has double the amount of dexamethasone present when compared to medium 3.  

Langenbach et al. [296] found that the physiological level of dexamethasone from 30 healthy 

bone marrow donors was 10 nM and that this is the optimal concentration for osteogenesis. 

Interestingly, this is the same dexamethasone concentration present in medium 1.  

Sordi et al. [299] reported that a dexamethasone concentration of 100 nM favoured the 

proliferation phase of MSCs. This may explain why delayed terminal differentiation was 

observed when medium 2, which contains 100 nM, was used as in the differentiation medium. 

Medium 2 resulted in low levels of calcium deposition on day 21 and variable amounts of 

calcium deposition on day 28. This observation is supported by the ALP assay data, where an 

increase in ALP activity on day 21 was observed in ASCs that were differentiated using 

medium 2, suggesting that ASCs are still in the early stages on osteogenic differentiation at 

day 21 when medium 2 was used. 

 

As mentioned previously, ascorbate-2-phosphate plays a role in collagen synthesis by 

promoting the secretion of collagen type 1 into the extracellular matrix. The concentration of 

ascorbate-2-phosphate also varies in osteogenic differentiation medium used to differentiate 

ASCs; however Jaiswal et al. [300] determined the optimal concentration of  
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ascorbate-2-phosphate to be 50 𝜇M. Of the three differentiation media tested in this study, 

medium 2 contains 60 𝜇M of ascorbate-2-phosphate, which was the closest to the optimal 

ascorbate-2-phosphate concentration suggested by Jaiswal et al. [300]. However, the 

observations made in this study suggest that optimizing the concentrations of differentiating 

agents that play a role in the early stages of osteogenic differentiation is more important as 

medium 2 produced noticeably less bone product compared to the bone formation observed 

when the other two media was used. In support of this hypothesis, medium 1 contained the 

highest concentration of ascorbate-2-phosphate and produced the greatest amount of 

calcified bone product.  

 

There is consensus in the literature regarding the concentration of 𝛽-glycerophosphate, as 

many studies have tested and agreed that the optimal concentration of 𝛽-glycerophosphate 

in osteogenic medium is 10 mM [16,54,177,186,188–193]. Aligned with this observation, all 

three the differentiation media tested in this study contained 10 mM of 𝛽-glycerophosphate.  

𝛽-glycerophosphate acts as a source of phosphate needed for the production of 

hydroxyapatite mineral and regulates important osteogenic genes in the later stages of 

osteogenesis [299].   

 

In conclusion, ASCs differentiated in the presence of FBS showed minimal differentiation on 

day 21 but acceptable levels of osteogenic differentiation on day 28. Based on these findings 

we suggest that a differentiation period of 28 days should be used when assessing osteogenic 

differentiation of ASCs supplemented with FBS. Differentiation medium 1 showed a 

significant increase in the amount of ARS stain present (i.e., the amount of calcified bone 

product) from day 0 to day 28. Differentiation medium 1 also showed a greater decrease in 

ALP activity on day 21. It is for both these reasons that medium 1 was deemed the most 

optimal differentiation medium out of the three published differentiation media. Both ARS 

and ALP assays indicate that medium 1 was promoting differentiation into the later stages of 

osteogenesis faster than media 2 and 3. Medium 1 was thus retained for downstream testing.  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



80  

Chapter 5: Optimal Human Alternative for Osteogenic 

Differentiation 

5.1. Introduction 
 
Over the years, the use of adipose-derived stem/stromal cells (ASCs) in clinical applications 

have increased, especially in the field of regenerative medicine. As mentioned before, one of 

the main reasons why ASCs are preferred over bone marrow mesenchymal stem/stromal cells 

(BM-MSCs), is the fact that isolation from adipose tissue yields more stem/stromal cells when 

compared to isolation from bone marrow. The ability of ASCs to differentiate into various cells 

types, including adipocytes, osteoblasts, chondrocytes and myocytes, makes them attractive 

for use in regenerative medicine [277]. However, the clinical use of ASCs requires more 

research, optimization, and standardization of isolations and differentiation methods before 

they can be considered as a therapeutic product. 

 

The attachment, growth, maintenance and proliferation of ASCs is dependent on components 

present in FBS such as amino acids, hormones, various growth factors, vitamins, attachment 

factors like fibronectin, collagen and other trace elements like copper, zinc, tin and lead to 

name a few [301,302]. FBS has commonly been used in medium supplementation for cell 

culture despite all the associated disadvantages. Some of these disadvantages include  

batch-to-batch variation, possibility of mycoplasma infection, prions and viral contamination, 

introduction of xenogeneic antigens causing immune activation during cell expansion, ethical 

concerns about animal welfare, and prolonged proliferation rates of ASCs [74,302–305]. 

These factors make the use of FBS in a cell culture setting non-compliant with Good 

Manufacturing Principles (GMP). One of the greatest disadvantages of FBS is the fact that it 

does not mimic the human environment which can lead to inaccurate results when measuring 

any cellular response [59]. Researchers therefore are continuously seeking alternatives to FBS 

that will result in cell therapy products that are GMP compliant and are more physiologically 

compatible with the human body. Alternatives to FBS include chemically defined medium, or 

supplementing culture medium with additional growth factors, human serum albumin, 

human serum, platelet poor plasma (PPP), platelet rich plasma (PRP), fresh frozen plasma 
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(FFP) or pooled human platelet lysate (pHPL). Using these human alternatives to FBS, the 

culture environment is more physiologically compatible with the human body and will likely 

result in a more accurate and reliable translation to the clinic [306]. The use of human blood 

products also reduces the risk of immune activation due to the absence of xenogeneic 

proteins [304].  

 

In this study we investigated the effect of two of the human alternatives, PRP and pHPL, on 

osteogenic differentiation of ASCs. PRP is produced through the centrifugation of whole blood 

at reduced speeds to prevent platelets clumping. However, the platelets remain in the 

plasma, resulting in plasma that is enriched in platelets [64]. Platelets can release growth 

factors upon activation that promote cell proliferation. This activation can occur in three 

ways, namely through a single freeze thaw cycle, addition of thrombin or addition of Ca+2 in 

vitro [304]. The classic spindle-shape morphology of ASCs and phenotype is maintained when 

these cells are exposed to PRP-supplemented media.  However, the proliferation rate of ASCs 

is significantly increased in PRP-supplemented media when compared to FBS-supplemented 

media [307]. Several studies have shown improved osteogenic differentiation of ASCs when 

PRP was used as a supplement in the culture medium [71,308–311]. Some of the 

disadvantages associated with PRP include batch-to-batch variation due to biological 

differences between donors and the absence of a standardised protocol in the production of 

PRP, which may lead to inconsistency and variability in results [312].  

 

Another promising human alternative to FBS is pHPL, as it is associated with lower biological 

variability and higher yield quantities per batch for clinical applications [71]. pHPL is produced 

by pooling various donor platelet concentrates, routinely manufactured by blood banks, and 

subjecting these pooled concentrates to multiple freeze thaw cycles. The multiple freeze thaw 

cycles lyse the platelets which results in the release of growth factors [302]. Consequently, 

growth factor concentrations are much higher in pHPL compared to PRP [313].  pHPL is readily 

available as it is manufactured worldwide by blood banks for the treatment of various 

disorders [303]. Like PRP, pHPL supplementation seems to influence the morphology and 

phenotype of ASCs. As reported for PRP, the proliferation rate of ASCs expanded in pHPL is 

also significantly higher than ASCs expanded in FBS [59,69,303]. Studies have shown that ASCs 

are capable of successful osteogenic differentiation in the presences of pHPL and that 
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osteogenesis is enhanced when compared to ASCs differentiated in FBS [314–318]. There may 

also be variability in the production of pHPL, especially regarding the concentration of 

cytokines and growth factors present in the various batches produced.  

 

ASC can be differentiated into osteoblasts through the addition of dexamethasone,  

𝛽-glycerophosphate and ascorbate-2-phosphate to the complete growth/culture medium. 

Ascorbic acid and dexamethasone upregulate the activity of alkaline phosphatase (ALP), and 

therefore increase the rate at which osteogenesis occurs [177]. In the early stages of 

osteogenesis, ascorbic acid is responsible for the synthesis of the collagen matrix, which is 

later mineralized to form bone [291]. 𝛽-glycerophosphate plays a role in this mineralization 

process [178]. Dexamethasone, 𝛽-glycerophosphate and ascorbate-2-phosphate act on genes 

that play an important role during osteogenic differentiation [177,178,180,291]. In this study, 

osteogenic differentiation of ASCs maintained in CGM supplemented with FBS was compared 

to the osteogenic differentiation of ASCs maintained in CGM supplemented with pHPL or PRP.  

 
5.2. Methods 
 
5.2.1. Isolation of ASCs 
 

The isolation of ASCs used for these experiments is described in Chapter 3: Isolation of 

primary MSCs from lipoaspirate. 

 
5.2.2. Characterisation of ASCs 
 

In chapter 3, we showed that the ASCs used in this study adhered to the surface of the culture 

vessels. As mentioned before, the ISCT guidelines recommended that ASCs should express 

certain pre-defined cell surface markers. Cells were thawed and plated. The respective human 

alternatives were added to the cells as to allow the cells to adjust to the human alternatives. 

These cells were maintained in the respective human alternative for a minimum of 2 weeks. 

Only after weaning the cells off of FBS, did we immunophenotyped the ASCs by staining them 

with the same panel of monoclonal antibodies consisting of CD34, CD36, CD44, CD45, CD73, 

CD90 and CD105.  
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New compensation experiments were set up for pHPL and PRP. Compensation experiments 

and immunophenotyping experiments are described in Chapter 4: Optimal differentiation 

medium for osteogenesis. 

 
5.2.3. Production of Human Alternatives 
 
Pooled Human Platelet Lysate (pHPL) 
 
Platelet concentrates (4 bags; independent donors) and one bag of plasma were donated by 

the South African National Blood Service (SANBS). On receipt, the bags were frozen for 24 

hours at -20°C, after which pHPL was manufactured according to the protocol described by 

Schallmoser & Strunk protocol [319] with minor modifications. In summary, platelet 

concentrates were thawed after 24 hours in a 37°C water bath and the platelet concentrates 

from the four independent donors were pooled. The pooled platelet concentrates were again 

frozen for 24 hours at -20°C. After 24 hours, the frozen pooled platelet lysate was thawed in 

a 37°C water bath. At this point the product is known as pHPL. The pHPL was aliquoted into 

50 mL conical tubes and centrifuged at 4 000 x g at 4°C for 15 min. The supernatant was 

transferred into new 50 mL conical tubes and stored at -20°C for future use.  

 
Platelet Rich Plasma (PRP) 
 
Platelet rich plasma was collected by SANBS via the Spectra Optia® Apheresis system. As per 

the SANBS protocol, the calcium, magnesium, and potassium levels in the donor’s blood was 

assessed before donation. Some patients might experience hypocalcaemia during PRP 

donation and therefore it is important to know whether patients have normal calcium, 

magnesium, and potassium levels before collection starts [320]. A report of donor 

PRP070721’s calcium, magnesium, and potassium levels were not available. This donor is a 

regular platelet donor for SANBS and thus it was not necessary for pre-screening. Sterility 

tests and pH levels were also determined as per the SANBS protocol. All results are in 

Appendix D.  

 

On receipt of the PRP bags from SANBS, samples were aliquoted into 15 ml tubes and frozen 

at -20℃. One freeze-thaw cycle was allowed to activate the platelets before use. Before 

freezing the products, an aliquot was taken to determine the number of platelets/𝜇𝑙  
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(CD42a -positive), if the platelets were active (CD61-positive) and the percentage of white 

blood cells (WBC; CD45-positive) present in the sample. Briefly, a 100x dilution was made of 

the product using PBS and stained with CD42a, CD61 and CD45 (5 𝜇𝑙 of each antibody). 

Stained samples were incubated for 20min in the dark. After incubation, 400 𝜇𝑙 PBS was 

added, and the results were analysed on the CytoFLEX. Unstained samples were also run to 

determine where positive gates should start.  

 

When aliquots were thawed for use, the samples were again stained with CD42a and CD61 to 

determine if the platelets were activated by the freeze-thaw cycle. 

 
5.2.4. Thawing of ASCs, Call Passaging and Maintenance 
 
The thawing, cell passaging and maintenance of ASCs in cell culture is described in Chapter 4: 

Optimal differentiation medium for osteogenesis. 

 
In this chapter complete growth medium (CGM) refers to 10% nutritional supplement, either 

FBS, pHPL or PRP; 2% penicillin/streptomycin (pen/strep); 25 𝜇g/mL Amphotericin; and when 

human alternatives were used, 2U/mL of heparin was added. To passage the cells, the 

attached cells were first washed with 4 mL pre-warmed PBS (2% pen/strep), and 2-3 mL 0.25% 

of Trypsin-EDTA was added for 7-15 min to cultures maintained in FBS-supplemented medium 

or Tryple was added for 7-15 min to cultures maintained in medium supplemented with 

human alternatives. To neutralize the trypsin/, 2-3 mL of CGM/PBS was added, and the 

contents swirled gently. 

 
5.2.5.  Osteogenic differentiation 
 
Cells were seeded in 6-well (9.6cm2/well) plates at 5000 cells/cm2 and grown to 70-80% 

confluence (Passage 2-4) after which the CGM was removed and replaced with osteogenic 

induction medium (10nM Dexamethasone, 50mg/mL ascorbate-2-phosphate, 10mM  

𝛽-glycerophosphate). ASCs that were not exposed to osteogenic induction medium were 

maintained in CGM and served as negative (undifferentiated) controls. The experimental 

layout is depicted in Figure 5.1. Osteogenic differentiation was assessed using two osteogenic 

assays (described later in this chapter) and gene expression studies. Osteogenic 

differentiation was assessed on day 0 (baseline measurements) and on day 21 (PRP and pHPL 
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samples)/28 (FBS samples). The reason for using different termination days for FBS and the 

two human alternatives is based on initial observations in which we found no/poor osteogenic 

differentiation at day 21 for the cultures maintained in CGM (FBS). Our findings were aligned 

with the findings described by Mohamed-Ahmed et al. 2018 in which these investigators 

showed that  ASCs have a longer proliferation period and only stop proliferating and start 

differentiating on day 21 [213]. Based on these findings we decided to extend the 

differentiation period for cultures maintained in CGM (FBS) to 28 days. On the other hand, 

some studies have reported that pHPL and PRP increased the rate at which osteogenesis 

occurs and therefore we kept the differentiation period of the two human alternatives to 21 

days (Figure 5.2).  RNA was isolated at four different time points (day 0, 7, 14 and 21) to 

determine the kinetic expression of osteogenic genes during the differentiation process 

(Figure 5.3).  
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Day 0 

 
Day 21/28 

 
Figure 5.1. Experimental culture plate setup for experimental days. 
ASCs were seeded into 6 well plates at 5000 cells/cm2. Day 0 represents non-induced samples on the day of osteogenic 
induction (rest of induced wells). An unstained control was included in each assay to determine the amount of background 
staining. For day 21/28 samples, a non-induced control as well as unstained controls were included for each of the assays. 
The same experimental procedure was followed to process both the unstained and stained wells, with the only exception 
being the exclusion of addition of Alizarin Red S or Alkaline phosphatase assay buffer in the respective unstained wells. PBS 
instead of the staining/buffer solution was added to the unstained controls wells.  
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Figure 5.2. Timeline of osteogenic induction.  
A basic illustration of the steps followed during osteogenic differentiation of the primary ASC cultures. Cells supplemented 
with FBS were investigated over a 28-day period while the pHPL and PRP supplemented cells were investigated over a 21-
day period. CGM and osteogenic differentiating media was replaced twice a week. OI; Osteogenic induction medium 
  

 
 
Figure 5.3. RNA isolation strategy. 
Cells were expanded and seeded at 5000 cells/cm2. Once cells reached between 70 – 80% confluency they were induced 
with an osteogenic induction medium. Cells were terminated on days 0, 7, 14 and 21 for RNA extraction. CGM and osteogenic 
differentiating media was replaced twice a week. 

 
5.2.6. Osteogenic differentiation assays 
 
Alizarin Red S (ARS) Staining Assay 
 
The ARS assay is described in Chapter 4: Optimal differentiation medium for osteogenesis. 

 
Alkaline Phosphatase Assay 
 
The ALP assay is described in Chapter 4: Optimal differentiation medium for osteogenesis. 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



88  

 
5.2.7. Microscopy 
 
Light microscopy 
 
As described in Chapter 4: Optimal differentiation medium for osteogenesis. 

 

Fluorescence microscopy 
 
As described in Chapter 4: Optimal differentiation medium for osteogenesis. 

 
Protocol for obtaining cell numbers within a well using ImageJ 
 

As described in Chapter 4: Optimal differentiation medium for osteogenesis. 

 
5.2.8. RNA isolation 
 
Cells were washed with ice cold PBS (2% pen-strep) and lysed using TriZol (1 mL for every 

10cm2). After 3 min incubation, the lysate was transferred into Eppendorf tubes and placed 

on ice for a further 5 min to permit complete dissociation of the nucleoprotein complex. 

Chloroform was added to the lysate (0.2mL for 1 mL of Trizol), vortexed and incubated at 

room temperature for 2-3 min after which samples were centrifuged at 12 000 x g for 15 min. 

The mixture separated into 3 layers; a lower red phenol-chloroform layer, an interphase layer, 

and an upper aqueous layer. The aqueous layer was transferred into a new Eppendorf tube 

and ice-cold isopropyl alcohol was added (0.5 mL for every 1 mL of TriZol). Tubes were 

inverted several times and incubated at room temperature for 10 min. Samples were then 

centrifuged for 20 min at max speed. The supernatant was removed, and the RNA precipitate 

was re-suspended in 75% ice cold ethanol. The RNA was further purified using the PureLinkÒ 

RNA Mini Kit from Thermo Fischer. The concentration, A260/280 and A260/230 values were 

measured on a NanoDrop® ND 1000 spectrophotometer (Thermo Fisher Scientific; Waltham, 

MA, USA). 

 
5.2.9. RNA integrity  
 
The RNA integrity was tested using the 2200 Tape Station (Agilent Technologies, California, 

United States). Representative samples from each time point were selected at random to test 
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the RIN values. In summary, samples were diluted to achieve a concentration between 25 and 

500 ng/𝜇L.  Sample buffer (5𝜇L) was added to 1𝜇L RNA sample and vortexed. The samples 

were denatured for 3 min at 72oC and placed on ice for 2 min. The samples were loaded into 

strips and analysed on the instrument.  

 
5.2.10. cDNA synthesis 
 
Any sample with a RINe value lower than 6.5 was excluded from downstream experiments. 

The RNA with RINe values above 6 were converted into cDNA using the SensifastÔ cDNA 

conversion kit from Celtic (Bioline, London, England). For every different expansion condition, 

3 random samples were selected for no reverse transcriptase (NRT) controls, to determine if 

the samples or the buffers contained any genomic DNA contamination.  
 

Table 5.1. Composition and volume of reaction mixture for cDNA synthesis  

Reagent Sample NRT Control 

5x TransAmp buffer 4 𝜇L 4 𝜇L 

Reverse Transcriptase  1 unit  None 

Molecular grade water Variable Variable 

RNA Variable Variable 

Total reaction volume 20 𝜇L 20 𝜇L 

 

Sample mixes were placed in a thermal cycler (Gene Amp® PCR system 9700 from Applied 

Biosystems, Life Technologies®/Thermo Fisher Scientific, Carlsbad, California, USA) and 

processed according to the following cycling conditions; 10min at 25oC, 15 min at 42oC for 

reverse transcription, 5 min at 85oC to inactivate the reverse transcriptase enzyme, followed 

by cooling of the reaction for 5 min at 4oC. The cDNA was stored at -20oC until it was used.  

 
5.2.11. Quantitative Polymerase Chain Reaction (qPCR) 
 
Appropriate reference genes should show stable expression regardless of the experimental 

conditions. Four reference genes were tested for use in the study. Representative samples 

from each experimental group were selected to test for appropriate reference genes. 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



90  

To test the efficiency of the primers, standard curve experiments were setup. In short, DNA 

samples were subjected to at least 5, 10-fold dilutions and run on a SYBR green protocol in 

triplicate. The Ct value was recorded and plotted on the y-axis while the concentration of 

cDNA was plotted on the x-axis. The primer efficiency could then be determined using the 

LightCycler 480 II software. 

All samples were prepared in triplicate and 10 𝜇L reaction volumes were used. The LightCycler 

480 II instrument (Roche, Basel, Switzerland) was used for qPCR amplification and detection. 

Each plate also included no template control (NTC) samples (in triplicate), 3 reference genes 

(TBP, GUSB and YWHAZ), representative samples from the two time timepoints (Day 0 and 

Day 21 or Day 28) and standards from standard curve experiments. By including standards on 

each plate, we can use the primer efficiency calculated in the standard curve experiments to 

calculate relative gene expression values using the comparative Ct method. 

 

Primers were made up to a stock concentration of 100 𝜇𝑀 using TE Buffer, according to 

manufacturer’s instructions. Stock solutions were then diluted with molecular grade water 

into working solutions of 10 𝜇𝑀 and stored at -20oC. The osteogenic primers RUNX2, ALP and 

Osteocalcin were used to determine at which stage of osteogenesis the samples were at 

termination. Two adipogenic genes (PPAR𝛾 and FABP4) were included as the osteogenic 

differentiation process and the adipogenic differentiation process are mutually exclusive. 

Reference genes included in the study were TBP, GUSB and YWHAZ. All primers were 

purchased from Integrated DNA Technologies (IDT, Coralville, Iowa USA) and are listed in 

Table 5.2.  
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Table 5.2. Primer sequences used in the study.  

Abbreviation Description Forward primer sequence Reverse primer sequence 

RUNX2 Runt-related transcription factor 2 ACCCATATCAGAGTTCCAG GACCGTCTAAAGAGCAAAC 

ALP Alkaline phosphatase GCAACTCTATCTTTGGTCTG GGTAGTTGTTGTGAGCATAG 

OCN Osteocalcin ACCCTTCTTTCCTCTTCC CCCACAGATTCCTCTTCT 

PPAR𝜸 Peroxisome proliferator-activated 

receptor gamma  

CGTGGATCTCTCCGTAAT TGGATCTGTTCTTGTGAATG 

FABP4 Fatty acid binding protein 4 ATCAACCACCATAAAGAGAAA ACCTTCAGTCCAGGTCAA 

TBP TATA binding protein  CCGAAACGCCGAATATAA GGACTGTTCTTCACTCTTG 

GUSB Glucuronidase, beta  GATCGCTCACACCAAATC  

 

TCGTGATACCAAGAGTAGTAG  

 

YWHAZ Tyrosine 3-
Monooxygenase/Tryptophan 5-
Monooxygenase Activation Protein, 
Zeta  

TGACATTGGGTAGCATTAAC GCACCTGACAAATAGAAAGA 

Primers were designed and assessed on the IDT website (see MIQE guidelines, Appendix F)  

 

A previously optimized SYBR Green protocol was carried out in 10 𝜇L reactions, containing 

between 25 – 50 ng of template cDNA, 400 nM of forward and reverse primer respectively,  

5 𝜇L of 1x SYBR Green Master Mix. The following cycling conditions were used; a one-step 

denaturation at 95oC for 5 min, an amplification series of 45 cycles consisting of the following 

3 steps; 95oC for 30s, 62oC for 30s and 72oC for 30s. Following the amplification step, a two-

step melt curve was performed; 95oC for 30s and 40oC for 30s. The average ramp rate for the 

qPCR reaction was 0.1oC/s.  

 

Melt curves were analysed after each run to determine the specificity of each primer and that 

the product amplified is homogenous. 

 
5.2.12. Statistical Analysis 
 
Statistical analysis of data was performed in R (Version 4.0.1) and RStudio (Version 1.3.959). 

Data is reported as mean ± standard deviation (SD). Gene expression data is reported as 

standard error of mean (SEM). To test statistical significance, a one-way ANOVA was 

performed. This test was followed by a Tukey’s test to determine the individual significance 

between each treatment group. A p-value ≤ 0.05 was considered statistically significant.  
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5.3. Results 
 
5.3.1. Platelet rich plasma characterization 
 
Platelet rich plasma (PRP) was collected from 3 male donors and was labelled as PRP070821, 

PRP240821 and PRP260821. On the day of collection, the PRP was characterized as follows: 

cells were stained with CD42a to identify and enumerate the platelets, CD61 to determine 

the percentage of activated platelets and CD45 to check for WBC contamination. After 

assessing the above-mentioned parameters, the PRP was stored at -200C until needed. Once 

the PRP was thawed, the level of platelet activation was determined by performing another 

immunophenotype. PRP070821 had a platelet count of 22 482.3 platelets/µl and a WBC count 

of 30.11 cells/µl. Almost all the platelets were resting (not activated) as only 0.01% of the 

platelets expressed CD61. PRP240821 had a platelet count of 16 939.99 platelets/µl and WBC 

count of 7.87 cells/µl. Again, the majority of the platelets were not active with only 0.43% of 

platelets expressing CD61. PRP260821 had a platelet count of 35 918.37 platelets/µl and a 

WBC count of 141.6 cells/µl. As with the two previous collections, the majority of the platelets 

were not active with only 0.11% of the platelets expressing CD61. After thawing, 0.21% 

(PRP070821), 3.33% (PRP240821) and 48.29% (PRP260821) of the platelets expressed the 

activation marker CD61 (Figure 5.4).  
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Figure 5.4. Summary of platelet data.  
A. Platelet count after collection of platelet-rich plasma. B. White cell contamination in platelet product. C. Percentage 
activation of platelets, expressed as a percentage of CD61-positive platelets, before and after one freeze-thaw cycle. 

 
5.3.2. ASC Isolation and Characterisation 
 
Representative micrographs of ASCs cultured in media supplemented with either FBS, pHPL 

or PRP are displayed in Figure 5.5. Plastic adherent ASCs had a typical fibroblastic morphology. 

Cells grown in medium supplemented with FBS revealed a more flattened, broader spindle 

morphology when compared to the morphology of ASCs grown in a medium supplemented 

with a human alternative (both pHPL and PRP), which were smaller in size, more elongated 

and had a tighter spindle shape. The size difference between ASCs grown in FBS vs ASCs grown 

in pHPL or PRP correlated to flow cytometry forward scatter measurements, which measures 

relative cell size.  The forward scatter of ASCs grown in FBS was slightly larger than ASCs grown 

in pHPL or PRP (Figure 5.6).  
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Culture Condition 
 FBS pHPL PRP 
A31101
9-01A 

   
A31101
9-02T 
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A28062
1-01R 

   
A15022
1-01A 

  

 

Figure 5.5. Morphology of ASCs cultured in the three different media formulations. 
Slight differences can be seen in the morphology of ASCs cultured using FBS versus ASCs cultured using either pHPL or PRP. Cells grown in medium supplemented with FBS has a more flattened 
appearance while ASCs cultured in either pHPL or PRP displayed a more elongated and smaller cell size.  
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Figure 5.6. Differences in forward scatter of ASCs cultured in FBS, pHPL and PRP.  
ASCs cultured using FBS (A) show a slightly higher forward scatter compared to cultured using pHPL and PRP (respectively B 
& C). Forward scatter is representative of cell size. An increase in forward scatter (upwards shift on y-axis) suggests an 
increase in cell size 
 

Prior to plating for each experiment, ASCs were counted, and cell viability and phenotypic 

profiles were assessed. Absolute cell numbers were determined on the CytoFlex flow 

cytometer using Flow-CountÔ Fluorospheres. The average cell viability was 38.17% ± 6.72% 

in FBS, 54.6% ±  11.12% in pHPL, and 19.22% ±  1.21% in PRP (Figure 5.7). The low cell viability 

in the human alternative supplemented expansion medium could be attributed to the fact 

the cells proliferated at a faster rate and that the cells started lifting off the culture dish. The 

low cell viability in cells supplemented with FBS expansion medium can be due to long 

expansion periods. FBS cells took longer to proliferate to reach the desired cell numbers and 

were kept in culture for extended periods.  The ASCs were stained with a panel of monoclonal 

antibodies (CD34, CD36, CD44, CD45, CD73, CD90 and CD105). Using single-parameter plots, 

the expression of the individual markers was determined. In FBS, CD90 was expressed on 

97.02% ± 3.38%, CD44 was expressed on 99.66% ± 0.2% an CD73 was expressed  

81.69% ± 19.67% of ASCs. CD36 was present on 31.5% ± 25.61% of the cells and  

3.51% ± 3.4% of the ASCs expressed detectable levels of CD105. CD34 and CD45 were only 

expressed on 0.43% ± 0.38% and 0.3% ± 0.31% of the cells respectively. In pHPL, CD44 was 

expressed on 99.23% ± 0.57% and CD73 was expressed on 98.61% ± 0.88% of ASCs. 

Interestingly the percentage of cells that expressed CD90 on ASCs cultured and maintained in 

medium supplemented with pHPL was lower (43.78% ± 33.35%) compared to the expression 

levels of the same marker on ASCs cultured in medium supplemented with FBS (As CD90 is a 

common marker for MSCs). In contrast to CD90, a higher percentage of the ASCs expressed 

A B C 
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CD105 (23.65% ± 44.55%) and CD34 (18.83% ± 32.23%). CD36 was present on 47.42% ± 

38.32% of the cells, while an almost negligible percentage (0.38% ± 0.88%) of ASCs expressed 

CD45. In PRP, CD44 was expressed on 85.99% ± 8.49% and CD73 80.01% ± 6.1% of the ASCs. 

The percentage of ASCs expressing CD90, CD105 and CD34 were 16.47% ± 11.56%,  

28.4% ± 23.41% and 5.22% ± 1.57% respectively. CD36 was present on 66.6% ± 10.7% of 

cells, and CD45 on 0.35% ± 0.35% (Figure 5.8). In both human alternative supplemented 

media, CD90, CD105 and CD36 expression had a very high standard deviation, and this was 

due to half of the biological repeats expressing the relative cell surface marker and the other 

half of the biological replicates not expressing the relative cell surface marker. The 

immunophenotype of the individual cultures for pHPL were as follows; A150221-01A was 

CD90variable/CD44+/CD73+/CD105-/CD34-/CD36-/CD45-, A280621-01R was 

CD90variable/CD44+/CD73+/CD105-/CD34variable/CD36+/CD45-, A311019-01A was 

CD90variable/CD44+/CD73+/CD105+/CD34-/CD36-/CD45-, and A311019-02T was 

CD90+/CD44+/CD73+/CD105-/CD34-/CD36variable/CD45-. The immunophenotype of the 

individual cultures for PRP were as follows; A280621-01R was CD90-/CD44+/CD73+/CD105-

/CD34-/CD36+/CD45-, A311019-01A was CD90variable/CD44+/CD73+/CD105+/CD34-

/CD36variable/CD45-, and A311019-02T was CD90variable/CD44+/CD73+/CD105+/CD34-

/CD36variable/CD45-. 

 

In summary, in all three cultures ASCs expressed CD44, CD73 and CD90 and were negative for 

CD45. Interestingly, only a small percentage of ASCs cultured/maintained in  

FBS-supplemented medium did not express detectable levels of CD105 while CD105 

expression was observed in a larger percentage of ASCs cultured/maintained in human 

alternative-supplemented medium (Not significant). CD34 and CD36 expression was variable 

in all three culture conditions. FBS cultured cells showed the highest percentage expression 

of CD90, followed by pHPL and PRP (FBS vs, PRP; p=0.0000158).  
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Figure 5.7. Cell viability in the different culture condition. 
pHPL samples showed the highest cell viability percentage followed by FBS and then PRP (p<0.05).  Significant codes *: 
p<0.05. 
 

 
Figure 5.8. Percentage expression of surface antigens on ASCs in the different culture condition. 
The data represent the average percentage of ASCs expressing the different cell surface markers ± standard deviation (SD) 
in different the different culture conditions before plating for experiments. ASCs did not express CD45 in all three the culture 
conditions. CD44, CD73 and CD90 expression was seen in all three culture conditions. Higher percentages of ASCs expressed 
CD105 when cultured/maintained in human alternative-supplemented media. The percentage of ASC expressing CD90 
decreased when cultured in the presence of pHPL and PRP compared to FBS.  Significant codes: ***: p = < 0.001;  **: p<0.01, 
*: p<0.05. 

 

5.3.3. Osteogenic differentiation 
 
Osteogenic differentiation was assessed using two semi-quantitative assays namely, an ARS 

stain, that was quantified on a spectrophotometer and secondly an ALP assay that was also 
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measured on a spectrophotometer. Brightfield images were taken of the ARS assays to 

visually confirm the success of osteogenic differentiation. Fluorescent images were taken of 

both the ARS and ALP assays where cells were stained with DAPI (0.02 μg/ml in molecular 

grade H2O) to quantify the number of cells by staining the nuclei. These images were used to 

quantify the number of cells per well as explained in the methodology section for 

normalization.  Lastly, RNA was extracted from ASCs expanded in growth medium and ASCs 

undergoing osteogenic differentiation in T24 flasks at 4 different timepoints. The relative gene 

expression of 3 osteogenic genes and 2 adipogenic genes was assessed.  

 
Alizarin Red S Assay 
 
At day 21/28 post induction of osteogenesis, cells were fixed with 2% and stained with ARS. 

Two different controls were included (in triplicate): (1) samples not stained with ARS  

(Figure 5.9A, C & E) and (2) non-induced samples that were maintained in CGM (Figure 5.9D). 

No ARS staining was observed on day 0 (Figure 5.9A & B). On day 21, the non-induced controls 

showed little to no ARS staining in both pHPL and PRP supplemented media  

(Figure 5.9D), whereas clear ARS staining was observed in the induced samples indicating the 

presence of calcium deposition (Figure 5.9F). Induced samples supplemented with FBS 

showed noticeably less ARS staining when compared to ARS staining present in induced 

samples supplemented with either pHPL or PRP medium (Figure 5.10). 
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A. Day 0 Unstained B. Day 0 Stained 

  
C. Day 21/28 Non-Induced Unstained D. Day 21/28 Non-Induced Stained 

  
E. Day 21/28 Induced Unstained F. Day 21/28 Induced Stained 

  
Figure 5.9. Representative images of the different controls used in the Alizarin Red assay. 
A & B: Day 0 samples refer to samples on the day of osteogenic induction and were divided into unstained control samples 
(A) and stained samples (B). C-F: On day 21/28 samples were divided into non-induced (C & D) and induced samples (E & F). 
Non-induced and induced samples (day 21/28) were further divided into unstained controls (C & E) and stained samples (D 
& F). 
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A230221
-01A 

 

  

 
Figure 5.10. Representative brightfield images of differentiated (induced) ASCs stained with Alizarin Red S.  
ASCs were induced to undergo osteogenic differentiation for 21 days (pHPL and PRP) or 28 days (FBS). After the differentiation period cells were fixed with paraformaldehyde and stained with 
ARS. Images taken at 5x magnification show a scale bar of 200 𝜇m and images taken at 20x magnification show a scale bar of 50 𝜇m. For FBS samples 4 biological repeats were used and for 
pHPL and PRP samples 3 biological repeats were used. Where possible the same ASC culture was used but was not possible for all cultures thus the reason for open spaces.  
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ARS standard curve results are described in Chapter 4: Optimal differentiation medium for 

osteogenesis and yielded a formula y = 1.05119977x – 0.03407551; where y is equal to the 

OD reading and x is the concentration of ARS Stain in mM.. 

 
The ARS was eluted with a solution of acetic acid (10% v/v) and the amount of stain was 

quantified on a spectrophotometer and results are displayed in Figure 5.11. Differentiated 

ASCs cultured in pHPL-supplemented osteogenic differentiation medium showed significantly 

more (p < 0.05) osteogenic differentiation (significantly higher levels of ARS per well) on the 

day of termination when compared to the levels of osteogenic differentiation achieved in 

PRP- and FBS-supplemented media. The level of osteogenic differentiation achieved in 

osteogenic differentiation medium, supplemented with PRP samples was lower than the 

differentiation levels achieved using pHPL supplementation (p < 0.05), but significantly higher 

than the osteogenic differentiation achieved when ASCs were cultured in supplemented with 

FBS (p < 0.001). In summary, more ARS staining was present in both human alternative 

samples compared to FBS, suggesting more calcium deposition and thus higher levels of 

osteogenic differentiation was achieved using human alternative supplementation.  

 

 
 
Figure 5.11. ARS concentrations eluted from various samples normalized to cell number and to unstained controls. 
ASCs cultured in the presence of pHPL had the most amount of calcium deposition present followed by PRP. Samples cultured 
in FBS supplementation had the least amount of ARS stain present indicating lower levels of calcium deposition in ASCs 
cultured in FBS-supplementation. Results from the unstained controls were also included and showed little to no stain 
present and were also used to normalize the stained results. Significant codes: ***: p  < 0.001; **: p<0.01, *: p<0.05. Day of 
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Termination refers to day 28 post induction in FBS supplemented medium and day 21 post induction in pHPL/PRP 
supplemented media. 

 
Alkaline Phosphatase Assay 
 

The activity of ALP was measured at day 0 and on the day of termination in non-induced and 

induced samples. ASCs cultured/maintained in FBS-supplemented osteogenic medium 

showed the highest activity of ALP on day 0 compared to ALP activity levels measured for 

ASCs differentiated in pHPL- and PRP-supplemented medium (Figure 5.12). At termination 

(day 21/28) the level of ALP activity was higher in the non-induced samples compared to the 

induced samples for all three the culture conditions (Figure 5.12). For ASCs cultured in  

FBS-supplemented CGM, the level of ALP activity decreased in both non-induced and induced 

at day 28 when compared to day 0 ALP levels (Not significant). For ASCs cultured/maintained 

in either pHPL or PRP samples the level of ALP activity, increased significantly  

(pHPL: p < 0.0001; PRP: p < 0.0001) in the non-induced samples when compared to the on 

day 0 (Figure 12). In contrast, the ALP levels were significantly decreased (pHPL: p < 0.001; 

PRP: p < 0.001) in the induced samples of pHPL and PRP supplemented media compared to 

the ALP levels recorded at day 0 (Figure 5.12). For the induced samples, the level of ALP 

activity was significantly higher (p <0.01) in ASCs cultured in FBS-supplemented CGM than the 

ALP activity of both pHPL and PRP samples. In both pHPL and PRP samples there is a significant 

increase between the level of ALP activity in the non-induced and induced samples on the day 

of termination (pHPL: p<0.001; PRP: p<0.001) (Figure 5.12).  
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Figure 5.12. Level of alkaline phosphatase activity in various samples. 
When looking at FBS samples, the level of ALP activity decreased from day 0 to the day of termination in both non-induced 
and induced samples. In both pHPL and PRP samples, the level of ALP activity decreased from day 0 to the day of termination 
in induced samples and increased in the non-induced samples. The level of ALP activity in FBS samples on the day of 
termination was significantly higher in FBS samples when compared to pHPL and PRP samples.  
Significant codes: ***: p  < 0.001; **: p<0.01, *: p<0.05. 
 

5.3.4. Relative gene expression 
 
We also investigated the kinetics of osteogenic gene expression at various time points during 

the differentiation process. RNA was isolated at 4 timepoints throughout the differentiation 

process namely day 0, 7, 14 and 21. Once the RNA was isolated, RIN values were obtained to 

ensure that only RNA samples of acceptable quality were used in downstream applications.  

For this reason, samples with RIN values below 5 were excluded from downstream testing. 

Samples excluded were the A311019-01A pHPL Day 14 induced sample as well as  

A311019-01A pHPL Day 21 induced sample as their RIN values were 3.7 and 2.7 respectively. 

Their corresponding non-induced samples were also not used in downstream experiments. 

The expression of three osteogenic genes (RUNX2, ALP and OCN) were monitored in both 

non-induced and induced samples. The relative expression of target genes normalized to the 

three reference genes over the 21-day differentiation period is summarized in Figure 5.13.  

 

The stability of the reference genes was tested over the 21-day culture period in both  

non-induced and induced samples. ΔCt values comparing three potential reference genes 
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were calculated and the total standard deviation in comparison was as follows: TBP vs GUSB 

= 1.18; TBP vs YWHAZ = 1.19 and GUSB vs YWHAZ = 1.02, all below a standard deviation of 2, 

which indicates that all three reference genes are acceptable to use in the study (Table 3) 

[321]. When testing the stability of the reference genes, a slight up-regulation of all three 

reference genes were observed on day 21. For this reason, two sets of samples for each 

reference gene were included on each experimental plate: one sample from day 7 and one 

sample from day 21. The average Ct value between these two-time points was used as 

reference samples. 

 

Standard curves were generated for all target genes as well as the three references genes. 

Standard curves generated using samples from two time points, reason described above, for 

the three references genes. Table 4 summarizes the efficiency of each pair calculated from 

individual standard curves using the slope and y-intercept values. An efficiency of 100% is 

equal to 2 and the optimal efficiency ranges from 90% - 100% (1.8 – 2). ALP standard curve 

had an efficiency of 1.72 (86%) and might be indicative of the presence of PCR inhibitors or 

that the primer sequence might not be optimal. OCN, TBP and YWHAZ had and efficiency of 

2.144 (107.2%), 2.090 (104.5%) and 2.111 (105.55%) which might indicate the presence of 

PCR inhibitor or non-specific binding of the primers. Although these values are outside the 

optimal ranges they are still acceptable [322]. 
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Table 5.3. Summary of the Cp values obtained for the 3 reference genes across multiple time points  
 

 
 

    
 

  TBP (A) GUSB (B) YWAZ (C)       

Sample number Sample name Condition Day NI MeanCp STD Cp MeanCp STD Cp MeanCp STD Cp ∆Ct (A vs. B) ∆Ct (A vs. C) ∆Ct (B vs. C) 

1 A150221-01A  FBS 0   25.7301935 0.13321461 22.9911711 0.03694415 19.5133999 0.04046452 2.73902246 6.21679362 3.47777116 

8 A311019-02T FBS 7 NI 26.1618342 0.20496412 22.7886815 0.14940181 20.6394519 0.8334067 3.37315264 5.5223823 2.14922966 

9 A311019-02T FBS 7 I 24.7524797 0.52026347 21.2989017 0.28546395 19.5298356 0.87795414 3.45357796 5.22264403 1.76906606 

14 A311019-02T FBS 14 NI 25.5428227 0.08383871 22.4163528 0.15774879 19.8025726 0.04947389 3.12646985 5.74025007 2.61378023 

15 A311019-02T FBS 14 I 25.2457346 0.5989449 22.5129817 0.0804652 19.1407104 0.41671256 2.73275289 6.10502411 3.37227122 

16 A150221-01A  FBS 21 NI 25.4762427 0.25043689 23.6214432 0.06633348 19.2677901 0.35056378 1.85479948 6.20845255 4.35365307 

17 A150221-01A  FBS 21 I 24.647768 0.26050731 22.7503425 0.13683559 19.0669968 0.11305974 1.89742553 5.5807712 3.68334568 

66 A280621-01R pHPL 0   24.9433464 0.7625542 21.8093377 0.06557392 18.6159384 0.18297832 3.13400869 6.32740795 3.19339927 

67 A311019-01A pHPL 7 NI 27.3693712 0.70211425 25.7907888 0.06182261 22.0165805 0.67089676 1.57858245 5.35279074 3.77420828 

72 A280621-01R pHPL 7 I 24.6398627 0.36116926 22.5519129 0.14659278 19.6811131 0.41730581 2.08794976 4.9587496 2.87079985 

77 A280621-01R pHPL 14 NI 25.7202892 0.2364826 22.2404961 0.27713398 20.3478067 0.33956075 3.47979305 5.3724825 1.89268945 

78 A280621-01R pHPL 14 I 28.2892619 0.47598923 24.5349091 0.02187088 22.2080893 0.83146506 3.75435286 6.08117258 2.32681971 

83 A280621-01R pHPL 21 NI 25.8679535 0.59156378 22.0761217 0.03985987 20.0914738 0.31824935 3.79183179 5.7764797 1.98464791 

84 A280621-01R pHPL 21 I 29.2341469 0.8339322 26.5818049 0.26923433 24.4489757 0.23185172 2.65234205 4.78517121 2.13282917 

22 A280621-01R PRP1 0   25.0646633 0.58924321 22.3978087 0.10779837 20.9716363 0.86081448  2.66685465 4.093027 1.42617234 

25 A280621-01R PRP1 7 NI 24.925458 0.25081028 21.990602 0.07668699 19.7252812 0.09146504 2.934856 5.20017683 2.26532083 

26 A280621-01R PRP1 7 I 25.0183464 0.2206534 23.9150775 0.08871236 19.7149191 0.54995028 1.10326889 5.30342726 4.20015836 

33 A311019-01A PRP1 14 NI 25.652697 0.28837344 22.5954613 0.1497299 19.9319249 0.28025968 3.05723564 5.72077209 2.66353646 

34 A311019-01A PRP1 14 I 31.8194397 0.93762176 27.5801104 0.03933793 25.0572069 0.81758299 4.23932923 6.76223271 2.52290347 

39 A311019-01A PRP1 21 NI 25.1595763 0.04432224 22.5512237 0.09980989 19.9637209 0.09027012 2.60835251 5.19585537 2.58750286 

38 A280621-01R PRP1 21 I 29.9914351 0.25787105 28.0957536 0.21261168 24.6209301 0.20812838 1.89568147 5.37050503 3.47482356 

43 A280621-01R PRP2 0   25.1896418 0.07030338 22.5794604 0.03036281 18.9461375 0.44245394 2.6101814 6.24350429 3.63332289 

47 A280621-01R PRP2 7 I 25.7855549 0.39615927 25.8738085 0.0527923 23.3976151 0.39607713 0.08825361 2.38793983 2.47619343 
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48 A311019-01A PRP2 7 NI 24.5323074 0.81176826 22.0515089 0.09615275 21.4468802 1.70360059 2.48079852 3.08542719 0.60462868 

52 A280621-01R PRP2 14 NI 25.0296279 0.80968614 21.4302131 0.18175516 19.2450481 0.65114304 3.59941483 5.78457985 2.18516502 

57 A311019-02T PRP2 14 I 24.3529326 0.36207756 22.2966009 0.16768589 19.574852 0.13960382 2.05633173 4.77808057 2.72174885 

58 A280621-01R PRP2 21 NI 24.7573118 0.16964675 21.0730821 0.16583025 20.9221226 0.22556542 3.68422969 3.83518914 0.15095945 

59 A280621-01R PRP2 21 I 29.8169388 1.60456121 26.8032073 0.07515569 24.1829408 0.06210276 3.01373149 5.633998 2.62026651 

85 A280621-01R PRP3 0   28.4344303 0.2018182 24.7347779 0.003018 22.095978 0.36642374 3.69965236 6.3384523 2.63879994 

90 A311019-01A PRP3 7 NI 27.7735829 0.61430609 24.2482344 0.05801526 22.4569116 0.39787163 3.52534849 5.31667128 1.79132278 

89 A280621-01R PRP3 7 I 26.0785008 0.16268396 24.0131933 0.16092657 21.6378247 0.85908451 2.06530754 4.44067611 2.37536857 

94 A280621-01R PRP3 14 NI 29.8370575 4.45850831 32.8353864 0.18317373 28.8765006 0.55283858 2.99832887 0.96055685 3.95888572 

99 A311019-02T PRP3 14 I 26.6371015 0.14023516 23.0765297 0.07634653 22.6938426 0.2068151 3.56057183 3.94325889 0.38268706 

100 A280621-01R PRP3 21 NI 26.3938383 0.46115834 22.2266667 0.06506407 20.8610107 0.0530632 4.16717168 5.53282769 1.36565601 

101 A280621-01R PRP3 21 I 35.3203699 2.07358424 27.8995102 0.04315052 29.3891953 2.10454755 7.42085969 5.93117459 1.4896851 

          Mean 2.94662347 5.17454014 2.48941767 

          SD 1.18132357 1.19004992 1.01978418 

 

 

Table 5.4. Amplification efficiency of the primers used in the study. Efficiency was determined using standard curves.  
Target Gene Efficiency Error Slope Y Intercept 
ALP 1.72 0.0784 -4.245 39.32 
RUNX2 1.988 0.0180 -3.350 33.27 
OCN 2.144 0.149 -3.020 39.19 
PPARy 1.850 0.0205 -3.743 35.95 
FABP4 1.974 0.0232 -3.386 29.16 
Reference Genes 
TBP 2.090 0.0450 -3.124 33.71 
GUSB 1.9 0.00801 -3.856 33.28 
YWHAZ 2.111 0.0448 -3.083 29.52 
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The comparative Ct method was used to represent gene expression as relative fold 

changes. When analysing the mRNA expression level, three different strategies was 

used. Firstly, the relative gene expression of target genes was normalized to reference 

genes (the average Ct value of 3 reference gene which each had 2 time point), next the 

relative gene expression was normalized to day 0 (Figure 5.13). Lastly, the relative gene 

expression of target genes was double normalized, first to day 0 samples then to NI 

samples (Figure 5.14).  
 

The non-induced ASCs grown in FBS, pHPL and PRP did not show significant changes in 

any genes of interest over the 21-induction period (Figure 5.13 A-E). For induced ASCs 

grown in FBS supplemented osteogenic differentiation medium; a gradual increase in 

RUNX2 expression levels were observed over the 21-day induction period, there was a 

gradual decrease in ALP expression and, OCN expression levels decreased over the  

21-day culture period with the highest expression levels observed on day 7 (NS). In 

induced ASCs culture in FBS-supplemented ODM, PPAR𝛾 gradually decreased, while the 

FABP4 expression levels (Figure 5.13 E) increased over the 21-day culture period (Figure 

5.13D). The expression levels of both PPAR𝛾 (days 7, p=0.0000005; day 14, 

p=0.0006142) and FABP4 (day 14, p = 0.0000303; day 21, p = 0.00000001) were 

significantly higher in the induced ASCs cultured in FBS-supplemented ODM compared 

to the non-induced ASCs grown in FBS on (significance was seen). ASCs grown in pHPL 

did not show significant differences between the non-induced and the induced samples 

when looking at RUNX2, OCN, PPAR𝛾 and FABP4. The expression of ALP in ASCs grown 

in pHPL did decrease after day 7 in the induced samples compared to the non-induced 

samples. For the ASCs grown in PRP; RUNX2 was significantly higher in the induced 

samples than the non-induced samples (Day 21, p = 0.0001499). ASCs grown in  

PRP-supplemented osteogenic differentiation medium did show a higher expression of 

ALP over the 21-day induction period, this difference was not significant due to the high 

standard deviation from one biological repeat expressing high levels of ALP and the 

other two biological repeats not expressing ALP (Figure 5.13B). The expression of OCN 

and PPAR𝛾 in ASC grown in PRP-supplemented ODM was not significantly different 

when comparing non-induced and induced samples. Lastly, FABP4 had a higher level of 
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expression in the induced ASCs grown in PRP but gradually decreased over the 21-day 

induction period.  

 

 

  

  

 

 

Figure 5.13. Relative fold increase of gene expression normalized to day 0. 
RUNX2, ALP, OCN, PPAR𝛾 and FABP4 expression kinetics over a 21-day differentiation period in samples supplemented 
with either FBS, pHPL or PRP. Significant codes: ***: p  < 0.001; **: p<0.01, *: p<0.05. 
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When the results were normalized to day 0 then to the non-induced samples for the 

respective experimental groups, the differences were highlighted more (Figure 5.14). 

There were no significant findings when looking at RUNX2 expression in all three 

experimental group, but it is worthy to note that in ASCs grown in FBS and PRP showed 

a gradual increase in RUNX2 expression over the 21- day differentiation period. RUNX2 

is down regulated in pHPL samples from as early as day 7. ASCs grown in FBS show a 

significantly higher ALP expression when compared to PRP (p = 0.0058226). Both ASCs 

grown in pHPL and PRP show a down regulation of ALP from as early as day 7. When 

looking at OCN expression, there was no significant differences however it can be seen 

that there is an upregulation of OCN on day 21 of ASCs grown in PRP. When looking at 

the two adipogenic genes, FBS samples showed significant expression of both these 

genes in induced samples when compared to pHPL and PRP samples (p<0.01).  PPAR𝛾 

and FABP4 were both down regulated in pHPL and PRP samples whereas these two 

genes were upregulated in ASCs grown in FBS. These findings are of interest as 

adipogenic genes need to be down regulated for osteogenesis to occur which is the case 

in pHPL and PRP samples but not the case in FBS samples.  
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Figure 5.14. Relative fold increase of gene expression normalized to day 0 then non-induced samples. 
RUNX2, ALP, OCN, PPAR𝛾 and FABP4 expression kinetics over a 21 day differentiation period in samples supplemented with 

either FBS, pHPL or PRP. Significant codes: ***: p  < 0.001; **: p<0.01, *: p<0.05. 
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5.4. Discussion 
 
The use of ASCs in regenerative medicine holds the potential for many applications. Expanding 

and differentiating ASCs in FBS, which is currently the gold standard, does not comply with 

GMP regulations [323]. Not only does FBS not comply with GMP guideline, FBS also has many 

disadvantages such as batch-to-batch variations, possibility of transmitting zoonotic agents 

and complications with animal welfare [56–59]. To date there has been a lot of research done 

in finding the best suited alternative to FBS that does indeed comply to GMP regulations 

[58,59,66,304,324]. Two attractive alternatives to FBS that stand-out are pHPL and PRP. 

Although PRP may be superior to FBS, large biological variance can be seen between different 

PRP samples, making pHPL more advantageous over PRP because pHPL reduces biological 

variance through pooling multiple donors [64,325]. There are clinical trials underway that have 

started expanding ASCs in pHPL [326,327]. In this study we investigated the osteogenic 

potential of ASCs supplemented with either FBS, pHPL or PRP. The composition of the 

osteogenic differentiation media remained the same except for the serum/plasma/growth 

factor supplementation (FBS, pHPL or PRP). Previously collected pHPL met the quality 

controlled criteria set out by Schallmoser & Strunk [319].  

 

Both pHPL and PRP use platelet concentrates to get to the final product. Blood donation 

centres worldwide collect and manufacture these platelet concentrates for the treatment of 

multiple disorders. [328–331]. Not only is the collection of platelet concentrates routinely 

done but platelet concentrates are also discarded after 5 days and thus an attractive 

alternative to FBS [332]. Platelets are found in circulating human blood and their primary 

functions involve coagulation and haemostasis. Platelets play an important role in cell culture 

because they have the ability to release growth factors and cytokines. These growth factors 

and cytokines can stimulate multiple biological processes, differentiation, cell recruitment and 

cellular communication [333].  

 

ASCs grown in either FBS, pHPL or PRP maintained the classic fibroblast morphology 

[334,335].  It was noted that ASCs grown in pHPL and PRP were not only smaller in size but 

also thinner and more elongated. ASCs grown in FBS on the other hand were larger in size 
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and flatter in their morphology. Bieback et al. [66] suggests this may be due to pHPL or PRP 

selecting for a more primitive/less differentiated ASC.   

 

Other studies have found that there were no major differences when it came to the viability 

of cells grown in different supplemented media and that cells grown in media supplemented 

with a human alternative to FBS actually enhanced proliferation rates and cell viabilities 

[69,303,307,336]. In this study, cells grown in pHPL had the highest viability followed by FBS 

and then PRP. The low cell viability in PRP can be attributed to rapid cell proliferation, leading 

to cells reaching confluency much quicker (This has also been previously described, [337]). 

ASCs have contact inhibition property that causes ASCs to lift off culture dishes leading to the 

decrease in viability that was noticed [338,339].  

 

ASCs were immunophenotyped based on the recommendations of Bourin et al. 2013 [34]. 

The ASCs displayed a highly variable immunophenotype, especially when it came to CD105, 

CD36 and CD34. This variability has been reported by multiple research groups and is due to 

the heterogenous population of cells that make up the SVF. The immunophenotype of ASCs 

can also vary between different donors and different tissue sites [297,340]. No consensus 

has been reached to what panel of cell surface markers is ideal for the classification of ASCs. 

Positive markers included were CD 90, CD73 and CD44. The most common negative marker 

that was included was CD45, as CD45 is a common haemopoietic marker and was observed 

in less than 2% of ASCs across all the different media [341]. It is recommended by the ISCT 

that additional markers should be added to better characterize ASCs [34]. In this study we 

included CD105, CD34 and CD36. CD44 and CD73 were expressed in more than 80% of ASCs 

across all the different media. CD90 expression was positive in more than 80% of ASCs grown 

in FBS but there was a decrease in CD90 expression in ASCs grown in the human alternative 

that has not been documented before. A study done by Park et al. described a population of 

pericytes that were found to have decreased CD90 expression and could explain the 

decrease we saw as pericytes are in the SVF and have similar plastic adherent properties like 

ASCs [342–344]. CD34 expression is variable and unstable in ASC cultures and there is 

contradictory research available that both supports the argument that ASCs should be CD34 

positive and arguments that support ASCs being CD34 negative [34,297,345,346].  

Bourin et al. describe the differences between a CD36 positive and CD36 negative population 
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[34], namely that MSCs isolated from adipose tissue are CD36 positive, while MSCs isolated 

from bone marrow are CD36 negative. We saw variable CD36 expression across the various 

supplemented media. CD105 was another variable marker seen in this study, with an 

increase in CD105 expression seen in media supplemented with human alternative. Again, 

Bourin et al. characterize ASCs as either CD105 positive or CD105 negative [34]. The use of 

anti-fungal treatment, especially the use of Amphotericin, has been seen to negatively 

impact the expression of CD105 [347]. The use of trypsin has also been associated with the 

loss of CD105 expression as trypsin damages cell surface proteins like CD105 [201]. This can 

explain the difference we see between FBS cultures and human alternative cultures as we 

used tryple and not trypsin in human alternative cultures.  

 
ASCs possess the ability to differentiate into osteoblasts which are bone forming cells. We 

observed that both pHPL and PRP supplemented osteogenic media promoted osteogenesis 

when compared to FBS. This was assessed using microscopy, spectrophotometry, and gene 

expression analysis. Our results were in line with what others have found [348–350]. 

Chignon-Sicard and colleagues showed that PRP inhibits adipogenesis by down regulation of 

adipogenic genes PPAR𝛾 and FABP4 [351]. EGF and PDGF are growth factors that are 

abundant in PRP. It is these growth factors that specifically inhibit the transcription of PPAR𝛾 

and FABP4 via the MAP kinase cascade [351]. Adipogenesis and osteogenesis are two 

mutually exclusive processes. For osteogenesis to take place, adipogenesis needs to be 

inhibited. This is mainly achieved through the inhibition of PPAR𝛾 [104]. Therefore, the use 

of PRP in osteogenesis proves to be superior to the use of FBS as growth factors found in PRP 

inhibit adipogenesis.  

 

Osteogenesis is comprised of four sequential phases namely lineage commitment, 

proliferation, synthesis of the matrix and lastly mineralization of the matrix [298]. Successful 

mineralization was measured using ARS assays, where ARS stains calcium deposits [182]. 

Some mineralization was seen in FBS samples but was very variable. ASCs differentiated in 

both pHPL and PRP showed greater and more consistent mineralization. ALP is an early-stage 

osteogenic marker and is expressed during the proliferation period of osteogenesis. On the 

day of termination, the level of ALP activity in the induced samples was significantly higher 

in FBS samples when compared to pHPL or PRP samples and can thus explain why 
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mineralization has not occurred in FBS samples because FBS samples were still in the 

proliferation phase of osteogenesis and not the mineralization phase [213].     

 

To examine the kinetics of the osteogenic process, expression of 3 osteogenic genes was 

monitored namely RUNX2, ALP and OCN. RUNX2 is the master regulator when it comes to 

osteogenesis and is mainly responsible for the differentiation of ASCs into preosteoblasts [84]. 

RUNX2 is down-regulated in the later stages of osteogenesis [84]. FBS and PRP induce an 

increase in RUNX2 expression over the differentiation period, while pHPL induces a down 

regulation of RUNX2 as early as day 7, indicating that ASC differentiation to preosteoblasts 

had to have happened before day 7 already. Both FBS and PRP samples had less calcium 

deposition than pHPL, suggesting that because pHPL samples differentiated into 

preosteoblasts earlier, they had more time to calcify the extra cellular matrix. ALP, like RUNX2, 

is an early osteogenic gene that plays an important role in matrix formation through the 

hydrolysation of inorganic phosphate [105]. ALP expression slowly decreased in FBS samples 

indicating that matrix formation was still taking place at the day of termination. The level ALP 

expression in both pHPL and PRP samples was downregulated indicating that matrix formation 

had already occurred as early as day 7. OCN is used as a biochemical marker for bone 

formation, as it is the most abundant non-collagenous protein in bone tissue [126]. FBS 

samples showed almost no expression of OCN on the day of termination which correlates with 

ARS assay results. pHPL samples also showed no expression of OCN on the day of termination; 

however, ARS assay results showed that pHPL samples had the highest amount of calcified 

bone product. PRP samples showed an increased expression of OCN on the day of termination 

which coincides with ARS assay results as PRP samples did show calcified bone product on the 

day of termination. Two adipogenic genes were included as controls. As mentioned previously, 

PPAR𝛾 is the main transcription factor in adipogenesis and needs to be inhibited for 

osteogenesis to occur [104]. In both pHPL and PRP samples, PPAR𝛾 is down-regulated as early 

as day 7. This however is not true for FBS samples. PPAR𝛾 gradually decreases over the 

differentiation period but is never fully downregulated. FABP4 is a late adipogenic marker and 

plays a role in lipid formation [352]. FBS samples show a gradual increase in FABP4, with the 

highest expression of FABP4 on the day of termination. In pHPL samples, FABP4 is 

downregulated across the entire differentiation period. PRP samples show little FABP4 

expression, and the expression decreases until the day of termination. Results from both 
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adipogenic genes explains why there is little to no osteogenesis taking place in FBS samples as 

adipogenic genes are being expressed. In both pHPL and PRP samples both the adipogenic 

genes are downregulated allowing for osteogenesis to take place.  

 
 
In conclusion, for ASCs to be a GMP compliant therapeutic product, the standardization of 

isolation, expansion and differentiation protocols needs to be done as well as the 

replacement of FBS as a supplementation factor. FBS is seen as a xenogeneic contaminant 

and therefore the use of FBS in culture medium does not meet GMP standards. In the current 

study, we looked at two possible alternatives to FBS namely pHPL and PRP. Our results show 

that not only were the two human alternatives able to sustain and differentiate ASCs into 

osteoblasts, they also out-performed ASCs differentiated in FBS. According to the gene 

expression kinetics of the osteogenic genes, ASCs also differentiated at a higher rate in pHPL 

and PRP supplemented media when compared to FBS. This fact is especially important when 

it comes to clinical applications as it shortens the time required for differentiation. ASC’s 

osteogenic differentiating capacity make them attractive in treating bone defects/disorders. 

It is important to keep in mind that multiple in vitro discrepancies exist, and it is therefore 

important to further test this work in vivo.  
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Chapter 6: Concluding Discussion and Future Perspectives 

The use of ASCs in regenerative medicine and cell-based therapies has elicited a great deal of 

interest due to their multipotent properties. ASCs meet the minimum criteria set out by the 

ISCAT on immunophenotype and morphology level, and they have the ability to differentiate 

into cells of mesodermal origin namely adipocytes, osteocytes, chondrocytes and myocytes 

[34]. This differentiation is achieved by exposing ASCs to various chemical compounds 

depending on what type of differentiation is desired. Osteogenic differentiation is achieved 

with a differentiation cocktail that is composed of dexamethasone, 𝛽-glycerophosphate and 

ascorbate-2-phosphate (Chapter 2, Table 2.3). The aim of this study was to optimize and 

standardize protocols to differentiate MSCs into osteoblasts. Firstly, ASCs were isolated from 

lipoaspirate samples, immunophenotyped, expanded and then differentiated into 

osteoblasts. The first half of this study aimed at finding the optimal differentiation medium 

while the second half of the study aimed at finding the optimal human alternative to FBS 

specifically for osteogenic differentiation. The differentiation period took place over 21/28 

days and the success of the osteogenic differentiation was assessed using two osteogenic 

assays namely the Alizarin Red S assay and the alkaline phosphatase assay. 

 

Cells isolated from adipose tissue were characterized using flow cytometry to determine 

whether the cell surface markers were classic ASC markers. Literature previously described 

ASCs to have the following cell surface marker phenotype: 

CD90+CD73+CD44+CD36+CD34variableCD105+CD45-. In this study, ASCs displayed a highly 

variable immunophenotype, especially when it came to CD105, CD36 and CD34 (Described 

in Chapter 4 & 5).  

 

To date there is no consensus regarding the optimal concentrations of osteogenic induction 

compounds in osteogenic differentiation medium. In the current study, we took three 

previously published media containing varying concentrations of osteogenic induction 

compounds and determined which is the most optimal for the osteogenic differentiation of 

ASCs. Out of the three media, the medium with the lowest concentration of dexamethasone 

showed the most successful osteogenic differentiation. A study done by Langenbach et al. 

[353] also found that the optimal concentration of dexamethasone in osteogenic 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



120  

differentiation medium is 10nM, which is the same concentration of dexamethasone present 

in our most optimal media.  

 

The most common osteogenic differentiation period is over 21-days. Two biological repeats 

were differentiated for 21 days and little to no osteogenic differentiation was seen. A study 

done by Mohamed et al. [213] compared the osteogenic differentiation of MSCs isolated 

from bone marrow (BM-MSCs) and MSCs isolated from adipose tissue (ASCs). They found 

that BM-MSCs have a shorter proliferation period than ASCs and that BM-MSCs start the 

formation and calcification of the collagenous matrix as early as day 14 whereas ASCs have 

an extended proliferation period and only start the mineralization phase on day 21. We thus 

decided to extend our differentiation period to 28 days and saw an increase in the amount 

of calcified bone product.  

 

Out of the three osteogenic media tested, Osteogenic Differentiation Medium 1 showed 

optimal osteogenic differentiation in FBS. A study found that the physiological level of 

dexamethasone from 30 healthy bone marrow donors was 10nM and that this is the optimal 

concentration for osteogenesis [296], the same dexamethasone concentration found in 

Medium 1. Medium 1 had the highest concentration of ascorbate-2-phosphate and 

produced the highest amount of calcified bone product. There is a lot of consensuses in 

literature regarding the concentration of 𝛽-glycerophosphate. Many studies have tested a 

10 mM [16,54,177,186,188–193]. Out of the three previously published osteogenic media, 

Medium 1 (Osteogenic media published by Li et al. 2015 [189]) produced the optimal 

osteogenic differentiation and thus was used for further testing of human alternatives to FBS 

experiments. 

 

We next investigated the osteogenic potential of ASCs supplemented with either pHPL or 

PRP as alternatives to FBS. The composition of the osteogenic differentiation medium 

remained the same except for the supplementation (FBS, pHPL or PRP). ASCs grown in either 

FBS, pHPL or PRP maintained the classic fibroblast morphology [334,335].  It was noted that 

ASCs grown in pHPL and PRP were not only smaller in size but also thinner and more 

elongated. ASCs grown in FBS on the other hand were larger in size and flatter in their 

morphology. The ASCs displayed a highly variable immunophenotype, especially when it 
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came to CD105, CD36 and CD34. This variability has been reported by multiple research 

groups and is due to the heterogenous population of cells that make up SVF. The 

immunophenotype of ASCs can also vary between different donors and different tissue sites 

[297,340]. No consensus has been reached as to what panel of cell surface markers is ideal 

for the classification of ASCs.  

 

We observed that both pHPL and PRP supplemented osteogenic media promoted 

osteogenesis when compared to FBS. The use of PRP in osteogenesis proved to be superior 

to the use of FBS, as factors found in PRP inhibit adipogenesis, thus in turn enhancing 

osteogenesis. Some mineralization was seen in FBS samples but was very variable. ASCs 

differentiated in both pHPL and PRP showed greater and more consistent mineralization. On 

the day of termination, the level of ALP activity in the induced samples was significantly 

higher in FBS samples when compared to pHPL or PRP samples and can thus explain why 

mineralization has not occurred in FBS samples because FBS samples were still in the 

proliferation phase of osteogenesis and not the mineralization phase.     

 

When looking at the kinetics of osteogenic differentiation, FBS and PRP induced an increase 

in RUNX2 expression over the differentiation period, while pHPL induced a down regulation 

of RUNX2 as early as day 7, indicating that MSC differentiation into preosteoblasts had to 

have happened before day 7. Both FBS and PRP samples had less calcium deposition than 

pHPL, suggesting that because pHPL samples differentiated into preosteoblasts earlier, they 

had more time to calcify the extracellular matrix. ALP expression slowly decreased in FBS 

samples indicating that matrix formation was still taking place at the day of termination. The 

level ALP expression in both pHPL and PRP samples was downregulated indicating that 

matrix formation had already occurred as early as day 7.  FBS samples showed almost no 

expression of OCN on the day of termination which correlates with the ARS assay results. 

pHPL samples also showed no expression of OCN on the day of termination; however, ARS 

assay results showed that pHPL samples had the most amount on calcified bone product. 

PRP samples showed increased expression of OCN on the day of termination which coincides 

with ARS assay results as PRP samples did show calcified bone product on the day of 

termination. 
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By studying the various human alternative supplements as alternatives to FBS in cell culture, 

we are moving closer to a GMP compliant cell therapeutic product. Our results have showed 

that both human alternatives, pHPL and PRP were able to not only differentiate ASCs into 

osteoblasts in vitro, but also enhance osteogenic differentiation and thus should be 

considered in future studies. Future studies should include (1) the standardization an 

optimization of protocols regarding the manufacturing of human alternative blood products; 

(2) investigations of what concentrations of human alternative are optimal for osteogenic 

differentiation of ASCs; (3) testing optimal concentrations of the various components of 

osteogenic  differentiation medium; (4) testing earlier timepoints for human alternatives 

(pHPL and PRP) to determine where exactly the cells switch from the proliferative phase to 

the differentiation phase; and (5) testing the kinetics of more osteogenic genes throughout 

the differentiation process.   
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Appendix A: Consent Forms 

 

Isolation, Characterisation and Differentiation of MSCs from adipose tissue 

Informed Consent Form - Updated 12 July 2017 Page 1 of 6 

PATIENT INFORMATION LEAFLET AND INFORMED CONSENT FORM 
(Each patient must receive, read and understand this document before the start of the study) 
 
STUDY TITLE 
The isolation, characterisation and differentiation of mesenchymal stem cells from adipose 
tissue. 
 
Mesenchymal stromal/stem cells isolated from voluntarily donated adipose (fat) tissue will be 

used in various studies. The current studies are listed below. The isolated cells may also be 

used in future studies. Permission to use the cells in future experiments/studies will be 

obtained from the Ethics Committee at the Faculty of Health Sciences, University of Pretoria 

before the cells are used.  

1. Do adipose-derived stromal cells possess endocytic function? 

2. The role of Pref-1 in in vitro adipogenic differentiation of mesenchymal stromal/stem 

cells (MSCs) 

3. Characterization of adipose-derived stromal cell heterogeneity 

4. Comparison of the effect of human platelet lysate and foetal bovine serum on adipose-

derived stem cell characteristics in culture 

5. Is HIV-1 able to infect mesenchymal stromal/ stem cells (MSC)? 

6. Effects of reactive oxygen species on adipogenesis. 

7. Human alternatives to foetal bovine serum for the expansion of human adipose-derived stem 
cells 

8. In vitro adipose derived stromal cell myogenic differentiation 

9. Development of a high throughput screening assay to evaluate compound libraries for 
the modulation of adipogenesis 

10. The role of Solute Carrier Family 7 Member 8 in adipogenesis in vitro and murine model 
of obesity 

11. In vitro osteogenic differentiation of mesenchymal stem cells 

12. Immunomodulatory properties of adipocyte derived stromal/stem cells cultured in 
human platelet lysate 
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Isolation, Characterisation and Differentiation of MSCs from adipose tissue 

Informed Consent Form - Updated 12 July 2017 Page 2 of 6 

 
Dear Patient/Participant: ______________________________________________ 
 
 
INTRODUCTION 
You are invited to participate in a research study that is being carried out by the Department 
of Immunology at the University of Pretoria. This information leaflet is to help you to decide if 
you would like to participate. Before you agree to take part in this study you should fully 
understand what is involved. If you have any questions, which are not fully explained in this 
leaflet, do not hesitate to ask the investigator. You should not agree to take part unless you 
are completely happy about all the procedures involved. Your personal health will not be 
compromised by the procedures. These procedures have already been discussed with your 
doctor beforehand. 
 
THE PURPOSE OF THE STUDY 
Researchers at the University of Pretoria would like to investigate the healing properties of 
adult stem cells for possible future application in regenerative medicine. Regenerative 
medicine refers to experimental (current status) medicine where researchers try to replace, 
improve or restore the function of cells that do not function optimally in the body. Adult stem 
cells are present in various tissues in the body, including fat (adipose) tissue. These adult 
stem cells could potentially be used to cure patients with various kinds of injuries or diseases. 
In order to use these cells to cure humans in the future, researchers must first study their 
characteristics, behaviour, growth and interactions with other cells and/or organisms in the 
body. This is done by isolating these cells from the fat (adipose) tissue and perform 
experiments in the laboratory (tissue culture) and/or using experimental animal models.  
These adult stem cells can also be used to investigate the process of fat formation. Scientists 
are able to mimic the formation of fat cells using adult stem cells isolated from fat (adipose) 
tissue. Obesity is becoming an increasing problem worldwide and in order to find solutions to 
combat obesity it is important to understand the biological processes involved in the formation 
of fat. It is also important to understand the interactions of infectious organisms, like HIV and 
Mycobacterium tuberculosis (organism that cause tuberculosis in humans), with stem cells in 
order to provide safe treatment options in the future. It is therefore important that researchers 
also investigate the interactions between these infectious organisms and stem cells by 
performing experiments in the laboratory as well as using experimental animal models. 
Investigations will be performed on cellular (intact cells) and molecular (investigating the effect 
on various treatments/exposures to the genetic footprint of cells) levels. For molecular studies 
we will need to isolate genetic material (DNA and RNA) from your cells.  
 
Many of the experiments that researchers perform require the isolation of genetic material, 
also known as DNA and RNA, from cells. Genetic material contains information about the cell 
that only can be revealed if researchers perform specialized tests on the genetic material. 
These tests are often needed in order to completely understand the characteristics of cells. 
Genetic information also allows researchers to look into what effect infectious agents, such as 
Mycobacterium tuberculosis (cause tuberculosis in humans) and HIV, might have on these 
cells. In addition, molecular biology tests (tests that make use of DNA or RNA) are often the 
most sensitive tests available to detect if cells are infected with bacteria (such as 
Mycobacterium tuberculosis) and/or viruses (such as HIV). 
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Isolation, Characterisation and Differentiation of MSCs from adipose tissue 

Informed Consent Form - Updated 12 July 2017 Page 3 of 6 

 
No unethical procedures will be used when collecting the samples and performing the 
experiments. 
 
 
ADIPOSE TISSUE COLLECTION 
During various normal plastic surgery operations, adipose tissue (fat) will be excised (cut out) 
or aspirated (sucked out), and discarded. This adipose tissue, does not serve a purpose to 
the patient’s body anymore, but could serve as a valuable source of stem cells for researchers 
in the field of regenerative medicine. No additional fat will be collected for the study. Only the 
fat that the doctor planned to aspirate/cut away during the procedures discussed with you 
during the consultation visits will be collected.  
 
There will be no added risks or discomfort with the collection of the adipose tissue other than 
normally associated with the specific procedure the patient will experience during normal 
operative procedures. 
 
 
CONFIDENTIALITY 
Each participant’s sample will be assigned a specific code and this code will be used from 
there on in all research studies. Certain information, including race, ethnicity, gender and 
medical history, may be important for scientific reasons. This information will be linked to the 
sample code and not to your identity.  Research reports and articles in scientific journals will 
not include any information that may identify you.  
 
In some isolated cases it might however be important for the doctors or researchers involved 
in the study to convey medical information to medical personnel or appropriate Research 
Ethics committees. In such a case, you by signing this document, give permission to the 
investigator to release your medical records to regulatory health authorities or an appropriate 
Research Ethics committee. If necessary, these medical professionals will discuss the results 
with your doctor and everyone will act in your best interest.  
 
ETHICAL APPROVAL 
The protocol involved for this study was submitted to the Research Ethics Committee. This 
study has received written approval from the Research Ethics Committee of the Faculty of 
Health Sciences at the University of Pretoria. The study is structured in accordance with the 
Declaration of Helsinki, which deals with the recommendations of guiding doctors in 
biomedical research involving humans. 
You are also welcome to contact the Faculty of Health Sciences Ethics Committee at the 
University of Pretoria if you have any concerns or questions. Their contact details are: 

The Research Ethics Office: 
Tel: 012 - 354 1330 or 012 - 354 1677 
Fax: 012 - 354 1367 
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Isolation, Characterisation and Differentiation of MSCs from adipose tissue 

Informed Consent Form - Updated 12 July 2017 Page 4 of 6 

RIGHTS OF THE PARTICIPANT 
Your participation in this study is entirely voluntary and you can refuse to participate or 
withdraw consent at any time without stating any reason. Your withdrawal will not affect your 
access to medical care or the quality of medical care that you will receive. Your participation 
or withdrawal from the study would not affect you in any way. 
 
FINANCIAL GAIN OR LOSS 
There will be no financial gain or loss to you, should you participate or withdraw from the study. 
This research could potentially lead to future profitable treatments. However, you will not have 
access to these profits. There will be no additional financial costs for you to participate in the 
study.  
 
 
 
 
 
INFORMATION AND CONTACT PERSON 
If at any time you would like to find out more information or have any questions regarding the 
study, please do not hesitate to contact the researchers. 
Dr. C. Durandt: 012 -319 2101 
Prof. M.S. Pepper: 012 420 3845 or 012 420 5317 

The participant has no legal remedy and will not share in any 
financial gain that may be derived from the study 
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Isolation, Characterisation and Differentiation of MSCs from adipose tissue 

Informed Consent Form -  Updated 12 July 2017   Page 5 of 6 

PERSONAL/MEDICAL INFORMATION 

The information below may be important for scientific reasons. This information will be linked 

to the sample code and not to your identity.  

Gender:    ___________________________ 

Ethnicity:     ___________________________ 

Date of Birth:   ___________________________ 

Weight:    ___________________________ 

Height:    ___________________________ 

Waste Circumference:  ___________________________ 

Do you smoke?    

Are you suffering from:  

Diabetes 

 

Cardiovascular disease  

 

Hypertension 

 

 

 

 

 

 

YES NO 

YES NO 

YES NO 

YES NO 
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Isolation, Characterisation and Differentiation of MSCs from adipose tissue 

Informed Consent Form -  Updated 12 July 2017   Page 6 of 6 

INFORMED CONSENT 

WHAT IS EXPECTED? 
I confirm that the person asking my consent to take part in this study has told me about the nature, 
process, risks, discomforts and benefits of the study. I have also received, read and understood the 
above written information regarding the study. I am aware that the results of the study, including 
personal details, will be anonymously processed into research reports. I am participating willingly. I 
have had time to ask questions and have no objection to participate in the study. I understand that there 
is no penalty should I wish to discontinue with the study and my withdrawal will not affect my access to 
medical care or the quality of medical care I will receive. 
 
I also understand that certain laboratory tests may require the isolation of genetic material, also known 
as DNA and RNA and give herewith permission that the researchers may extract RNA/DNA from cells 
isolated from the adipose tissue.  

 

 
I hereby give the researchers permission to perform routine HIV, hepatitis B and hepatitis C tests on 
the adipose tissue donated. Testing for these infectious agents is important for our work as we only like 
to work with tissue that is negative for these infections. If the researchers detect HIV or hepatitis B or C 
in the sample, the codified sample details will be sent to ___________, who will notify you. If you do not 
wish us to test your tissue for HIV or hepatitis B or hepatitis C, or if you do not wish to know the results 
of these tests, we will not be able to include you in the study. In the case on an HIV positive result, you 
will be counselled and treated by qualified medical personnel. 

 

 
 

I have received a copy of this informed consent agreement. 

 
Participant full names (print):          

Participant signature:      Date:      
 
 
Investigator full names (print):       
 
Investigator signature:      Date:     
 
 
Witness full names (print):          
 
Witness signature:      Date:     
 
Witness full names (print):          
 
Witness signature:      Date:     

YES NO 

YES NO 
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Appendix B: Compensation experiment (FBS) 

It is important to set up compensation experiments before doing a multi-colour 

immunophenotyping panel as fluorochromes have a wide fluorescence emission spectrum 

and the emitted fluorescence may spill-over in more than one channel which may lead to 

false positive results. In a compensation experiment, single fluorochrome tubes are run and 

the level of spectral spill over is measured. This spectral spill over is then removed from the 

respective channel. A colour compensation matrix is then calculated by the software to 

determine how much spill over should be removed from each channel. 

 
Unstained Cells 
First control for autofluorescence 
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Figure B1. Colour compensation experiment set up to detect and correct for autofluorescence of cells.  

Unstained Beads 
Second control for autofluorescence 
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Figure B2. Colour compensation experiment set up to detect and correct for autofluorescence of beads.  

 
FITC (FL1) channel: 
To determine the spillover of FITC (conjugate) into the other fluorescence channels 
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Figure B3. Colour compensation experiment set up to detect and correct for spill over of FITC into other channels.  

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



153  

PE (FL2 channel) 
To determine the spillover of PE (conjugate) into the other fluorescence channels 
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Figure B4. Colour compensation experiment set up to detect and correct for spill over of PE into other channels.  

 
PC7 (FL3 channel) 
To determine the spillover of PC7 (conjugate) into the other fluorescence channels 
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Figure B5. Colour compensation experiment set up to detect and correct for spill over of PC7 into other channels.  
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APC (FL6 channel) 
To determine the spillover of APC (conjugate) into the other fluorescence channels 
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Figure B6. Colour compensation experiment set up to detect and correct for spill over of APC into other channels.  

 
APC-A750 (FL8 channel) 
To determine the spillover of APC-A750 (conjugate) into the other fluorescence channels 
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Figure B7. Colour compensation experiment set up to detect and correct for spill over of APC-A750 into other channels.  
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PB450 (FL9 channel) 
To determine the spillover of PB450 (conjugate) into the other fluorescence channels 
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Figure B8. Colour compensation experiment set up to detect and correct for spill over of PB into  other channels.  

 
KO (FL10 channel) 
To determine the spillover of KO (conjugate) into the other fluorescence channels 
 
 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



161  

  

  

  

Figure B9. Colour compensation experiment set up to detect and correct for spill over of KO into other channels.  
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Appendix C: Osteogenic Media Calculations and Assay 

Calculations 

Preparation of Osteogenic Differentiation Medium 1 
 
Recipe table 
 

Chemical Molar mass Required concentration Stock solution 
Ascorbate-2-phosphate 322.05 g/mol 155.26 μM Powder 
B-glycerophosphate 306.11 g/mol 10 mM Powder 
Dexamethasone 392.46 g/mol 10 nM 1 mM 

 
Calculations 
 
Ascorbate-2-phosphate 
Need: 50mg/L = 0.05g/L 
Moles per litre = concentration (grams per litre) ÷ molecular weight (grams per mole) 
M = 0.05g/L ÷ 322.05g/mol = 0.00015526 mol/L = 155.26 μM 
 
m = CMV 
    = 155.26 μM x 322.05g/mol x 0.25 
    = 0.01250037 g 
  
B-glycerophosphate 
m = CMV 
m = 0.01 M x 306.11 g/mol x 0.25L 
m = 0.765275 g  
     
Dexamethasone 
Make a stock solution: 0.001M/ 1mM 
m=CMV 
m= 0.001 M x 392.46 g/mol x 0.01 L (10ml) 
m= 0.0039246 g 
m=3.9246 mg 
Dissolve in 100% ethanol 
What to add to differentiation medium: 
 
C1V1 = C2V2     

0.001M x V1 = 1 x 10-8 M x 250 ml 
V1 = 0.0025 ml 
V1= 2.5 ul  

 
C1V1 = C2V2 

0.001M x V1 = 1 x 10-8 M x 500 ml 
V1 = 5 ul
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Preparation of Osteogenic Differentiation Medium 2 
 
Recipe table 

 
Chemical Molar mass Required concentration Stock solution 
Ascorbate-2-phosphate 322.05 g/mol 0.06 mM Powder 
B-glycerophosphate 306.11 g/mol 10 mM Powder 
Dexamethasone 392.46 g/mol 0.1 μM 1 mM 

 
Calculations 
 
Ascorbate-2-phosphate 
m = CMV 
m = 0.00006 M x 322.05 g/mol x 0.25 L 
m = 0.00483075 g 
m = 4.83 mg  
 
B-glycerophosphate 
m = CMV 
m = 0.01 M x 306.11 g/mol x 0.25L 
m = 0.765275 g  
 
Dexamethasone 
Make a stock solution: 0.001M/ 1mM 
m=CMV 
m= 0.001 M x 392.46 g/mol x 0.01 L (10ml) 
m= 0.0039246 g 
m=3.9246 mg 
Dissolve in 100% ethanol 
 
What to add to differentiation medium: 
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C1V1 = C2V2     

0.001M x V1 = 1 x 10-7 M x 250 ml 
V1 = 0.025 ml 
V1= 25 ul  
 
C1V1 = C2V2 

0.001M x V1 = 1 x 10-7 M x 500 ml 
V1 = 50 ul 
 
Preparation of Osteogenic Differentiation Medium 3 
 
Recipe table 
 

Chemical Molar mass Required concentration Stock solution 
Ascorbate-2-phosphate 322.05 g/mol 0.2 mM Powder 
B-glycerophosphate 306.11 g/mol 10 mM Powder 
Dexamethasone 392.46 g/mol 50 nM 1mM 

 
Calculations 
 
Ascorbate-2-phosphate 
m = CMV 
m = 0.0002 M x 322.05 g/mol x 0.25 L 
m = 0.0161025 g 
m = 16.1025 mg  
 
B-glycerophosphate 
m = CMV 
m = 0.01 M x 306.11 g/mol x 0.25L 
m = 0.765275 g 
 
Dexamethasone 
 
Make a stock solution: 0.001M/ 1mM 
m=CMV 
m= 0.001 M x 392.46 g/mol x 0.01 L 
m= 0.0039246 g 
m=3.9246 mg 
Dissolve in 100% ethanol 
 
 
What to add to differentiation medium: 
C1V1 = C2V2 

0.001M x V1 = 5 x 10 -8 M x 250 ml 
V1 = 0.0125 ml 
V1= 12.5 ul  
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C1V1 = C2V2 

0.001M x V1 = 5 x 10 -8 M x 500 ml 
V1 = 25 ul 
 
 
ALP Buffer 
 
10x Stock Solutions 

4 nitrophenylphosphate (50 mM) 

m = CMV 

     = 0.05 M x 219.09 g/M x 50 ml 

      =0.547725 g 

 

MgCl hexahydrate (5mM) 

m = CMV 

     =0.005 M x 203.31 g/M x 50 ml 

     =0.051 g 

 

Triton X-100  

No stock solution 

 

Tris-HCL (500mM) 

m = CMV 

    = 0.5 M x 157.60 g/M x 50 ml 

    = 3.94 g  

For Experiment 

For 36ml: 

4 nitrophenyl phosphate (5 mM)   

C1V1 = C2V2 

V1 = !"#	%	&'"(
!)	"#

 

V1 = 3.6 mL  

Triton X-100 (0.1%) 

V1 = 0.1% x 36 mL 

V1 = 0.036 mL x 1000 ul/mL 

V1 = 36 ul 

MgCl hexahydrate (0.5mM)   

C1V1 = C2V2 

V1 = ).!"#	%	&'"(
!	"#

 

V1 = 3.6 mL  

Tris-HCL (50 mM) 

C1V1 = C2V2 

V1 = !)"#	%	&'"(
!))	"#

 

V1 = 3.6 mL  
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Total = 3.6 mL + 3.6 mL +3.6 mL + 0.036 mL 
          = 10.836 mL (Add 25.2 mL od ddH2O for a final volume of 36 mL) 

 
ARS Stain 
 
Need a 2% Stain:  
 
For 50 mL add 1 g of ARS powder to 50mL of dH2O. 
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Appendix D: PRP Consent, Pre-donation Results and Post-

donation Results 

 

 
 

PRP240821 
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PRP240821 
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PRP260821 
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PRP240821 
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PRP070721 
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PRP070721 
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PRP240821 
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PRP260821 
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(PRP240821) –  
Pre-Collection 
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(PRP240821) –  
Post-Collection 
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(PRP240821) –  
Post-Collection 
Analysis 
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(PRP260821) –  
Pre-Collection 
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(PRP260821) –  
Post-Collection 
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(PRP260821) –  
Post-Collection 
Analysis 
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(PRP070721) –  
Pre-Collection 
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(PRP070721) –  
Post-Collection 
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Appendix E: Compensation Experiment (Human 

Alternatives) 

The importance of doing compensation experiments were described in Appendix B. 

Compensation experiments were repeated for each of the human alternatives as the 

presence of the different human alternative affect the expression of different markers 

differently and the cells have different autofluorescence.  

 
Unstained Cells 
First control for autofluorescence 
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Figure E1. Colour compensation experiment set up to detect and correct for autofluorescence of unstained cells.  

 
Unstained Beads 
Second control for autofluorescence 
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Figure E2. Colour compensation experiment set up to detect and correct for autofluorescence of beads.  

 
FITC (FL1) channel: 
To determine the spillover of FITC (conjugate) into the other fluorescence channels 
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Figure E3. Colour compensation experiment set up to detect and correct for spill over from FITC into other channels.  

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



191  

PE (FL2 channel) 
To determine the spillover of PE (conjugate) into the other fluorescence channels 
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Figure E4. Colour compensation experiment set up to detect and correct for spill over from PE into other channels.  

 
PC7 (FL3 channel) 
To determine the spillover of PC7 (conjugate) into the other fluorescence channels 
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Figure E5. Colour compensation experiment set up to detect and correct for spill over from PC7 into other channels.  
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APC (FL6 channel) 
To determine the spillover of APC (conjugate) into the other fluorescence channels 
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Figure E6. Colour compensation experiment set up to detect and correct for spill over from APC into other channels.  

 
APC-A750 (FL8 channel) 
To determine the spillover of APC-A750 (conjugate) into the other fluorescence channels 
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Figure E7. Colour compensation experiment set up to detect and correct for spill over from APC-A750 into other 
channels.  
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PB450 (FL9 channel) 
To determine the spillover of PB450 (conjugate) into the other fluorescence channels 
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Figure E8. Colour compensation experiment set up to detect and correct for spill over from PB into other channels.  

 
KO(FL10 channel) 
To determine the spillover of KO (conjugate) into the other fluorescence channels 
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Figure E9. Colour compensation experiment set up to detect and correct for spill over from KO into other channels.  
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Appendix F: Minimum Information for Publication of 

Quantitative Real-Time PCR Experiments 

Bustin et al. 2009 describe a set of guidelines that should be used for qPCR experiments [354]. 

When these guidelines are followed, data can be considered reliable. This study aimed to 

adhere to the MIQE guidelines as far as possible. All information labelled by the MIQE 

guidelines as ‘essential’ has been included in this document. 

 
 
Experimental Design  
 
Please refer to Chapter 5, section 5.2.8. – 5.2.11. 
 
Definition of control and experimental groups and the numbers in each group 
 
Three ASC biological replicates were used for each experimental group, and each replicate 

was run in triplicate for FBS and pHPL experiments. For PRP experiments, three ASC biological 

replicates and well as three donor PRP biological replicates were used, and each replicate was 

run in triplicate. For the controls, no induction medium was added, the cells were only 

maintained in the respective CGM. For experimental groups, cells were exposed to induction 

medium described in Chapter 5 section 5.2.5. 

 

Sample 
 
Description 
 
RNA was isolated at the 4 timepoints (day 0, 7, 14, 21) throughout the differentiation process 

from both non-induced (control) and induced samples.  

 
Microdissection or macrodissection 
 
The samples were not subjected to micro- or macrodissection.  
 
Processing 
 
Please refer to Chapter 5, section 5.2.8. – 5.2.11. 
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If frozen -how and how quickly? 
 
Please refer to Chapter 5 section 5.2.8. 
 
 
If fixed -how and how quickly? 
 
Samples for RT-qPCR were not fixed. 
 
Storage 
 

RNA extraction was performed immediately after trypsinisation (0.25% Trypsin/EDTA). The 

extracted RNA was then stored at -80℃ until cDNA could be synthesised. cDNA was stored 

at -20℃ until it was used for RT-qPCR.  

 

Nucleic Acid Extraction 
 
Total RNA was isolated from samples as described in Chapter 5 section 5.2.8. 
 
DNAse or RNase treatment 
 
Samples were not treated with DNase or RNase. 
 
Contamination assessment 
 
During the cDNA experiments, NRTs controls were generated. The reference gene TBP was 

used in the RT-qPCR reaction mix to determine if there was any genomic DNA (gDNA) 

contamination (Figure F1). 

 

 

A 
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Figure F1. Amplification Curves for respective NRT controls. 
A-E show FBS, pHPL, PRP070721, PRP240821 and PRP260821 respectively, amplification curves using the TBP gene to detect 
the presence of any gDNA using 2ng/ul of template. In some cases, there was amplification of NRT samples at 35 or more 
cycles indicating small to negligible amount of gDNA contamination. 
  

B 

C 

D 

E 
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Little to no gDNA contamination was seen in the samples. Some gDNA contamination was 

seen in FBS, pHPL and PRP070721 samples (Figure F1, B-C). In the instances where 

amplification was seen, it was only seen in one of the three technical repeats and not across 

all three repeats The amplification of the gDNA in these samples occurred at a Ct of 35 or 

greater.  

 
Nucleic acid quantification, purity, and integrity 
 
Please see Chapter 5 section 5.2.8.- 5.2.11 for sample preparation and instruments used to 

determine quantity, purity, and integrity of samples. Table F1 summarizes to concentrations, 

purity and integrity values for samples used in this study.  
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Table F1. Total RNA concentration, purity and integrity values for samples used in this study. 

   NanoDrop® ND 1000 spectrophotometer Tapestation Ò2200 

Culture Timepoint Non-induced(NI) 

/Induced(I) 

Concentration (ng/ul) A260/280 A260/230 Concentration (ng/ul) 28S/18S (Area) RINe 

FBS 

A150221-01A  0  179.49 2.06 2.14 115 2.2 10 

A311019-01A 0  107.71 2.04 2.1    

A311019-02T 0  50.47 2.05 1.54    

A150221-01A  7 NI 433.75 1.94 0.79 62.9 0.4 9.5 

A150221-01A  7 I 336.54 1.86 0.73 151 0.2 9.5 

A311019-01A 7 NI 534.53 1.63 0.28 26.6 0.3 9.3 

A311019-01A 7 I 613.45 1.65 0.32 309 3.1 9.6 

A311019-02T 7 NI 381.09 1.87 0.98 334 3 9.8 

A311019-02T 7 I 571.4 1.7 0.35 355 3 9.6 

A150221-01A  14 NI 68.96 2.06 1.59 100 2.6 9.9 

A150221-01A  14 I 201.72 1.93 1.42 205 2.9 9.8 

A311019-01A 14 NI 107.98 1.99 1.52    

A311019-01A 14 I 125.71 2 1.79    

A311019-02T 14 NI 134.97 2.04 2.04 171 3 9.9 

A311019-02T 14 I 200.21 2.06 1.53    

A150221-01A  21 NI 138.78 2.04 1.95    

A150221-01A  21 I 213.68 2.06 2.15    

A311019-01A 21 NI 120.11 2.11 2.03 90.1 3.1 10 

A311019-01A 21 I 172.68 2.05 2.17    

A311019-02T 21 NI 190.15 2.06 1.83    
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A311019-02T 21 I 205.19 2.06 2.07 277 3.5 9.8 

pHPL 

A311019-01A 0  72.46 2.15 2.21    

A311019-02T 0  35.44 2.16 1.51    

A280621-01R 0  176.73 2.08 1.91 277 3 10 

A150221-01A 7 NI 40 2.17 2.11    

A150221-01A 7 I 95.07 2.1 2.23    

A311019-01A 7 NI 98.91 2.9 2.94 66.6 2.7 10 

A311019-01A 7 I 11.29 2.11 0.45 16.8 2.1 9.6 

A311019-02T 7 NI 64.25 2.12 2.15    

A311019-02T 7 I 14 2.51 0.03 44.5 2.1 9.4 

A280621-01R 7 NI 65.8 2.02 2.14    

A280621-01R 7 I 239.02 2.06 2.1 449 1.9 9.6 

A150221-01A 14 NI 64.6 2.05 1.81    

A150221-01A 14 I 34.69 1.97 1.88    

A311019-01A 14 NI 12.11 1.74 1.58 35.4 2 9.4 

A311019-01A 14 I 1.41 3.34 0.07 8.28   3.7* 

A311019-02T 14 NI 18.89 1.65 0.82 36.5 2.1 9.9 

A311019-02T 14 I 8.73 1.75 0.47 6.45   8 

A280621-01R 14 NI 119.78 2.03 1.97 150 2.5 9.8 

A280621-01R 14 I 476.59 2.02 1.84 342 3.2 9.8 

A150221-01A 21 NI 33.04 1.95 0.36     

A150221-01A 21 I 253.83 2.06 1.11    

A311019-01A 21 NI 65.68 2.09 1.23    

A311019-01A 21 I 35.9 2.09 0.65 4.5   2.7* 

A311019-02T 21 NI 47.95 2.05 1.41 50.5 2.3 9.8 
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A311019-02T 21 I 22.37 1.79 1.2 5.52 1.5 6.1* 

A280621-01R 21 NI 136.55 2.1 2.18    

A280621-01R 21 I 147.1 2.1 2.12    

PRP070721 

A280621-01R 0  103,95 0.75 1.13 117 3.2 10 

A311019-01A 0  63.1 2.09 1.62    

A311019-02T 0  43.49 0.07 1.61 22 2.4 10 

A280621-01R 7 NI 224.78 2.07 2.17    

A280621-01R 7 I 519.2 2.07 2.18    

A311019-01A 7 NI 303.15 2.04 1.62 181 2.9 9.7 

A311019-01A 7 I 312.89 2.05 1.89    

A311019-02T 7 NI 227.26 2.06 1.93    

A311019-02T 7 I 294.45 2.05 2.15 269 3.2 9.9 

A280621-01R 14 NI 189.39 2 1.81    

A280621-01R 14 I 267.52 2.07 1.99    

A311019-01A 14 NI 205.69 2.07 2.11 419 3.3 9.8 

A311019-01A 14 I 313.81 2.05 2.2 402 3 9.4 

A311019-02T 14 NI 159.56 2.06 1.87    

A311019-02T 14 I 146.93 2.05 1.86    

A280621-01R 21 NI 174.47 2.1 2.16    

A280621-01R 21 I 525.98 2.06 2.16    

A311019-01A 21 NI 294.82 2.07 2.17    

A311019-01A 21 I 179.51 2.08 2.13    

A311019-02T 21 NI 106.29 2.08 1.43 64.9 2.1 9.5 

A311019-02T 21 I 147.38 2.12 1.95 168 2.9 9.5 

PRP240821 
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A280621-01R 0  263.7 2.01 0.8 574 3.4 10 

A311019-01A 0  214.02 1.98 0.79 277 4 10 

A311019-02T 0  136.46 1.99 0.72 71 3.3 10 

A280621-01R 7 NI 200.7 2.06 2.11    

A280621-01R 7 I 432.55 2.03 2.28 743 3.7 9.7 

A311019-01A 7 NI 236.86 2.08 2.3 247 2.7 9.6 

A311019-01A 7 I 286.53 2.07 2.38    

A311019-02T 7 NI 214.13 2.11 2.33    

A311019-02T 7 I 141.58 2.07 2.05    

A280621-01R 14 NI 549.06 2.1 2.27 676 2.8 9.2 

A280621-01R 14 I 167.14 2.11 2.24    

A311019-01A 14 NI 251.32 2.05 2.21    

A311019-01A 14 I 14.12 3.51 1.31    

A311019-02T 14 NI 173.15 2.09 2.08    

A311019-02T 14 I 336.46 2.05 2.23 382 3.3 9.7 

A280621-01R 21 NI 904.31 2.11 2.27 309 2.7 9.6 

A280621-01R 21 I 401.28 2.04 2    

A311019-01A 21 NI 296.97 2.09 1.54    

A311019-01A 21 I 161 2.09 1.62 79.6 2.8 9.4 

A311019-02T 21 NI 84.48 2.12 1.83    

A311019-02T 21 I 52.2 1.9 1.23    

PRP260821 

A280621-01R 0  276.86 1.79 0.6 13.2 2.3 10 

A311019-01A 0  141.82 1.72 0.33 7.76 2.3 10 

A311019-02T 0  97.49 1.7 0.27 6.64 1.9 10 

A280621-01R 7 NI 73.51 2.07 2.38 63.4 2.4 10 
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A280621-01R 7 I 182.11 2.11 2.42    

A311019-01A 7 NI 96.45 2.1 2.03    

A311019-01A 7 I 231.96 2.08 2.26 258 2.8 9.9 

A311019-02T 7 NI 66.24 2.17 2.23    

A311019-02T 7 I 196.17 2.08 2.18    

A280621-01R 14 NI 167.33 2.12 2.28 161 2.2 9.3 

A280621-01R 14 I 56.08 2.09 2.14    

A311019-01A 14 NI 51.69 2.24 2.12    

A311019-01A 14 I 23.98 2.25 1.24 37.4 2.3 9.4 

A311019-02T 14 NI 64.4 2.2 2.09    

A311019-02T 14 I 141.17 2.09 2    

A280621-01R 21 NI 224.16 2.08 2.02    

A280621-01R 21 I 229.64 2.08 2.04 121 3 9.5 

A311019-01A 21 NI 52.65 1.92 0.82 25.4 2.1 9.8 

A311019-01A 21 I 97.04 2.08 1.62    

A311019-02T 21 NI 121.48 2.04 1.91 28.4 2.4 9.8 

A311019-02T 21 I 157.83 2.04 1.92    

*Any sample with a RINe value lower than 6.5, together with its counterpart (e.g. pHPL sample A311019-01A Day 14 I had a RINe value of 3.7 therefore this sample together with sample 

A311019-01A Day 14 NI was excluded from downstream experiments). 

 
 

Inhibition testing 
 
No inhibition testing was performed.

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



209  

 
Reverse Transcription 
 
Please see Chapter 5 section 5.2.10 for details regarding the synthesis of cDNA. To convert 

mRNA isolated from cells to cDNA the SensiFastTM cDNA synthesis kit (Bioline, London, 

England) was used. Information provided by the kit: “one unit catalyses the incorporation of 

1 nmol of dTTP into acid- soluble material in 10 min at 370C in 50nM Tris-HCL, pH8.6, 40nm 

KCl, 1mM MnSO4, 1 mM DTT, and 0.5 mM [3H]TTP, using 200 μM oligo(dT)12- 18-primed 

poly(A)n as template.” 

 

cDNA quantification and purity 
 

Please see Chapter 5 sections 5.2.8, 5.2.9 and 5.2.10 regarding the synthesis of cDNA and the 

determination of purity and integrity. The NanoDrop® ND 1000 spectrophotometer was used 

to determine the concentration(ng/ul), A260/A280 ratio and A260/230 for cDNA.  

 

Quantitation cycle (Cq) values with and without reverse transcriptase (RT)  
 

NRTs were produced for 10% of samples. These samples were selected for at random. The 

reference gene TBP was used for the detection of gDNA contamination using a template 

concentration of 2ng/ul. The results obtained is summarised in Table F2, while the results are 

visually represented in Figure F1. 

 
Table F2. Cq values of NRT control sample. 

Medium 

Supplementation 

Culture Timepoint Non-induced(NI) 

/Induced(I) 

Cq (Average of 

three technical 

repeates) 

FBS A150221-01A  0  40 

A311019-02T 0  ND 

A311019-02T 21 I ND 

pHPL A311019-01A 0  ND 

A311019-01A 7 NI 40 

A280621-01R 7 I 38.4 

PRP070721 A280621-01R 0  36.01 

A311019-01A 7 NI ND 
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A280621-01R 14 NI 40 

PRP240821 A311019-02T 7 NI ND 

A311019-02T 7 I ND 

A280621-01R 14 NI ND 

PRP260821 A280621-01R 7 I 40 

A280621-01R 14 I ND 

A311019-02T 14 I ND 

Cq=Ct=Crossing point; ND= Not detected. 

 

cDNA Storage 
 
Once the mRNA was converted to cDNA, the cDNA was stored at -20°C until used in RT-qPCR 

experiments.  

 
qPCR target information 
 
Please see chapter 5 section 5.2.11, Table 5.2 for the forward and reverse primer sequences 

for each gene of interest. 

 
In silico specificity screen and primer locations 

The NCBI Primer BLAST® tool was used to determine the specificity of the primers. Results 

from NCBI Primer BLAST® tool are displayed in Figure F2. 
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Figure F2. In silico primer BLAST results. 

The binding specificity of each primer was assessed using the NCBI Primer BLAST® tool. 
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Splice variants targeted 
 
No splice variants were targeted. 
 
Additional primer analysis 
 
ALP  
 
Table F3. Primer analysis of ALP primer used in the study. 

Parameter Optimal criteria for primer design for SYBR Green 
assay 

Forward 
primer 

Reverse 
primer 

Accepted 

Primer length 18 – 25 bases 20 20 Yes 
PCR product size 100 – 150 bp 150 Yes 
Melting temperature* 55°C - 60°C 

>5°C difference between forward and reverse 
primer 

50.7 50.7 No 

GC content 40% - 60% 45 45 Yes 
GC clamp More than 3 G’s or C’s should be avoided in the 

last 5 bases at the 3’end of the primer 
3 2 Yes 

Hairpin formation 3’ end hairpin > -2kcal.mol-1 
Internal hairpin > -3kcal.mol-1 

0.33 0.71 Yes 

Internal annealing 
bases 

< 4 bases 3 3 Yes 

Self dimer 3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-3.9 -3.14 Yes 

Cross dimer/ Hetro-
dimer 

3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-6.84 No 

3’ end sequence 3’ end terminate with G or C Yes Yes Yes 
Cross homology Specifically binds to target of interest Yes Yes Yes 

Table adapted from DNAbiotec® (Pty) Ltd Essential qPCR™ Short Course notes (2019). Calculations were done using 
OligoAnalyzer available on https://eu.idtdna.com/calc/analyzer. 
 
 

Self-dimer: 
 
Forward: 

  
 
Reverse: 
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Cross dimer: 

 
 
 
Osteocalcin (OCN) 
 
Table F4. Primer analysis of OCN primer used in the study. 

Parameter Optimal criteria for primer design for SYBR Green 
assay 

Forward 
primer 

Reverse 
primer 

Accepted 

Primer length 18 – 25 bases 18 18 Yes 
PCR product size 100 – 150 bp 111 Yes 
Melting temperature 55°C - 60°C 

>5°C difference between forward and reverse 
primer 

51.1 50.8 No 

GC content 40% - 60% 50 50 Yes 
GC clamp More than 3 G’s or C’s should be avoided in the 

last 5 bases at the 3’end of the primer 
3 2 Yes 

Hairpin formation 3’ end hairpin > -2kcal.mol-1 
Internal hairpin > -3kcal.mol-1 

- 0.44 Yes 

Internal annealing 
bases 

< 4 bases - 3 Yes 

Self dimer 3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
- -3.17 Yes 

Cross dimer/ Hetro-
dimer 

3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-3.17 Yes 

3’ end sequence 3’ end terminate with G or C Yes No No 
Cross homology Specifically binds to target of interest Yes Yes Yes 

Table adapted from DNAbiotec® (Pty) Ltd Essential qPCR™ Short Course notes (2019). Calculations were done using 
OligoAnalyzer available on https://eu.idtdna.com/calc/analyzer. 
 
Self-dimer: 
 
Reverse: 

 
 
Cross dimer: 
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RUNX2 
 
Table C5. Primer analysis of RUNX2 primer used in the study. 

Parameter Optimal criteria for primer design for SYBR Green 
assay 

Forward 
primer 

Reverse 
primer 

Accepted 

Primer length 18 – 25 bases 19 19 Yes 
PCR product size 100 – 150 bp 117 Yes 
Melting temperature 55°C - 60°C 

>5°C difference between forward and reverse 
primer 

50.9 50.9 No 

GC content 40% - 60% 47.4 47.4 Yes 
GC clamp More than 3 G’s or C’s should be avoided in the 

last 5 bases at the 3’end of the primer 
3 2 Yes 

Hairpin formation 3’ end hairpin > -2kcal.mol-1 
Internal hairpin > -3kcal.mol-1 

1.93 0.82 Yes 

Internal annealing 
bases 

< 4 bases 1 2 Yes 

Self dimer 3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-3.91 -3.61 Yes 

Cross dimer/ Hetro-
dimer 

3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-3.29 Yes 

3’ end sequence 3’ end terminate with G or C Yes Yes Yes 
Cross homology Specifically binds to target of interest Yes Yes Yes 

Table adapted from DNAbiotec® (Pty) Ltd Essential qPCR™ Short Course notes (2019). Calculations were done using 
OligoAnalyzer available on https://eu.idtdna.com/calc/analyzer. 
 
Self-dimer: 
 
Forward: 

 
 
Reverse: 

 
 
Cross dimer: 
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PPAR𝛾 
 
Table C6. Primer analysis of PPAR𝜸 primer used in the study. 

Parameter Optimal criteria for primer design for SYBR Green 
assay 

Forward 
primer 

Reverse 
primer 

Accepted 

Primer length 18 – 25 bases 18 20 Yes 
PCR product size 100 – 150 bp 124 Yes 
Melting temperature 55°C - 60°C 

>5°C difference between forward and reverse 
primer 

50.9 50.1 No 

GC content 40% - 60% 50 40 Yes 
GC clamp More than 3 G’s or C’s should be avoided in the 

last 5 bases at the 3’end of the primer 
1 2 Yes 

Hairpin formation 3’ end hairpin > -2kcal.mol-1 
Internal hairpin > -3kcal.mol-1 

-0.63 0.25 Yes 

Internal annealing 
bases 

< 4 bases 4 3 Yes 

Self dimer 3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-4.64 -4.62 Yes 

Cross dimer/ Hetro-
dimer 

3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-4.64 Yes 

3’ end sequence 3’ end terminate with G or C No Yes No 
Cross homology Specifically binds to target of interest Yes Yes Yes 

Table adapted from DNAbiotec® (Pty) Ltd Essential qPCR™ Short Course notes (2019). Calculations were done using 
OligoAnalyzer available on https://eu.idtdna.com/calc/analyzer. 
 
Self-dimer: 
 
Forward: 

 
 
Reverse: 
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Cross dimer: 

 
 
FABP4 
 
Table C7. Primer analysis of FABP4 primer used in the study. 

Parameter Optimal criteria for primer design for SYBR Green 
assay 

Forward 
primer 

Reverse 
primer 

Accepted 

Primer length 18 – 25 bases 21 18 Yes 
PCR product size 100 – 150 bp 126 Yes 
Melting temperature 55°C - 60°C 

>5°C difference between forward and reverse 
primer 

49.4 53 No 

GC content 40% - 60% 33.3 50 No 
GC clamp More than 3 G’s or C’s should be avoided in the 

last 5 bases at the 3’end of the primer 
1 2 Yes 

Hairpin formation 3’ end hairpin > -2kcal.mol-1 
Internal hairpin > -3kcal.mol-1 

-15.8 -0.51 Yes 

Internal annealing 
bases 

< 4 bases 2 3 Yes 

Self dimer 3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-1.57 -6.01 Yes 

Cross dimer/ Hetro-
dimer 

3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-4.41 Yes 

3’ end sequence 3’ end terminate with G or C No No No 
Cross homology Specifically binds to target of interest Yes Yes Yes 

Table adapted from DNAbiotec® (Pty) Ltd Essential qPCR™ Short Course notes (2019). Calculations were done using 
OligoAnalyzer available on https://eu.idtdna.com/calc/analyzer. 
 
Self-dimer: 
 
Forward: 

 
 
Reverse: 
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Cross dimer: 

 
 

 
TBP 
 
Table C8. Primer analysis of TBP primer used in the study. 

Parameter Optimal criteria for primer design for SYBR Green 
assay 

Forward 
primer 

Reverse 
primer 

Accepted 

Primer length 18 – 25 bases 18 19 Yes 
PCR product size 100 – 150 bp 130 Yes 
Melting temperature 55°C - 60°C 

>5°C difference between forward and reverse 
primer 

49.8 50.2 No 

GC content 40% - 60% 44.4 47.4 Yes 
GC clamp More than 3 G’s or C’s should be avoided in the 

last 5 bases at the 3’end of the primer 
0 2 Yes 

Hairpin formation 3’ end hairpin > -2kcal.mol-1 
Internal hairpin > -3kcal.mol-1 

-0.46 0.3 
 

Yes 

Internal annealing 
bases 

< 4 bases 2 2 Yes 

Self dimer 3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-3.91 -1.95 Yes 

Cross dimer/ Hetro-
dimer 

3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-3.52 Yes 

3’ end sequence 3’ end terminate with G or C No Yes No 
Cross homology Specifically binds to target of interest Yes Yes Yes 

Table adapted from DNAbiotec® (Pty) Ltd Essential qPCR™ Short Course notes (2019). Calculations were done using 
OligoAnalyzer available on https://eu.idtdna.com/calc/analyzer. 
 
 
Self-dimer: 
 
Forward: 

 
 
Reverse: 
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Cross dimer: 
 

 
 

GUSB 
 
Table C9. Primer analysis of GUSB primer used in the study. 

Parameter Optimal criteria for primer design for SYBR Green 
assay 

Forward 
primer 

Reverse 
primer 

Accepted 

Primer length 18 – 25 bases 18 21 Yes 
PCR product size 100 – 150 bp 132 Yes 
Melting temperature 55°C - 60°C 

>5°C difference between forward and reverse 
primer 

51 50.5 No 

GC content 40% - 60% 50 42.9 Yes 
GC clamp More than 3 G’s or C’s should be avoided in the 

last 5 bases at the 3’end of the primer 
1 2 Yes 

Hairpin formation 3’ end hairpin > -2kcal.mol-1 
Internal hairpin > -3kcal.mol-1 

0.88 -0.05 
 

Yes 

Internal annealing 
bases 

< 4 bases 2 3 Yes 

Self dimer 3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-4.62 -3.61 Yes 

Cross dimer/ Hetro-
dimer 

3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-4.87 Yes 

3’ end sequence 3’ end terminate with G or C Yes Yes Yes 
Cross homology Specifically binds to target of interest Yes Yes Yes 

Table adapted from DNAbiotec® (Pty) Ltd Essential qPCR™ Short Course notes (2019). Calculations were done using 
OligoAnalyzer available on https://eu.idtdna.com/calc/analyzer. 
 
Self-dimer: 
 
Forward: 
 

 
 
Reverse: 
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Cross dimer: 
 

 
 

YWHAZ 
 
Table C10. Primer analysis of YWHAZ primer used in the study. 

Parameter Optimal criteria for primer design for SYBR Green 
assay 

Forward 
primer 

Reverse 
primer 

Accepted 

Primer length 18 – 25 bases 20 20 Yes 
PCR product size 100 – 150 bp  Yes 
Melting temperature 55°C - 60°C 

>5°C difference between forward and reverse 
primer 

50.2 50.1 No 

GC content 40% - 60% 40 40 Yes 
GC clamp More than 3 G’s or C’s should be avoided in the 

last 5 bases at the 3’end of the primer 
1 1 Yes 

Hairpin formation 3’ end hairpin > -2kcal.mol-1 
Internal hairpin > -3kcal.mol-1 

0.14 0.92 
 

Yes 

Internal annealing 
bases 

< 4 bases 2 3 Yes 

Self dimer 3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-4.85 -3.14 Yes 

Cross dimer/ Hetro-
dimer 

3’ end hairpin > -5kcal.mol-1 

Internal hairpin > -6kcal.mol-1 
-4.41 Yes 

3’ end sequence 3’ end terminate with G or C Yes Yes Yes 
Cross homology Specifically binds to target of interest Yes Yes Yes 

Table adapted from DNAbiotec® (Pty) Ltd Essential qPCR™ Short Course notes (2019). Calculations were done using 
OligoAnalyzer available on https://eu.idtdna.com/calc/analyzer. 
 
Self-dimer: 
 
Forward: 
 

 
 
Reverse: 
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Cross dimer: 
 

 
 

qPCR Oligonucleotides 
 
Primer sequences used in this study have been summarised in Chapter 5, section 5.2.11, 
Table 5.2.  
 
Location and identity of any locations 
 
There were no modifications. 
 
Manufacture of oligonucleotides 
 
Integrated DNA Technologies (IDT; Coralville, IA, USA) manufactured all oligonucleotides used 

in this study. 

 

RT-qPCR protocol 
 
The protocol used in this study is described in Chapter 5, section 5.2.11. 
 
Polymerase identity and concentration 
 
The LightCycler® 480 SYBR Green I Master Mix was used in this study. The polymerase in the 

master mix is FastStartÔ Taq DNA polymerase (Roche, Basel, Switzerland), and the 

concentration was not indicated.  

 
Buffer/kit identity and manufacturer 
 
The LightCycler® 480 SYBR Green I Master Mix (Roche, Basel, Switzerland; Catalogue number: 

04887352001) was used.  

 

Additives 
 
No additives were used. 
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Manufacture of plates/tubes and catalogue numbers 
 
LightCycler® 480 Multiwell Plate 96 white plates (Roche, Basel, Switzerland; Catalogue 17 

number: 04729692001) were used.  

 

Manufacturer of qPCR instrument 
 

The LightCycler® 480 II instrument was manufactured by Roche (Basel, Switzerland).  

 
qPCR Validation 
 
Specificity 
 
The specificity of the primer binding to their targets was tested through the generation of 
melt curves. Melt curves can be visualised in Figure F3. 
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Figure F3. Melt curves of primers used in the study. 
Melt curves were used to analyse the specificity of each primer binding to their binding target sites. 
 
No template controls 
 
No template controls were included on every plate for every target- and reference gene 
used in the study (Figure F4).  
 
 

 
Figure F4. Representative Amplification Curves for No Template Control. 
No template controls were included on every plate and were run in triplicate. 
 
If amplification was detected in more than two of the three technical repeats, the plate was 

repeated. 

 

Standard curves 
 
Standard curves were run for all genes in the study to determine the efficiency of each primer 

pair. The efficiency was then used to calculate relative gene expression. Figure F5 depicts the 

standard curves run in this study. Standards from standard curves was included on every plate 

and those standards had to fall on the standard curve graphs for the plate to be acceptable 

(Figure F6).  
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Figure F5. Standard curves for each target- and reference gene used in the study. 

Standard curves were run to determine the efficiency of each primer pair which was then used to calculate the relative gene 

expression. 
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Figure F6. Representative images of standards run on experimental plates plotted on original standard curves. 

Standards from standard curve experiments were run on each experimental plated to show that the conditions are 

comparable. 

 

Evidence for limit of detection 
 
Limit of detection was not performed. 
 
If multiplex, efficiency and LOD for each assay 
 
Multiplexing was not performed. 
 
Data Analysis 
 
qPCR analysis program 
 
The LightCycler® Software (Version 1.5.1; Roche, Basel, Switzerland) was used to analyse data.  
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Quantitation cycle (Cq) method determination 
 
The second derivative maximum method was used to determine the Cq-values (LightCycler® 

Software and algorithms).  

 

Outlier identification and disposition 
 
No outliers identified. 
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Results of No Template Control (NTCs) 
 

The Cq-values for the NTCs were ND (Not-detected). If at least two technical replicates amplified, the plate was re-run.  

Justification of number and choice of reference genes 

Three reference genes were used in this study: TBP, GUSB and YWHAZ. Reference genes were analysed in representative samples to determine 

if their expression was up or downregulated (Table F11). There was a slight up-regulation of reference genes in Day 21 samples and thus 

reference genes were ran at two time points (Day 7 and day 21, and the average Ct values were used for downstream analysis) 

Table F11. Summary of Mean Cp for the 3 reference genes across multiple time points indicating suitability of reference genes 
 

 

 
    

 
  TBP (A) GUSB (B) YWAZ (C)       

Sample number Sample name Condition Day NI MeanCp STD Cp MeanCp STD Cp MeanCp STD Cp ∆Ct (A vs. B) ∆Ct (A vs. C) ∆Ct (B vs. C) 

1 A150221-01A  FBS 0   25.7301935 0.13321461 22.9911711 0.03694415 19.5133999 0.04046452 2.73902246 6.21679362 3.47777116 

8 A311019-02T FBS 7 NI 26.1618342 0.20496412 22.7886815 0.14940181 20.6394519 0.8334067 3.37315264 5.5223823 2.14922966 

9 A311019-02T FBS 7 I 24.7524797 0.52026347 21.2989017 0.28546395 19.5298356 0.87795414 3.45357796 5.22264403 1.76906606 

14 A311019-02T FBS 14 NI 25.5428227 0.08383871 22.4163528 0.15774879 19.8025726 0.04947389 3.12646985 5.74025007 2.61378023 

15 A311019-02T FBS 14 I 25.2457346 0.5989449 22.5129817 0.0804652 19.1407104 0.41671256 2.73275289 6.10502411 3.37227122 

16 A150221-01A  FBS 21 NI 25.4762427 0.25043689 23.6214432 0.06633348 19.2677901 0.35056378 1.85479948 6.20845255 4.35365307 

17 A150221-01A  FBS 21 I 24.647768 0.26050731 22.7503425 0.13683559 19.0669968 0.11305974 1.89742553 5.5807712 3.68334568 

66 A280621-01R pHPL 0   24.9433464 0.7625542 21.8093377 0.06557392 18.6159384 0.18297832 3.13400869 6.32740795 3.19339927 

67 A311019-01A pHPL 7 NI 27.3693712 0.70211425 25.7907888 0.06182261 22.0165805 0.67089676 1.57858245 5.35279074 3.77420828 

72 A280621-01R pHPL 7 I 24.6398627 0.36116926 22.5519129 0.14659278 19.6811131 0.41730581 2.08794976 4.9587496 2.87079985 

77 A280621-01R pHPL 14 NI 25.7202892 0.2364826 22.2404961 0.27713398 20.3478067 0.33956075 3.47979305 5.3724825 1.89268945 
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78 A280621-01R pHPL 14 I 28.2892619 0.47598923 24.5349091 0.02187088 22.2080893 0.83146506 3.75435286 6.08117258 2.32681971 

83 A280621-01R pHPL 21 NI 25.8679535 0.59156378 22.0761217 0.03985987 20.0914738 0.31824935 3.79183179 5.7764797 1.98464791 

84 A280621-01R pHPL 21 I 29.2341469 0.8339322 26.5818049 0.26923433 24.4489757 0.23185172 2.65234205 4.78517121 2.13282917 

22 A280621-01R PRP1 0   25.0646633 0.58924321 22.3978087 0.10779837 20.9716363 0.86081448  2.66685465 4.093027 1.42617234 

25 A280621-01R PRP1 7 NI 24.925458 0.25081028 21.990602 0.07668699 19.7252812 0.09146504 2.934856 5.20017683 2.26532083 

26 A280621-01R PRP1 7 I 25.0183464 0.2206534 23.9150775 0.08871236 19.7149191 0.54995028 1.10326889 5.30342726 4.20015836 

33 A311019-01A PRP1 14 NI 25.652697 0.28837344 22.5954613 0.1497299 19.9319249 0.28025968 3.05723564 5.72077209 2.66353646 

34 A311019-01A PRP1 14 I 31.8194397 0.93762176 27.5801104 0.03933793 25.0572069 0.81758299 4.23932923 6.76223271 2.52290347 

39 A311019-01A PRP1 21 NI 25.1595763 0.04432224 22.5512237 0.09980989 19.9637209 0.09027012 2.60835251 5.19585537 2.58750286 

38 A280621-01R PRP1 21 I 29.9914351 0.25787105 28.0957536 0.21261168 24.6209301 0.20812838 1.89568147 5.37050503 3.47482356 

43 A280621-01R PRP2 0   25.1896418 0.07030338 22.5794604 0.03036281 18.9461375 0.44245394 2.6101814 6.24350429 3.63332289 

47 A280621-01R PRP2 7 I 25.7855549 0.39615927 25.8738085 0.0527923 23.3976151 0.39607713 0.08825361 2.38793983 2.47619343 

48 A311019-01A PRP2 7 NI 24.5323074 0.81176826 22.0515089 0.09615275 21.4468802 1.70360059 2.48079852 3.08542719 0.60462868 

52 A280621-01R PRP2 14 NI 25.0296279 0.80968614 21.4302131 0.18175516 19.2450481 0.65114304 3.59941483 5.78457985 2.18516502 

57 A311019-02T PRP2 14 I 24.3529326 0.36207756 22.2966009 0.16768589 19.574852 0.13960382 2.05633173 4.77808057 2.72174885 

58 A280621-01R PRP2 21 NI 24.7573118 0.16964675 21.0730821 0.16583025 20.9221226 0.22556542 3.68422969 3.83518914 0.15095945 

59 A280621-01R PRP2 21 I 29.8169388 1.60456121 26.8032073 0.07515569 24.1829408 0.06210276 3.01373149 5.633998 2.62026651 

85 A280621-01R PRP3 0   28.4344303 0.2018182 24.7347779 0.003018 22.095978 0.36642374 3.69965236 6.3384523 2.63879994 

90 A311019-01A PRP3 7 NI 27.7735829 0.61430609 24.2482344 0.05801526 22.4569116 0.39787163 3.52534849 5.31667128 1.79132278 

89 A280621-01R PRP3 7 I 26.0785008 0.16268396 24.0131933 0.16092657 21.6378247 0.85908451 2.06530754 4.44067611 2.37536857 

94 A280621-01R PRP3 14 NI 29.8370575 4.45850831 32.8353864 0.18317373 28.8765006 0.55283858 2.99832887 0.96055685 3.95888572 

99 A311019-02T PRP3 14 I 26.6371015 0.14023516 23.0765297 0.07634653 22.6938426 0.2068151 3.56057183 3.94325889 0.38268706 

100 A280621-01R PRP3 21 NI 26.3938383 0.46115834 22.2266667 0.06506407 20.8610107 0.0530632 4.16717168 5.53282769 1.36565601 

101 A280621-01R PRP3 21 I 35.3203699 2.07358424 27.8995102 0.04315052 29.3891953 2.10454755 7.42085969 5.93117459 1.4896851 

          Mean 2.94662347 5.17454014 2.48941767 

          SD 1.18132357 1.19004992 1.01978418 
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Normalization method 
 
Samples were first normalized to day 0 samples and then the induced samples were 

normalised to non-induced samples using the comparative CT method (Chapter 5, Section 

5.2.11).  

 

Number of biological repeats 
 
Three ASC biological replicates were investigated.  For PRP samples, three donors were also 

investigated against three ASC biological replicates. 

 

Number and stage (RT or qPCR) of technical repeats 
 
Three technical repeats were included on the qPCR plate using cDNA form the same sample.  
 
Repeatability (Intra assay variability) 
 
A SD of ≤ 1 between the technical replicates was considered repeatable.  
 
Statistics 
 
Please see Chapter 5, section 5.2.12. 
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