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Executive summary 

The use of human adipose derived stem/stromal cells (hASCs) in a therapeutic setting 

is has increased research in the field with various clinical trials currently being 

conducted (1). However, the use of foetal bovine serum (FBS) as a standard hASC 

culture media supplement poses challenges towards a good manufacturing practices 

(GMP) compliant therapeutic hASC product. Human blood component alternatives to 

FBS for cell culture serum supplementation were investigated for compliance to good 

manufacturing practices (GMP) when considering hASCs for therapeutic use. 

A head-to-head comparison of five human alternatives to FBS for hASC culture 

medium supplementation was completed. hASCs were expanded in five human 

alternatives and FBS, and the morphology, proliferation, viability, and retention of 

adipogenic potential of ASCs were investigated and compared. All human alternatives 

resulted in faster proliferation compared to FBS. Pooled human platelet lysate (pHPL) 

and platelet-rich-plasma (PRP) were identified as the best alternatives for hASC 

expansion in vitro as they resulted in faster hASC proliferation than human serum (HS), 

fresh-frozen plasma (FFP), platelet-poor plasma (PPP), and FBS. 

hASCs were able to differentiate into adipocytes in pHPL and PRP (the two human 

alternatives resulting in the fastest proliferation) and FBS. The study results lead to a 

conclusion that it is possible to use human alternatives to FBS for in vitro hASC 

expansion as the first step towards producing a GMP compliant hASC product for use 

in regenerative medicine and cellular therapy approaches.  

 

Keywords: adipose-derived stromal/stem cells; good manufacturing practices, foetal 

bovine serum; platelet-rich plasma, platelet-poor plasma, platelet lysate, human serum  
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Chapter 1:  Introduction 
This chapter, Chapter 1, is the introductory chapter to this dissertation that reports on 

a study investigating which of five human alternatives produced from various 

components of whole blood is a suitable replacement to foetal bovine serum (FBS) for 

in vitro culture of human adipose derived stromal/stem cells (hASCs).  

Cellular therapy and regenerative medicine have increased interest in using stem cells 

for treatments across various fields such as bone and cartilage repair, ischaemic 

diseases, transplantation, and cancer treatments (2–6). The unique regenerative 

capacity of stem cells has been investigated for use in cell-based treatments in 

transplantation and tissue engineering. Several clinical trials with promising results are 

currently underway (1,2,7–9).  

Mesenchymal stromal/stem cells (MSCs) are present in adult tissues, including bone 

marrow, adipose tissue, umbilical cord blood, and dental pulp. Their widespread 

availability makes them attractive for regenerative medicine (10–14). One of the major 

types of MSCs currently being investigated is adipose-derived stromal/stem cells 

(ASCs). ASCs can be obtained by minimally invasive means and are isolated from 

routinely discarded adipose tissue where they are present in abundance (12,14,15). 

ASCs have been found to differentiate reproducibly into a variety of cell types in vitro. 

Additionally, they are good candidates for autologous and allogeneic therapeutic use 

as they can differentiate into multiple cell types (are multipotent), will not elicit an 

inflammatory or immune response in the host after transplant (are immunoprivileged), 

and can alter the immune response through various means as discussed in section 2.2 

(immunomodulatory) (16,17).  

Some concerns remain before ASC-based therapy can be considered for routine 

treatment. Traditionally, ASCs are expanded and differentiated in a medium containing 

FBS (18–20). Before ex vivo expanded and differentiated cells can be considered for 

therapeutic products, a crucial requirement is their adherence to good manufacturing 

practice (GMP) guidelines (21–25). The presence of xenogeneic substances like FBS 

in ASC culture media poses several challenges in terms of their safety as a cell product 

due to possibly eliciting an immune response to the foreign antigens of bovine origin 

(xeno-immunisation), batch to batch variation, and potential contamination with prions, 
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mycoplasma, or viruses (19,26–28). Various alternatives of human and chemical origin 

have been investigated. Still, little consensus has been reached as to which is the 

superior FBS replacement. hASCs expanded in vitro in media containing human 

alternatives have been found to have a better morphology and proliferate faster while 

retaining their immunophenotype compared to FBS (28,29,38–41,30–37). According 

to the author's knowledge, current studies have mainly focused on one or two 

alternatives to FBS, with no studies comparing all the human alternatives used in this 

study side-by-side. To determine a suitable replacement for FBS from human blood 

products, ASCs expanded in the different human alternatives must adhere to 

previously published guidelines by Bourin et al. (2013), namely: 1) adherence to 

plastic; 2) expression of a specific cell surface immunophenotype; 3) retention of 

trilineage differentiation ability. 

This study investigated which of five human alternatives produced from various 

components of whole blood is a suitable replacement to FBS while adhering to the 

published guidelines. The study had four objectives. The first was to obtain and 

perform quality control measurements on five blood products chosen as human 

alternatives to FBS, namely pooled human platelet lysate (pHPL), human serum (HS), 

fresh frozen plasma (FFP), platelet-poor plasma (PPP), and platelet-rich plasma (PRP)). 

The second objective was to use cryopreserved hASCs to investigate the proliferation 

and morphology of the hASCs expanded and maintained in human alternatives 

compared to FBS. The third objective was to investigate cell number, 

immunophenotype, cell cycle, and viability of hASCs expanded and maintained in the 

human alternatives compared to FBS using flow cytometry. The last objective was to 

investigate the retention of adipogenic differentiation potential of hASCs expanded and 

maintained in human alternatives and FBS. 

A study to ensure GMP compliance of a therapeutic cell product is complex and vast. 

Inherent variability is a natural consequence when using biological products, such as 

primary cells and blood product donations. Therefore, the scope of this study was 

limited to comparing the human alternatives to FBS. Furthermore, due to time limitation 

the investigation of ASC differentiation potential was limited to the retention of 

adipogenic potential as a characteristic of ASC adherence to published guidelines. 
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The remainder of this document is structured as follows: Chapter 2 is the literature 

review, Chapter 3 presents an overview of the experimental procedures used 

throughout this study. The production of the human alternatives and results from 

quality control measurements (the first objective) are described in Chapter 4. 

Chapter 5 focuses on the proliferation and morphology of ASCs in human alternatives 

compared to FBS (the second objective). The third objective investigated hASC cell 

counts, immunophenotype, cell cycle, and cell viability in the different culture media, 

discussed in the main flow cytometry study in Chapter 6. The last objective, retention 

of adipogenic differentiation potential of hASCs in the various media, is investigated in 

Chapter 7. Lastly, the future perspectives and concluding remarks from this study are 

discussed in Chapter 8. 
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Chapter 2:  Literature review 

2.1 Stem cells, regenerative medicine, and cell-based 

therapy 

Stem cells are defined as a clonal population of self-renewing, multipotent cells able 

to generate more than one cell type (13). Clonal expansion refers to the ability of cells 

to grow in number during culture from a single self-renewing cell. Self-renewal is a 

functional characteristic of stem cells that refers to their ability to produce two daughter 

cells identical to the mother cell seemingly indefinitely without undergoing cell cycle 

arrest or entering senescence (13). Potency refers to the potential of stem cells to 

produce a variety of differentiated cell lineages from a progenitor cell type. Stem cells 

may produce multiple differentiated cell types (multipotency or pluripotency) or give 

rise to a single cell type (unipotency) (13).  

Stem cells are present throughout human development and can be isolated from 

tissues at the earliest stages of embryogenesis through to adulthood. During 

embryonic development, three cell layers (inner endoderm, middle mesoderm, and 

outer ectoderm) form the germ layer from which all adult tissue cells develop (13). The 

endoderm develops into tissues in the gut and internal organs such as the lungs, liver, 

and pancreas. Bone marrow, blood, and muscle, among others, develop from the 

mesoderm with the ectoderm giving rise to nervous tissue and skin (13). Embryonic 

stem cells (ESCs) are pluripotent as they are isolated from the inner cell mass at the 

blastocyst or morula stage during embryogenesis (13,42,43) and contribute to the 

development of all somatic lineages (13). Ethical concerns surrounding the point 

where life begins limit the utility of ESCs and research using these cells is not permitted 

in many countries, including South Africa (44). Stem cells isolated from fully developed 

tissues are considered adult stem cells. Adult stem cells can be pluripotent, multipotent, 

or unipotent and function in the daily rejuvenation of tissues through in situ 

differentiation (13). This includes haematopoietic stem cells found in the bone marrow 

that form all blood and immune cells in the body, mesenchymal stem/stromal cells that 

form multiple cell lineages including bone, cartilage, and fat, and various types of 

tissue-specific progenitors such as muscle satellite cells (12,13,16). Haematopoietic 
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stem cells and mesenchymal stem/stromal cells for research purposes are abundant 

in medical waste products such as umbilical cord and cord blood, lipoaspirate and 

solid fat tissue, and dental pulp (12,13). Towards a sustainable, ethically 

uncontroversial therapeutic product, researchers have found a way to create 

pluripotent stem cells (PSCs) (called induced pluripotent stem cells (iPSCs)) from 

terminally differentiated cells through the transduction of these cells using four 

transcription factors associated with pluripotency (45). 

2.1.1  Regenerative medicine and cell-based therapy 

Regenerative medicine may include multiple treatments ranging from surgery and 

surgical implants to cell- or gene-based therapies and organ transplants (46). The 

uncertainty regarding what regenerative medicine entails may be clarified by the 

definition of Mason & Dunnill (2008). These authors defined regenerative medicine as 

follows: “Regenerative medicine replaces or regenerates human cells, tissue or organs, 

restoring or establishing normal function”. This definition therefore includes the use of 

gene therapies, tissue engineering and new tissue generation, small molecule drugs 

(47), and stem cells in cell-based therapies and tissue regenerating treatments (46,47).  

Cell therapy uses cells as medicine to treat certain conditions. Similarly, gene therapy 

comprises genetic supplementation or correction through gene-delivery mechanisms, 

such as viral vectors (47). Cell and gene therapy may also be combined to obtain a 

specified treatment. Instead of delivering the gene product directly to patient cells in 

vivo, the gene product is delivered into patient cells ex vivo, where extracted cells are 

modified and expanded in vitro prior to transplantation. An example of this scenario 

would be the use of iPSCs where readily available somatic cells are reverted to the 

pluripotent stem cell state (2,45). In all these scenarios, cells and genes are used as 

medicine instead of conventional drugs. Most cell therapies currently involve the 

isolation and transplantation of cells after a period of in vitro expansion. Implantation 

of whole tissues or organs obtained from tissue engineering that contain donor cells 

may also be considered a form of cell therapy (47). It is important to note that cell and 

gene therapies are currently not standard forms of treatment but are mainly 

experimental in nature, except for chimeric antigen receptor (CAR) T-cell therapy (47).  
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CAR T-cell treatment of cancer, specifically CD19+ B-cell malignancies, is currently the 

best example of a combination of cell- and gene therapy (Figure 2.1). In short, it 

requires the collection of patient T-cells (autologous T-cells) through leukapheresis. 

The obtained white blood cell product is enriched for T lymphocytes by removing 

myeloid cells, red blood cells, natural killer cells, and malignant cancer cells (7). 

Transgenes that encode a synthetic receptor targeting surface antigens on malignant 

cells are delivered to the T-lymphocytes via transduction of a viral vector. These steps 

are followed while patients undergo conditional chemotherapy. Before transplantation, 

ex vivo expansion of the engineered T-cells takes place to obtain clinically relevant cell 

numbers. This strategy allows the reprogramming of one’s own T-lymphocytes to 

express the CAR targeting surface markers on malignant cells leading to destruction 

of the malignant cells by T-lymphocytes  (7,8).  
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Figure 2.1: CAR T-cell production. 

Description of CAR T-cell production where patient T-lymphocytes are harvested, genetically modified 

to target malignant cells, and expanded ex vivo before transplantation. (used and adapted with 

permission from Lipowska-Bhalla, Gilham, Hawkins, & Rothwell, 2012) 

 

Apart from cell therapy to treat cancer, interest in the use of cell therapy for bone and 

cartilage repair (3,4), treatment of ischaemic diseases (48), soft tissue growth (49), 

wound healing (50,51) and immune disorders (52–54) is increasing globally. A 

combination of cell and gene therapies has been used to treat disease but many 

challenges still remain (2). Junctional epidermolysis bulbosa, a hereditary disease of 

the skin that causes blistering due to gene mutations affecting the extracellular matrix 

of skin cells, has been treated with a combination of cell and gene therapy (2,55). The 

authors obtained autologous epidermal keratinocyte stem cells from the epithelia 

present in the affected patient’s skin from a biopsy specimen that did not present with 
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blistering. The cells present in this specimen were genetically engineered to express 

normal laminin. A normal skin graft was produced (termed holoclones) and 

transplanted, obtaining an 80% generation of healthy skin in the patient (2,47,55).  

Similarly, cell therapy has been used to treat cardiac muscle loss after an event such 

as a myocardial infarction. Human ES cell-derived cardiac progenitor cells have been 

shown to engraft and re-muscularise the myocardium after being injected into rodents 

shortly after an infarct (2,56). A concern when using ESCs is that the cells from the 

inner mass of a blastocyst can differentiate into all cell types in the body (ESCs are 

nascent) and as such, could form tumours containing various types of tissues (termed 

teratomas) when used as a treatment in cell therapy. Furthermore, the allogeneic 

nature of these cells may pose a risk for an immunological response (47), aside from 

the ethical concerns raised earlier (44).  

Additional to cardiac muscle, treating skeletal muscle disorders such as Duchenne’s 

muscular dystrophy with a combination of cell and gene therapy has been investigated. 

Autologous myogenic precursor cells (myoblasts) have been used in the treatment of 

Duchenne’s. Still, treatment efficiency was low due to their inability to replenish the 

muscle stem cell reservoir and poor engraftment. Subsequently, cell therapy using 

human adult muscle stem cells (MuSCs, also known as muscle satellite cells) has been 

attempted. MuSCs are challenging to expand in culture due to a loss of stem cell 

potential and are in short supply, limiting  this therapy’s clinical potential (2,57–59).  

PSCs have been used in vitro and in murine models to generate a variety of blood cells. 

PSCs may be differentiated into megakaryocytes for platelet supply, haematopoietic 

stem cells to produce any leukocyte lineage or even T-cells for CAR T-cell therapy 

(60–64). These approaches enable enhanced safety and predictability of blood supply, 

the possibility of ready to use products when patients require bone marrow transplants 

or treatment for cancer, as well as treatment for sickle-cell anaemia and life-

threatening haemorrhaging (2).  

iPSCs may contribute towards basic research regarding certain diseases because 

iPSCs may be produced from a patient’s cells containing the disease-causing mutation. 

The effects of the mutation and the potential gene therapy approaches can be 

investigated in vitro. iPSCs are especially advantageous in diseases of a neurological 
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nature, as it is challenging to obtain biopsies from patients for in vitro studies (65). In 

treating these types of conditions, gene therapy may be used to rectify the genetic 

defect before transplantation back into the patient (47). These cells will be an 

autologous treatment which reduces potential immune rejection present in ESC or 

allogeneic cell therapy; however, there are still concerns regarding the possible 

generation of tumours when using iPSCs (47).  

The wide range of diseases that may potentially be treated using stem cell and cell-

based therapies has increased expectations regarding cell replacement and 

regenerative medicine. Research in the fundamental biology of stem cells and their 

mechanisms of differentiation has subsequently been promoted (2,66). This growing 

knowledge and the continually increasing use of stem cells in clinical applications 

mean that issues of safety, efficacy, reproducibility, and quality are at the forefront of 

research in this field (67). Stem cell culture and isolation procedures, legislation, and 

terminology must be standardised globally to ensure GMP and clarity when stem cells 

are considered for use in patients (15,51,68,69).  
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2.2 Mesenchymal stromal/stem cells 

 MSCs are heterogeneous adult stem/stromal cells found in several adult tissues (70). 

There is some confusion regarding their nomenclature. The International Society for 

Cellular Therapy (ISCT) has proposed that cells isolated from mesenchymal tissue with 

the ability to adhere to plastic be called “mesenchymal stromal cells”. The term 

“mesenchymal stem cells” is proposed for plastic adherent, self-renewing, and 

multipotent cells (16). MSCs have conventionally been isolated from bone marrow and 

were described as non-phagocytic fibroblast cells able to form adherent colonies in 

culture (70,71). It has since become apparent that MSCs are present in various tissues, 

including adipose tissue, umbilical cord, dental pulp, and Wharton’s jelly (10,15,70). In 

a joint statement, the ISCT and International Federation for Adipose Therapeutics and 

Science (IFATS) recommended that MSCs isolated from adipose tissue be termed 

adipose-derived stromal cells (abbreviated ASCs) while MSCs isolated from bone 

marrow remain MSCs (17). The procedure used to isolate MSCs from adult bone 

marrow is invasive and yields low stem cell counts compared to ASCs extracted from 

adipose tissue (16,69). ASCs can be obtained in high numbers from lipoaspirate with 

minor donor site morbidity and thus are an excellent alternative source of MSCs to 

bone marrow-derived MSCs (69). MSCs lack a unique identifying stem cell marker but 

can be identified by an expressed surface phenotype as proposed by the ISCT and 

IFATS, described in detail in 2.3.2.1 below (13,16,17,70).  

Besides the stem cell characteristics, MSCs have various immunomodulatory 

properties resulting from secreted factors and cell-to-cell interactions, increasing their 

attraction for cell therapy (13,69,70,72). MSCs reduce the mobilisation of neutrophils, 

macrophages, and dendritic cells to damaged tissue (70,72). MSCs also play a role in 

inhibiting neutrophil apoptosis, reduce endothelial tissue binding, and stimulate 

neutrophil cytokine secretion (70). The immunomodulatory effects of MSCs on mast 

cells involve limiting degranulation and reducing chemotaxis (70,72). MSCs also 

modulate lymphocytes as they inhibit lymphocyte proliferation, reduce pro-

inflammatory cytokine release from lymphocytes, and promote the release of anti-

inflammatory cytokines (72). Natural killer cell activation is inhibited along with a 
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decrease in their cytotoxic ability by MSCs, among other described 

immunomodulatory effects (72).  

Furthermore, MSCs play a role in tissue regeneration by migration to the site of injury 

or inflammation (6,73), cell-to-cell contact, and secretion of trophic factors to create a 

reparative milieu. In cooperation with immunomodulation, MSCs promote tissue repair 

by promoting angiogenesis, having an antiapoptotic effect, reducing fibrosis at the site 

of tissue repair, and promoting proliferation (70,72,74–76). Initially, regeneration of 

damaged tissue by transplanted MSCs was thought to be dependent on engraftment 

at the injury site. Further research revealed tissue regeneration without engraftment, 

which is postulated to result from MSCs’ ability to create a microenvironment 

promoting self-regeneration in damaged tissues (70,72). 

The characteristics of MSCs outlined above make their use in regenerative medicine 

attractive. More than 1200 clinical trials in multiple stages are currently registered 

worldwide on clinicaltrials.gov (1), for treatments ranging from diabetic nephropathy 

to knee osteoarthritis and respiratory distress syndrome. 
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2.3 Adipose-derived stromal/stem cells 

ASCs can be isolated from adipose tissue or lipoaspirate routinely discarded as 

medical waste after surgical procedures such as lipoplasty and abdominoplasty. 

Enzymatic digestion, by collagenase, dispase, trypsin, or similar enzymes, of minced 

adipose tissue releases the stromal vascular fraction (SVF) from the extracellular 

matrix, which contains 15-30% adipose-derived stromal cells (17). The SVF is 

heterogeneous containing various cell types including ASCs, endothelial cells, 

lymphocytes, fibroblasts, and pericytes, among others (17). Seeding the SVF in culture 

medium allows for the enrichment of ASCs in the heterogeneous cell mixture through 

plastic adherence. The resulting adherent ASC population in vitro in cell culture is by 

no means homogenous but is less heterogeneous than SVF, and can differentiate into 

osteoblasts, chondrocytes, myocytes, and adipocytes (17). 

In vitro cell culture requires that the culture medium contain the necessary nutritional 

components needed for cell growth including amino acids, monosaccharides, vitamins, 

inorganic ions and trace elements (26). Basal culture media such as Dulbecco’s 

Modified Eagle Medium (DMEM) contain inorganic salts, amino acids and vitamins (77). 

A basal medium such as DMEM is supplemented with serum produced from plasma. 

Serum is added to medium to provide essential nutrients such as amino acids, vitamins, 

salt, and nucleic acid derivatives. Serum also contains components promoting 

adherence such as fibronectin and laminin that allow cells to adhere to culture vessels 

and expand using the extracellular matrix. The production of serum from plasma 

means that serum contains various hormones and growth factors such as insulin and 

fibroblast growth factor that allow cell proliferation. The composition of serum and its 

addition to culture medium maintains a physiological balance for cell growth in vitro 

(26,78). Natural medium is usually derived from animal tissue, with animal-derived 

serum being the most widely used addition for tissue culture. The current standard 

serum used in in vitro tissue culture is bovine serum (26). 
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2.3.1  Proliferation, cell cycle, cell death  

Cell proliferation is the increase in cell number observed after a period in culture, 

whereas cell growth is related to the changes in size, shape and internal complexity of 

cells. Cell proliferation, growth, and death are intricately linked by progression through 

the cell cycle (78–81), which can be affected by the external environment, such as 

culture medium, and medium additions like serum or other factors (78).  

The progression of cells through the cell cycle, resulting proliferation, and potential 

cell death are important factors to consider when assessing the safety and quality of 

cells intended for therapeutic use. Faster proliferation in culture is desired to reduce 

the time needed for in vitro expansion, but uncontrolled proliferation or cell death may 

indicate that cells fail to complete essential cell cycle processes or that the internal or 

external environment is unfavourable.  

The cell cycle consists of four phases (summarised in Figure 2.2) governed by a series 

of restriction points or “checkpoints” which determine whether the cell can move to 

the next phase. The increase in cell number (progenitor cells) observed during 

proliferation results from the M phase during the cell cycle. The M phase consists of 

two significant events, nuclear division (mitosis) and cytoplasmic division (cytokinesis). 

Mitosis consists of prophase, metaphase, anaphase, and telophase, during which 

chromosomes segregate and the nucleus divides into two daughter nuclei. The 

cytoplasm divides in two during cytokinesis which usually happens at the same time 

as telophase, resulting in two genetically identical daughter cells (80). Following the M 

phase, the cell enters the first gap (G1) phase (80). The checkpoint near the end of the 

G1 phase is crucial as this allows the cell to enter the senescence or G0 (resting) phase 

due to unfavourable external conditions or other cell signals. Senescence refers to cell 

cycle arrest due to aging as opposed to quiescence that refers to cell cycle arrest due 

to unfavourable external conditions such as insufficient growth factors or nutrition (82). 

Cells can remain in G0 for an extended time before resuming proliferation and 

progressing through the cell cycle. The two gap phases (G1 and G2) are more than just 

delays in the cell cycle. This allows the cell to grow in size, accumulate mass, and 

monitor its internal and external environment ensuring optimal conditions for 

proliferation (80). If the G1 checkpoint is passed, cells commit to proliferation and enter 
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the S (synthesis) phase, where the genome is replicated. The duplicated DNA integrity 

is assessed at another checkpoint, after which the cell progresses to the second gap 

(G2) phase before entering the M phase again. The G1, S, and G2 phases together make 

up interphase. Interphase and the M phase together complete the cell cycle.  

 

Figure 2.2: Cell cycle summary 

The four phases of the cell cycle, M, G1, S, and G2. The decision for a cell to continue with proliferation 

or remain senescent (G0) occurs at the restriction point near the end of G1. DNA is replicated during the 

S phase before entering the last growth phase (G2) and continuing to nuclear and cytoplasmic division 

in the M phase. Figure made by candidate. 

 

Progression through the cell cycle is a tightly regulated process. The restriction point 

is the checkpoint where the cell commits to proliferation independent of environmental 

signals. Other critical checkpoints are DNA structure checkpoints, where cell cycle 

arrest occurs due to incomplete DNA replication or insufficient DNA integrity (83). 

Table 2.1 summarises each phase and its respective features.  
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Table 2.1: Cell cycle phases and features summary. 

State Phase Description 

Senescent 

or resting 

Gap 0 

(G0) 

The cell has exited the cell cycle and has stopped 

growth and proliferation. Terminally differentiated or 

undifferentiated cells can stay senescent for extended 

periods. 

Interphase 

Gap 1 

(G1) 

Cell mass, volume, and size increase (growth) during the 

growth phase. The cell prepares for DNA replication. 

The DNA content is 2N. The G1 checkpoint ensures that 

the cell is ready for the S phase. After the restriction 

checkpoint is passed, the cell commits to the cell cycle. 

Synthesis 

(S) 

The genome is duplicated during DNA replication; 

histones are produced. The DNA content is variable; 

between 2N-4N 

Gap 2 

(G2) 

Cell growth occurs along with microtubule and cell 

content production in preparation for cell division. The 

G2 checkpoint ensures the cell is ready to enter the M 

phase. DNA content is 4N.   

Cell division 
Mitosis 

(M) 

Growth is arrested, sister chromatids (4N) are separated 

(prophase, metaphase, anaphase) followed by nuclear 

(telophase/karyokinesis) and cytoplasmic (cytokinesis) 

division resulting in two identical daughter cells (2N).  

Compiled from Alberts et al., 2017; Alenzi, 2004; Bertoli et al., 2013; Björklund, 2019. 

 

Any disruption of the orderly progression through the cell cycle may activate cell death 

signalling pathways. Uncontrolled proliferation or overproduction of progenitor cells is 

usually associated with high levels of cell death (81). Various pathways leading to cell 

death have been identified that may be initiated by pre-programming or in response 

to environmental factors, namely, apoptosis, autophagy, oncosis, necrosis, and 

pyroptosis, to name a few (84–87). For this study, focus will be on apoptosis and 

necrosis, since it may occur as a result of environmental changes, as is taking place 
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when serum additions in culture media are changed and protocols to study these 

pathways are well defined (summarised in Table 2.2). 

Table 2.2: Summary of apoptosis and necrosis features 

 Apoptosis Necrosis 

Process Physiological, active Pathological, passive 

Morphology 

Chromatin aggregation. 

Cytoplasmic condensation. 

Cell membrane blebbing. 

The disintegration of 

chromosomal DNA. 

Nucleus and cytoplasm 

fragmentation. 

Formation of apoptotic bodies.  

Chromatin clumping. 

Cellular and organelle swelling. 

Increased membrane 

permeability with eventual 

cell membrane rupture. 

 

Inflammatory 

response 
No inflammatory response. 

Upregulation and release of pro-

inflammatory factors. 

Energy 

consumption 
Uses ATP. Energy independent. 

Mechanism 

Genetic caspase system; 

activation of initiator caspases 

that activate effector caspases. 

Extracellular ion entry due to loss 

of cell membrane integrity 

Lysosomal membrane disruption 

Causes 

Stress response signals 

activating the intrinsic pathway. 

External ligands binding to cell-

surface death receptors 

activating the extrinsic 

pathway. 

Noxious stimuli from outside the 

cell: hypoxia, pH imbalance, 

radiation, heat, chemicals etc. 

Compiled from Alberts et al., 2017; D’Arcy, 2019; Fink & Cookson, 2005; Kerr et al., 1972; Khalid & Azimpouran, 

2021; Wyllie et al., 1980. 
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2.3.2  ASC in vitro characterisation 

The in vitro characteristics of ASCs currently lack consensus, with most research 

focusing on the broad minimal criteria described in communications by the ISCT and 

IFATS (16,17).  

2.3.2.1  ISCT and IFATS guidelines 

The defining criteria published for ASCs by the ISCT and IFATS in a joint position 

statement (16,17) are the following:  

• adherence to plastic  

• a specific surface antigen expression profile (immunophenotype) 

• trilineage differentiation potential  

Besides plastic adherence and trilineage differentiation potential (ability to differentiate 

osteoblasts, adipocytes, and chondroblasts in vitro), ASC immunophenotype 

requirements have been further defined. Bourin and colleagues suggested the 

following specific surface antigen expression profile for further identifying ASCs in 

culture:  

• ≥ 80% CD13, 29, 44, 73, 90, and 105 expression;  

• ≤ 2% expression of CD31, 45, and 235a;  

• Low expression of CD3, 10, 11b, 26, 34, 36, 49d, 49e, 49f, 106, and PODXL.  
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2.3.3  Adipogenesis 

2.3.3.1  Adipose tissue and adipocytes 

Adipose tissue consists of various cell types, including immune cells, pericytes, 

endothelial cells, blood cells, fibroblasts, and most abundantly, adipocytes and 

adipocyte precursors, surrounded by connective tissue (17,89). Adipose tissue, which 

can be classified into white adipose tissue (WAT), brown adipose tissue (BAT), and 

beige adipose tissue, is a dynamic organ that plays an essential physiological role in 

the body. WAT makes up the majority of adipose tissue in adults and is primarily 

responsible for energy homeostasis and storage through the uptake and release of 

fatty acids to and from the bloodstream. Triglycerides in intracellular lipid droplets in 

adipocytes may be used through lipolysis for thermogenesis or energy production 

during fasting (89).  Adipose tissue also responds to insulin signalling to take up and 

store fatty acids and glucose in adipocytes after a meal, inhibiting lipolysis. 

Furthermore, adipose tissue releases regulatory peptides (called adipokines) and 

lipids (lipokines) that have local (paracrine) effects on neighbouring cells and systemic 

(endocrine) functions on cells in organs such as the brain, liver, skeletal muscle, and 

pancreas. Leptin and adiponectin are two examples of adipokines. Leptin functions in 

appetite suppression and energy expenditure and adiponectin has insulin sensitising 

and anti-inflammatory properties (89–92). BAT functions in heat production from 

stored triglycerides through oxidation using mitochondria (that contain uncoupling 

protein 1 (UCP1)) present in brown adipocytes in a process called non-shivering 

thermogenesis (89,92). Beige adipose tissue has a mixture of WAT and BAT properties 

and functions in thermogenesis.  

The morphology of adipocytes can be used to identify them as they typically contain 

lipid droplets surrounded by cytoplasm. Preadipocytes undergo gene expression and 

subsequent morphological changes during differentiation. The accumulation of lipid 

droplets results in mature adipocyte morphology and late-stage adipogenic gene 

expression profile. Mature adipocyte morphology is characterised by a single large 

lipid droplet surrounded by a thin layer of cytoplasm. The mature adipocyte releases 

adipokines (cytokines specifically released by adipocytes) that are immunomodulatory, 

and function in insulin response, lipid metabolism and the vascular system (93–96).  
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2.3.3.2  Adipogenic differentiation and the transcriptional cascade 

Adipogenesis is a complex process where fibroblast-like multipotent ASCs commit to 

the adipogenic lineage through a multistep, sequential interplay of genetic, chemical, 

and hormonal events to form mature adipocytes, and may be used to study obesity 

and obesity-related diseases (97,98). Adipogenesis has two distinct phases: the 

commitment/determination and the terminal/differentiation phase, summarised in 

Figure 2.3 (90,91,97). 

In vivo adipogenesis is mediated by autocrine (affecting the cell it is secreted by), 

paracrine and other secreted signals, but in vitro adipogenesis can be induced by 

adding selected supplements and factors to the ASC growth medium.  

The exact composition of adipogenic cocktails varies across publications, but the most 

widely used additions are insulin, dexamethasone (Dex), 3-isobutyl-1-methylxanthine 

(IBMX), and indomethacin (99–103). The induction time, cell lines, and induction 

medium composition used vary as well. Table 2.3 summarises the different adipogenic 

cocktail additions and the role they play in adipogenic differentiation and the 

adipogenic gene pathway.  
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Table 2.3:Adipogenic cocktail additions and their function in adipogenesis and the adipogenic gene 

pathway 

Addition Function 

Insulin 

Influences the stable expression of early C/EBP 

transcription factors of adipogenesis. Increases and 

accelerates lipid accumulation and the percentage of 

differentiating cells.  

Dexamethasone (Dex) 

A glucocorticoid that induces the expression of the 

C/EBP family of transcription factors as well as PPARγ. 

Reduces the expression of the adipogenic differentiation 

inhibitor, Pref-1.  

3-Isobutyl-1-

methylxanthine (IBMX) 

A nonselective phosphodiesterase inhibitor that 

increases intracellular cAMP resulting in PPARγ 

expression through C/EBPβ activation and subsequent 

adipogenic differentiation.  

Indomethacin 

Upregulates C/EBPβ expression. Binds directly to 

PPARγ receptors, thereby directly upregulating PPARγ 

expression and increasing adipogenic differentiation and 

marker expression. 

Compiled from MacDougald et al., 1995; Sakoda et al., 2000; Scott et al., 2011; Styner et al., 2010; Vater et al., 

2011; Zhao et al., 2019 

 

ASCs respond to the induction signal during the commitment phase after adding an 

adipogenic induction cocktail in vitro to undergo adipogenic differentiation. The 

commitment of ASCs to preadipocytes occurs at the genetic level where the bone 

morphogenic protein (BMP) and Wnt families are key mediators, with no visual 

morphological changes. The exposure of preadipocytes to the induction cocktail 

(usually containing high levels of insulin, dexamethasone, and a cyclic AMP (cAMP) 

elevator) triggers synchronous re-entry of growth-arrested preadipocytes into the cell 

cycle to undergo mitotic clonal expansion (MCE). MCE is the start of the adipogenic 

gene expression cascade and is therefore crucial, with preadipocytes undergoing 

about two cycles of cell division during MCE. Expression of the transcription factor 

CCAAT/enhancer-binding protein beta (C/EBPβ) is initiated at the start of induction but 



33 

 

is only activated through phosphorylation during MCE. Activation of C/EBPβ ushers 

preadipocytes into the differentiation phase of adipogenesis. Activated C/EBPβ 

induces expression of CCAAT/enhancer-binding protein alpha (C/EBPα), another 

transcription factor of the same CCAAT/enhancer-binding protein family, and PPARγ, 

the master regulator of adipogenesis. PPARγ and C/EBPα are transactivated through 

their respective C/EBP regulatory elements which maintains their expression 

throughout adipogenesis. PPARγ and C/EBPα function together to induce the 

expression of adipogenic genes that produce the accumulated intracellular lipid 

adipocyte morphology seen in mature adipocytes (Figure 2.3).  

 

Figure 2.3: Graphical summary of the multistep adipogenesis process. 

An induction cocktail induces the genetic changes for ASCs to commit to the adipogenic pathway and 

become preadipocytes. MCE and activation of C/EBPβ initiate the adipogenic gene expression cascade 

with the induction of C/EBPα and PPARγ, which result in differentiation and development of the 

adipocyte morphology and expression of adipogenic genes. Figure made by candidate, compiled from 

89,90,103–112,92,113,114,93,94,98–102.Three examples of downstream adipogenic genes 

expressed in mature adipocytes are fatty acid-binding protein 4 (FABP4), adiponectin 

(AdipoQ), and cluster of differentiation 36 (CD36). Adipogenic genes and their 

functions are summarised in Table 2.4. 
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Table 2.4: Adipogenic genes and their function. 

Gene Abbreviation Function 

CCAAT/enhancer-binding 

protein beta 
C/EBPβ 

Expressed early in adipogenesis and 

initiates the adipogenic gene expression 

cascade (as a basic leucine zipper domain 

transcription factor) by inducing C/EBPα 

and PPARγ expression. Plays a role in 

MCE and the regulation of genes involved 

in inflammation and immune response.  

CCAAT/enhancer-binding 

protein alpha 
C/EBPα 

Basic leucine zipper domain transcription 

factor induced by C/EBPβ. Cross talks 

with PPARγ during adipogenesis. Plays a 

role in the upregulation and activation of 

downstream adipogenic genes along with 

PPARγ.  

Peroxisome proliferator 

activated receptor gamma 
PPARγ 

Transcription factor that is part of a 

nuclear receptor superfamily and the 

master regulator of adipogenesis. 

Induced by C/EBPβ expression. 

Crosstalks with C/EBPα in adipogenesis 

for robust adipogenic gene expression. 

Functions in lipogenesis, regulation of 

insulin sensitivity, and adipocyte survival 

as well.   

Fatty acid-binding protein 4 FABP4 

An adipokine that functions as a lipid 

chaperone in the transport and 

intracellular storage of fatty acids, 

associated with intracellular lipid 

accumulation and increased insulin 

secretion in obesogenic conditions. Late 

adipogenic marker. 
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Adiponectin AdipoQ 

An adipokine secreted by mature 

adipocytes. Increasing insulin sensitivity 

is the primary function of AdipoQ, but it 

also has classic anti-inflammatory and 

anti-fibrotic functions. 

Cluster of differentiation 36 CD36 

CD36 marker is indicative of high 

adipogenic capacity in vivo and in ASCs. 

Functions in high-affinity lipid uptake in 

immature adipocytes and contributes to 

lipid accumulation under conditions of 

excess fat supply.  

Compiled from Ambele et al., 2016; Christiaens et al., 2012; de Sá et al., 2017; Fang & Judd, 2018; Gao et al., 2017; 

Kucharski & Kaczor, 2017; Lefterova et al., 2008, 2014; Mishkin et al., 1972; Nawrocki et al., 2006; Ockner et al., 

1972; Pepino et al., 2014; Rosen & MacDougald, 2006; Q.-Q. Tang et al., 2004; Q. Q. Tang & Lane, 2012; L. E. Wu 

et al., 2014; Z. Wu et al., 1999 

 

The adipogenic gene expression pathway was simplified for the scope of this study as, 

naturally, the process of commitment and differentiation during adipogenesis is 

complex, with many more genes being involved. The six chosen genes discussed in 

Table 2.4 have been well studied in the literature as well as in our research group 

(105,117,118). 
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2.4 GMP of ASCs for regenerative medicine 

The production and use of ASCs for potential cell therapies must be per GMP as is 

required by the Food and Drug Administration (FDA). Compliance with GMP requires 

defining precise processes accounting for variables such as the production and 

storage areas, the personnel responsibilities, training, and hygiene throughout 

production, among others (21–23,119). The premises where potential cell therapy 

products will be stored and manufactured, such as a clean room, should be designed 

to minimise external contamination and contact with a non-sterile environment, but 

manufacturing should preferably be done in a closed system such as a bioreactor. 

Personnel should be trained to use equipment in an aseptic manner, designed to 

prevent contamination of cells in culture. Of particular interest for this study is 

compliance to GMP regarding serum additions to culture media to ensure the safety 

of ASCs intended as a therapeutic product. The medium used for cell culture should 

be composed of reagents that prevent exposure to potentially harmful substances. 

Isolation and expansion of ASCs in numerous research settings currently use animal-

derived reagents such as FBS that do not comply with GMP. Replacing animal 

components with suitable human or recombinant alternatives is crucial for providing 

appropriately regulated cell therapy products that can be used safely.  
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2.5 Serum supplementation in ASC culture 

Cell culture medium is traditionally supplemented with various sera as it provides the 

essential nutrients needed to support in vitro ASC growth, discussed in section 2.3 

above.  

2.5.1  Foetal bovine serum 

Serum derived from cattle includes bovine calf serum, newborn calf serum and serum 

derived from a bovine foetus. The difference between these sera is the harvesting 

timeline as newborn calf serum is obtained within 24 hours after birth and bovine calf 

serum is collected from a calf within 10-30 days after birth (26). FBS is derived from a 

bovine fetus via caesarean section and is the best quality serum since the fetus has 

not been exposed to the environment and therefore has low levels of antibodies (26). 

FBS is considered the gold standard for cell culture supplementation, particularly in 

the research environment, to ensure optimal cell proliferation in vitro (20). The use of 

a bovine-derived serum during in vitro culture of ASCs poses multiple problems. The 

unknown composition of FBS poses a risk when ASCs are cultured in media 

supplemented with FBS as there may be components present such as antibodies or 

endotoxins that may impact cell growth in vitro (26,120). Unknown components in FBS 

may also pose a safety risk to laboratory personnel (19). The conditions required for 

cell growth in the human body are not mimicked when using xenogeneic sera, such 

as FBS (121). Another concern when using FBS for ex vivo ASC culture is transmitting 

zoonotic diseases (28). Lastly, the batch to batch variation, coupled with increasing 

ethical concerns regarding the suffering imposed on animals during the harvest of FBS, 

requires investigation into the use of animal component alternatives for tissue culture 

when ASCs are cultured for clinical applications (28). 
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2.5.2  Serum-free medium 

Serum-free medium is an alternative to FBS for ASC culture. The absence of serum 

from a culture medium removes an unknown variable from the culture system resulting 

in a serum-free medium being a more favourable alternative (120). The benefits of a 

serum-free medium include controlled culture conditions due to the known chemical 

composition of the serum replacement, which in turn results in reduced variability of 

culture conditions and eliminates the potential for contamination or disease 

transmission (120,122). When using serum-free medium, any ethical concerns 

regarding the use of animal-derived serum are eliminated, and media can be modified 

to be cell type-specific (120). However, a serum-free medium has certain drawbacks. 

The variability of medium supplement requirements between cell types prohibits the 

development of a universal serum-free medium. Additionally, serum-free medium 

currently available commercially is costly, and preparation of the medium with animal 

serum alternatives in-house is time-consuming (120,122). It is therefore necessary to 

investigate the possibility of using human-derived medium supplements for use in 

MSC or ASC culture protocols, especially if these are to be applied and used in the 

clinical setting (20). 
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2.5.3  Human blood alternatives 

Components derived from human blood, such as plasma, serum, umbilical cord blood 

serum, and blood platelet derivatives should be considered as animal component 

alternatives. Blood is a body fluid consisting of plasma, biconcave red blood cells 

(erythrocytes, mainly responsible for oxygen transport in the body), white blood cells 

(abbreviated WBCs, also called leukocytes that function in the immune system with 

multiple white blood cell types performing various functions) and platelets 

(thrombocytes)(123–125). Plasma is the non-cellular liquid portion of blood (123–125). 

Platelets are fragments of megakaryocytes and function in a variety of pathways in the 

body through the excretion of hormones, but their primary function is in the 

coagulation pathway at a site of injury (123–125).    

Blood components derived from whole blood as human alternatives can be autologous, 

where the donor and recipient are the same person, or allogeneic, where the donor 

and recipient are different people. The various human alternatives and their production 

from whole blood are summarised in Error! Reference source not found. with i

ndividual descriptions of the products in the following sections. 
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Figure 2.4: Summary of the production of different blood products from whole blood as human 

alternatives to FBS. 

Created by candidate. compiled from 20,27,37,41,122,125–129 

 

2.5.3.1  Human serum 

HS is produced from donated whole blood and contains no platelets, red blood cells, 

or white blood cells. The production of HS involves the clotting of whole blood in the 

absence of an anticoagulant, after which the blood is centrifuged to produce a pellet 

that contains platelets, red blood cells and white blood cells. The supernatant 

produced from this step is serum (27,33). The use of both allogeneic and autologous 

HS for culturing is superior to FBS (25,33,131–133). Accelerated proliferation, 

extended lifespan, and clonogenic capacity have been observed when ASCs are 

cultured in HS for extended periods, suggesting that HS could be an appropriate 

alternative to FBS (131). No differences between FBS and HS were found in ASC 

differentiation potential and senescence marker expression (131). 
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Although HS is superior for ASC cultures, specific limitations exist regarding its use 

for clinical applications. There is limited availability of autologous serum and there may 

be significant differences between sera obtained from different donors even though 

autologous serum supports faster cell growth compared to FBS. Allogeneic HS may 

be considered instead as it can be pooled to obtain sufficient amounts for large-scale 

clinical application culturing. Pooled HS quality control and disease screening to 

ensure adequate standards are also more easily done by blood banks (33).  
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2.5.3.2  Platelet-rich plasma 

Plasma, an alternative to serum, is the non-cellular liquid part of whole blood which 

may be used to suspend platelet concentrates (PCs) to obtain a plasma that is rich in 

platelets (31). Platelets present in the blood contain various growth factors that 

promote cell growth, differentiation and tissue regeneration (30). Platelet α-granules 

secrete growth factors such as platelet-derived growth factor (PDGF), fibroblast 

growth factor (FGF), transforming growth factor-β (TGFβ), vascular endothelial growth 

factor (VEGF) and epidermal growth factor (EGF) (30). Plasma itself does not contain 

large amounts of growth factors; however, platelets present in platelet-rich plasma 

(PRP) can be activated using various methods. Platelet activation through the use of 

thrombin or a freeze-thaw cycle, for instance, results in the release of the growth 

factors listed previously into plasma from activated platelets (31).  

In short, PRP is produced by centrifuging whole blood. The supernatant (plasma) 

containing platelets is collected and centrifuged again to obtain a platelet pellet. The 

platelet pellet is then resuspended in a smaller volume of plasma (128). Alternatively, 

PRP can be obtained by combining buffy coats and plasma into a unit of PRP (130). 

Lastly, platelet-rich plasma can be collected via apheresis, whereafter clotting is 

prevented in the samples by the addition of heparin (127). The main difference 

between the methods is that apheresis separates blood components in a closed 

system using centrifugation which is more in line with GMP. Additionally, all blood 

components separated from the plasma is returned to the patient  

ASCs cultured in PRP maintain their morphology and phenotype, but display increased 

proliferation rates compared to ASCs cultured in FBS (31,134). Atashi et al. (2015) 

found that autologous non-activated PRP (nPRP) increases MSC proliferation when 

compared to MSCs cultured in autologous thrombin-activated PRP (tPRP). Still, both 

tPRP and nPRP significantly increase MSC proliferation rates compared to FBS (30). 

The biological variability of donors must be considered when using PRP, as must the 

extensive process of obtaining plasma and platelet concentrates from whole blood 

(30,31,134).  
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2.5.3.3  Platelet-poor plasma 

PPP contains various growth factors, including PDGF which plays a significant role in 

cell growth and proliferation by inducing mitosis and inhibiting apoptosis (126). 

Platelets release PDGF into the blood during coagulation when platelets aggregate; in 

contrast, serum produced from PPP contains almost no PDGF or platelets (126). 

Broadly, there are two ways to separate blood components when obtaining plasma, 

namely centrifugation in a sterile facility, and apheresis, as mentioned in section 2.5.3.2 

above. Platelets and erythrocytes are removed from the blood by both of these 

procedures, resulting in low levels of growth factors being released into PPP during 

coagulation (126). Using PPP in cell culture medium would thus require the addition of 

growth factors, similar to when serum-free medium is used (20,126). Different 

production protocols of PPP may influence the levels of growth factors present in PPP. 

It was found that MSC proliferation is increased when PPP is used as a supplement 

and compared to conventional serum (126). These results contradict the findings of a 

prior study in which proliferation was increased when PDGF was present, or when 

serum from whole blood was used instead of PPP (135). The use of PPP as a serum 

supplement thus needs to be investigated further.  

PPP may be a better alternative to FBS as it is easier to acquire and produce. Whole 

blood from conventional blood donations may be used to obtain PPP by separating the 

platelets and erythrocytes from the plasma through centrifugation (126).  
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2.5.3.4  Fresh frozen plasma 

FFP is obtained from whole blood by separating blood components using one of the 

methods discussed in 2.5.3.2 above within 5-8 hours of blood collection, and 

subsequently freezing the plasma after separation (123,129). FFP can be stored for 12 

months at -18°C or lower and at 4°C for 6-24 hours after thawing (123). Conventionally, 

FFP is used in transfusion therapy to correct coagulation deficiencies, blood loss and 

thrombotic thrombocytopenic purpura, to name a few (136), but FFP has been used in 

a cell culture setting. When FFP was used for MSC proliferation the optimal 

concentration was 5% (v/v) FFP in low glucose DMEM. When comparing MSC 

proliferation in FFP supplemented medium to that of FBS supplemented medium, FFP 

was superior (37). Limited studies have used FFP as a culture medium addition; thus, 

FFP as a medium supplement in stem cell therapy applications should be investigated 

further. 
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2.5.3.5  Pooled human platelet lysate 

pHPL can be produced in two ways, similar to PRP production as discussed in 2.5.3.2 

above (127,130). PCs undergo freeze-thaw cycles to lyse platelets, thereby releasing 

growth factors, and the lysate is then centrifuged to remove cellular debris (127). The 

use of HPL as a growth medium supplement for ASC culturing has been proven to be 

efficient relative to FBS.  

ASCs cultured in pHPL displayed increased proliferation compared to FBS (130) and 

serum-free media (127). Furthermore, no changes in immunophenotype, no abnormal 

chromosomes, and an increased differentiation rate were observed (127,130). There 

is some evidence suggesting that the technique used to obtain PRP, from which HPL 

is produced, may affect the immunosuppressive capabilities of MSCs, but further 

investigation is needed before a conclusion can be reached (127).  

2.6 Rationale 

The use of ASCs in cell-based therapy is attractive, but the resulting products must 

adhere to GMP. Replacing standard animal-derived medium supplements with clinical-

grade xeno-free alternatives is essential. These changes may change the downstream 

ASC products and it is therefore crucial to adhere to ASC characteristics prescribed 

by the ISCT and IFATS. This study aimed to determine the best human alternative 

supplement to FBS and to investigate the effect human alternatives may have on 

critical ASC characteristics. The human alternative with the best proliferative potential 

was then investigated for retention of ASC adipogenic differentiation potential. 

  



46 

 

Chapter 3:  Study overview 

 

Figure 3.1: Graphical layout of the experimental overview used in this study. 

Various characteristics of hASCs expanded, maintained, and differentiated in various culture media 

were investigated using different experimental techniques such as light microscopy, flow cytometry, 

spectrophotometry, fluorescent microscopy, and RT-qPCR. Created by candidate. 
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Chapter 4:  Human alternatives production 

4.1 Introduction 

The previously highlighted concerns regarding the use of a xenogeneic serum 

supplement call for the use of a culture medium serum supplement that complies with 

good cell culture practise (GCCP) and GMP procedures and policies (24). Blood 

alternatives from humans may be a viable alternative to FBS (24,137).  

Multiple human blood product medium supplements have been suggested as a 

replacement for FBS. These alternatives vary in composition since they are parts of 

whole blood (27,28,138). The different proposed alternatives are: Fresh-frozen plasma 

(FFP), platelet-poor plasma (PPP), human serum (HS), platelet-rich plasma (PRP), and 

pooled platelet lysate (pHPL).  

This study set out to obtain alternative human blood product medium supplements and 

compare their use in the maintenance and expansion of adipose-derived 

mesenchymal stem/stromal cells (ASCs). We worked closely with the South African 

National Blood Service (SANBS) to obtain various products; consequently, this allowed 

us to ensure the standard of products and donor compliance. We also completed in-

house quality control procedures during the receipt and processing of the products.  
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4.2 Materials and methods 

We acquired the blood products used in this study in collaboration with SANBS who 

obtained the blood from healthy donors, all of whom had given informed consent. 

Before donation, the candidates underwent a standard SANBS blood screening 

(including platelet and WBC count) to qualify as donors. Only donors with typical levels 

for all criteria could donate. We protected the donors’ privacy by keeping patient 

information confidential and assigning each sample a reference number, thereby 

ensuring donor anonymity.  

We received approval for the use of the blood products in this study from the UP-

Health Sciences Research Ethics Committee (reference number 424/2018) and the 

SANBS Ethics Committee (approval number 2013/17).  

SANBS regularly produces platelet concentrates (PCs) and FFP; therefore, we 

purchased these products directly from the blood bank. We obtained PRP, PPP and 

HS in collaboration with the Specialised Therapeutics Services (STS) department 

within SANBS.  
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4.2.1  Pooled platelet lysate production 

Ms Carla Dessels (UP ethics approval number 421/2013; SANBS ethics approval 

number 2013/17) previously manufactured pooled human platelet lysate (pHPL) using 

the Schallmoser & Strunk protocol with minor modifications (139).  

Briefly, the PCs obtained from SANBS were frozen at -25°C for 24 hours and thawed 

in the original bag placed in a protective cover (SteriZip™, OriGen Biomedical, Texas, 

USA) in a water bath (EcoBath, Labotec, South Africa) at 37°C. Once thawed, two PCs 

were pooled in a sterile double pooling bag (3 L waste bag Haemonetics Corporation, 

Massachusetts, USA) using a sterile connection device (TCD® Sterile Tube Welder 

with wafers, Genesis, New Jersey, USA). A sterile tube sealer (Rapid Seal II™ SE540, 

Genesis, New Jersey, USA) was used to seal the pooling bags before mixing the 

contents thoroughly. An aliquot was taken in a small Baxter bag (PEDI-PAK® Single 75 

mL Transfer Bags, Genesis, New Jersey, USA) to use for sterility testing and quality 

control analysis. A volume of 250 mL pooled PCs was transferred into 600 mL Baxter 

bags (Platelet Transfer and Storage Bags, Macopharma, Mouvaux, France) and frozen 

again at -25°C for 24 hours. The PCs were thawed in a 37°C water bath in a protective 

cover until all the ice crystals had disappeared. The contents of the bags (now pooled 

human platelet lysate, pHPL) were transferred into 50 mL conical tubes (Corning, NY, 

USA) under sterile conditions in a laminar flow cabinet. The 50 mL tubes were 

centrifuged at 4 000 x g at 4°C for 15 min, and the supernatant was transferred to new 

50 mL conical tubes and stored at -25°C for future use.  
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4.2.2  Human serum production 

The human serum blood products were purchased from SANBS in collaboration with 

the STS division. The STS division obtained whole blood from three healthy donors 

who have given informed consent at a SANBS collection site. The donors were 

required to donate a standard whole blood unit (approximately 200 mL) collected in a 

dry bag containing no anticoagulant.  

After collection, the blood was suspended and allowed to clot overnight. SANBS 

technicians processed the samples the following day by centrifuging at 3 500 rpm for 

5 min at room temperature and aspirating the supernatant (human serum) using sterile 

docked transfer packs. The resulting HS with a volume of roughly 200 mL was 

delivered to the ICMM. Upon receipt, we aliquoted each bag’s contents into 15 mL 

conical tubes under sterile conditions in a laminar flow cabinet. A sample of each HS 

was taken for quality control analysis, and the remaining aliquoted HS were stored at 

-80°C for long-term storage and future use (140). The aliquots were not allowed to 

undergo more than two freeze-thaw cycles before being discarded (140).  

4.2.3  Fresh frozen plasma production 

Units of fresh frozen plasma (FFP) were purchased from SANBS since it is a product 

that they routinely manufacture. Three units of frozen FFP were obtained from SANBS. 

Each unit contained a volume of roughly 300 mL FFP. The units were thawed in a 

sterile protective cover at 37°C in a water bath (EcoBath, Labotec, South Africa). Once 

thawed, the units were aliquoted under sterile conditions in a laminar flow into 15 mL 

sterile Falcon® conical tubes and stored at -80°C for future use. A sample of each unit 

of FFP was taken for quality control analysis.  
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4.2.4  Platelet-rich plasma and platelet-poor plasma production 

Platelet-rich plasma (PRP) and platelet-poor plasma (PPP) were obtained with the 

assistance of the STS division of SANBS. The products were collected using the 

Spectra Optia® Apheresis System. The plasma products were collected in the Clinical 

Research Unit (CRU) of the University of Pretoria (Room 2-54, Floor 2, Pathology 

Building, Prinshof Campus) by trained SANBS nurses from the STS division. The CRU 

provided beds, resuscitation equipment, and oxygen should these have been required 

in an emergency. Furthermore, we ensured that a doctor was always present and on 

standby in the CRU during the collection procedure.  

PRP and PPP donors underwent standard SANBS screening to be eligible for the 

donations. The donors underwent additional testing to confirm calcium, magnesium, 

and potassium blood levels before donating due to a potential side effect of 

hypocalcaemia using the Spectra Optia® Apheresis System (141). Only donors with 

normal calcium, magnesium, and potassium blood levels could donate.  

The Spectra Optia® Apheresis System’s collection criteria were set to a yield of 3.5 

with a platelet concentration of 1.4 x 106 platelets/μL (141). The criteria were decided 

after several pilot studies by Dr E Wolmarans (142). The PRP and PPP were collected 

simultaneously in blood bags containing anticoagulant, and the remaining blood 

components were returned to the patient. The collection volumes for PRP and PPP 

were set to 250 mL.  

The PPP volume (roughly 250 mL) was aliquoted into 15 mL sterile Falcon® conical 

tubes under sterile conditions in a laminar flow. The aliquots were then stored at -80°C 

for future use. A sample of each PPP donation was used for quality control, and aliquots 

were allowed to undergo only a single freeze-thaw cycle before being discarded 

(28,143).  

The PRP donations were placed on a benchtop after collection to allow the platelets to 

rest for an hour at room temperature. The entire PRP volume (roughly 250 mL) was 

then aliquoted into 15 mL sterile Falcon® conical tubes under sterile conditions in a 

laminar flow cabinet. A sample of each PRP donation was used for quality control 
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analysis, and the PRP aliquots were stored at -20°C. The aliquots were discarded after 

a single freeze-thaw cycle.  
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4.2.5  Quality control of blood products 

Quality control of blood products is a necessary step for producing, storing, and using 

these products. It is crucial to ensure that the resulting cell product adheres to GCCP 

(24) and GMP as well as national regulations regarding their quality and safety (28).  

The use of registered SANBS donors and the purchase of routinely produced blood 

products from SANBS ensure that the donors have completed standard SANBS 

screening as presented in the SANBS donor guidelines (144). 

We investigated various criteria to ensure that product variability is reported and taken 

into consideration during data analysis. For instance, PRP is a blood product that often 

varies in the number of platelets present due to the various production protocols (137) 

and devices used when concentrating platelets using apheresis devices (28,145). The 

platelet counts of the different products should be above the threshold for a healthy 

individual (28,138,145); however, there is little consensus regarding the limits for what 

constitutes a platelet-rich or platelet-poor product. Some reports suggest a platelet 

concentration of more than 2.0 × 1011 to 3.0 × 1011 platelets/unit in platelet “rich” 

products and a range of less than 5 × 104 to 2.5 × 109 platelets/unit for platelet “poor” 

products (28,145–147).  

We investigated whether leukocytes (white blood cells (WBCs)) were present in the 

various blood products since most blood products are filtered to remove WBCs. The 

filtration step is vital to prevent HLA alloimmunisation (124,148) that may occur when 

there is an immune response of recipient leukocytes against HLA antigens present on 

donor leukocytes (149). The result is the formation of alloantibodies by the recipient 

(149). In this study, HLA alloimmunization is a concern when MSCs or hASCs 

maintained and expanded in blood products are transplanted in a therapeutic setting. 

HLA alloimmunization will not occur due to an MSC reaction against leukocytes in the 

donor blood products, but may result from donor leukocytes being transplanted along 

with cultured MSCs. A common side effect of alloimmunisation is platelet 

refractoriness and febrile non haemolytic transfusion reactions (124,147).  

Apart from this side effect, the presence of WBCs may influence cytokine composition 

and concentration in the culture medium leading to variability in MSC growth (28,137). 
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Therefore, it is essential to reduce the possibility of HLA alloimmunisation post-MSC 

transplantation and cytokine variability in culture medium by using leukodepleted 

blood products and ensuring that the WBC number is below the criteria threshold as 

set out by various authorities. There is lack of consensus regarding the criteria for the 

number of WBCs present in blood products as it varies from fewer than 1 × 106 

cells/unit according to European standards to fewer than 5 × 106 cells/unit 

for  Association for the Advancement of Blood and Biotherapies (AABB) and Canadian 

standards (147,150,151).  

Additionally, we investigated the pH and sterility of the blood products. Lowering the 

risk of transmission of bloodborne diseases is necessary when considering human 

blood alternatives to FBS (28). It is possible to investigate the presence of microbes in 

the blood products by examining the pH of the blood products (a low pH is indicative 

of bacterial contamination (152)) and inoculating blood agar plates with the blood 

products to monitor for microbial growth. Table 4.1 summarises the quality control 

criteria.   
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Table 4.1: Summary of blood product criteria. 

QC Parameter Requirement Reference 

pHPL 

Sterility Negative 

(Benjamin et al., 2019; Hoffbrand & Moss, 

2011; Pavlovic et al., 2016; Schmidt et al., 

2009; D. T. B. Shih & Burnouf, 2015; Simon 

et al., 2016; South African National Blood 

Service, 2014) 

pH > 6.4 

Residual WBC count < 5 × 106 

Platelet count ≥ 2.4 × 1011 

PRP 

Sterility Negative 

(Benjamin et al., 2019; Hoffbrand & Moss, 

2011; Pavlovic et al., 2016; Schmidt et al., 

2009; D. T. B. Shih & Burnouf, 2015; Simon 

et al., 2016; South African National Blood 

Service, 2014) 

pH > 6.4 

Residual WBC count < 5 × 106 

Platelet count ≥ 2.4 × 1011 

HS 

Sterility Negative 

(Hoffbrand & Moss, 2011; D. T. B. Shih & 

Burnouf, 2015; Simon et al., 2016; Sultan, 

2010) 

pH > 6.4 

Residual WBC count < 5 × 106 

Platelet count < 2.5 × 109 

PPP and FFP 

Sterility Negative 

(Hoffbrand & Moss, 2011; Lambrecht, 

Spengler, Nauwelaers, Bauerfeind, Mohr, & 

Muller, 2009; D. T. B. Shih & Burnouf, 2015; 

Simon et al., 2016; Sultan, 2010) 

pH > 6.4 

Residual WBC count < 5 × 106 

Platelet count < 2.5 × 109 
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4.2.5.1 pH 

The pH of the various human alternatives was assessed using a CRISON micropH 

2001 pH metre (Crison Instruments, Barcelona, Spain) and recorded.  

4.2.5.2 Sterility 

The sterility of the various blood products was assessed by investigating the presence 

of aerobic and anaerobic microorganisms. A 250 μL aliquot of each blood product was 

spread on a 9.6 cm2   blood agar plate (purchased from the Department of Medical 

Microbiology, Tshwane Academic Division, National Health Laboratory Service, South 

Africa) under sterile conditions in a laminar flow and incubated for seven days at 

37°C/5% CO2. Plates investigating the presence of anaerobic microorganisms were 

sealed with parafilm® M film (Amcor, Zurich, Switzerland) before incubation. After the 

7-day incubation period, the plates were assessed for bacterial and fungal growth. 
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4.2.5.3 Leukocyte count 

The blood products were investigated for the number of residual leukocytes present 

using a DNA Prep kit (Beckman Coulter, Miami, USA) by means of flow cytometry. 

4.2.5.3.1 Flow cytometry for cell counts  

Flow cytometry principles combine the use of fluidics and optics to evaluate single 

cells and particles. Cells/particles pass a light source, usually a laser, in single file 

suspended in fluid. The scattering of the light detected when the cells pass the laser 

allows the user to determine various characteristics of the cells. The use of optics also 

allows the user to use fluorescent dyes or fluorochromes to further investigate 

properties of cells or particles. 

The fluidics system of a flow cytometer combines two components; sheath fluid and 

pressurised airlines. Sample containing cells in solution is injected by pressurised 

airlines into sheath fluid, which is a diluent (usually phosphate buffered saline (PBS)), 

into the flow chamber. The sheath fluid surrounds the sample stream which then 

becomes a central core in the sheath stream. This arrangement is called a coaxial flow 

and is achieved due to pressure differences between the sheath fluid stream and the 

sample stream where the sample stream pressure is always greater than that of the 

sheath. The coaxial flow principle of fluidics in a flow cytometer results in cells flowing 

past the laser beam in single file to ensure uniform illumination of cells, called 

hydrodynamic focusing (153).  

Flow cytometry optical systems contain excitation and collection optics. The optical 

bench holds lasers and lenses to shape and focus the excitation laser beam, as well 

as a collection lens with mirrors and filters to direct and separate emitted and scattered 

light to appropriate optical detectors.  

The excitation optics contains a laser that energises electrons with high voltage 

electricity. Light emission then takes place when photons are released by electrons 

that fall from higher orbitals in an energised state to lower orbitals. Light scattering 

takes place when the light is deflected around cells after the laser strikes the cell. Two 

types of light scatter occur, namely, forward scatter (FS) and side scatter (SS). FS is a 
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result of light scattering along the same axis as the laser and corresponds to the size 

of the particle or cell. SS is a result of refracted and reflected light collected roughly 

perpendicular to the laser and is equivalent to the granularity or complexity of the 

particle or cell (153).  

The collection optics ensure the specificity of light collected by the appropriate optical 

detector. An optical detector’s specificity for certain fluorescent dyes is achieved by 

long pass, short pass, or band pass filters. Band pass (BP) filters allow only light with 

wavelengths within a narrow range of the emission peak of a fluorescent dye to reach 

the detector. Long pass (LP) filters transmit wavelengths of light that have longer or 

equal wavelengths than a specified wavelength to the detector. In contrast, short pass 

(SP) filters transmit light of equal or shorter wavelengths than a specified wavelength 

to the detector (153).  

Fluorescent dyes and fluorochromes conjugated to antibodies may be used to 

investigate certain properties of cells, for instance their DNA content, or proteins 

expressed on the cell surface. Fluorescence entails the absorbance of light at certain 

wavelengths by a fluorescent compound. Light energy absorbance excites electrons 

from a ground state to an excited state. Electrons then emit the excess absorbed 

energy as a photon of light to return to their ground state. This series of events is the 

principle behind fluorescence. Each fluorochrome has an absorbance and emission 

spectrum. The difference between the peaks (maxima) of the absorbance and 

emission spectra is called the Stoke’s shift (Figure 4.1). A larger Stoke’s shift indicates 

a larger separation between the absorption and emission spectrum of a fluorochrome.  

The colours and wavelengths of the absorbance and emission spectra are different, 

therefore optical filters can be used to distinguish between the excitation and emission 

wavelengths as described previously (153).  
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Figure 4.1: Representative excitation and emission spectra of a fluorochrome.  

The difference between the peaks of the excitation (blue) and emission (green) spectra of a 

fluorochrome is the Stoke’s shift. A higher Stoke’s shift indicates a larger separation between the 

absorbance and emission wavelengths of a fluorochrome. Created by candidate, referenced from (153). 

 

The use of multiple fluorochromes may result in overlap between their emission and 

excitation spectra, called spectral overlap. It is important to keep spectral overlap in 

mind when designing a multiplex panel of various fluorochromes since the emitted 

light by one fluorochrome may in turn spill over into the excitation spectrum of another 

fluorochrome and pass through its emission filter. This is a common occurrence with 

for instance, fluorescein isothiocyanate (FITC) and phycoerythrin (PE). The spill-over 

of FITC emission into the excitation spectrum of PE and subsequent detection by the 

PE detector can be rectified by post-acquisition colour compensation. Compensation 

allows for the subtraction of FITC emission from the emission recorded in the PE 

detection channel. This is done by recording the emission of the two fluorochromes 

individually and determining the percentage of their emission detected in the channel 

assigned to the other fluorochrome. Tools such as the Fluorescence Spectra Analyzer 

by BioLegend (USA) can be used to design multiplex panels to determine the spectral 

overlap of the various fluorochromes (154). An exported example from the tool can be 

found in Figure 4.2. 
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Figure 4.2: Exported image of the Fluorescence Spectra Analyzer tool showing the spectral overlap 

of FITC and PE.  

The emission spectrum of FITC (red shaded) overlaps with the excitation spectrum of PE (blue dotted 

line) resulting in spectral overlap that will need to be corrected using colour compensation to ensure 

accurate flow cytometry results (154). 

 

Determining the spectral overlap of fluorochromes must be done as part of the 

experimental set-up to ensure accurate flow cytometry data. The analysis of flow 

cytometric data uses gates and regions to analyse a subset or population of cells or 

particles of interest. A region is set around the population of interest on a graphical 

representation of the signals detected in the FL channels. Several regions can be set 

on the same graph. These regions can then be used to include or exclude (selectively 

gate) the specific population in the analysis of the data. For instance, using a FS vs SS 

plot, a region can be set around only intact cells, based on their size (FS) and 

complexity (SS), to exclude debris via gating in following analyses. 

The Gallios™ flow cytometer (Beckman Coulter, Miami, USA) used in this study has 

three lasers and can detect 10 colours by using different fluorescent detector channels 

(FL). Table 4.2 summarises the Gallios™ laser and filter configurations. 
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Table 4.2: Gallios™ laser and filter configurations including frequently used laser-excited 

fluorochromes and the fluorescent detection channels used to detect them. 

Laser 
Detectors 

channels 

Emission 

filter 
Fluorochromes 

488nm 

(Blue) 

FL1 525/20 FITC, GFP, Annexin V 

FL2 575/20 PE, Nile Red 

FL3 620/30 PI, Flow-Count™ fluorospheres  

FL4 695/20 PE-Cy5 (Also known as PC5), 7AAD 

FL5 755 LP PE-Cy5 

638nm (Red) 

FL6 660/20 PE-Cy7,  

FL7 724/20 APC, VDC Ruby 

FL8 755 LP APC-Cy7 

405nm 

(Violet) 

FL9 450/40 BV421, DAPI 

FL10 550/40 Krome Orange (KO) 
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4.2.5.3.2 Leukocyte count sample preparation 

Flow cytometry can be used to determine cell counts by using a sample to which a 

known concentration of fluorosphere beads is added. Fluorosphere beads contain 

fluorescent dye and are manufactured to be uniform in size and fluorescent intensity. 

The sample containing the beads is run through the flow cytometer and stopped after 

a predetermined time. The number of bead events counted can then be used to 

calculate the cell count by using Equation 1 and the known concentration of counting 

beads indicated on the product (155).   

The samples were prepared for flow cytometric analysis by transferring a 100 μL 

aliquot into a flow tube. A 100 μL volume of LPR lysis buffer was added to the sample 

and briefly vortexed to lyse cells. The sample was incubated for 5 min at room 

temperature (RT), after which 500 μL DNA Prep stain, containing 50 μL/mg propidium 

iodide (PI), was added to stain DNA. Unstained controls included 500 μL PBS and no 

PI. The sample was then incubated for 10 min at RT in the dark. Flow-Count™ 

fluorospheres (100 μL) were added to the flow tube after which the sample was 

analysed on the Gallios flow cytometer.  
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4.2.5.3.3 Leukocyte count data acquisition and analysis 

The flow cytometric protocol for assessing residual WBCs was previously set-up using 

whole blood by Dr E. Wolmarans (142). The process followed for data acquisition for 

this project involved firstly, the visualisation of the WBC population and Flow-Count™ 

by an FS Lin vs SS Log two-parameter dot plot and a SS Log vs PI [Excitation: 536 nm; 

Emission 620/30 BP] two-parameter dot plot. We identified the region containing 

nucleated cells (Figure 4.3A, Region M) and the region containing the beads (Figure 

4.3A, Region L). The position of the beads was confirmed by running a sample 

containing only beads (Figure 4.3C). We included only intact beads from the Flow-

Count™ fluorospheres using a two-parameter dot-plot with FS vs Time (gated on 

beads). On this dot plot, an area was used to exclude disintegrated beads (Figure 4.3B). 

Blood product samples were run for 5 min to obtain as many events as possible. 

Acquired data were analysed using Kaluza flow cytometry software (version 2.1, 

Beckman Coulter).  

 

Figure 4.3: Representative plots of the gating strategy for WBC counts of the various blood 

products.  

A: region M indicates the positively stained nucleated cell population with the Flow-Count™ 

fluorospheres indicated by region L. B: Disintegrated fluorosphere beads are excluded with only intact 

fluorospheres in the CAL region. C: a two-parameter SS vs PI plot obtained by running a sample 

containing only beads to confirm the beads region’s position (set up by Wolmarans, 2019) 
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The following calculation was used to calculate the number of WBCs present in each 

unit of blood product:  

(
𝑁𝑜. 𝑜𝑓 𝑊𝐵𝐶𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑁𝑜. 𝑜𝑓 𝑏𝑒𝑎𝑑𝑠 𝑖𝑛 𝐶𝐴𝐿
) × 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 = 𝑊𝐵𝐶𝑠 𝑝𝑒𝑟 𝜇𝐿 𝑏𝑙𝑜𝑜𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

Equation 1: Calculation of the number of WBCs present per unit of blood product 

 

Region M (Figure 4.3A) indicated the ‘number of WBCs counted’, and the ‘number of 

beads in CAL’ was found in the CAL region (Figure 4.3B). The calibration factor is the 

number of Flow-Count™ fluorosphere beads per μL and is specified by the 

manufacturer. The result of this equation provides the number of WBCs per μL blood 

product. The total number of WBCs per unit of blood product was obtained by 

multiplying the number of WBCs/μL with the total volume of blood product, roughly 

250 mL per unit. 
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4.2.5.4 Platelet count 

The number of platelets in each blood product was determined to ensure that they 

adhered to the criteria of platelet-rich (PRP and pHPL) and platelet-poor (HS, PPP, 

FFP) blood products.  

4.2.5.4.1 Platelet count sample preparation 

Platelet counts were determined using aliquots taken from each sample. The aliquots 

were diluted 100 x by adding 20 μL sample to 1980 μL PBS to ensure accurate counts. 

We prepared flow cytometry tubes by adding 100 μL diluted sample to three tubes. 

We tested for the presence of two well-known platelet glycoproteins, CD42a and CD61 

(156). A volume of 5 μL mouse anti-human CD42a-FITC and 5 μL mouse anti-human 

CD61-PE monoclonal antibodies (Beckman Coulter, Miami, USA) was added to two 

respective tubes. We left the third tube as an unstained control containing no antibody. 

The tubes were incubated for 10 min in the dark at RT. Before analysis on a Gallios™ 

flow cytometer, 1 mL PBS and 100 μL Flow-Count™ fluorospheres were added to each 

tube.  

4.2.5.4.2 Platelet count data acquisition and analysis 

Dr E. Wolmarans previously set up the flow cytometry protocol during the plasma 

product collection demo runs (142).  

For data acquisition, the events recorded for the platelet counts were visualised on a 

two-parameter FS vs SS dot plot. The platelet population and Flow-Count™ 

fluorospheres were gated on this plot (Figure 4.4A). The CAL region was determined 

by a two-parameter FS vs Time dot plot to ensure only intact Flow-Count™ 

fluorospheres were included in the CAL region (Figure 4.4C). Platelets that stained 

positive for the antibodies were visualised on a two-parameter SS vs FL1 dot plot 

(Figure 4.4B). The platelets were stained with two antibodies separately, and the 

samples stained with CD61 PE (Excitation: 480 nm, Emission: 582/15 BP) or CD42a 

FITC (Excitation: 480 nm; Emission: 550 SP) were analysed separately on the flow 

cytometer to avoid spill-over of the emission spectra of the two fluorochromes. The 

region of positively stained platelets was determined by running an unstained control 

sample to determine the correct threshold. The samples were allowed to run for 5 min 
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to obtain as many events as possible. Acquired data were analysed using Kaluza flow 

cytometry software (version 2.1, Beckman Coulter).  

 

 

Figure 4.4: Representative dot plots illustrating the gating strategy to determine the number of 

platelets per unit of human alternative blood product (142). 

A: Indicates the region of the platelet population (region A) and the region containing Flow-Count™ 

fluorospheres (Beads region) visualised on a two-parameter (SS Log vs PI log) dot plot. B: Identifies the 

platelets that stained positively for either CD61 PE or CD42a FITC (region B). C: Disintegrated 

fluorospheres were excluded and only intact fluorospheres were included in the CAL region, gated on 

beads. 

The platelet counts were calculated using the following equation:  

(
𝑁𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑡𝑒𝑙𝑒𝑡𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑁𝑜. 𝑜𝑓 𝑏𝑒𝑎𝑑𝑠 𝑖𝑛 𝐶𝐴𝐿
× 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟) × 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 

Equation 2: Calculation for the number of platelets present per unit of blood product 

 

The ‘number of platelets counted’ was obtained from region B on Figure 4.4B. The 

‘number of beads in CAL’ was obtained from the CAL region in Figure 4.4C. The 

Calibration factor was obtained from the Flow-Count™ product as it represents the 

number of fluorospheres per μL product. The dilution factor was 100, as stated 

previously. The calculation was done for the platelet counts of CD61 and CD42a 

stained samples (Figure 4.4B, region B). The final platelet count per unit of blood 

product was obtained using the average of the CD61 and CD42a stained counts and 
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multiplying this by the total volume of blood product received, which was around 

250 mL.  
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4.3 Results 

4.3.1  pH 

The pH measurements (Table 4.3) indicated all units of the human alternatives 

obtained had a pH above 6.5, which meets the quality control criteria as outlined in 

Table 4.1  

 

Table 4.3: pH measurements of all human blood products 

Blood 

product 
HS1 HS2 HS3 FFP1 FFP2 FFP3 PPP1 PPP2 PPP3 PRP1 PRP2 PRP3 

pH 8.12 7.99 8.14 8.3 8.05 8 8.42 8.09 8.26 8.07 8.1 7.98 

 

4.3.2  Sterility 

Figure 4.5 illustrates blood agar plates on which 250 μL of each human blood product 

was spread and left to incubate for seven days at 37°C/5%CO2. Figure 4.5A-C shows 

the results for microbial growth in each of the allogeneic human serum units. Figure 

4.5 D-F represents the three allogeneic fresh frozen plasma units purchased from 

SANBS. Figure 4.5 J-L and G-I represent the three allogeneic units of PPP and PRP, 

respectively. Figure 4.5 M is a positive control for microbial growth. All the obtained 

human alternative blood products were negative for microbial growth, thus meeting 

the QC requirements.  
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Figure 4.5: Blood agar plates illustrating the lack of growth of microorganisms in human blood 

products used 

A volume of 250 µL of each blood product was spread on a blood agar plate and investigated for 

microbial growth. A-C show the HS units, D-F represent FFP units. J-L and G-I show PPP and PRP units, 

respectively. M is a positive control for microbial growth. None of the blood products showed microbial 

growth, thus meeting the QC requirements outlined in Table 4.1 for sterility. 
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4.3.3  Leukocyte counts 

Leukocyte counts were used to determine whether the blood products adhered to the 

selected composition criteria (Table 4.1). pHPL was tested previously (157); thus, we 

did not repeat it in this study.  

The results Table 4.4 show that all blood products adhered to the selected composition 

criteria of less than 5 × 106  residual WBCs per unit of blood product as stated in AABB 

and Canadian standards (124,147).  

 

Table 4.4: Results and calculations of WBC counts in human blood products 

Blood 

product 

No. of 

WBCs 

counted 

CAL 
Calibration 

factor 

WBC/μL 

blood 

product 

Total 

blood 

product 

volume 

(μl) 

Total 

WBCs 

Recommended 

(WBCs/unit) 

Fresh frozen plasma 
FFP1 8 1942 1 014 4.18E+00 3.00E+05 1.25E+06 5.00E+06 

FFP2 7 2224 1 014 3.19E+00 2.60E+05 8.30E+05 5.00E+06 

FFP3 7 2117 1 014 3.35E+00 3.00E+05 1.01E+06 5.00E+06 

Human serum 
HS1 3 2117 1 014 1.44E+00 1.60E+05 2.30E+05 5.00E+06 

HS2 6 2167 1 014 2.81E+00 1.60E+05 4.49E+05 5.00E+06 

HS3 7 2187 1 014 3.25E+00 1.39E+05 4.51E+05 5.00E+06 

Platelet-poor plasma 
PPP1 6 2311 1 014 2.63E+00 2.46E+05 6.46E+05 5.00E+06 

PPP2 7 2259 1 014 3.14E+00 2.58E+05 8.11E+05 5.00E+06 

PPP3 9 2063 1 014 4.42E+00 2.55E+05 1.13E+06 5.00E+06 

Platelet-rich plasma 
PRP1 12 1965 1 014 6.19E+00 2.25E+05 1.39E+06 5.00E+06 

PRP2 24 1991 1 014 1.22E+01 2.52E+05 3.08E+06 5.00E+06 

PRP3 11 1780 1 014 6.27E+00 2.50E+05 1.57E+06 5.00E+06 

The total WBCs is the final number of WBCs per unit of blood product. The recommended WBCs/unit 

is the maximum number of WBCs recommended per unit of blood product. 
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4.3.4  Platelet counts 

Platelet counts in the human blood products were performed to determine whether 

the human alternatives adhered to the previously specified composition criteria. 

Dessels and colleagues previously tested the pHPL (157) and thus, we did not repeat 

the tests.  

The results in Table 4.5 show that all three allogeneic PRP samples adhered to the 

criteria for platelet-rich products with platelet counts above 2.5 × 1011 platelets per unit 

(PLTs/unit) (28,145). The platelet-poor products (FFP, HS, PPP) had platelet numbers 

above the criteria of 2.5 × 109 PLTs/unit (146), however still below the threshold for 

platelet-rich products (above 2.5 × 1011 PLTs/unit). Therefore, we decided to record 

the values for the platelet-poor products and continue with the experiments, using the 

products as is. 

  



73 

 

Table 4.5: Results and calculations of platelet counts in human blood products 

Blood 

product 
Antibody 

Counted 

events 
CAL 

Cal 

factor 

Dilution 

Factor 
PLTs/μL 

Total 

volume 

(μL) 

Total 

(PLTs/unit) 

Mean total 

(PLTs/unit) 

Recom-

mended 

(PLTs/unit) 

Fresh frozen plasma 

FFP1 
CD61 965 1895 1014 100 5.16E+04 

3.00E+05 
1.55E+10 

1.06E+10 < 2.50E+09 
CD42a 369 1981 1014 100 1.89E+04 5.67E+09 

FFP2 
CD61 932 1981 1014 100 4.77E+04 

2.60E+05 
1.24E+10 

1.02E+10 < 2.50E+09 
CD42a 566 1888 1014 100 3.04E+04 7.90E+09 

FFP3 
CD61 1617 1786 1014 100 9.18E+04 

3.00E+05 
2.75E+10 

1.82E+10 < 2.50E+09 
CD42a 535 1817 1014 100 2.99E+04 8.96E+09 

Human Serum 

HS1 
CD61 5576 2361 1014 100 2.39E+05 

1.60E+05 
3.83E+10 

2.12E+10 < 2.50E+09 
CD42a 473 1898 1014 100 2.53E+04 4.04E+09 

HS2 
CD61 1419 1956 1014 100 7.36E+04 

1.60E+05 
1.18E+10 

7.58E+09 < 2.50E+09 
CD42a 420 2008 1014 100 2.12E+04 3.39E+09 

HS3 
CD61 2063 1993 1014 100 1.05E+05 

1.39E+05 
1.46E+10 

1.05E+10 < 2.50E+09 
CD42a 859 1914 1014 100 4.55E+04 6.33E+09 

Platelet-poor plasma 

PPP1 
CD61 424 1965 1014 100 2.19E+04 

2.46E+05 
5.37E+09 

3.80E+09 < 2.50E+09 
CD42a 289 3227 1014 100 9.08E+03 2.23E+09 

PPP2 
CD61 954 1711 1014 100 5.65E+04 

2.58E+05 
1.46E+10 

1.22E+10 < 2.50E+09 
CD42a 674 1795 1014 100 3.81E+04 9.82E+09 

PPP3 
CD61 315 1788 1014 100 1.79E+04 

2.55E+05 
4.56E+09 

3.96E+09 < 2.50E+09 
CD42a 233 1786 1014 100 1.32E+04 3.37E+09 

Platelet-rich plasma 

PRP1 
CD61 59554 1702 1014 100 3.55E+06 

2.25E+05 
7.98E+11 

7.48E+11 > 2.50E+11 
CD42a 50 791 1661 1014 100 3.10E+06 6.98E+11 

PRP2 
CD61 47443 1807 1014 100 2.66E+06 

2.52E+05 
6.71E+11 

6.75E+11 > 2.50E+11 
CD42a 45095 1696 1014 100 2.70E+06 6.79E+11 

PRP3 
CD61 56519 1752 1014 100 3.27E+06 

2.50E+05 
8.18E+11 

8.19E+11 > 2.50E+11 
CD42a 54015 1668 1014 100 3.28E+06 8.21E+11 

The mean total (PLTs/unit) indicates the final number of platelets per unit of blood product as it is the mean of the counts 

obtained from staining with CD61 and CD42a. Recommended PLTs/unit is the criteria for the minimum and maximum limits for 

platelet numbers according to literature. 
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4.4 Discussion and conclusion  

We completed the production and quality control of the chosen blood products and 

stored the products for future use—the blood products adhered to the criteria set out 

in Table 4.1. All the blood products had a pH > 6.5 and the negative sterility tests 

revealed the absence of contaminating microorganisms. The pH measurement and 

negative sterility results indicate no bacterial or fungal microbes present in the blood 

products. These results reduce the risk of bloodborne disease transmission (28,152) 

and adhere to GMP and GCCP (24).  

All the blood products used contained less than 5 × 106 leukocytes. The leukocyte 

count is an important quality control step to ensure that WBCs do not significantly alter 

the cytokine composition of the culture medium in a manner that introduces variability 

in the growth or other characteristics of the MSCs we plan to expand and maintain in 

these media (28,137). An accurate count of leukocytes present in the blood products 

as part of the description of the products used is important for reproducibility in clinical 

products to ensure that all quality criteria can be maintained and compared (148). 

Furthermore, this is a critical quality control step to introduce, should hASCs intended 

for clinical use be expanded and maintained in culture media containing human blood 

products. One wants to avoid potential side effects after hASC transfusion such as 

HLA alloimmunisation, as discussed previously.  

The platelet counts for PRP were well above the threshold of 2.5 × 1011 platelets/unit; 

however, there were more than the recommended 2.5 × 109 platelets/unit in the 

platelet-poor products. A reason for this may be the collection protocol of the 

apheresis machine that we used. Another possibility may be that we can improve the 

counting protocol for specificity and sensitivity since it is not a commercially 

standardised kit that was used. One can consider using a more diverse panel of 

antibodies specific to platelet surface markers to obtain a more accurate 

representation of the number of platelets present in the blood products (156). It is 

important to note that since the blood products we obtained we acquired in 

collaboration with SANBS, the products underwent the SANBS quality controls and 

adhered to the standards set out by the blood bank before being made available to us 

(158). As mentioned previously, there is little consensus regarding the threshold for 
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the number of platelets in platelet-poor products with wide-ranging recommendations 

for platelet counts in these blood products (28,145,146,151).  Furthermore, increased 

platelet number in the platelet-poor products was still well below the threshold for 

platelet-rich products; consequently, these products cannot be considered platelet-

rich, and we deemed them to be platelet-poor for the purpose of this study. Higher 

platelet numbers in platelet-poor-products could result in faster proliferation. Future 

studies should include investigation into standardisation of platelet numbers in 

products to be used in a therapeutic setting as well as the collection procedures and 

protocols to ensure a consistent product of high quality.  

All the blood products were investigated for the discussed quality control criteria and 

found to adhere satisfactorily to the requirements.  
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Chapter 5:  Proliferation and morphology 

5.1 Introduction 

The proliferation and morphology of hASCs expanded in the various human 

alternatives and FBS were compared. The morphology and proliferation of the hASCs 

were examined at different time points (days two, four, and six, based on work 

previously completed in the ICMM by Ms Carla Dessels (157)) using light microscopy 

and the sulforhodamine B (SRB) assay, respectively.  

FBS was used as a control (19). as well as pHPL which has been studied extensively 

in our laboratory (157), and was therefore included as a control.  

From previous studies, changes in hASC size and proliferation rate were expected 

when comparing human alternatives to the current standard, FBS. Deviation from the 

widely accepted fibroblast-like spindle-shaped morphology of MSCs was not expected 

(159). A higher proliferation rate for hASCs maintained in the platelet-rich human 

alternatives was expected, due to the higher levels of growth factors present in the 

human alternatives (148,160). Higher proliferation rates of hASCs are beneficial in the 

clinical setting as this reduces the time required in culture to obtain sufficient cell 

numbers for cell transplantation and patient treatment.  

5.2 Materials and methods 

5.2.1  α-MEM vs DMEM pilot study 

Before comparing the different human alternatives, a pilot study was undertaken to 

compare hASC proliferation in Minimum Essential Medium Eagle – Alpha Modification 

(α-MEM) versus Dulbecco’s Modified Eagles Medium (DMEM) as basal culture 

medium.  

The pilot study was done to determine whether there was variability in morphology, 

proliferation, and viability of cells maintained in DMEM versus the α-MEM used in 

previous studies in our group (157). This comparison was necessary since the 

research group switched from α-MEM to DMEM as a basal culture medium after 

completion of the previously mentioned study. Since pHPL was previously extensively 
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studied in our group (157), it was chosen as the control human alternative supplement 

for the pilot study experiments that followed, and the two basal media were 

supplemented with 10% (v/v) pHPL. DMEM supplemented with 10% (v/v) FBS was 

also used as a control (19). The comparison was performed with three hASC biological 

replicates, which were maintained in the various media for six days.  

5.2.1.1  Media preparation, thawing, and maintenance 

5.2.1.1.1 Media preparation 

Three different media were prepared: α-MEM (GIBCO, Invitrogen™, USA) 

supplemented with 10% (v/v) pHPL, DMEM (GIBCO, Invitrogen™, USA) supplemented 

with 10% (v/v) pHPL, and DMEM supplemented with 10% (v/v) FBS (GIBCO, 

Invitrogen™, USA) as the control. Complete growth medium (CGM) referred to in this 

study typically consists of: a supplement (FBS or human alternative(s)), basal culture 

medium, penicillin-streptomycin (p/s, GIBCO, Life technologies™, USA), and heparin 

(Biochrom, Merck Millipore, Germany), if needed. Table 5.1 shows the composition of 

the three different media. 
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Table 5.1: Medium composition for the initial study comparing α-MEM and DMEM as basal culture 

medium. 

Medium Supplement 
Penicillin-

Streptomycin 
Heparin 

α-MEM 
10% (v/v) 

pHPL 
2% (v/v) 2 U/mL 

DMEM 
10% (v/v) 

pHPL 
2% (v/v) 2 U/mL 

DMEM 
10% (v/v) 

FBS 
2% (v/v) N/A 

 

Heparin (2 U/mL medium) was added to CGM to prevent medium coagulation. Medium 

coagulation can occur as a result of clotting factors released by platelets present in 

the human alternatives which in turn results in a culture medium that is jelly-like (19). 
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5.2.1.1.2 Thawing and maintenance of hASCs 

Three cryopreserved hASC cultures (A070415, A260515, A280616; P2) previously 

isolated according to the Coleman method (161) in the ICMM laboratory from 

abdominal lipoaspirate after obtaining informed consent (Appendix B), and expanded 

in CGM containing FBS and frozen in freezing medium (90% (v/v) FBS CGM and 10% 

(v/v) dimethyl sulfoxide (DMSO)) were used in experiments. Cultures removed from 

liquid nitrogen were thawed by pipetting 2 mL pre-warmed FBS CGM into the cryovial 

and pipetting up and down until the frozen cell suspension had thawed. The cells were 

transferred into a 15 mL sterile conical centrifuge tube and centrifuged at 300 × g for 

5 min at room temperature (RT). The supernatant was discarded, and the cells were 

resuspended in pre-warmed PBS containing 2% p/s (unless stated otherwise). The 

cells were centrifuged again for 5 min at 300 × g. The supernatant was discarded, and 

the cells suspended in PBS once again. This step was repeated for a third time to 

ensure that all traces of DMSO and FBS were removed from the samples. It has been 

shown that cells previously expanded in FBS show no priming effect in terms of 

morphology, differentiation potential, proliferation, or chromosome stability before 

being exposed to human alternatives (130,157).  

Cells resuspended in PBS were seeded in 4 mL CGM in 25 cm2 tissue culture flasks 

(NUNC™, Denmark) at a density of 5000 cells/cm2. The cells were incubated at 37°C, 

5% CO2 with medium replacement on day three. 

Medium replacement was done by carefully aspirating the CGM from the respective 

tissue culture flasks and replacing it with 4 mL of the corresponding pre-warmed CGM. 

Care was taken not to accidentally aspirate hASCs.  

Figure 5.1 represents the experimental layout.  

 

 

Figure 5.1: Pilot study experimental layout for comparing α-MEM and DMEM as basal culture 

medium.  
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5.2.1.2 hASCs were seeded into 25 cm2 tissue culture flasks at 5000 cells/cm2 Dissociation of 

cells 

On day six, the cells were dissociated from the tissue culture flasks by removing the 

culture medium and gently washing with 2 mL pre-warmed PBS. TrypLE™ (2 mL, 

GIBCO, Life Technologies™, New York, USA) was added to the flasks and incubated 

for 10 min at 37°C, 5% CO2 to allow the cells to detach. TrypLE™ is a gentle, highly 

pure, recombinant dissociation enzyme that is animal component free (162) which is 

important for GMP for cells intended for clinical use. To inactivate TrypLE™, it was 

diluted by adding 2 mL of the corresponding medium to each flask. The entire volume 

in each flask was transferred to a separate 15 mL centrifuge tube. Each flask was 

washed with 1 mL PBS which was also transferred to the centrifuge tube. The cells 

were centrifuged for 5 min at 300 × g at RT, the supernatant aspirated, and the cells 

resuspended in 1 mL PBS. Cell counts and viability (discussed in section 5.2.1.3 

below) were determined to assess whether there was a significant difference in the 

proliferation and viability of hASCs expanded in DMEM compared to α-MEM. 
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5.2.1.3  Flow cytometry for cell count and viability 

The cell count and viability of hASCs maintained in DMEM vs α-MEM (DMEM 10% FBS 

as control) were assessed to ensure that DMEM as the basal culture medium in future 

studies will be comparable to previous studies completed in α-MEM.  

All flow cytometry data was analysed using the Kaluza analysis (version 2.1) software.  

The cell counts and cell viability were determined separately using separate flow tubes. 

5.2.1.3.1 Cell count 

The experiment was terminated after six days, and the cell count and viability 

determined. The results are displayed in Figure 5.6. All summary statistics and error 

bars presented on graphed data are expressed as mean cell count/percentage viability 

± SEM. Significant differences were determined using the non-parametric Kruskal-

Wallis test (163). Post-hoc analysis was done using Dunn’s multiple comparisons test 

with Bonferroni correction to determine significance between groups and to correct 

for multiple sampling (164). 

The cell counts for each medium were done by using separate flow tubes for each 

medium and adding 100 μL cell suspension, 100 μL Flow-Count™ fluorospheres 

counting beads (Beckman Coulter, Miami, USA), and 1 mL PBS to each tube. The 

1 mL PBS was added to the tube to ensure that the probe does not run out of sample 

and to account for dead volume at the bottom of the flowtube where the probe does 

not reach. The cells were counted on a Gallios flow cytometer (Beckman Coulter, USA). 

Data was acquired for 2 min.  

Figure 5.2 represents the gating strategy followed to determine hASC number. 

Regions were set around populations of interest. Gates were used to include or 

exclude populations in regions in the data analysis. An ungated forward-scatter (FS) 

vs side-scatter (SS) two-parameter dot plot was used to visualise cells. We excluded 

debris by setting a region around intact cells (Figure 5.2A, region ‘ASCs’). The Flow-

Count™ fluorospheres were visualised on a two-parameter FS vs fluorescence 

detector (FL) 3 dot-plot (Figure 5.2B, region ‘BEADS’). Intact Flow-Count™ 

fluorospheres were visualised on a second two-parameter dot plot using FS vs Time 
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(gated on ‘BEADS’). A region was set to exclude disintegrated Flow-Count™ 

fluorospheres (‘CAL’ region, Figure 5.2C). A Boolean gating strategy (Exclude Beads 

= NOT ‘BEADS’) was used to exclude beads from the hASC population counted in 

Figure 5.2D, region ‘ASCs’ (FS vs SS). Smaller hASCs and Flow-Count™ 

fluorospheres are similar sizes, leading to an overestimation of the hASC count if 

fluorospheres are not excluded.   

 

Figure 5.2: Representative images showing the gating strategy for hASC counting on the Gallios 

flow cytometer 

A: Region ‘ASCs’ around cells excluded debris. B: Flow-Count™ fluorospheres were visualised on a 

two-parameter FS vs FL 3 dot-plot. C: broken Flow-Count™ fluorospheres were excluded using region 

‘CAL’. D: Counted ASCs were determined using region ‘ASCs’ and excluding beads from the count 

using a Boolean gating strategy (Exclude Beads = Not BEADS). 
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We calculated cells per µL using Equation 3: 

𝐶𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 µ𝐿 =  (
𝑁𝑜. 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 𝑖𝑛 𝐴𝑆𝐶 𝑟𝑒𝑔𝑖𝑜𝑛 

𝑁𝑜. 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 𝑖𝑛 𝐶𝐴𝐿 𝑟𝑒𝑔𝑖𝑜𝑛
) × 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 

Equation 3: hASC count 

 

The number of events in the ASC region was obtained from Figure 5.2D, region ‘ASCs’; 

it is the number of hASCs in the ASC region. The number of intact Flow-Count™ 

fluorospheres in the ‘CAL’ region in Figure 5.2C was used as the number of events in 

the CAL region. The calibration factor is specified on the Flow-Count™ fluorospheres 

product. It is the number of fluorospheres per µL, the known concentration of beads. 

5.2.1.3.2 Cell viability 

7-Amino-actinomycin D (7AAD) was used to determine hASC viability. 7AAD is a DNA 

intercalating dye that is excluded from viable cells. 7AAD cannot permeate cell 

membranes; therefore, cells will only stain positive for 7AAD if their membrane integrity 

is compromised. 7AAD positive cells are therefore considered non-viable.  

Viability of hASCs was determined by adding 5 µL 7AAD (488 nm excitation, 647 nm 

emission, FL4 channel) and 100 µL cell suspension to a flow tube followed by a 10 min 

incubation in the dark at RT. PBS (1 mL) was added to the flow tube before being 

analysed on the Gallios flow cytometer. An unstained control was included to set the 

gates and was handled in precisely the same manner as the stained sample. 

The cell population was visualised on an ungated two-parameter (FS lin vs SS log) dot 

plot. In Figure 5.3A, the gated ‘ASCs’ region represents the cell population that 

excludes cell debris and any debris in the culture medium. Viable cells were visualised 

on a plot gated on ‘ASCs’ (to include only cells) representing the cells detected in the 

FL4 channel (Figure 5.3B, region B). 

The unstained control was used in this instance to set the gate for region B, as this 

would indicate the cells that stained negatively for 7AAD; therefore, region B 

represents viable cells. 
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Figure 5.3: Gating strategy to determine viable hASCs. 

A: two-parameter (FS vs SS) dot plot to visualise hASCs. The ‘ASCs’ region represents the hASCs and 

is used to exclude debris. B: The cell population in the FL4 (7AAD emission) channel is visualised by 

gated on the ASC population to exclude debris). Region B in B was set using an unstained control and 

represents viable hASCs. 

 

5.2.1.4  Pilot study hASC morphology 

We assessed the morphology of hASCs expanded and maintained in the various media 

using a Zeiss AxioVert A1 microscope. Representative images were taken after six 

days in culture at 5x magnification using a Zeiss Axiocam Ic5.5 digital camera. 

AxioVision software (Version 4.8.2) was used to take images that were enhanced for 

contrast and brightness but were not manipulated.  
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5.2.2  Main morphology and proliferation study 

5.2.2.1  Media preparation 

Complete growth media containing the various human alternatives as supplements 

were prepared. As mentioned previously, complete growth medium refers to the basal 

medium (DMEM) to which the various supplements have been added. In total, 14 

different media (Table 5.2) were prepared by adding 10% (v/v) of each different human 

alternative to a base of DMEM supplemented with 2% (v/v) p/s. For PPP, FFP, HS, and 

PRP, three independent media were made since we received three allogeneic 

donations of each of these blood products. Preservative-free heparin (2 U/mL medium) 

was added to media containing pHPL, PRP, PPP, and FFP to prevent coagulation due 

to platelets releasing clotting factors in the medium (19). The human alternative 

supplements are expected to have donor-dependent and preparation-dependent 

variation in terms of their composition. Therefore, for the purpose of this study, a fixed 

10% (v/v) serum supplement concentration was chosen to ensure continuity between 

FBS and the human alternatives.  

As mentioned previously (section 5.1), FBS and pHPL CGM were considered to be 

controls. FBS was included as it is the current standard and pHPL as it has been 

studied extensively in our laboratory (157). It is important to note that the work with 

pHPL done previously used α-MEM as the basal growth medium. We did, however, 

complete a pilot study discussed in section 5.2.1 and showed that there was no 

significant difference between the two media when supplemented with pHPL (section 

5.3.1). 

Each of the human alternatives was filtered through a 70 µm cell strainer (BD 

Biosciences, Bedford, MA, USA) to remove debris before addition to the DMEM. 

Additionally, the human alternative complete growth media were filtered through a 

0.22 µm filter before storage at 4°C.  

Three cryopreserved hASC cultures (A071016, A100317, and A150817 at P2-3) were 

used for the SRB assay. The cultures were thawed and expanded in the various media 

in 75 cm2 tissue culture flasks, as discussed in section 5.2.1.1.  
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Table 5.2: Summary of various media prepared 

Medium 
Serum/Plasma    

10% (v/v) 

p/s                 

2% (v/v) 

Heparin      

(2 U/mL) 
DMEM Total 

FBS 4.5 mL 900 µL N/A 39.6 mL 45 mL 

pHPL 4.5 mL 900 µL 18 µL 39.42 mL 45 mL 

HS 1 4.5 mL 900 µL N/A 39.6 mL 45 mL 

HS 2 4.5 mL 900 µL N/A 39.6 mL 45 mL 

HS 3 4.5 mL 900 µL N/A 39.6 mL 45 mL 

FFP 1 4.5 mL 900 µL 18 µL 39.42 mL 45 mL 

FFP 2 4.5 mL 900 µL 18 µL 39.42 mL 45 mL 

FFP 3 4.5 mL 900 µL 18 µL 39.42 mL 45 mL 

PPP 1 4.5 mL 900 µL 18 µL 39.42 mL 45 mL 

PPP 2 4.5 mL 900 µL 18 µL 39.42 mL 45 mL 

PPP 3 4.5 mL 900 µL 18 µL 39.42 mL 45 mL 

PRP 1 4.5 mL 900 µL 18 µL 39.42 mL 45 mL 

PRP 2 4.5 mL 900 µL 18 µL 39.42 mL 45 mL 

PRP 3 4.5 mL 900 µL 18 µL 39.42 mL 45 mL 

DMEM supplemented with 10% (v/v) FBS and pHPL respectively were used as controls. 

DMEM supplemented with 10% (v/v) serum/plasma was made using the separate 

allogeneic donations of HS, FFP, PPP, and PRP. Other additions to the media (heparin 

and p/s) are also listed. Volumes were adjusted according to total volumes needed 

throughout different studies. 
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5.2.2.2  Microscopy to determine hASC morphology in human alternatives  

We assessed the morphology of hASCs expanded and maintained in culture media 

supplemented with the various human alternatives using a Zeiss AxioVert A1 

microscope. Representative images were taken after six days in culture (at days two, 

four, and six) 

 at 5x magnification using a Zeiss Axiocam Ic5.5 digital camera. AxioVision software 

(Version 4.8.2) was used to take images that were enhanced for contrast and 

brightness but were not manipulated.  
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5.2.2.3  SRB assay to determine hASC proliferation in human alternatives 

The SRB assay can be used to semi-quantitatively measure cell mass utilising the level 

of protein staining observed. Sulforhodamine B is a bright pink aminoxanthene dye 

that binds stoichiometrically to amino acid residues under mildly acidic conditions and 

can be solubilised and extracted under mild basic conditions (165–167). This 

colourimetric assay has been used in cytotoxicity screenings where cell mass can be 

determined from the amount of dye extracted (166,167). This property can be used to 

determine cell proliferation since higher cell numbers will contain more protein which 

will result in darker stained samples and a higher optical density (OD) value when 

analysed on a spectrophotometer. In short, faster hASC proliferation in media 

containing the various serum supplements will result in higher cell numbers containing 

higher protein levels, resulting in more dye binding and being extracted during the 

assay. The reverse will be observed if slower proliferation occurs.  

We decided to use the SRB assay as an initial proliferation comparison assay since it 

is inexpensive and requires simple equipment. It also allows for high sample 

throughput experimental layouts. Results from the SRB assay were used to identify an 

appropriate time point for future investigations.  

 

5.2.2.3.1 SRB sample preparation 

The SRB assay was performed on cells seeded (at 5000 cells/cm2) and expanded in 

6-well tissue culture plates (NUNC™, Denmark) in the various media. Figure 5.4 is a 

graphic representation of the experimental layout. We adapted the protocol from 

multiple publications (166–168). Briefly, cells were fixed by adding 500 μL cold 50% 

(v/v) Trichloroacetic acid (TCA) to each well without removing the CGM and incubated 

at 4°C for 1 h after which the plates were washed four times with 2 mL distilled water 

and left to air dry at RT. Cells were stained by adding 1 mL (50% of the cell culture 

medium volume in the well) of a 0.4% (w/v dissolved in 1% (v/v) acetic acid) SRB 

solution to each well and incubated at RT for 30-60 min. The plates were rinsed four 

times with 2 mL 1% (v/v) acetic acid to remove any unbound dye and left to air dry at 

RT until completely dry. Dye solubilisation was achieved by adding 2 mL 10 mM tris 
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base solution (pH 10.5) to each well. The plates were shaken for 5 - 10 min on an 

orbital shaker. Samples were diluted (4% (v/v) dilution, (discussed in section 5.2.2.3.2)) 

in 200 μL total per well in a 96-well plate and read on a PowerWave™ 

spectrophotometer at 565 nm (the wavelength that is optimal to measure the 

absorbance of SRB dye). A reference wavelength of 690 nm was used to account for 

background absorbance in the multi-well plates and any other variation not due to the 

analyte. A blank measurement that contained only distilled water was also included. 

The SRB assay was performed on days 2, 4 and 6 after cells were seeded.  

 

Figure 5.4: SRB cell culture experimental layout. 

hASCs were seeded in 6-well plates for the various time points and human alternative supplement 

donors. The depicted configuration was repeated for three different hASC cultures. For pHPL and FBS 

n=3 with three technical replicates. For FFP, PPP, HS, and PRP n=9. Figure created by candidate.  
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5.2.2.3.2 SRB limit of linearity determination 

A limit of linearity titration experiment was done to ensure the SRB assay’s accuracy 

since SRB dye has a limit of linearity for detection at an OD ~2 (165–167). The limit of 

linearity is the linear range where the absorbance (or OD value) accurately reflects the 

concentration of the analyte actually present (169). On a graph of ODs plotted against 

a range of concentrations, the limit of linearity can be identified as the OD value where 

the graph starts to deviate from linearity (169,170). It is important to ensure that the 

OD of samples measured falls within the linearity range to ensure the results accurately 

reflect the true concentration of SRB present in the samples.  

A serial dilution in a total volume of 200 μL per well was used in a 96-well plate using 

various concentrations of the darkest stained sample diluted in distilled water. The 

concentrations included 100%, 50%, 25%, 15%, 7%, 4%, 3%, 2%, 1% and 0% which 

contained only distilled water. The readings were taken at the same wavelengths 

described previously, in triplicate, on a PowerWave™ spectrophotometer, and 

graphed. The concentration where the graph started to plateau was used for diluting 

future samples to ensure that the OD values accurately reflect the amount of SRB dye 

present in the sample. As mentioned, the amount of dye will be used as an indication 

of cell proliferation in the various human alternatives.  

  



91 

 

5.3 Results 

5.3.1  α-MEM vs DMEM pilot study 

The purpose of the pilot study comparing α-MEM to DMEM was to ensure that results 

obtained in our study can be compared to work done by Ms Carla Dessels in α-MEM 

(157). Results are presented for n=3 experiments. 

5.3.1.1  Pilot study morphology 

The morphology of the cells (representative images from culture A280616 at P3) 

grown in pHPL (Figure 5.5 A-B) was more spindle-shaped and smaller than cells grown 

in FBS, similar to the findings from previous studies by Ms Carla Dessels (157). This 

morphology was observed regardless of the basal culture medium used (α-MEM or 

DMEM). The cells in pHPL were 100% confluent by day six in culture, whereas the 

cells in the FBS control were only 50-60% confluent by day six (Figure 5.5C).  
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Figure 5.5: Representative light microscopy images of hASC morphology in various media at day 

six. 

A represents the morphology of hASCs (A280615 P3) in α-MEM supplemented with 10% (v/v) pHPL. 

The morphology of hASCs in DMEM 10% (v/v) pHPL is shown in B. The control (10% (v/v) FBS in 

DMEM) is shown in C. Images were taken at 5x magnification. Scalebar = 100 µm. n = 3 for all medium 

supplements. 
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5.3.1.2  Pilot study cell count and viability 

The significance level was set at α = 0.05, and a p-value of < 0.05 was considered 

significant. Statistical analysis and graphical representation of the data were performed 

using R (version 4.0.3) and RStudio (version 1.4.1103). 

A significant increase in cell number after six days in culture was observed for hASCs 

maintained in 10% (v/v) pHPL, regardless of the basal medium used (Figure 5.6A). The 

mean number of cells in α-MEM supplemented with 10% pHPL was 

1 877 474 ± 315 537 after six days. DMEM supplemented with 10% pHPL yielded a 

mean of 1 830 035 ± 530 843 cells after six days. DMEM with 10% FBS resulted in a 

cell count of 288 897 ± 29 602 at day six. There is little difference when comparing the 

proliferation rates of hASCs maintained in 10% pHPL DMEM and 10% pHPL α-MEM 

after six days.  

The viability of hASCs maintained in all three media was above 95%, depicted by the 

red line in Figure 5.6B. The average viability for hASCs in 10% FBS was 96.30% ± 0.21. 

For 10% pHPL supplemented α-MEM and DMEM, the average viabilities were 98.88% 

± 0.25 and 99.21% ± 0.27 respectively.  

The results show no difference in pHPL-supplemented α-MEM- or DMEM-expanded 

hASCs in terms of morphology, proliferation, or viability. We used DMEM 

supplemented with 10% pHPL as a human alternative control for the rest of the study. 
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Figure 5.6: Cell count and viability of cells grown by flow cytometry in various media after six days. 

The number of cells grown in 10% (v/v) pHPL in α-MEM and DMEM and 10% (v/v) FBS in DMEM as 

control is shown in A with statistically significant higher cell numbers in both pHPL supplemented media 

compared to FBS. B represents the percentage of viable cells under the same experimental conditions 

with the red line indicating 95% viability. Error bars represent mean ± SEM and n=3 for all media. 
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5.3.2  Main morphology and proliferation study 

The SRB assay is an inexpensive, semi-quantitative approach for comparing the 

proliferation of hASCs maintained in medium supplemented with the various human 

alternatives. Three hASC cultures were used for this experiment. For the two control 

media, (FBS and pHPL) n=3 experiments with three technical replicates per 

experiment. For the human alternatives (PPP, PRP, FFP, and HS) n=9: three allogeneic 

blood product donations were combined with three separate hASC cultures 

demonstrated in Figure 5.4. For the purpose of this study, results of the three 

allogeneic donations of each human alternative were combined (to achieve n=9) for 

statistical robustness and because this study aims to compare human alternatives to 

FBS, not the biological donors of blood products to each other.  

5.3.2.1  hASC morphology in human alternatives  

Figure 5.7 displays light microscopy images of one hASC culture (A071016 at P2) 

representing hASCs maintained in the various supplemented media on day six. The 

morphology of hASCs was spindle-shaped in all the media. Cells in PRP and pHPL 

(Figure 5.7E and F) were noticeably smaller than cells grown in the other media when 

comparing to the scale bar. hASCs in FFP- and PPP-supplemented media (Figure 5.7B 

& C) were similar in shape and size to hASCs in FBS-supplemented medium (Figure 

5.7A). In HS-supplemented medium (Figure 5.7D), hASCs were smaller than in FBS-

supplemented medium but larger than in PRP-and pHPL-supplemented media. The 

images also illustrate the differences in the proliferation of hASCs grown in the various 

culture media after six days as there are visibly more cells present in some media than 

other. This is, however, not a quantitative measure for proliferation in the various media, 

but supports results in 5.3.2.2 and 6.3.126.  
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Figure 5.7: Representative light microscopy images displaying the differences in morphology and 

proliferation rate of hASCs maintained in various supplemented media after six days. 

A-F represent hASCs maintained in FBS-, FFP-, PPP-, HS-, PRP-, pHPL-supplemented media 

respectively. For FBS and pHPL n=3 with three technical replicates, for PPP, PRP, FFP, and HS, n=9. 

(Scalebar = 100 µm, 5x magnification) 
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5.3.2.2  hASC proliferation in human alternatives 

To determine if proliferation was significantly different between human alternatives and 

FBS, mean ODs on days 2, 4, and 6 were subjected to statistical analysis using the 

Kruskal-Wallis test and the Dunn’s post-hoc multiple comparisons test with Bonferroni 

correction to correct for multiple sampling. Results of allogeneic human alternative 

donations were combined for the purpose of this study to ensure statistical robustness 

and because the aim of this study is to compare human alternatives to FBS. All 

summary statistics and error bars presented on graphed data are expressed as mean 

OD ± SEM. The significance level was set at α = 0.05, and a p-value of < 0.05 was 

considered significant. Statistical analysis and graphical representation of the data 

were performed using R (version 4.0.3) and RStudio (version 1.4.1103). 

The SRB assay’s accuracy was ensured by doing a titration experiment to determine 

the assay’s linear dynamic range where the OD values accurately reflect the 

concentrations of SRB present in the sample. The OD values were normalised to a 

blank of distilled water. Figure 5.8  shows the results obtained from the titration 

experiment. The OD graph of the readings starts to plateau at concentrations lower 

than 15% (Figure 5.8A). When looking at the concentrations of 0-15% (Figure 5.8B), 

the graph starts to plateau at a concentration of 4%. The 4% dilution equates to 8 µL 

SRB stained sample in 192 µL distilled water per well in a 96-well plate. All samples 

were diluted to this concentration for future OD measurements to ensure accurate 

measurements.  
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Figure 5.8: Line graphs displaying the concentration dilution series and resulting OD values of the 

SRB assay sample to determine the linear limit of detection of the assay. 

A displays the plateau in OD values between 0-15% concentration indicating that samples more 

concentrated than 15% do not accurately reflect the amount of protein present. B, a closer look at the 

OD values between 0-15% concentration, shows the plateau is reached at 4% concentration (indicated 

by the blue line). This indicates the concentration at which the amount of SRB dye accurately reflects 

the amount of protein in the sample. OD values of three technical  replicates plotted and normalised 

by subtracting the OD values of a blank of distilled water.  

 

The SRB assay was used to compare the proliferation rate of hASCs maintained in the 

various supplemented media. After measuring the absorbance of the extracted SRB 

dye, OD values were plotted against time points. The dye intensity is an indication of 

the cell proliferation on days two, four, and six in culture.  

The proliferation rate trends of hASCs in the various supplemented media are 

represented by the ODs displayed in Figure 5.9A. Figure 5.9B represents the same 

OD values as a bar graph and illustrates the results as mean OD ± SEM and statistical 

significance. 

Results show increased OD over the six-day culture period for all the media, indicating 

that the hASCs proliferated in all media. The OD for FBS-supplemented media had the 

smallest increase across the time points, indicating that the cells proliferated at the 

slowest rate in FBS-supplemented medium compared to the human alternative-

supplemented media.  
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At day two there was a statistically significant (α ≤ 0.05) increase in proliferation for all 

media (FFP, PPP, HS, pHPL, PRP) compared to FBS (OD = 0.02 ± 0.002). HS (0.23 ± 

0.06), pHPL (0.38 ± 0.11), and PRP (0.62 ± 0.20) showed a significant increase in 

proliferation compared to FBS (0.03 ± 0.004) on day four as well. At day six, HS (0.22 

± 0.03), PRP (0.38 ± 0.07), and pHPL (0.45 ± 0.08) again showed significantly higher 

proliferation than FBS (0.04 ± 0.01). PRP and pHPL also had significantly higher OD 

values when compared to FFP (0.14 ± 0.01) on day six. 

The results indicate that the proliferation rate for hASCs was the highest in PRP-

supplemented medium, followed by pHPL-, and HS-supplemented media. FBS-

supplementation resulted in the lowest proliferation rate.  
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Figure 5.9: Graphs representing the mean OD values measured at various time points in the various 

supplemented media. 

A demonstrates a line graph indicating the mean optical density (OD) value trends of hASCs in the 

different media. B represents a bar graph of the same mean OD values but includes SEM and statistical 

significance. On day two, all human alternatives proliferated significantly (indicated by * at day two) (α 

≤ 0.05) more than FBS. Three human alternatives (HS, pHPL, and PRP) showed a significant increase 

in proliferation compared to FBS on days four and six (indicated by * at day four and six). PRP and pHPL 

also had significantly higher OD values than FFP on day six (indicated by # at day six). OD values were 
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normalised by subtracting OD values of a blank of distilled water. For FBS and pHPL n = 3 with three 

technical replicates, for FFP, PPP, PRP, and HS n = 9. 



102 

 

5.4 Discussion and conclusion 

The initial study to compare DMEM and α-MEM as basal culture media did not show 

any significant differences in hASC morphology, viability, or cell count, similar to 

results previously reported (Czapla et al., 2019). Although cell number for hASCs in 

DMEM was slightly lower than in α-MEM, both were higher than in FBS, similar to 

previous reports by Czapla et al. (2019). We concluded that we could use DMEM as a 

basal culture medium for this study, and would still be able to compare it to previous 

work done using α-MEM supplemented with pHPL (157).  

hASC proliferation and morphology in human alternative-supplemented media (FFP, 

PPP, PRP, HS, pHPL) yielded noticeable differences compared to FBS.  

The confluence differences visible on day six micrographs and the semi-quantified 

results from the optical density values obtained from the SRB assay indicate that all 

the human alternatives displayed higher hASC proliferation than FBS with PRP, pHPL, 

and HS, showing significantly faster proliferation across all timepoints over six days. 

PRP, pHPL, and HS also proliferated the fastest, with PRP displaying the fastest 

proliferation and pHPL and HS showing the second and third highest proliferation. 

From previous studies (Choi et al., 2013; Czapla et al., 2019; Felthaus et al., 2017; Riis 

et al., 2016; Witzeneder et al., 2013), the higher proliferation of the human alternatives 

were expected. The spike in PRP growth on day four and subsequent decrease on day 

six could be due to over-confluence resulting in contact inhibition reducing 

proliferation, combined with hASC detachment from the tissue culture plate (175). It is 

important to keep in mind that these conclusions are drawn from a semi-quantifiable 

assay and a more precise investigation into the cell numbers is discussed in 6.2.1.   

An explanation for the increase in hASC proliferation in human alternatives may be the 

presence of platelets releasing growth factors. Platelets release growth factors such 

as platelet-derived growth factor (PDGF), transforming growth factor-β (TGF-β), and 

vascular endothelial growth factor (VEGF), to name a few (38,160). These α-granule-

derived growth factors increase cell proliferation (160,171). All human alternatives 

underwent a minimum of a single freeze-thaw cycle, as explained in the human 

alternative preparation chapter, which has been proven to function as a platelet 
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activation step to release growth factors (28,38). Future studies should investigate 

relationships between the proliferation of hASCs, the platelet numbers in blood 

products, and subsequently the composition of growth factors present to further 

understand the faster hASC proliferation seen in human alternative supplemented 

media.  

The morphology of hASCs in all culture media maintained the traditional spindle shape 

expected from previous studies (25,30,34,171,176). However, hASCs in HS, PRP, and 

pHPL were smaller than in FBS, PPP, and FFP as can be seen when comparing size 

to the scalebar on the micrographs. The smaller size for pHPL and PRP was expected, 

as noted in previous studies (127,171,176). On the contrary, Riis and colleagues, 2016 

(174) reported that hASCs in α-MEM supplemented with pHPL were larger than 

hASCs in FBS, and the authors attributed this to the fact that α-MEM was the basal 

medium, as other studies had reported the opposite for hASCs in DMEM with pHPL. 

From the pilot study, the results showed no noticeable difference in size between 

hASCs in α-MEM vs DMEM supplemented with pHPL, and in both media, the hASCs 

were smaller than in FBS. These results contradict Riis et al. 2016 (174) but confirm 

findings by Czapla et al. 2019 (171).  

The differences in size between human alternatives and FBS could be explained by 

the differences in proliferation (Oikonomopoulos et al., 2015). The faster proliferation 

in human alternatives may have an impact on cell size since smaller cell size increases 

the efficiency of cell metabolism in terms of diffusion rates and cell surface area relative 

to volume (79). In HS, hASCs were slightly smaller than in FBS but larger than hASCs 

maintained in PRP and pHPL. Patrikoski et al. reported a wide spindle-shaped, cuboidal 

morphology for hASCs in HS (25). The current study’s results, however, showed 

hASCs that were wider but with morphology similar to that of hASCs maintained in 

PRP and pHPL. The smaller cell size in HS could result from the slightly higher platelet 

number in HS, as discussed in the previous chapter.  

Future studies should include a more in-depth analysis of the cell sizes mentioned 

using image analysis software or flow cytometry for a quantified conclusion to cell size. 

The study should also aim to compare the cell sizes using micrographs where hASCs 

in the various media are at similar confluency, roughly 50-60%.     
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From these results, any of the five human alternatives are suitable replacements for 

FBS as no noticeable changes in morphology were observed, and human alternatives 

result in a high proliferation rate. Since hASC numbers are higher than in FBS, it is 

possible to obtain clinically relevant cell numbers faster, making human alternatives 

the better choice in terms of hASC time required in culture. Studies of the 

immunophenotype and differentiation capacity of hASCs in the human alternatives will 

have to be considered before a definitive conclusion can be reached as to which 

human alternative is best suited to replace FBS, if any. Future research prospects also 

include investigating donor-related variability of the various human alternatives to 

determine a suitable autologous product for personalised regenerative medicine 

instead of a global standard option. The pooling of blood products from multiple donors 

for a medium supplement, as in the case of pHPL, may reduce the inherent biological 

variability (171) but excludes the possibility of an autologous therapeutic product.      
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Chapter 6:  Main flow cytometry study 

6.1 Introduction 

In Chapter 5, the SRB assay was done as a preliminary estimation of the proliferation 

of hASCs in the various human alternatives compared to FBS. For a more complete 

quantitation of proliferation, the absolute count, cell cycle stages, and cell death and 

viability were evaluated by flow cytometry. The immunophenotype of the hASCs was 

also confirmed using flow cytometry. These parameters were measured for hASCs 

cultured for four days in the different media. The culture time was selected based on 

previous work in the SRB assay and visual cues indicating that hASCs have begun to 

proliferate without being overconfluent, which would risk contact inhibition (78).  

The immunophenotype of hASCs in the various human alternatives was compared to 

FBS to ensure that culture and maintenance in the human alternatives do not alter the 

hASC immunophenotype from recommended guidelines. The hASCs must adhere to 

the required expressed immunophenotype to be classified as MSCs from adipose 

tissue (16,17).  

After the immunophenotype was confirmed, an absolute cell count was done. The 

absolute count yielded a better representation of the increase or decrease in hASC 

cell number in the various media than the SRB assay, which examined proliferation in 

a broader context since it measures cellular protein content (167).  

Cell proliferation was also evaluated by measuring the increasing DNA content of cells 

progressing through the cell cycle before nuclear replication (mitosis). Mitosis is the 

process whereby the replicated genome of a cell is segregated and split into two 

daughter cells. The cell cycle consists of four stages (G1, S, M, G2) and senescence 

(G0, resting phase) where no proliferation occurs. Cells at rest (in G0) enter the cell 

cycle at G1, the first gap phase, after which genome duplication occurs in the S phase 

(S indicative of DNA synthesis). Cells then advance to the G2 phase, another gap phase, 

where the integrity of the duplicated genome is scrutinised before progressing to the 

M (mitosis) phase, where nuclear and cytoplasmic division occurs. After mitosis, the 

two daughter cells can either re-enter the cell cycle to keep proliferating or enter G0 

(78,80,177,178). Should the cell cycle be arrested during the G2 phase due to lack of 
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DNA integrity, programmed cell death (apoptosis) may be initiated if DNA repair is not 

feasible (78). Control of the cell cycle is vital as dysregulation may result in 

uncontrolled proliferation, which can be associated with high levels of cell death and 

potential tumour formation (81). Ultimately, cell proliferation is a delicate balance 

between an increase in cell number – through cell growth and progression through the 

cell cycle – and cell death. 

Cell viability and death were investigated to ensure that the culture and maintenance 

of hASCs in human alternatives do not negatively impact cell proliferation and viability. 

Changes in the cell environment, for instance, a change in culture medium 

composition as in this study, can increase cell death (81,84) through internal or 

external mechanisms. Multiple processes for cell death are possible, including 

apoptosis and necrosis. Apoptosis and necrosis are often intertwined but can function 

separately and are distinct in their origins (84,179). Apoptosis is an ordered, 

programmed cell death resulting from internal signalling pathways. Apoptotic cells 

undergo morphological changes with an intact plasma membrane that includes cellular 

and nuclear shrinkage, chromatin cleavage, the formation of apoptotic bodies, and 

exposure of molecules on the cell exterior, such as phosphatidylserine (PS). In contrast, 

necrosis is considered accidental cell death due to external environmental 

disturbances and is characterised by rupture of the plasma membrane and 

subsequent leakage of cellular contents (84,87,179). Apoptosis is not necessarily 

guaranteed cell death and can be reversed, whereas necrosis is seen after cell death 

has already occurred, and cells cannot recover (84).  

Investigation and understanding of hASC proliferation and death in human alternatives 

is essential for reaching therapeutic hASC cell numbers as efficiently as possible.  
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6.2 Materials and Methods 

Three cryopreserved hASC cultures (P2-4) were thawed, seeded, and cultured for four 

days in the different media described in Chapter 5 (section 5.2.1.1).  

On day four, cells were dissociated as previously described (section 5.2.1.2), pelleted 

by centrifugation, and resuspended in 500 µL of the various media. The cell 

suspension was then used for absolute cell count, immunophenotyping, cell cycle 

analysis, and cell viability using flow cytometry. All flow cytometry data were analysed 

using Kaluza analysis (v2.1) software. 

 

 

Figure 6.1: Experimental layout of the flow cytometry experiments. 

hASCs were seeded in the various media (10% v/v) in 25 cm2 tissue culture flasks and dissociated after 

four days. hASC cell count, cell viability, cell cycle stages, and immunophenotype in the various media 

were investigated and compared. 
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6.2.1  Absolute cell count 

Cell counting by flow cytometry allows a good approximation of the number of cells 

present in the various media and a better indication of their proliferation than the SRB 

assay done in Chapter 5. A total of 125 000 hASCs were seeded per 25 cm2 flask. The 

absolute cell number was determined using a fluorescent DNA stain called Vybrant® 

DyeCycle™ Ruby (VDC Ruby, Invitrogen/Molecular Probes®, Life Technologies, 

Eugene, USA).  VDC Ruby is a stain that fluoresces upon binding to double-stranded 

DNA and can permeate the membranes of live cells (180). VDC Ruby can thus be used 

to discern between nucleated cells and debris or platelet remnants from the human 

alternatives in the culture medium. Its use ensures that only nucleated cells are 

included in the cell count.    

6.2.1.1  Absolute cell count sample preparation 

Dissociated hASCs resuspended in the various media were prepared for flow 

cytometry by adding 50 μL of the different cell suspensions and 0.5 μL VDC Ruby to 

separate flow tubes. The flow tubes were incubated for 5 min at RT in the dark to allow 

the dye to cross cell membranes and stain the DNA. Flow-Count™ fluorospheres 

(50 μL) were added to the flow tube along with 500 μL PBS. The PBS was added to 

ensure sufficient sample volume and account for dead volume at the bottom of the 

flow tube. The samples were analysed on the Gallios flow cytometer. 

6.2.1.2  Absolute cell count data analysis 

The nucleated ASC population in Figure 6.2B (‘Nucleated ASCs_2’) was identified by 

first visualising the ASCs on a two-parameter SS vs VDC Ruby (FL7; excitation: 488nm; 

emission 725/20 BP) dot plot. The cells that stained positive for VDC ruby were 

identified and included in the ‘Nucleated ASCs’ region (Figure 6.2A). The final 

nucleated ASC population was determined using a two-parameter FS vs SS dot plot 

gated on the ‘Nucleated ASCs’ area (Figure 6.2B). The ‘Nucleated ASCs_2’ region 

(Figure 6.2B) was drawn around the nucleated cells to exclude any debris, and the 

number of events in this region was used as the final nucleated cell count. The gating 

strategy described in 5.2.1.3.1 was used to identify the Flow-Count™ fluorosphere 

population shown in Figure 6.2C and D. The concentration of hASCs (cells per 
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microlitre) was calculated using equation 3 in section 5.2.1.3.1. The total number of 

hASCs was determined by multiplying the hASC concentration by the total 

resuspension volume for each medium. 

 

Figure 6.2: Representative plots of the gating strategy used for absolute cell counting. 

A: ‘Nucleated ASCs’ area shows the cell population positive for VDC Ruby. B: ‘Nucleated ASCs_2’ 

region displays the cell population obtained after gating on ‘Nucleated ASCs’ in A. C and D were used 

to determine the Flow-Count™ fluorosphere population as described in section 5.2.1.3.1 above. 
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6.2.2  Immunophenotypic characterisation 

Immunophenotyping is used to assess the specific antigen expression profile on cell 

surfaces by flow cytometry (16) to determine whether the hASCs cultured in the 

various human alternative-supplemented media adhere to the prescribed 

immunophenotype (16,17). A seven-colour flow cytometric panel was used to 

characterise hASCs according to the following well-described criteria:   CD90+, CD44+, 

CD73+, CD105+, CD36+, CD45-, and CD34+ (16,17,181).  

6.2.2.1  Immunophenotype sample preparation 

Dissociated hASCs resuspended in the various media were analysed for their external 

immunophenotype. Immunophenotype flow tubes were prepared for each medium by 

adding 100 μL cell suspension to two separate flow tubes. The first tube was used as 

an unstained sample to which no antibodies were added. To the second tube, 5 μL of 

each of the monoclonal antibodies (Beckman Coulter, USA) in the panel in Table 6.1 

was added. The tubes were incubated at RT for 20 min in the dark before washing by 

adding 500 μL PBS (2% p/s), centrifuging for 5 min at 300 x g, and removing the 

supernatant. The wash was performed to remove unbound antibody, preventing non-

specific staining that may result in increased background staining and poor resolution 

of positive and negative populations. The cells in each tube were resuspended in 

500 µl PBS (2% p/s) before analysing on the Gallios™ flow cytometer.  

Table 6.1: Seven-colour monoclonal antibody (Beckman Coulter, USA) panel for hASC flow 

cytometric immunophenotyping. 

Monoclonal antibody Fluorochrome Excitation Emission Detection channel 

CD 90 FITC 480 nm 550 SP FL1 

CD 44 APC Cy7 633 nm 725/20 BP FL8 

CD 105 PE 480 nm 582/15 BP FL2 

CD 73 BV421 405 nm 450/50 BP FL9 

CD 45 KO 405 nm 550/40 BP FL10 

CD 36 APC 633 nm 660 BP FL6 

CD 34 PC5 (PE-Cy5) 480 nm 675/20 BP FL5 

6.2.2.2  Immunophenotype data analysis 

A sequential gating strategy was used to determine the cell surface co-expression 

profile of hASCs expanded in the various media.  
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An FS vs SS log two-parameter dot plot was used to visualise the hASC population. 

Debris was excluded by drawing a region around intact hASCs (Figure 6.3A, region A). 

Subsequent two-parameter plots with quadrants were used to determine the hASC 

co-expression profile as this allowed for the analysis of two cell surface markers at the 

same time. Figure 6.3B displays the bivariant CD44 vs CD90 dot plot gated on region 

A using intact hASCs after excluding cell debris (region A, Figure 6.3A). The hASC 

population positive for both markers was identified and was used to gate the 

subsequent plot. Figure 6.3C represents intact hASCs that have CD90+ and CD44+ 

expression visualised on a bivariant CD73 vs CD105 plot. The hASCs positive for both 

markers were identified. Figure 6.3D was gated on the previously identified hASC 

population and visualised on a bivariant CD45 vs CD36 plot. As previously, the hASC 

population of interest (positive for CD36 and negative for CD45) was identified. 

Consequently, Figure 6.3E represents intact hASCs that display CD90+, CD44+, CD73+, 

CD105+, CD36+, CD45- cell surface marker expression on a bivariant CD90 vs CD34 

plot. The final hASCs population that adheres to the prescribed cell surface-marker 

expression profile can be seen in Figure 6.3E in the CD90+, CD34+ quadrant.  

 

Figure 6.3: Representative images of the gating strategy followed to determine hASC 

immunophenotype. 



112 

 

A represents a two-parameter FS vs SS dot plot with region A gating out cell debris. B-E are bivariant 

dot plots divided into quadrants and gated on the populations identified in the previous plots that adhere 

to the immunophenotype co-expression described as the minimum requirements for MSCs. The 

sequential gating strategy was used to identify the hASCs in the final population visualised in E that has 

the co-expression immunophenotype CD90+, CD44+,CD73+,CD105+,CD36+,CD45-,CD34+. 
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6.2.3  Cell cycle analysis 

Cells in the various phases of the cell cycle can be assessed by using a fluorescent 

DNA binding dye. During the different stages of the cell cycle, cells have different 

amounts of DNA. During the G0/G1 phases, cells will only contain a single complement 

of DNA (2n). During the S phase, when DNA replication occurs, cells will have a varying 

amount of DNA since the genome is in the process of being duplicated. After the S 

phase, cells will contain twice the amount of DNA (4n) since the genome has been 

copied, but cytokinesis has not yet occurred (80). The changes in DNA content during 

the cell cycle phases (G0/G1, S, and G2/M) were assessed using 

4’, 6-diamidino-2-phenylindole (DAPI, Invitrogen™, USA) staining. DAPI is a DNA 

fluorescent stain that preferentially binds to AT-rich regions in the minor groove of 

dsDNA molecules resulting in a roughly twenty-fold increase in DAPI fluorescence 

after binding (182,183).  

6.2.3.1  Cell cycle analysis sample preparation 

After dissociation, a 100 µL aliquot of hASCs in suspension in the various media was 

added to separate 15 mL centrifuge tubes and washed with 500 µL PBS by 

centrifuging for 5 min at 300 × g.  The supernatant was removed, and the cell 

membranes were permeabilised by adding 100 µL DNA-Prep LPR buffer (DNA Prep 

Reagent Kit, Beckman Coulter, USA) to each tube and incubating on ice for 5 min. A 

100 µL volume of DAPI wash buffer (PBS with 2% (v/v) p/s and 5% (v/v) FBS) was then 

added. The tubes were then centrifuged for 5 min at 300 × g and the supernatant 

discarded. The resulting cell pellet was resuspended in 1 mL DAPI staining buffer (3 

μM) made up of 100 mM Tris (pH 7.4), 150 mM NaCl, 1 mM CaCl2, and 0.5 mM MgCl2, 

and incubated in the dark for 15 min.  

6.2.3.2  Cell cycle analysis data analysis 

Cell cycle flow cytometry data was analysed using Kaluza Analysis software v2.1. The 

hASCs were visualised on an ungated FS vs SS dot plot and a region drawn around 

the cell population to exclude debris present in the samples (Figure 6.4A, ‘ASCs’). 

Doublets were excluded by visualising the hASC population identified in Figure 6.4A 

on a two-parameter FL9-area vs FL9-Height (DAPI, Excitation 358nm, Emission 450/50 



114 

 

BP) dot plot gated on the ‘ASCs’ region. The exclusion of doublets is crucial since it 

may skew the percentage of cells identified in the G2/M phase. A doublet in the G0/G1 

phase will have the same amount of DNA present (2n) as a single cell in G2/M. The cell 

cycle was assessed by visualising the single, DAPI stained, nucleated cells on a single 

parameter histogram Count vs FL9 plot gated on the single-cell region identified in 

Figure 6.4B, ‘Single ASCs’ region. At least 20 000 events were acquired. If the number 

of events could not be reached, data was obtained until the flow tube was empty.     

 

Figure 6.4: Representative plots of the cell cycle analysis gating strategy. 

A was used to identify the hASC population and exclude debris (‘ASCs’ region). Doublets were excluded 

to ensure accurate results by visualising the hASCs on an FL9-Area vs FL9-Height dot plot and 

identifying single hASCs in B, region ‘Single ASCs’. The cell cycle of single hASCs was assessed on a 

Count vs FL9 (DAPI) histogram plot (C). 
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6.2.4  Cell viability assay 

The viability and stage of apoptosis/necrosis of the cells grown in the different human 

alternatives were investigated using Annexin V, which detects apoptosis, and 

propidium iodide (PI), which detects necrosis. 

Annexin V is a phospholipid-binding protein that binds with high affinity to 

phosphatidylserine (PS). PS translocates to the exterior of the intact plasma 

membrane of apoptotic cells (153,184). Conjugation of a fluorophore to Annexin V 

allows Annexin V bound to PS on the exterior of the plasma membrane to be detected 

by flow cytometry (153,184).  

A necrotic state can be determined by examining the integrity of the plasma membrane 

using PI. PI is an inexpensive nuclear stain that is excluded from viable cells since PI 

staining is dependent on the loss of integrity of the plasma membrane. The loss of 

membrane integrity of late apoptotic and necrotic cells allows PI to pass through the 

membrane and intercalate into DNA, resulting in red fluorescence (153,184). Early 

apoptotic cells will exclude PI due to the plasma membrane still being intact.  

A co-stain of Annexin V-FITC and PI (Annexin V-FITC kit, Beckman Coulter, Miami, 

USA) can be used to assess apoptotic, necrotic, and viable (live) cells. Cell populations 

positive for Annexin V but negative for PI were considered apoptotic but still viable 

since apoptosis has begun. However, the plasma membrane is still intact and therefore, 

the cell can still recover. Populations positive for both Annexin V and PI were 

considered to be in late-stage apoptosis. The plasma membrane has started losing its 

integrity; therefore, positive staining for only PI was interpreted as necrotic, non-viable 

cells.  

6.2.4.1  Cell viability sample preparation 

Dissociated hASCs in the various media were prepared for viability analysis according 

to the Annexin V-FITC kit (Beckman Coulter, Miami, USA) instructions.  Separate flow 

tubes were prepared by adding 100 μL cell suspension, 100 μL 1× binding buffer, 1 μL 

Annexin V, and 5 μL PI to each flow tube. The tubes were incubated on ice in the dark 

for 15 min to allow binding of Annexin V and PI, after which 400 μL 1× Binding buffer 

was added. A positive control for cell death was prepared by incubating 100 μL cell 
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suspension with 3% (v/v) formaldehyde in PBS for 30 min. A minimum of 10 000 events 

were acquired for data analysis. 

6.2.4.2  Cell viability flow cytometry data analysis 

An ungated two-parameter FS vs SS Log dot plot was used to identify single cells and 

exclude debris. The ‘ASCs’ region was drawn around this population, as in Figure 6.5A. 

Two parameter Annexin V (FL1 Excitation 480nm, Emission 550 SP) vs PI (FL3, 

Excitation; 488nm, Emission; 620/30 BP) dot plots were gated on the hASC population 

identified previously and assessed for sub-populations (Figure 6.5B). Cells in the lower 

left quadrant are negative for both Annexin V and PI and are considered healthy and 

viable.  

A positive control for cell death was included, along with a negative unstained control 

to verify protocol settings. A minimum of 10 000 events were acquired and included in 

the data analysis. 

 

 

Figure 6.5: Representative plots of the gating strategy followed for the viability of hASCs 

maintained in the various media. 

Single cells were included in the analysis, and debris was excluded by drawing a region around the 

hASC population (‘ASCs’ in A). The identified population was investigated for subpopulations positive 

or negative for annexin V and PI, gated on ‘ASCs’ in B. 
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6.3 Results 

The results are shown as mean ± standard error after four days in culture. For pHPL 

and FBS, the controls, n=3. For the human alternatives, FFP, PPP, HS, and PRP; n=9 

since three hASC cultures were combined with three allogeneic human alternative 

donors for statistical robustness.  

All flow cytometry data were analysed using Kaluza analysis (v2.1) software. 

The results from the various experiments were subject to statistical analysis using the 

Kruskal-Wallis test to test for significant variance between groups. Dunn’s posthoc 

multiple comparisons test was also done to determine between which groups the 

variance is with Bonferroni correction in order to correct for multiple sampling. All 

summary statistics and error bars presented on graphed data are expressed as the 

mean percentage/count ± SEM. The significance level was set at α = 0.05, and 

p < 0.05 was considered significant. Statistical analysis and graphical representation 

of the data were performed using R (version 4.0.3) and RStudio (version 1.4.1103). 
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6.3.1  Absolute cell count 

After four days in culture, the absolute number of hASCs was determined to obtain a 

more precise indication of hASC proliferation in the various human alternatives.  

125 000 hASCs were seeded per 25 cm2 flask (the red line in Figure 6.6). In all the 

media, the cell number increased. PRP was the human alternative with the highest cell 

number (3 442 418 ± 360 034), which was significantly higher (p < 0.05) than PPP 

(1 158 181 ± 160 550), FFP (1 376 530 ± 201 227), and FBS (688 409 ± 74 588) after 

four days. pHPL had the second-highest cell number (2 555 773 ± 623 765), followed 

by HS (1 883 997 ± 246 639). PRP cells showed a five-fold increase compared to FBS 

and a 1.35-fold increase compared to pHPL.  

 

Figure 6.6: Absolute count using flow cytometry of hASCs expanded in the various media after four 

days. 

The red line indicates 125 000 cells seeded at day zero of the experiment. hASCs in all media 

proliferated as all day four cell counts were higher than the initial 125 000 cells. Significance (p < 0.05) 
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for PRP vs FFP*, PRP vs PPP#, and PRP vs FBS† is indicated by the three symbols. For FBS and pHPL 

n = 3 with three technical replicates, for PPP, PRP, FFP, and HS n = 9. 
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6.3.2  Immunophenotype 

The immunophenotype of hASCs in the supplemented media adhered to published 

criteria (16,17). In all supplemented media more than 90% of hASCs expressed the 

immunophenotype: CD73+, CD105+, CD44+, CD90+, CD45-, CD34+, CD36+ (Figure 6.7). 

The hASCs showed a mean of 93.04 ± 0.45% cells being CD73+, CD105+, CD44+, 

CD90+, CD45-, CD34+, CD36+ regardless of the culture media supplement.  

 

Figure 6.7: The mean percentage of hASCs displaying CD73+, CD105+, CD44+, CD90+, CD45-, 

CD34+, CD36+ co-expression in the various culture media after four days obtained by flow 

cytometry. 
The red line indicates 90%. The 7-colour phenotype panel was done to determine the adherence of 

hASCs to the published guidelines in the various media with more than 90% of hASCs adhering to these 

criteria in all media. For FBS and pHPL n = 3 with three technical replicates and for FFP, PPP, PRP, and 

HS n = 9.  
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6.3.3  Cell cycle 

The cell cycle analysis results (Figure 6.8) revealed that the highest percentage of cells 

were in the G0/G1 phase across all media. In FBS, significantly more (p < 0.05) hASCs 

were in G0/G1 phase (92.57 ± 1.46%) compared to PRP (82.27 ± 1.32) and pHPL 

(80.55 ± 2.00).  

Variable percentages of hASCs in the media were in S-phase, with the lowest 

percentage in S-phase in FBS (2.65 ± 0.85%). In contrast, the largest percentage of 

hASCs in the S-phase was observed in pHPL (12.57 ± 2.35%) and PRP 

(11.75 ± 0.88%). The percentage of cells in the S-phase in PRP was significantly higher 

(p < 0.05) than in FBS (2.65 ± 0.85%) and HS (5.73 ± 1.31%).  

No significant differences were found with regard to hASCs in the G2/M phase between 

the various media, with an average of 5.90 ± 0.32% of hASCs in the G2/M phase across 

all supplemented media. 

 

Figure 6.8: Mean percentage of hASCs in different cell cycle phases in the various media after four 

days obtained by flow cytometry. 

Significantly more hASCs were in the G0/G1 phase in FBS vs PRP and pHPL. PRP showed significantly 

more hASCs in the S-phase compared to FBS and HS. No other statistically significant differences 

were seen regarding the cell cycle analysis. For FBS and pHPL n = 3 with three technical replicates 

and n = 9 for FFP, PPP, PRP, and HS.  
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6.3.4  Cell viability 

More than 85% of hASCs were viable (Annexin V-/PI-, Figure 6.9). No significant 

differences (at p < 0.05 since analysis showed p > 0.05) in viability were found between 

the various media. FFP medium had the highest percentage of viable cells (96.00 ± 

0.62%), closely followed by PRP (95.71 ± 0.48%). PPP showed the lowest percentage 

viability (87.05 ± 4.18%). 

No significant differences were found between the various media for hASCs in early 

apoptosis (Annexin V+/PI-). Cells in late apoptosis (Annexin V+/PI+) also showed no 

significant differences between the various media. A significantly higher percentage of 

cells in FBS* (4.96 ± 1.54%) and HS# (2.69 ± 0.46%) were necrotic (Annexin V-/PI+) 

compared to FFP (0.96 ± .11). No significant differences was seen between other 

groups for necrotic cells.    

 

Figure 6.9: Mean percentage of hASCs that are apoptotic (early or late), necrotic, or viable across 

the various media after four days obtained by flow cytometry. 

FFP showed statistically significantly less hASCs were necrotic compared to hASCs in FBS and HS. 

There were no statistically significant differences between any other groups. For FFP, PPP, PRP, and 

HS n = 9 and n =3 with three technical replicates for FBS and pHPL.  
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6.4 Discussion and Conclusion 

The absolute cell count confirms the proliferation trend seen in Chapter 5 with the SRB 

assay. After four days in culture, all the human alternatives displayed better hASC 

proliferation than FBS, also seen in the SRB assay and previous literature (171,172). 

PRP produced the highest cell number, which was higher than FBS in accordance with 

previous work (41,173,185) as well as pHPL. Comparing the control media, pHPL 

consistently displayed greater proliferation than FBS (as seen in Cowper et al., 2019; 

Oikonomopoulos et al., 2015; Riis et al., 2016). The higher proliferation seen previously 

for HS compared to FBS (chapter 5 and Choi et al., 2013; Patrikoski et al., 2013; 

Witzeneder et al., 2013) was observed in the absolute count as well. The similarity in 

cell number between PPP and FBS has also been reported (173,185). FFP is, in 

essence, PPP that has been frozen as described previously in section 2.5.3, and the 

similar cell counts for hASCs expanded in FFP vs PPP vs FBS is therefore also 

expected.  

The cell cycle analysis indicates that most cells in all the media supplements are in the 

G0/G1 phase. FBS has significantly more cells in the G0/G1 phase than PRP and pHPL, 

confirming the findings of D’Esposito et al. (2015). It is expected that most of the cells 

in the various media will be in G0/G1 as cells spend the most time in the G1 phase before 

passing the restriction point to commit to cell division and cell cycle progression if 

external conditions are favourable (80). 

The higher percentage of cells in S-phase in PRP and pHPL can be interpreted as 

more cells actively dividing in these media and points towards faster progression 

through the cell cycle (188). These results again confirm the higher proliferation rates 

of hASCs in PRP and pHPL seen in the SRB assay and the absolute cell count. 

Furthermore, higher levels of cells in the S-phase in PRP and pHPL align with previous 

work from Laner-Plamberger et al. (2019), where mitotic checkpoint transcription 

factors were upregulated in hASCs cultured in pHPL-supplemented media. The 

authors attributed this upregulation to platelet specific growth factors resulting from 

the high levels of platelets present in pHPL.  PRP medium likely has the same cytokine 

and growth factor composition as pHPL medium due to the similar level of platelets in 
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PRP that undergo a single freeze-thaw cycle (described in Chapter 4), but this will have 

to be confirmed in future studies.  

The percentage of cells in the G2/M phase is similar across all media. In combination 

with results from the G0/G1 and S-phase percentages, this suggests that the cells in 

human alternative media have started dividing but have not yet progressed to the final 

steps of mitosis (78,80). Previous literature confirms the lower levels of cells in the G1 

phase without affecting the level of cells in the G2/M phase in PRP and pHPL media 

compared to FBS medium (187,189). The similarities in percentages of cells in HS in 

the S- and G2/M phase has also previously been reported, although the authors used 

15% HS (190). Previous studies rarely included cell cycle analysis for hASCs cultured 

in FFP and PPP. Future studies may involve studying cell cycle progression across 

multiple time points in culture.  

The cell viability results indicate that more than 85% of the cells are viable across all 

media. According to Bourin et al. (2013), >90% of ASCs should be viable. In PPP, only 

87.05 ± 4.18% cells were viable. Aside from PPP, all the culture media adhered to this 

criterion. Overall, hASCs maintained in PRP and FFP had the highest viability. The 

difference in viability seen in hASCs maintained in FFP compared to PPP is noteworthy 

as FFP is, in essence, PPP that is frozen directly after separation with subtle differences 

(136,191). One would thus expect the results for FFP and PPP to be similar. Across all 

media, low percentages of cells (less than 6%) are apoptotic or necrotic, indicating no 

significant intrinsic cell death pathway progression or external factors contributing to 

cell death (84,179). The highest percentage of hASCs that were apoptotic or necrotic 

was seen in PPP. A balance between hASC progression through the cell cycle and cell 

death needed for overall proliferation is seen in all the culture media supplements (80). 

Aside from PPP, all the human alternatives showed higher levels of viable cells than 

FBS, making them better choices for therapeutic hASCs. A possible explanation of the 

low viability of PPP may result from false-positive events due to PI staining cytoplasmic 

RNA. Prospects to investigate possible false-positive PI events across all media include 

following a protocol by Rieger and colleagues. (192) that suggests the addition of an 

RNAse A digestion step for a more accurate view across all supplements.  
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The immunophenotype of the hASCs showed no differences when human alternatives 

were compared to FBS. In all media, hASC surface antigen co-expression adhered to 

the pre-determined guidelines set out by ISCT and IFATS (16,17). Investigating the 

hASC immunophenotype is crucial to determine whether the human alternatives alter 

this vital MSC characteristic. No deviations in immunophenotype expression indicate 

the human alternatives do not impact on MSC immunophenotype. Furthermore, the 

lack of  variation seen in the immunophenotypic expression of hASCs maintained in 

the various human alternatives compared to FBS is confirmed by previous studies 

(25,33,157,160,186,190,193).  

This study is to the author’s knowledge the first to compare the proliferation and 

immunophenotype of all five of the chosen human alternatives head-to-head. Most 

previous studies have compared MSCs maintained in hPL, PRP, HS, or a combination 

of the five human alternatives to FBS in vitro (34,171–173,185). The results in this study 

show that in terms of high proliferation rates to reduce time in culture before a 

transplant and hASC viability, the best human alternatives for autologous therapies are 

HS and PRP. Therapeutic hASCs expanded in pHPL is also an option if allogeneic 

products are acceptable. 
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Chapter 7:  Adipogenesis 

7.1 Introduction 

In this study, RT-qPCR, flow cytometry and fluorescent microscopy were applied to 

confirm the retention of the adipogenic potential of hASCs in the various culture media 

as a critical MSC characteristic (16,17). Adipogenesis is the process whereby 

preadipocytes differentiate into adipocytes containing intracellular lipid droplets with 

mature adipocyte morphology consisting of a single large (unilocular) intracellular lipid 

droplet with the nucleus displaced toward the periphery (97).  

There are various ways in which the presence of an internal lipid droplet may be 

determined during adipogenic differentiation. A qualitative approach is fluorescent 

microscopy with the appropriate dyes, allowing visual confirmation of cell morphology 

and the presence of lipid droplets. The use of fluorescence microscopy enables one 

to combine the visualisation and magnification of a sample with fluorescence excitation 

and emission using a filter cube (194). The emission signal and location are captured 

with a camera. As described in chapter 4, the principles of fluorescence should be 

kept in mind when staining with multiple fluorescent compounds during fluorescent 

microscopy. The emission spectra of the markers should not overlap as this may lead 

to inaccurate results. The visualisation of the intracellular lipid droplets using 

fluorescence microscopy is advantageous; however, it is a qualitative technique and 

may also be subjective. The limited field of vision may impact the accuracy of the 

results at a given moment which may lead to an under-or over-estimation of the actual 

number of cells that accumulated lipid droplets during adipogenesis. 

Additionally, fluorescent compounds may lose fluorescence when specimens are 

viewed under the microscope. According to recommended guidelines by Bourin et al., 

2013, a quantitative evaluation of adipogenic potential should be included. As a result, 

flow cytometry and reverse transcription quantitative real-time polymerase chain 

reaction (RT-qPCR) were also included in this study.  

Flow cytometry with the appropriate fluorescent dyes allows a more quantitative 

estimation of adipogenesis as individual cells are investigated. As described in chapter 

4, cells pass a laser in a single file, after which emitted light is captured (153). The 
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advantage of including flow cytometry is that hASCs that contain lipid droplets as a 

result of lipid accumulation can be quantified by determining the percentage of hASCs 

that contain lipid droplets. Adipogenic gene expression drives the adipocyte 

phenotype in hASCs thus, using RT-qPCR for gene expression analysis serves as a 

quantifiable technique (117,195). The expression of CCAAT/enhancer-binding protein 

alpha and beta (C/EBPα and C/EBPβ), peroxisome proliferator-activated receptor 

gamma (PPARγ), fatty-acid binding protein 4 (FABP4), adiponectin (AdipoQ), and 

cluster of differentiation 36 (CD36) was analysed. C/EBPα and C/EBPβ both function 

as transcription factors that activate the expression of PPARγ, the master regulator of 

adipogenesis (91,93,196). FABP4 is a lipid chaperone protein involved in the 

accumulation of intracellular lipids forming lipid droplets (93). AdipoQ is expressed by 

adipose tissue and functions as an insulin sensitising factor which increases the 

percentage of cells differentiating into adipocytes (93,106). Lastly, CD36 plays a role 

in lipid uptake, and its expression is associated with an increase in adipogenesis 

(95,113).  
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7.2 Materials and Methods 

Cells can be induced to undergo adipogenesis by adding a chemical cocktail 

containing 3-Isobutyl-methylxanthine (IBMX), indomethacin, dexamethasone, and 

insulin to CGM. IBMX and dexamethasone are added as they are known to activate 

C/EBPβ expression. Insulin is used to induce proliferation and differentiation of 

preadipocytes (99). Indomethacin is added as it up-regulates PPARγ (100).  

The evaluation of hASC adipogenic potential retention in the various media was done 

by staining accumulated intracellular lipid droplets with Nile Red (9-diethylamino-5H-

benzo[a]phenoxazine-5-one). Nile Red (NR) is a hydrophobic fluorescent dye that 

binds preferentially to cytoplasmic lipids and does not require cell fixation. It has been 

used in flow cytometry and fluorescent microscopy to determine the cytoplasmic lipid 

content of cells (117,157,195,197,198). The nuclei of differentiating hASCs were 

visualised using DAPI and VDC Ruby for fluorescent microscopy and flow cytometry, 

respectively. The inclusion of nuclear staining was done to ensure that cells containing 

a cytoplasmic lipid droplet(s) were investigated and not free-floating lipids or lipid 

droplets. Sterile Pasteur pipettes were used during staining to avoid dislodging lipid 

droplets from adipocytes and care was taken to work slowly and cautiously. 

After differentiation, expression of six adipogenesis-specific genes was analysed via 

RT-qPCR using SYBR Green I. SYBR Green I is a non-specific DNA intercalating dye 

that fluoresces upon binding to the minor groove of dsDNA and was used in 

conjunction with gene-specific primers to determine the expression of the adipogenic 

genes.   

The abovementioned experiments were performed on day 0 and day 14 for induced 

(I) and non-induced (NI) samples. Initially, day 21 was also included as a time point, 

but was removed due to incomplete data and a concern that the results may be 

unreliable due to fungal contamination in the cell culture facility. Since the 

accumulation of lipid droplets was detectable 14 days post-induction, and the objective 

was to determine whether hASCs retained adipogenic potential with different serum 

supplements, adipogenesis was assayed on day 14. Additionally, day 14 as a timepoint 

reduced the time in culture, which reduced the risk of fungal contamination. 
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7.2.1  Adipogenic differentiation of hASCs 

Three different cryopreserved hASC cultures were thawed as described previously 

(chapter 4) and expanded in CGM containing 2% (v/v) p/s, and 0.5 µg/mL fungizone 

anti-fungal (amphotericin B, Gibco, Carlsbad, California, USA) and 5% (v/v) PRP, or 

pHPL, or 10% (v/v) FBS. PRP and pHPL were chosen as the human alternatives to 

investigate in this study as they showed the fastest proliferation which also includes 

one option for both an autologous and an allogeneic therapeutic approach. The anti-

fungal agent amphotericin B was added due to repeated fungal contamination in cell 

cultures in the facility where the differentiation experiments were performed. Samples 

in culture that were contaminated were terminated. The facility was cleaned thoroughly 

and decontaminated by fumigation. The anti-fungal agent was included in all CGM for 

hASC expansion and differentiation. hASCs were expanded and differentiated in 10% 

(v/v) FBS (standard concentration) and expanded in  5% (v/v) in PRP and pHPL and 

differentiated in 2.5% (v/v) PRP and pHPL. The lower concentration of PRP and pHPL 

in the CGM compared to FBS was decided on from previous work done by Ms Carla 

Dessels (157) and others that compared concentrations of serum additions to media 

(173) and found that 2.5%-5% (v/v) pHPL/PRP show similar proliferation to the 

standard 10% (v/v) FBS. The lower concentrations reduced the usage of reagents, 

eliminating the need for blood product recollection throughout this study to ensure as 

much continuity with the previous work performed by Ms Carla Dessels at the ICMM 

as possible.  

At 80-90% confluence, cells were dissociated as described previously in chapter 4. 

Cells were seeded at a density of 5000 cells/cm2 according to the experimental layout 

in Figure 7.1. Following seeding, cells were maintained in CGM (2.5% PRP, 2.5% pHPL, 

or 10% FBS) until 50-60% confluence and induced to undergo adipogenic 

differentiation at 50-60% confluence in accordance with work previously done by Ms 

Carla Dessels. Differentiation induction was performed on hASCs at P3-5. As indicated 

in Figure 7.1, two 75 cm2 cell culture flasks and three wells on each 6-well plate were 

induced.  
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Figure 7.1 Adipogenic differentiation experimental layout 

 

Adipogenic induction media were prepared by adding final concentrations of the 

following to CGM: 0.5 mM IBMX (Sigma-Aldrich, Merck, Missouri, USA), 200 μM 

indomethacin (Sigma-Aldrich, Merck, Missouri, USA), 10 μg/mL insulin (human 

recombinant Zinc, GIBCO by Life Technologies™, Grand Island, NY, USA), 1 μM 

dexamethasone (Sigma-Aldrich, Merck, Missouri, USA). Serum supplements were 

added to the media at the indicated concentrations. 

Non-induced cells were maintained in CGM (2.5% PRP, 2.5% pHPL, 10% FBS) 

concurrently to serve as a control. Adipogenic differentiation was assessed on day 0 

and 14 using flow cytometry, fluorescence microscopy, and RT-qPCR.  

Kruskal-Wallis testing was used to evaluate variance between groups, followed by 

Dunn’s post-hoc multiple comparisons test with Bonferroni correction to identify 

variant groups and correct for multiple sampling, respectively. Summary statistics and 

error bars presented on graphed data are expressed as the mean percentage ± SEM. 

The significance level was set at α = 0.05, and p < 0.05 was considered significant. 

Statistical analysis and graphical representation of the data were performed using R 

(version 4.0.3) and RStudio (version 1.4.1103). 
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7.2.2  Adipogenesis evaluation by fluorescence microscopy 

The accumulation of lipid droplets was visualised using fluorescent microscopy. Cells 

for fluorescence microscopy were differentiated in 6-well plates, as indicated in Figure 

7.1.  Induced and non-induced cells were stained simultaneously with NR and DAPI, a 

fluorescent dye that binds to DNA, by adding 5μL DAPI stock solution [2.5 µg/mL final 

concentration] to the well containing 2 mL medium and incubating in the dark 

overnight at 37°C/5% CO2. The following day, lipid droplets were stained using NR 

(50 ng/mL final concentration, Sigma-Aldrich, Merck, Missouri, USA). The wells were 

incubated in the dark for 20 min at 37°C/5% CO2. The culture medium was removed, 

and the wells were washed with PBS three times to remove unbound dye. A volume 

of 2 mL PBS was added to the wells before imaging on an AxioVert A1 inverted 

fluorescence microscope (Carl Zeiss, Gottingen, Germany) using an AxioCam Cm1 

camera (Carl Zeiss, Gottingen, Germany). Induced and non-induced cells were 

visualised, and representative images of each well were captured at 10x magnification. 

The representative images were captured using ZEN 2.3 blue edition software (Carl 

Zeiss, Gottingen, Germany) and were enhanced only by adjusting brightness and 

contrast using ZEN 3.3 blue edition software. The images were captured using two 

fluorescence channels overlayed for the final image showing nucleated cells and 

intracellular lipid droplets in Figure 7.2C. The first image was captured using the DAPI 

Filter Set (filter set 1, excitation BP 359 – 371 nm; emission LP 397 nm) to visualise 

nuclei (Figure 7.2A). The second image (Figure 7.2B) was used to visualise staining 

with NR indicating lipid formation using filter Set 9 (excitation BP 450 – 490 nm; 

emission LP 515 nm).  
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Figure 7.2 Fluorescence microscopy imaging overlay for DAPI and Nile Red.  
A: Images captured using the DAPI filter set to visualise hASC nuclei. B: Lipid droplet visualisation using 

the NR filter set. C: Overlay of the two preceding images to visualise nucleated cells that accumulated 

lipid droplets. Scale bar: 50 µM 
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7.2.3  Adipogenesis evaluation by flow cytometry 

Staining with NR and VDC Ruby were used to analyse the percentage of hASCs that 

accumulated lipid droplets after 14 days of adipogenesis using flow cytometry.  

7.2.3.1  Adipogenesis flow cytometry sample preparation 

Cells were dissociated from 6-well plates by removing medium, adding 500 µL 

TrypLE™to each well and incubating at 37°C for 15 - 50 min until they were entirely 

dissociated. The TrypLE™was neutralised by dilution; an equal volume of the 

respective CGMs was added to wells containing TrypLE™after visual confirmation that 

the cells had been dislodged. The cells were transferred to separate 15 mL centrifuge 

tubes using sterile Pasteur pipettes and topped up to 8 mL using the respective CGM. 

A 1 mL aliquot of cell suspension was added to a flow cytometry tube. Nile Red (20 

ng/mL final concentration) and VDC Ruby (2.5 μM final concentration) were added, 

and the tubes were incubated in the dark at RT for 20 min before analysis on a Gallios 

or CytoFLEX flow cytometer. Ideally, all samples should be analysed using the same 

equipment; however, one PRP biological replicate and all FBS replicates were 

analysed on a CytoFlex flow cytometer (Beckman Coulter, Brea, California, United 

States). Technical problems with the department’s Gallios flow cytometer and its 

subsequent replacement by the research group necessitated a change in the 

instrument. Sample preparation was the same regardless of the flow cytometer used. 

These steps were repeated for each CGM supplement (PRP1, PRP2, PRP3, pHPL, 

FBS) on day 0 and day 14. Care was taken to avoid a jarring physical impact to the 

cells to ensure that lipid droplets did not dislodge from cells. All data were analysed 

using Kaluza Flow Cytometry Analysis Software (v2.1) with the gating strategy 

described in 7.2.3.2.  
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7.2.3.2  Adipogenesis flow cytometry data acquisition and analysis 

The nucleated cell population was identified using a one-parameter ungated histogram 

plot for the VDC Ruby channel (FL7 Gallios, FL8 Cytoflex; excitation: 488nm; emission 

725/20 BP, Figure 7.3A, ‘Nucleated cells’ region). The nucleated cell population was 

visualised on a two-parameter FS vs SS dot plot gated on the ‘Nucleated cells’ region, 

and debris was excluded by drawing a region around the nucleated hASCs (Figure 

7.3B, ‘Nucleated hASCs’ region). Lastly, the percentage of NR+ cells were visualised 

on a two-parameter FS vs Nile Red (FL2 Gallios and Cytoflex, excitation 488nm; 

emission 575/30 BP) dot plot, gated on ‘Nucleated hASCs’ (Figure 7.3C, ‘NR+ Cells’ 

region). 

 

Figure 7.3 Representative images of gating strategy for flow cytometry Nile Red assay.  
A: The nucleated hASC population containing VDC Ruby was identified. B: Gated on the nucleated 

hASC population, debris was excluded by drawing a region around the hASC population. C: The 

percentage NR+ hASCs was determined. 
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7.2.4  Adipogenesis gene expression confirmation 

RT-qPCR is a technique that combines reverse transcription, PCR amplification, and 

fluorescence detection of the amplified product in real time. Complementary DNA 

(cDNA) is synthesised through reverse transcription from extracted RNA as a template. 

The cDNA is then used in a PCR amplification reaction with SYBR Green I to monitor 

amplification. SYBR Green I is a fluorescent dye that has low fluorescence when 

unbound, and increased fluorescence when bound to dsDNA. The fluorescence will 

exponentially increase as amplification occurs since more dsDNA will be available for 

SYBR Green I binding. The point at which the fluorescent signal surpasses the 

background fluorescence of unbound SYBR Green I is called the threshold cycle (CT) 

or quantification cycle (Cq). Higher initial target template amounts will require fewer 

cycles to pass the threshold. Eventually, a plateau phase will be reached due to the 

depletion of dNTPs and primers available for amplification (199–201).  

There are two ways to quantify gene expression using RT-qPCR: absolute and relative 

quantification. Absolute quantification requires a known initial copy number of the 

target gene and subsequently generates standard curves using a set of standards at 

different concentrations. The obtained Cq value of the sample of interest is then 

compared to the standard curves. Relative quantification forgoes the use of standards 

and instead calculates the expression of the sample of interest relative to a reference 

gene, calibrator, and untreated or time 0 control. This study used relative quantification 

to report differences in gene expression between treated (induced) and untreated 

(non-induced control) samples using the comparative CT mathematical method (also 

known as the delta delta CT (ΔΔCT) method) in Equation 4, which was subsequently 

used to calculate the relative fold increase in gene expression of target genes relative 

to the reference genes and non-induced controls. 
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Equation 4: The comparative CT method: 

Step 1: Calculate the difference between the target and reference gene for the treated 

(induced) group (ΔCT INDUCED):  

Equation 4.1 

ΔCT INDUCED = CT target gene - CT reference gene 

 

Step 2: Calculate the difference between the target and reference gene for the untreated (non-

induced) group (ΔCT NON-INDUCED):  

Equation 4.2 

ΔCT NON-INDUCED = CT target gene - CT reference gene 

Step 3: Calculate the difference between the two groups (ΔΔCT) 

Equation 4.3 

ΔΔCT = ΔCT INDUCED - ΔCT NON-INDUCED 

As described in section 7.1 , six adipogenic genes were investigated. The genes 

selected were AdipoQ, C/EBPα, C/EBPβ, FABP4, PPARγ/PPARG, and CD36. Three 

reference genes were used in this study: tyrosine 3‑monooxygenase/tryptophan 

5‑monooxygenase activation protein, zeta (YWHAZ), peptidylprolyl isomerase A (PPIA), 

and TATA-binding protein (TBP). Target genes are normalised to reference genes 

when doing RT-qPCR gene expression analysis so it is important to choose reference 

genes that are expressed stably under the experimental conditions and at levels similar 

to the target genes (202,203). The reference genes were chosen based on previous 

work in our group by Dr Chrisna Durandt, Ms Carla Dessels, Ms Carina da Silva, and 

previously published literature that concluded these genes are suitable as reference 

genes for this study purpose (118,202,203).  

7.2.4.1  RNA extraction 

RNA was extracted for each hASC culture in each medium at Day 0 and Day 14 

(induced and non-induced) (Figure 7.1). Cells were dislodged from 75 cm2 flasks as 

described in chapter 5. The dissociated cells were washed with PBS three times by 

resuspending the cells in 1 mL/flask and centrifuging for 5 min at 300 x g. This wash 
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step is essential to remove the phenol red present in the culture medium that may 

interfere with RNA extraction.  

Total RNA was extracted using the RNeasy mini kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions. In short, dissociated cells resuspended 

in PBS were centrifuged for 5 minutes at 300 x g. The supernatant was discarded, and 

the pellet was resuspended in 350 μL RLT buffer to lyse the cells. The cell suspension 

was homogenised by vortexing for approximately 1 min, after which 350 μL 70% (v/v) 

ethanol was added and the homogenate vortexed again to provide optimal binding 

conditions. The resulting 700 μL lysate was added to an RNeasy spin column placed 

in a 2 mL collection tube supplied with the kit and centrifuged for 15 sec at 8000 x g 

to allow total RNA to bind to the column membrane. The flow-through was discarded, 

and 700 μL buffer RW1 was added to the column, which was centrifuged for 15 sec at 

8000 x g  to remove contaminants. Once again, the flow-through was discarded and 

the wash step repeated by adding 500 μL buffer RPE to the column and centrifuging 

for 15 seconds at 8000 x g. The previous step was repeated, but with a centrifugation 

step of 2 min at 8000 x g. The collection tube and flow-through were discarded, and 

the column was placed in a new 2 mL collection tube and centrifuged for 1 min at 

maximum speed. The column was placed in a 1.5 mL Eppendorf® tube, and 40 μL 

RNase free water was added to the column. The column was centrifuged for 1 min at 

8000 x g to elute the RNA. The eluted RNA product was placed back into the column 

and centrifuged again for 1 min at 8000 x g to increase the RNA concentration. The 

RNA concentration and quality were assessed on a Nanodrop ND 1000 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and recorded for 

each extraction.  

7.2.4.2  cDNA synthesis 

The SensiFast™ cDNA synthesis kit (Bioline, London, England) was used to synthesise 

cDNA, according to the manufacturer’s instructions. The total reaction volume was 

20 µL which was made up of 4 µL 5× TransAmp Buffer, 1 µL reverse transcriptase 

enzyme, 1 µg of RNA and nuclease-free water to make up the final reaction volume. A 

no reverse transcriptase control (NoRT) reaction was also included. The NoRT reaction 

contained the same reagents, but the reverse transcriptase enzyme was replaced with 
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nuclease-free water (Table 7.1). The reactions were transferred to a thermal cycler 

with the following program: priming for 10 min at 25°C, followed by reverse 

transcription at 42°C for 15 min, and finally reverse transcriptase inactivation at 85°C 

for 5 min.   

Table 7.1: Reaction Conditions for reverse transcription 

Reagent cDNA synthesis (µL) NoRT control (µL) 

5× TransAmp Buffer 4 4 

Reverse Transcriptase 1 0 

RNA (1 µg total) Variable Variable 

Nuclease free H20 Variable Variable 

Total volume 20 20 

 

7.2.4.3  Reverse transcription-quantitative Polymerase Chain Reaction (RT-

qPCR) 

The RT-qPCR reaction was performed on a LightCycler 480 II instrument (Roche, 

Basel, Switzerland) with the following program: denaturation at 95°C for 5 min, followed 

by 45 amplification cycles at 95°C for 30 sec, 62°C for 30 sec, and 72°C for 30 sec. 

The amplification cycles were followed by a melt curve at 95°C for 30 sec, 40°C for 

30 sec, and ramped at 0.11°C per second.  

Each reaction consisted of LightCycler® 480 SYBR Green I Master Mix (Roche, Basel, 

Switzerland), 400 nM of each primer (IDT, Coralville, USA, sequences in Table 7.3) 

and a total of 40 ng cDNA template (from 20 ng/µL stocks) to a final reaction volume 

of 10 µL (Table 7.2).  
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Table 7.2: Reaction conditions for RT-qPCR  

 

 

Table 7.3 Primer sequences (5’-3’) for genes of interest and reference genes 

Gene Forward primer Reverse primer 

Target genes 

Adiponectin AdipoQ GCCTGTTTCTGACCAATC CCACTCTCCTATTTCTGATAAC 

CCAAT/Enhancer-binding protein alpha C/EBPα GTCTCTGCTAAACCACCA AAAGGAAAGGGAGTCTCAG 

CCAAT/Enhancer-binding protein beta C/EBPβ TCCAAACCAACCGCACAT AGAGGGAGAAGCAGAGAGTTTA 

Fatty-acid binding protein 4 FABP4 ATCAACCACCATAAAGAGAAA AACTTCAGTCCAGGTCAA 

Peroxisome proliferator-activated 

receptor gamma 
PPARγ CGTGGATCTCTCCGTAAT TGGATCTGTTCTTGTGAATG 

Cluster of differentiation 36 CD36 CTTTGCCTCTCCAGTTGAA ACACAGGTCTCCCTTCTT 

Reference genes 

TATA-binding protein TBP CCGAAACGCCGAATATAA GGACTGTTCTTCACTCTTG  

Peptidylprolyl Isomerase A PPIA GAGTTAAGAGTGTTGATGTAGG CCTGGGACTGGAAAGTAA 

Tyrosine 3-Monooxygenase/Tryptophan 

5-Monooxygenase Activation Protein, 

Zeta 

YWHAZ TGACATTGGGTAGCATTAAC  GCACCTGACAAATAGAAAGA  

  

Reagent Stock solution 

Quantity 

1 × reaction 

Volume (µL) 

1 × Reaction 

Nuclease free H20 - - 2.2 

SYBR Green Master Mix 2 × 1 × 5 

Forward primer 10 µM 400 nM 0.4 

Reverse primer 10 µM 400 nM 0.4 

cDNA template (20 ng/µL) - - 2 

Total volume - - 10 
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7.2.4.4  RT-qPCR data analysis 

Each reaction described in section 7.2.4.3 was performed in triplicate (technical 

replicates) for day 0, day 14 NI, and day 14 I for each biological replicate. The standard 

deviation (SD) for the Cq values of triplicates were determined using the LightCycler® 

480 software (Roche, Basel, Switzerland, v1.5.1). Only samples with SD ≤ 0.5 from the 

mean were used in the data analysis. In samples with SD > 0.5 from the mean, outlier 

replicates (within 2 SD of the mean) were excluded. Furthermore, qPCR reactions 

described in 7.2.4.3 were done using NoRT controls described in 7.2.4.2 as the 

template to investigate the presence of genomic DNA (gDNA) in the RNA samples. 

Amplification in NoRT controls (where no reverse transcriptase was added) would 

indicate the presence of gDNA contaminants, as dsDNA but not RNA should amplify 

in a PCR reaction. NoRT amplification was detected at Cq = 33 and subsequently a 

Cq ≤ 33 was set for target gene expression. Target gene Cq values > 33 may be 

amplification resulting from gDNA present in the sample(s). Samples whose NoRT 

reactions had a Cq ≤ 33 were excluded from data analysis.  

Relative gene expression was calculated using the comparative CT method described 

in 7.2.4. Due to a limited amount of RNA, efficiency of amplification could not be 

determined using a standard curve for each gene, as proposed by Rao and colleagues 

(204). Therefore, amplification efficiency of 100% was assumed when calculating the 

relative fold increase (RFI) using Equation 5. YWHAZ, PPIA, and TBP were used as 

reference genes as described in 7.2.4.  

RFI = 2−∆∆Ct 

Equation 5 

 

The relative fold increase calculation can be used to determine relative gene 

expression levels between samples relative to a reference sample using the CT values 

generated by the LightCycler 480 II system.  

In this study, the fold change expression of the target adipogenic genes was calculated 

relative to the control (non-induced) samples using the comparative CT method shown 

in equation 4 and the RFI calculation in equation 5 to determine the change in 
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adipogenic target gene expression (up-or down-regulation). All CT values were 

normalised to the chosen reference genes. 

7.3 Results 

The different combinations of cryopreserved hASC cultures and media supplements 

(biological replicates) used in the flow cytometry, microscopy, and RT-qPCR 

evaluations of adipogenic potential are summarised in Table 7.4. RT-qPCR crossed 

out biological replicates were completed, but were excluded from analysis due to the 

exclusion criteria discussed in section 7.2.4.   

Table 7.4: Summary of biological replicates (Total (n)) for microscopy (M), flow cytometry (F), and 

RT-qPCR (P) evaluation of adipogenesis. 

 A071016 A091019 A100717 
A091018-

01A 
A150817-

01A 
A311019-

01A 
A311019-

02T 
Total (n) 

  F M P F M P F M P F M P F M P F M P F M P F M P 

FBS ✓ ✓   ✓ ✓ ✓                   ✓ ✓ ✓ ✓ ✓ ✓ 4 4 3 

pHPL ✓ ✓   ✓ ✓ ✓ ✓ ✓ ✓   ✓ ✓ ✓ ✓            4 5 2 

PRP 1 ✓ ✓   ✓ ✓ ✓ ✓ ✓ ✓                 ✓       

9 9 6 PRP 2 ✓ ✓   ✓ ✓ ✓ ✓ ✓ ✓              
✓ 
    

PRP 3 ✓ ✓   ✓ ✓ ✓ ✓ ✓ ✓                 ✓       

 

Results are shown as mean ± standard error on day 14 for induced and non-induced 

samples.  

7.3.1  Adipogenesis microscopy results 

Visual confirmation of intracellular lipid droplets in hASCs undergoing adipogenesis 

was done using fluorescent microscopy. Figure 7.4 contains representative 

fluorescent microscopy images for FBS NI (A) and I (B), pHPL NI (C) and I (D), and 

PRP NI (E) and I (F) on day 14. Visible lipid droplets were present in nucleated cells in 

all induced samples across all media on day 14. The non-induced samples did not 

show the same visible lipid droplets.  
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Figure 7.4 Representative fluorescent microscopy images for day 14 non-induced and induced 

samples in various media.  

A: FBS Non-induced; B: FBS Induced; C: pHPL Non-induced; D: pHPL Induced; E: PRP Non-induced; 

F: PRP Induced. Scale bars = 50 µM. Green represents Nile Red staining of lipids; blue represents DAPI 

staining of hASC nuclei. Table 7.4 shows n = 4 for FBS, n = 9 for PRP, and n = 5 for pHPL. No analysis 

for statistical significance was completed as fluorescent microscopy was considered a qualitative assay. 
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7.3.2  Adipogenesis flow cytometry results 

Flow cytometry was done as a quantitative measure of the adipogenic differentiation 

potential in the various media. The percentage of Nile Red positive (NR+) hASCs at day 

14 after adipogenic induction indicates the percentage of hASCs that contain 

intracellular lipid droplets. Debris and free-floating lipid droplets were excluded from 

data analysis using a nucleic fluorescent dye, as described in the previous section.  

The percentage of NR+ cells increased from day 0 to day 14 in all three media and 

differentiation conditions. There was also an increase in NR+ cells in the induced cells 

compared to the non induced cells across all media. FBS supplemented medium had 

the highest percentage NR+ cells, followed by PRP with pHPL medium showing the 

lowest NR+ percentage. The NR+ cell populations showed that the hASCs retain the 

ability to differentiate into adipocytes in all three media. No statistically significant 

differences were found in the percentage of NR+ cells between the various media on 

day 0 or 14.  

 

Figure 7.5 The percentage of NR+ hASCs in the various media on days 0 and 14 obtained by flow 

cytometry. 
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No statistically significant differences were found between any of the groups on day 0, or 14. Table 7.4 

summarises that n = 4 for FBS, n = 4 for pHPL, and n = 4 for PRP. 
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7.3.3  Adipogenesis gene expression results 

Microscopy and flow cytometry results generated from this study clearly demonstrate 

that hASCs retain their capacity for adipogenic differentiation regardless of the type of 

serum supplementation. Gene expression analysis was done to confirm the expression 

of genes associated with adipogenic differentiation. For each gene investigated across 

the various media, three technical replicates were included. The biological replicates 

are shown in Table 7.4. Data points were excluded based on gDNA contamination 

observed in the NoRT controls (Cq ≤ 33) and an SD > 0.5 between technical replicates.  

The relative fold-change expression of C/EBPβ, PPARγ, and CD36 is shown in Figure 

7.6. Relative fold-change expression was calculated using the comparative CT method 

as described previously in section 7.2.4. C/EBPβ was down-regulated (relative fold-

change expression < 1) in hASCs that underwent adipogenic differentiation in FBS and 

pHPL but was up-regulated (relative fold-change expression >1) in PRP compared to 

the NI control. In all three media, PPARγ was up-regulated. Lastly, CD36 was up-

regulated in FBS and PRP but down-regulated in pHPL. No statistically significant 

differences were found in the gene expression results for the six adipogenic genes 

investigated.   
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Figure 7.6 Fold expression (2-ΔΔCT) of three gene targets calculated using the ΔΔCT method. 

Fold expression < 1 indicates down-regulation. C/EBPβ in FBS and pHPL is down-regulated along with 

CD36 expression in pHPL medium. No statistically significant differences were found between any of 

the groups on day 0, or 14. Table 7.4 summarises that n = 3 for FBS, n = 2 for pHPL, and n = 6 for PRP. 

 

C/EBPα, FABP4 and AdipoQ expression was also investigated. Across all time points 

and media conditions, no C/EBPα expression was observed as all samples had either 

Cq > 33 or the gene was not expressed at levels high enough to generate a detectable 

Cq. For day 14 induced samples, FABP4 and AdipoQ were both expressed in all media; 

however, it was not possible to determine the fold change expression (RFI) using the 

ΔΔCT method in all the samples, because in some instances, there was no 

amplification of FABP4 or AdipoQ in non-induced control samples. Table 7.5 displays 

the average Cq values of each condition and the fold expression (2-ΔΔCT) relative to the 

non-induced control where both non-induced and induced Cq values were obtained 

and subsequently used to calculate the relative fold change expression of these target 

genes.  
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Table 7.5 Cq and fold expression values for FABP4 and AdipoQ in all media on day 14. 

   FABP4 AdipoQ 

Media I/NI 
 Cq 

value 
RFI 

Cq 

value 
RFI 

FBS  

I  17,1 
- 

20,6 
-  

NI  x x 

I  15,3 
73 458 

20,1 
- 

NI  31,4 x 

I  16,2 
7 301 

21,2 
3 280 

NI  29,0 32,8 

pHPL 
  

I  15,6 
26 891 

18,6 
- 

NI  30,3 x 

I  17,4 
9 340 

20,2 
- 

NI  30,6 x 

PRP 
  

I  20,6 
34 

22,7 
71 

NI  25,7 28,9 

I  19,2 
- 

20,5   

NI  x x   

I  19,0 
- 

20,6 
- 

NI  x x 

I  14,8 
6 231 

17,6 
15 458 

NI  27,4 31,5 

I  18,3 
- 

19,8 
- 

NI  x x 

I  16,1 
6 332 

18,9 
8 550 

NI  28,7 32,0 
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7.4 Discussion and conclusion 

Adipogenic differentiation was observed in all media, indicating that neither of the two 

human alternatives alters the ability of hASCs to undergo adipogenesis relative to cells 

differentiated in FBS. These results align with published MSC criteria (16,17). The 

increase in the percentage of hASCs that stained positive for NR from day 0 to day 14 

NI was expected because hASC cell membranes contain lipids, resulting in a low level 

of NR positivity in all samples that increased as cell number increased from day 0 to 

14. The increase in cell number from day 0 to day 14 in the NI samples accounts for 

the rise in NR staining observed, although the percentage of NR+ cells was still low (< 

3%). The percentage of NR staining observed across the different media for control 

samples followed the same trend seen in the proliferation study and absolute count in 

chapters 5 and 6, further strengthening the trend between cell number and NR+ 

staining. 

The morphology of the differentiating hASCs across all media was not the expected 

single large intracellular lipid droplet. In this study, the cells contained multiple smaller 

lipid droplets indicative of premature adipocytes. This morphology may be explained 

by the earlier timepoint used in this study, similar to results found by Felthaus et al., 

2017 and as suggested by Ambele and colleagues (105).   

The adipogenic potential seen in hASCs differentiatied in pHPL-supplemented 

medium contradicts work by Witzeneder et al., 2013, but supports results by others 

that found adipogenic differentiation is possible in pHPL containing medium (171,186). 

Adipogenesis in hASCs cultured in PRP-supplemented medium seen in this study is 

also corroborated findings published previously (30,173,187), showing that hASCs can 

differentiate into adipocytes in PRP medium in vitro. However, contradictory studies 

found no or reduced adipogenic differentiation in PRP medium (176,205).     

The average Cq value for C/EBPα expression was 39.47 for all non-induced controls 

and 39.28 for all induced samples, and it was therefore deemed not expressed due to 

the Cq cut-off determined after the NoRTs were amplified to investigate for gDNA 

contamination. The lack of expression of C/EBPα is contradictory to most published 

literature as it is a transcription factor involved in adipogenesis, usually co-expressed 
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with PPARγ. It is described as an inducer of adipogenic differentiation (91,93,105,116). 

While contradictory to findings in literature, this is not necessarily surprising as only 

20% of hASCs differentiated. The apparent lack of C/EBPα expression could therefore 

be due to low quantities present in total RNA isolates resulting in expression insufficient 

to amplify past the Cq threshold. However, there is evidence that adipogenesis is 

possible without C/EBPα expression since PPARγ is the primary regulator of 

adipogenic differentiation (116), which may explain why intracellular fat droplet 

accumulation is observed despite the lack of C/EBPα expression in this study. 

Furthermore, C/EBPα is regarded as a later timepoint adipogenic gene (105). It may 

be that the expression of C/EBPα in this instance was initiated but was still at low levels, 

and the inclusion of a later time point could reveal higher, detectable levels of 

expression. According to Wu and colleagues (116), C/EBPα expression is seen after 

PPARγ expression, but before observing a mature adipocyte morphology similar to 

that observed in this study. Nevertheless, future studies should be conducted to 

investigate the apparent absence of C/EBPα expression.    

The down-regulation of C/EBPβ in hASCs differentiated in pHPL- and FBS-

supplemented media may result from RNA isolation at a later timepoint. C/EBPβ 

expression was included as it is the transcription factor that initiates the adipogenic 

gene cascade (91) and plays a role in mitotic clonal expansion as well as PPARγ 

induction which activates downstream adipogenic differentiation (91,116). It may be 

that C/EBPβ expression in hASCs differentiated in pHPL- and FBS-supplemented 

media decreased to undetectable levels by day 14. The up-regulation of C/EBPβ in the 

PRP-supplemented medium was expected as the cells could differentiate; however, it 

was not highly up-regulated, indicating that C/EBPβ expression in PRP had decreased 

by day 14. No previous studies comparing C/EBPα and C/EBPβ expression in human 

alternative-supplemented media under adipogenic differentiation conditions could be 

found. Thus, the expression of these two genes in the adipogenic gene pathway in 

human alternative-supplemented media should be investigated further for clarity.   

The up-regulated expression of PPARγ across all media was expected as the primary 

regulator of adipogenesis, and fat accumulation was observed across all media (206). 

The up-regulation of PPARγ expression in PRP was contradictory to previous studies 
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(176,205) that found PPARγ was down-regulated compared to FBS. Other studies 

(187,206) found that PRP did not significantly down-regulate PPARγ expression 

compared to cells grown in FBS, similar to what was seen in this study. Expression of 

PPARγ in pHPL-supplemented adipogenesis observed was also reported in previous 

studies (127,207). 

The lack of or low expression levels of FABP4 and AdipoQ in non-induced controls, 

and up-regulation and expression in induced samples, was expected since FABP4 and 

AdipoQ are adipokines expressed by adipocytes (93,106,115). These results were also 

observed in a previous study (206). The absence of noticeable lipid droplets in the 

non-induced controls was supported by the lack of adipocyte marker gene expression.  

The up-regulation of AdipoQ in pHPL-grown hASCs seen in this study contradicts 

literature that found pHPL significantly down-regulated AdipoQ expression (207) but 

supports work by Oikonomopoulos and colleagues (127). FABP4 expression in pHPL-

grown hASCs was observed when antibody staining was used to detect expression 

(171). In PRP medium, Chignon-Sicard and colleagues (205) saw AdipoQ and FABP4 

expression; however, it was reduced compared to controls, similar to results in this 

study and elsewhere (176).  

The lower level of lipid accumulation observed in pHPL-grown hASCs may be due to 

the down-regulation of CD36 observed. Christiaens et al., 2012 found that down-

regulation of CD36 results in decreased adipogenic differentiation in vitro. CD36 plays 

a role in the uptake of long-chain fatty acids; therefore, fatty-acid uptake in pHPL-

supplemented hASCs may be sub-optimal, resulting in the lower levels of 

differentiation observed. The up-regulation of CD36 expression seen in FBS- and PRP-

supplemented hASCs is in line with the percentage of intracellular lipids seen in the 

flow cytometry results. Cells grown in FBS showed the highest percentage of NR+ 

positivity followed by PRP-supplemented cells, similar to CD36 expression. 

When considering the fluorescent microscopy and flow cytometry results, 

adipogenesis is possible in all three media tested in this study. This study confirms that 

terminal adipogenic potential in PRP and pHPL may be reduced compared to FBS, 

although the difference is not significant as reported elsewhere (205,207). It is possible 

that the growth factors present in PRP and pHPL media may impact adipogenesis, as 
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reported by Chignon-Sicard et al., 2017, who found that PRP has a significant anti-

adipogenic effect through activation of the TGFβ pathway, and this warrants further 

investigation. 

The contradictory results when investigating adipogenesis in human alternatives in the 

literature and this study may be due to the inherent biological variance when working 

with primary cells such as the hASCs as was the case in this study, as well as 

autologous blood products such as PRP. As mentioned in section 4.4, there is also no 

global standardised collection procedure or quality criteria for blood products. There 

is little consensus regarding the adipogenic gene expression profile in the various 

media in published literature which further complicates a definitive conclusion 

regarding gene expression and adipogenic differentiation potential in hASCs 

differentiated in human alternatives. Future studies investigating the effect of human 

alternatives on adipogenic differentiation potential of hASCs should include other 

contributing factors, such as hASC collection protocols and time in culture with the 

various medium supplements which may affect future therapeutic products. The RT-

qPCR gene expression results in this study contradict previous literature when 

considering only the functions of C/EBPα and C/EBPβ in the adipogenic gene pathway. 

It must be noted that currently, no studies have looked at their expression in pHPL- 

and PRP-cultured hASCs, and a direct comparison is therefore not possible. Still, the 

main question of whether adipogenesis is possible in the three media was answered.  

Further recommendations for future studies include treating isolated RNA with DNAse 

I treatment to reduce gDNA contamination and ensure more accurate results. More 

time points (days 0, 1, 3, 7, 14, and 21) may shed better light on the gene expression 

from earlier to later progression through adipogenesis in pHPL-and PRP-

supplemented medium. To avoid total RNA isolation from cultures with differentiated 

and undifferentiated cells, one might consider plating single hASCs into a 384-well 

plate and only isolating RNA from wells where hASCs have differentiated into 

adipocytes. Other human alternatives studied in previous sections of this study and 

growth factors present in the current chosen media supplements should also be 

investigated for a more complete picture regarding factors that might influence the 

adipogenic potential of hASCs maintained human alternative-supplemented media. A 

correlation study regarding the faster proliferation seen earlier in this study, the 
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composition of media containing humanalternatives, and the adipogenic differentiation 

of hASCs in human alternative-supplemented media should also be considered.  

In conclusion, adipogenic differentiation is possible in PRP-supplemented medium, 

and thus it is a suitable autologous replacement for FBS in adipogenic medium. 

Differentiation into adipocytes in pHPL medium was also achieved, making pHPL a 

suitable allogeneic human alternative to FBS in adipogenesis settings.  
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Chapter 8:  Conclusion and future perspectives 
 

hASCs as a potential cell-based therapeutic product in regenerative medicine has 

generated widespread interest due to characteristics such as multipotency and 

immunomodulation (17). Furthermore, large numbers of hASCs can be isolated from 

adipose tissue with minor donor site morbidity and expanded in vitro to clinically 

relevant cell numbers (12,15,17). Subsequently, numerous clinical trials are underway 

using hASCs to treat various diseases (1,2). 

Before hASCs can be produced as a therapeutic product, a crucial consideration is 

their compliance to GMP to ensure high quality, safe treatment (25,160,171,208). 

Currently, ex vivo hASC expansion and maintenance to obtain clinically relevant cell 

numbers rely on cell culture media containing xenogeneic FBS (21,24,25,122). FBS in 

culture media of hASCs intended for clinical use poses multiple safety concerns such 

as zoonotic disease transfer and ethical considerations regarding animal suffering 

(19,26,27). This study, therefore, aimed to determine the best alternative to FBS from 

human blood products. The proposed human alternatives produced from whole blood 

were pHPL, HS, FFP, PPP, and PRP. To the author's knowledge, this dissertation 

represents the first time all five proposed human alternatives were used in a 

simultaneous head-to-head comparison with FBS. The focus was on the effects of 

human alternatives on the proliferation, morphology, viability, immunophenotype, and 

retention of adipogenic differentiation potential of hASCs. This study contributes to the 

current body of knowledge considering alternatives to FBS towards a GMP compliant 

cell therapeutic product. 

The results confirmed that all human alternatives adhered to quality criteria 

(investigated in objective one and discussed in Chapter 4:  and sustained hASCs in 

vitro without altering the immunophenotype or negatively affecting viability, as 

discussed in Chapters 5 and 6 for objectives two and three. Two human alternatives, 

PRP and pHPL, significantly increased cell proliferation of hASCs, which is 

advantageous in a clinical setting as it reduces the time required to reach clinically 

sufficient cell numbers. Based on these results, for the fourth objective, retention of 

adipogenic differentiation potential was investigated in pHPL, PRP, and FBS which is 
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discussed in Chapter 7. Adipogenesis was achieved in all three of these culture media, 

indicating no loss of adipogenic potential due to the medium supplements compared 

to FBS.  

Fast proliferation was, however, not the only important aspect when considering a 

human alternative to FBS. When choosing a human alternative in a clinical ex vivo 

setting, blood products' autologous or allogeneic nature will have to be carefully 

considered as well as the availability, accessibility, and cost of production of the 

various human alternative options, as some allogeneic blood products such as FFP 

and HS may be more easily accessible as they are routine products manufactured by 

blood banks. Autologous blood products offer advantages from histocompatibility and 

infectious disease screening perspectives. There are, however, disadvantages when 

using autologous products, such as PRP, as they can be highly variable due to inherent 

biological variance. Subsequently, inconsistent research and clinical outcomes may 

be seen. In contrast, allogeneic products can be more standardised but will require 

intensive disease screening and quality control steps to ensure a high-quality product 

(28).  

Future studies could include adipogenesis in PPP, FFP, and HS supplemented media, 

as these were not investigated in this study. Furthermore, osteogenesis and 

chondrogenic differentiation of hASCs in the various human alternatives could be 

investigated. Assessment of the immunomodulatory characteristics of hASCs in the 

various human alternatives could also be considered. Synthetic medium would be the 

ideal for a therapeutic setting as it is fully customisable, however it is costly and time 

consuming to produce (27). Therefore, feasibility, cost, hASC proliferation, 

differentiation, and similar characteristics as were investigated in this study could also 

be studied in synthetic, serum-free medium. Serum-free medium may be an option 

where complete control of medium composition and exposure of hASCs to reagents 

is required in a therapeutic setting.   

In conclusion, an FBS substitute may have to be chosen not only for its ability to 

promote proliferation but based on the intended application or hASC treatment 

envisioned.  
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Appendix A: MIQE Guidelines 

A. Introduction 

The Minimal Information for Publications of Quantitative Real-Time PCR Experiments 

(MIQE) is a set of guidelines to ensure publishing of accurate, reliable, and 

reproducible qPCR data. The MIQE guidelines should be included in any manuscript 

that contains qPCR data which contains a set of essential and desired criteria (209). 

The MIQE guidelines arose from necessity as misleading, irreproducible, and 

inconsistent results were published which had a negative impact on drug 

developments, disease monitoring, and research.  

In this study RT-qPCR was used to determine the expression of six target genes: 

C/EBPα and β, PPARγ, FABP4, AdipoQ, and CD36 involved in adipogenesis. The MIQE 

guidelines checklist was used to assess the quality of the results.  

B. Experimental design 

Cryopreserved hASCs were seeded at a density of 5000 cells/cm2 in 75 cm2 (T75) cell 

culture flasks and expanded in the various supplemented CGM (FBS, pHPL, PRP) to 

50-60% confluence. On induction day, the CGM was aspirated and discarded. Fresh 

CGM of each supplemented medium was added to the corresponding control group 

(referred to as the non-induced group). Adipogenic induction medium of the 

supplemented media was added to the corresponding experimental (induced group) 

group. The control/non-induced groups were maintained in CGM in parallel with the 

experimental/induced groups. Adipogenic potential was assessed on induction day 

(day 0) and day 14 post induction. 

Three hASC biological replicates were used for each medium supplement resulting in 

n=3 for FBS, n=3 for pHPL, and n=9 for PRP (PRP 1, PRP 2, and PRP 3 supplemented 

media added to three biological hASC replicates, thus 3 × 3).  
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Table A 1: Experimental layout of flasks for RT-qPCR RNA extraction. 

 

C. Samples 

C.1.  Description 

RNA was extracted from induced and non-induced cells for all supplemented media 

on days 0 and 14.  

The day 0 samples were untreated, non-induced hASCs expanded in either FBS, pHPL, 

or PRP until 50-60% confluence.  

The day 14 induced samples were hASCs expanded to 50-60% confluence in the 

various media before induction with adipogenic media containing the respective 

supplements and maintained for 14 days.  

They day 14 non-induced samples were hASCs expanded to 50-60% confluence in 

the various media and left to expand parallel to induced cultures as controls. The 

medium was complete medium containing the same concentration of the respective 

supplements as the adipogenic medium without the adipogenic cocktail.  

C.2.  Microdissection or macrodissection 

No microdissection or microdissection were done on samples 

C.3.  Processing 

The samples were processed as described in Chapter 7, section 7.2.1and 7.2.4. 
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C.4.  If frozen – how and how quickly? 

hASCs were frozen in liquid nitrogen after isolation from lipoaspirate before expansion. 

All hASCs used in this study were cryopreserved for long term storage in liquid 

nitrogen. None of the samples were subjected to freeze-thawing during expansion and 

differentiation.  

C.5.  If fixed – how and how quickly? 

The samples were not fixed. 

C.6.  Storage 

The samples were not stored prior to RNA isolation. The RNA was isolated from hASCs 

directly after dissociation on day 0 and 14 and then stored at -80°C until used for cDNA 

synthesis.  

D.  Nucleic acid extraction 

Total RNA was extracted as described in Chapter 7 section 7.2.4.1. 

D.1. DNase or RNase treatment 

No DNase or RNase treatment was performed. 

D.2. Contamination assessment 

Genomic DNA (gDNA) contamination was assessed using the no reverse transcription 

controls (NoRTs) generated during cDNA synthesis as described in Chapter 7, section 

7.2.4.4. The reference gene YWHAZ was used and a positive control for all NoRT 

amplification reactions was included containing a cDNA synthesis where reverse 

transcriptase was added. Amplification was detected in some of the samples and 

subsequently a Cq cut-off = 33 was determined  
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Figure A 1: Representative amplification plot for NoRT controls. 

The reference gene YWAZ was used as a positive control with 20ng/µL template, using a total of 40ng 

per reaction (Mean Cq = 19.86, n=3). Some amplification was detected in the NoRT controls after which 

a Cq = 33 cut-off was determined. Samples with a NoRT Cq value < 33 were excluded from analysis as 

any amplification may be due to gDNA contamination. 

 

 

Figure A 2: Representative amplification plot for NoRT controls of a sample that was excluded due 

to gDNA contamination. 

Samples with a NoRT Cq < 33 were excluded from analysis as amplification of target genes may be as 

a result of gDNA contamination. YWHAZ was used with a positive control Cq value = 19.86.  

 

D.3. Nucleic acid quantification and purity 

A Nanodrop ND 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 

USA) was used to measure RNA concentration (ng/µL) and quality (A260/280). RNA 

quality (A260/280) ratio of 1.8-2.1 is accepted as pure for downstream applications 

(210,211). An A260/280 ratio outside the 1.8-2.1 range suggests contaminants in the 

sample. All extracted RNA samples had a A260/280 ratio within the 1.8-2.1 range. 
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Table A 2: RNA quality (A260/280) and quantity (ng/µL) for two hASC cultures. 

 
Supplement Timepoint 

Quality 

(A260/280) 

Concentration 

(ng/µL) 

C
u

lt
u

re
 1

 
FBS 

Day 0 1.94 48.12 

Day 14 NI 2.04 347.1 

Day 14 I 2.06 343.1 

pHPL 

Day 0 2.04 369.26 

Day 14 NI 2.08 329.12 

Day 14 I 2.06 647.69 

PRP1 

Day 0 2.02 393 

Day 14 NI 2.05 409.75 

Day 14 I 2.06 710.06 

PRP2 

Day 0 2.05 351.83 

Day 14 NI 2.08 309.84 

Day 14 I 2.06 594.72 

PRP3 

Day 0 2.05 255.7 

Day 14 NI 2.1 812 

Day 14 I 2.01 476.5 

 
Supplement Timepoint 

Quality 

(A260/280) 

Concentration 

(ng/µL) 

C
u

lt
u

re
 2

 

FBS 

Day 0 2.06 102.32 

Day 14 NI 2.04 380.1 

Day 14 I 2.04 385.1 

pHPL 

Day 0 2.08 182.2 

Day 14 NI 2.05 204.25 

Day 14 I 2.09 632.53 

PRP1 

Day 0 2.07 248.8 

Day 14 NI 2.05 325.59 

Day 14 I 2.09 616.19 

PRP2 

Day 0 2.05 291.63 

Day 14 NI 2.08 805.21 

Day 14 I 2.06 313.62 

PRP3 

Day 0 2.07 258.7 

Day 14 NI 2.08 274.7 

Day 14 I 2.04 622.38 
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Table A 3: RNA quality (A260/280) and quantity (ng/µL ) for the third hASC culture. 

 
Supplement Timepoint 

Quality 

(A260/280) 

Concentration 

(ng/µL) 

C
u

lt
u

re
 3

 
FBS 

Day 0 2.03 57.12 

Day 14 NI 2.02 436.5 

Day 14 I 2.06 321.2 

pHPL 

Day 0 2.07 177.8 

Day 14 NI 2.04 395.9 

Day 14 I 2.08 648.3 

PRP1 

Day 0 2.08 140.9 

Day 14 NI 2.01 795.4 

Day 14 I 2.08 461.9 

PRP2 

Day 0 2.06 184.7 

Day 14 NI 2.09 1022.7 

Day 14 I 2.08 541.7 

PRP3 

Day 0 2.09 149.6 

Day 14 NI 2.1 578.9 

Day 14 I 2.1 958.3 

 

D.4. RNA integrity 

Isolated RNA integrity was determined using a TapeStation® 2200 platform (Agilent 

Technologies, CA, USA) along with the RNA Screen Tape® (Agilent Technologies, CA, 

USA) and sample buffer (Agilent Technologies, CA, USA). A RINe value ≥ 8 indicates 

intact, high-quality RNA (212). 

The manufacturer instruction for sample preparation was followed. Briefly, 5 µL sample 

buffer was added to 1 µL of RNA with a concentration between 25-500 ng/µL as 

specified by the manufacturer. The sample was then transferred to a thermal cycler 

(Gene Amp® PCR 28 syster 9700, Applied Biosystems, Life Technologies®, Thermo 

Fisher Scientific, CA, USA) where it was heated for 3 min at 72°C and cooled on ice 

for 2 min before analysis in the TapeStation® 2200.  
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Table A 4: RNA integrity values (RINe). 

  Supplement Timepoint RINe 
  

Supplement Timepoint RINe 
  

Supplement Timepoint RINe 

C
u

lt
u

re
 1

 

FBS 

Day 0 9.5 

C
u

lt
u

re
 2

 

FBS 

Day 0 10 

C
u

lt
u

re
 3

 

FBS 

Day 0 9.7 

Day 14 NI 9.8 Day 14 NI 9.9 Day 14 NI 10 

Day 14 I 9.5 Day 14 I 9.8 Day 14 I 9.7 

pHPL 

Day 0 9.9 

pHPL 

Day 0 9.9 

pHPL 

Day 0 9.9 

Day 14 NI 9.9 Day 14 NI 10 Day 14 NI 9.9 

Day 14 I 9.6 Day 14 I 9.7 Day 14 I 10 

PRP1 

Day 0 9.9 

PRP1 

Day 0 9.9 

PRP1 

Day 0 10 

Day 14 NI 9.4 Day 14 NI 9.7 Day 14 NI 9.5 

Day 14 I 9.4 Day 14 I 9.7 Day 14 I 9.5 

PRP2 

Day 0 9.9 

PRP2 

Day 0 9.9 

PRP2 

Day 0 10 

Day 14 NI 9.5 Day 14 NI 9.7 Day 14 NI 9.5 

Day 14 I 9.5 Day 14 I 9.9 Day 14 I 9.7 

PRP3 

Day 0 9.9 

PRP3 

Day 0 9.9 

PRP3 

Day 0 9.5 

Day 14 NI 9.5 Day 14 NI 9.7 Day 14 NI 9.6 

Day 14 I 9.3 Day 14 I 9.8 Day 14 I 9.7 

 

D.5. Inhibition testing 

No inhibition testing was performed. 

E. Reverse Transcription 

Reverse transcription was performed as described in Chapter 7 section 7.2.4.2. No 

information is given for the reverse transcriptase by the kit manufacturer except: “One 

unit catalyzes the incorporation of 1 nmol of dTTP into acid-insoluble material in 10 

minutes at 37 ºC in 50 mM Tris-HCl, pH 8.6, 40 mM KCl, 1 mM MnSO4, 1 mM DTT, 

and 0.5 mM [3H]TTP, using 200 µM oligo(dT)12-18-primed poly(A)n as template.” 
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E.1. cDNA quantification and purity 

The total cDNA quantity (ng) and quality (A260/280) was measured using a Nanodrop 

ND 1000 spectrophotometer. An A260/280 ratio of ~1.8 is accepted as pure for DNA 

(210,211). 

 

Table A 5: cDNA quantity and purity 

 Supplement Timepoint 
cDNA 

260/280 

Total 

cDNA 

(ng) 

 Supplement Timepoint 
cDNA 

260/280 

Total 

cDNA 

(ng) 

C
ul

tu
re

 1
 

pHPL 

D0 1.79 1460 

C
ul

tu
re

 2
 

pHPL 

D0 1.84 1074.6 

D14 NI 1.79 1200 D14 NI 1.84 1114.7 

D14 I  1.81 1033.6 D14 I  1.85 1097.6 

PRP1 

D0 1.81 1366.1 

PRP1 

D0 1.83 1305.7 

D14 NI 1.84 1167.5 D14 NI 1.81 1180.7 

D14 I  1.8 1386.4 D14 I  1.82 1198.7 

PRP2 

D0 1.82 1141.7 

PRP2 

D0 1.85 1048.5 

D14 NI 1.8 1336.6 D14 NI 1.8 1489.9 

D14 I  1.79 1269.6 D14 I  1.81 1286.5 

PRP3 

D0 1.76 1014 

PRP3 

D0 1.83 1528.8 

D14 NI 1.84 1163.4 D14 NI 1.8 1178.8 

D14 I  1.83 1179.5 D14 I  1.83 1357.7 

FBS 

D0 1.84 894.1 

FBS 

D0 1.83 908 

D14 NI 1.87 1147.2 D14 NI 1.85 1386.6 

D14 I  1.85 1174.5 D14 I  1.87 1082.1 

 Supplement Timepoint 
cDNA 

260/280 

Total 

cDNA 

(ng) 

C
ul

tu
re

 3
 

pHPL 

D0 1.82 1090.6 

D14 NI 1.83 995.7 

D14 I  1.84 1280.3 

PRP1 

D0 1.83 1200.2 

D14 NI 1.85 1055.6 

D14 I  1.81 1117.3 

PRP2 

D0 1.82 1127.9 

D14 NI 1.82 1553.6 

D14 I  1.81 1558.4 

PRP3 
D0 1.8 1625 

D14 NI 1.81 1307.1 
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D14 I  1.83 1188.6 

FBS 

D0 1.86 1110.8 

D14 NI 1.83 1076.3 

D14 I  1.86 1102.1 

 

E.2.  Quantitation cycle (Cq) values with and without reverse 

transcriptase (RT) 

Table A 6: Quantitation cycle values of NoRT controls. 

NRT Cq Excluded?  NRT Cq Excluded? NRT Cq Excluded? 

A1 0   B1 38.09   C1 28.41 Excluded 

A2 0   B2 0   C2 29.20 Excluded 

A3 0   B3 0   C3 28.43 Excluded 

A4 0   B4 0   C4 34.16  
A5 0   B5 40   C5 34.89   

A6 0   B6 0   C6 35.53  
A7 34.49   B7 0   C7 33.39   

A8 0   B8 40   C8 37.67  
A9 36.49   B9 0   C9 34.62   

A10 34.67   B10 35.24   C10 34.69  
A11 0   B11 28.65 Excluded C11 27.43 Excluded 

A12 0   B12 30.80 Excluded C12 28.67 Excluded 

D1 36.94   B13 36.93   C13 35.47   

D2 35.06   B14 35.44   C14 35.50  
D3 35.61   B15 35.96   C15 33.57   

Positive Control 19.86 

 

gDNA contamination is present in some of the samples. Samples with a NoRT Cq < 33 

were excluded from analysis resulting in the total biological replicates summarised in 

Table 7.4, Chapter 7, section 7.3. NoRTs of samples that were included amplified more 

than 10 cycles later after the positive control (YWHAZ, mean Cq = 19.86). 

E.3. cDNA storage 

The cDNA was stored at -20°C until it was used in RT-qPCR reactions. 

F. qPCR target information 
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The target genes and reference genes accession numbers and amplicon locations and 

lengths are listed in Table A 7. 
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Table A 7: Target and reference gene accession numbers and amplicon information. 

Genes of interest 

Gene name 
Accession 

number 

Amplicon 

length 
Start Stop 

CCAAT/Enhancer-binding protein alpha C/EBPα NM_001285829 119 2235 2353 

CCAAT/Enhancer-binding protein beta C/EBPβ NM_005194.4 104 1423 1526 

Peroxisome proliferator-activated 

receptor gamma 
PPARγ NM_001354666.3 124 441 564 

Fatty-acid binding protein 4 FABP4 NM_001442.3 126 369 494 

Adiponectin AdipoQ NM_001177800.2 135 3346 3480 

Cluster of differentiation 36 CD36 NM_001001548.3 122 1185 1306 

TATA-binding protein TBP NM_001172085.2 130 602 731 

Peptidylprolyl Isomerase A PPIA NM_001300981.2 116 918 1033 

Tyrosine 3-Monooxygenase/Tryptophan 

5-Monooxygenase Activation Protein, 

Zeta 

YWHAZ NM_001135699.2 126 2237 2362 

 

F.1. In silico specificity screen 

The specificity of the primers was tested using the in silico website NCBI BLAST® 

software. Primers were excluded if they returned a match other than the target 

sequence.  

F.2. Primer locations 

The primer locations were visualised using NCBI Primer-BLAST® (website) and are 

seen in Figure A 3. 

F.3. Splice variants targeted 

No splice variants were targeted. 
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Figure A 3: Primer locations of genes of interest and reference genes. 

G. qPCR oligonucleotides 
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The primer sequences of the target and reference genes are listed in Table 7.3 in 

Chapter 7, section 7.2.4.3.  

G.1. Location and identity of any modifications 

No modifications were made. 

G.2. Manufacturer of oligonucelotides 

The oligonucleotides were manufactured by Integrated DNA Technologies (IDT, 

Coralville, IA, USA). 

H. RT-qPCR protocol 

RT-qPCR was performed as described in Chapter 7, section 7.2.4.3. 

H.1. Polymerase identity and concentration 

The LightCycler® 480 SYBR Green I Master Mix was used which contains the 

FastStart™ Taq DNA Polymerase (Roche, Basel, Switzerland). No concentration was 

provided.  

H.2. Buffer/kit identity and manufacturer 

The LightCycler® 480 SYBR Green I Master Mix (Roche, Basel, Switzerland; catalogue 

number: 04887352001) was used in all qPCR reactions.  

H.3. Additives 

No additives were used 

H.4. Manufacturer of plates/tubes and catalogue numbers 

LightCycler® 480 Multiwell Plate 96 white plates (Roche, Basel, Switzerland; 

Catalogue number: 0472962001) were used for all qPCR reactions.  

H.5. Munfacturer of qPCR instrument 
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All qPCR reactions were performed on the LightCycler® 480 II instrument (Roche, 

Basel, Switzerland). 

I. qPCR Validation 

I.1. Specificity 

The specificity of the qPCR reactions was determined using melt curves performed at 

the end of each run. Melt curves will show primer dimers, secondary product, and 

contamination as additional peaks before or after the melting temperature (Tm) peak. 

Primer dimers will result in a shoulder before the main Tm peak with gDNA 

contamination showing as a shoulder after the main Tm peak. Representative images 

of the melt curves are displayed in Figure A 4. 
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Figure A 4: Representative images of melt curves and melt peaks for genes of interest and 

reference genes. 

Melt curves (bottom) and melt peaks (top) were used to test the specificity of the reactions by 

determining the presence of secondary products, contamination of primer dimers.  
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No template controls (NTCs) 

For each target gene NTCs (three technical replicates) were included on each plate. If 

amplification was detected in NTCs, the plate was rerun.  

 

Figure A 5: Representative image of amplification in NTC reactions. 

 

I.2. Standard curves 

Standard curves for each primer could not be completed due to insufficient RNA.  

I.3. Linear dynamic range 

Linear dynamic range was not determined as no standard curves could be completed.  

I.4. Quantitation cycle values variation at lower limit 

The variation for the lower limit (lowest concentration on the standard curve) was not 

determined as standard curves could not be completed.  

I.5. Evidence of limit of detection 

Limit of detection was not performed. Cq values ≤ 33 were viewed as acceptable. Cq 

values > 33 were excluded as it was not deemed trustworthy.  

I.6. If multiplex, efficiency and LOD for each assay 

No multiplexing was performed in this study. 

J. Data analysis 

J.1. qPCR analysis program 



201 

 

The LightCycler® Software (version 1.5.1; Roches, Basel, Switzerland) was used for 

data analysis.  

J.2. Quantitiation cycle (Cq) method determination 

Cq values were determind using the second derivative maximum method according 

to the LightCycler® Software and algorithms. 

J.3. Results of no template controls (NTCs) 

NTC reactions had a Cq value of zero. Representative image for NTCs can be seen in 

Figure A 5. 

J.4. Justification of number and choice of reference genes 

This study used three reference genes (TBP, PPIA, and YWHAZ) previously identified 

as suitable for the experimental conditions in this study (118,202,203) as well as 

independent studies completed by members of the ICMM (Ms Carla Dessels, Ms 

Carina da Silva, and Dr Chrisna Durandt).   

The stability of the three reference genes was confirmed in PRP-supplemented 

medium using NormFinder for R, version 5 (213). Three PRP-supplemented medium 

biological replicates were used and reactions for day 0, day 14 non-induced, and day 

14 induced were done in triplicate for all three chosen reference genes. NormFinder 

returned the stability values for TBP, YWHAZ, PPIA as 0.45, 0.49, and 1.08 respectively. 

Stability values closer to zero are indicative of more stable expression. PPIA is the least 

stably expressed reference gene but was deemed suitable for this study. One might 

consider including more timepoints and biological replicates to further investigate the 

stable expression of the three reference genes in PRP-supplemented medium under 

adipogenesis conditions.  

J.5.  Normalisation method 

The Cq values of the target genes were normalised by subtracting the geometric mean 

of the Cq values of the three reference genes from both the experimental and control 

group Cq values. The experimental group samples were then normalised to the control 
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group samples by subtracting the Cq values of the not induced (control group) 

samples from the Cq values of the induced (experimental group). 

J.6. Number of biological replicates 

A complete layout of the biological replicates can be found in Table 7.4 in Chapter 7, 

section 7.3. 

J.7. Number and stage (RT or qPCR) of technical replicates 

Three technical repeats (three separate wells) were done for each reaction on the 

qPCR plate using the samples cDNA. 

J.8. Repeatability (intra-assay variation) 

A standard deviation of 1 or less between technical replicates was considered 

repeatable. 

J.9. Statistics 

Statistical analysis was performed using R (version 4.0.3) and RStudio (version 

1.4.1103). The significance level was set at α = 0.05. The Kruskal-Wallis test was used 

to test for significance between groups. If significance was found, the Dunn’s post-hoc 

test with Bonferroni correction for multiple sampling was performed. 

  



203 

 

Appendix B: Ethics documentation 



204 

 
  



205 

 

  



206 

 

  



207 

 
 


