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ABSTRACT 

Stem cells are defined as undifferentiated cells that can proliferate and have 

the capacity of both self-renewal and differentiation to one or more types of 

specialised cells (Bishop et al., 2002). The two types of stem cells are 

embryonic and adult stem cells. Adult stem cells have been isolated from 

adipose tissue in abundance and with ease (Mvula et al., 2010) and these 

cells have been differentiated into smooth muscle cells (SMCs) with the 

enhancement of low intensity laser irradiation and the growth factors (de 

Villiers et al., 2011). Smooth muscles play an important role in diseases like 

cancer, hypertension, asthma and others (Rodriguez et al., 2006). Studies 

have shown that low intensity laser irradiation (LILI) can increase proliferation 

of cells, cellular attachment, differentiation and production of transforming 

growth factor-beta 1 (TGF-β1) in cells indicating that in vitro LILI can 

modulate the activity of cells and tissues (Khadra et al., 2005).  Further 

studies have also discovered that LILI enhances wound healing (Fiszerman 

and Markmann, 2000).  LILI has been successfully used for pain attenuation 

and to induce wound healing in non-healing defects (Hawkins and 

Abrahamse, 2005). LILI has been shown to increase viability and proliferation 

of adipose derived stem cells (ADSCs) (Mvula et al., 2008 and Mvula et al., 

2010). 

 

Growth factors such as retinoic acids (RA) have been shown to have major 

influences on cells. They are involved specifically in apoptosis, cell 

proliferation, differentiation and maturation (Duong and Rochette, 2011; 

Gudas and Wagner, 2011). Co-culturing is used to achieve several cellular 

processes including proliferation, differentiation and migration (Kim et al., 

2012). When two types of cells are cultured together, they are exposed to a 

number of complex environmental factors such as cytokines, extracellular 

matrix components, cell interactions, mechanical stimuli, signalling 

transcriptional pathways and transcriptional factors such as growth factors. 
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These factors are able to affect migration, proliferation and differentiation of 

one cell type into another (Zhang et al., 2012). 

 

The aim of this study was to investigate the differentiation potential of ADSCs 

when co-cultured with (SMCs) and to determine the role of LILI on the co-

cultured cells. Short and long term biological effects were monitored on these 

cells following exposure to LILI and addition of growth factors. The study used 

commercial and isolated human ADSCs and SMCs (SKUT-1) cells. After 

growing cells to semiconfluency for ADSCs and confluency for SMCs, they 

were co-cultured in a ratio of 1:1 using the established methods 

supplemented with and without growth factors (TGF-β1and RA) and then 

exposed to LILI.  The cellular morphology, viability and proliferation activities 

of the irradiated cells were then assessed using direct inverted and 

differential interference contrast microscopy (DIC), trypan blue test, 

adenosine triphosphate luminescence, optical density analysis, and 

carboxyfluorescein diacetate succinimdyl ester (CFSE) methods.  In particular 

the expression of the specific markers of both ADSCs, β1 Integrin (CD29) and 

Thy-1 (CD90) and SMCs, Myosin Heavy Chain (MHC) were investigated 

through immunoflourescent microscopy and flow cytometric analysis. Up and 

down regulation of genes involved in the human mesenchymal stem cell array 

were analysed through Reverse Transcriptase Polymerase Chain Reaction 

(RTPCR).  

 

ADSCs were characterised by the expression of their specific markers (CD29 

and CD90) which appeared as green fluorescences within the cytoplasm of 

the cells. MHC which characterise SMCs appeared as red fluorescences 

within the nuclei of the cells. Morphologically, both ADSCs and SMCs 

displayed the same fibroblast-like shapes. Through DIC, ADSCs appeared to 

be more elongated than SMCs and when stained with CFDSE, ADSCs were 

larger in sizes than SMCs. Cell viability and proliferation increased in the co-
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cultures that were exposed to LILI as compared to those that were not 

progressively over time post irradiation but there was a decrease in viability 

and proliferation in the co-cultures that were supplemented with growth 

factors as compared to those that did not have the growth factors. Trypan 

blue analysis showed a significant decrease in the co-cultured with TGF-β1 

as compared to the co-cultures without growth factors (P<0.05) at 24 h, 48 h 

and 1 wk. ATP luminescence significantly decreased in the co-cultures with 

growth factors as compared to those not supplemented with growth factors at 

24 h, 72 h and 1 wk (P<0.001) and 48 h (P<0.05). Optical density results 

revealed significant decreases in co-cultures that were supplemented with 

growth factors as compared to those that were not at 24h and 1 wk with P 

values of less than 0.05 and at 48 h and 72 h with P values of less than 

0.001.  

 

Expression of CD29 and CD90 decreased in the co-cultures over the period 

of 1 wk while the co-cultures increased the expression of MHC over the same 

period of time as revealed through flow cytometric analysis. After co-culturing 

for 24 h, flow cytometry results showed two distinct cell types but after 1 wk, 

there was only one population of cells that appeared on flow cytometry 

indicative of differentiation into SMCs. PCR array analysis revealed a down-

regulation of catenin beta1 (CTNNB1) but up-regulation of CD29, CD90, 

SMAD and TGF-β1 and TGF-β3 at 24 h post irradiation. However at 1 wk 

post irradiation in the co-cultures that were irradiated and supplemented wth 

TGF-β1, CD29, CD90 and SMAD, were all not expressed, again indicative of 

ADSCs differentiating into SMCs.   

 

The study concluded that ADSCs could differentiate into SMCs in a co-culture 

environment when exposed to LILI and growth factors in a short period of 

time. This method once well established, would be beneficial in differentiating 
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stem cells into required specialised cells to be used in treatment of several 

degenerative diseases including those affecting smooth muscle tissues. 

 

However, this study did not analyse SMC genes through RT PCR that were 

expressed to confirm SMC differentiation. It is therefore suggested that future 

studies should include SMC gene analysis for confirmation of SMC 

differentiation. Smooth muscle contractility functional test should also be 

analysed. Clinical studies could also be evaluated to determine the 

effectiveness of the differentiated SMCs. 
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CHAPTER 1 

INTRODUCTORY CHAPTER 

1.1 Introduction 

Stem cells can proliferate and have two main characteristics of self-

renewal and differentiation into specialised cells.  Stem cells play a major 

role in basic biological processes in vivo, including the development of an 

organism and tissue maintenance and repair.  They have also been 

indicated as playing a role in cancer (Tsai, 2004).  Great progress has 

been achieved in the field of stem cell research from their isolation and 

culture, to being used in genomic studies, drug discovery and cell-based 

therapy.  Laser radiation at different intensities has been shown to inhibit 

as well as stimulate cellular processes (Moore et al., 2005).  Studies on 

LILI and stem cells have shown that low intensity lasers can change the 

metabolism of stem cells, increase adenosine triphosphate (ATP) 

production and so increase migration (Gasparyan et al., 2004).  

Furthermore, LILI has also been shown to promote the proliferation of rat 

mesenchymal bone marrow and cardiac stem cells in vitro (Tuby et al., 

2007). In order for stem cells to be used for treatment of regenerative 

diseases, they have to be produced in large numbers and differentiate into 

the required cell type. One method for differentiating them is co-culturing 

with the required cell type, exposing to LILI and adding the growth factors.  

 

1.2 Problem Statement 

Traumatic injury and degenerative diseases are a major problem in South 

Africa and worldwide. In 1988, 24.5% of all the deaths in South Africa 

were due to chronic diseases of life style which are a type of degenerative 

diseases (Steyn et al.,1992). Degenerative diseases accounted for 60% of 

all deaths in USA in the late 1990s (National Centre for Health Statistics). 

Adult stem cells hold great promise for use in tissue repair and 

regeneration as a novel therapeutic option. Due to the shortage of organ 

donors, tremendous advances have been made in tissue engineering to 



2 

 

treat damaged heart tissues and blood vessels by replacing them with 

stem cells (Ngan et al., 2007).  Parkinson's disease, stroke and multiple 

sclerosis are thought to be caused by a damage or loss of neurons and 

glial cells.  It is now possible to culture these types of cells from stem cells 

in culture which can in turn be used to possibly treat the above diseases in 

human patients through transplantation (Lindvall and Kokaia, 2006).  

However, in order to be effective, certain criteria for stem cells used in 

tissue engineering need to be met such as the abundance of cells to be 

harvested, the procedure for harvesting should be performed with minimal 

invasion, the cells should be able to differentiate into multiple specialised 

cells and be transplanted safely and effectively. Since low intensity laser 

has been found to increase ATP and proliferation of cells, therefore it 

could be used to increase the production of large numbers of stem cells 

and with the addition of different growth factors, differentiation of the stem 

cells into different specialised cells would be possible.  

 

1.3 Aim 

The aim of the study was to investigate the differentiation potential of 

ADSCs when co-cultured with SMCs and the role of LILI on the 

differentiation potential of these ADSCs in presence of the growth factors. 

The project aimed to: 

 Monitor short and long term effects on co-cultures of ADSCs and 

SMCs by assessing cellular morphology, viability, proliferation and 

expression of CD29, CD90 and MHC. 

 Determine the effect of LILI and growth factors have on proliferation 

and differentiation of ADSCs in a co-culture environment at a 

mechanistic level. 

 Determine the regulation of genes expressed in the human 

mesenchymal stem cell array in the co-culture of ADSCs and 

SMCs. 

 Evaluate the effect of co-culture system for differentiation of ADSCs 

into SMCs.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Stem Cells 

Stem cells are primal cells found in all multi-cellular organisms that are 

able to renew themselves through mitotic cell division and can differentiate 

into a variety of specialised cell types.  Stem cells can be described 

according to their differentiation potential as totipotent, pluripotent, 

multipotent and unipotent.  Totipotent cells have the potential to become 

any type of cells in the adult body and of the extra-embryonic tissues 

including the placenta.   Pluripotent stem cells are cells with the potential 

to become any differentiated cells in the body except those of the 

placenta.  Multipotent stem cells can be differentiated into a limited 

number of cell types while unipotent stem cells can only be differentiated 

into one type of cell type of the body (John Kimball, 2006). Stem cells 

have characteristics of self-renewal, extensive proliferative potential and 

an ability to give rise to one or more differentiated cell types (Spradling et 

al., 2001).  One strategy by which stem cells can accomplish these two 

roles is by asymmetric cell division, whereby each stem cell divides to 

generate one daughter cell with a stem cell fate (self-renewal) and another 

that differentiates along a specialised cell lineage (figure 1).  Symmetric 

divisions are defined as the production of daughter cells that are destined 

to acquire the same fate (either stem cells only or differentiated cells only) 

(Morrison and Kimble, 2006). Stem cells divide asymmetrically to maintain 

their number in the tissue, while at the same time generating cells 

committed to becoming differentiated tissues and organs (Serakinci and 

Keith, 2006). It is believed that the molecular distinction between 

symmetric and asymmetric divisions lies in differential segregation of cell 

membrane proteins between the daughter cells (Kyoto University, 2006). 

There are two types of stem cells namely embryonic and adult stem cells. 
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Figure 1.     Stem cell can either self-renew or differentiate into different 
                      specialised cells (http://www.nationalacadamies.org/stemcells,             
                      25/10/2013). 

 

Embryonic stem cells originate from the blastocyst and are able to 

differentiate into all different cells of the body (figure 2).  

                   

 

Figure 2.   Human embryonic stem cell differentiation into different types of 
                   specialised cells like liver, muscle, blood, neurons, intestinal and 
                   pancreatic islet cells (Meregalli et al., 2011).   
 

 

 

http://www.nationalacadamies.org/stem
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2.1.1 Adult stem cells 

Adult stem cells are undifferentiated cells found throughout the body that 

divide to replace dying cells and regenerate damaged tissues, also known 

as somatic stem cells, they can be found in individuals throughout their 

lifespan.  Adult stem cells have a limited capacity for cellular differentiation 

but can renew themselves and differentiate to produce most of the 

specialised cell types of an organism tissue or organ (Gardner, 2002).  

Adult stem cells, like embryonic stem cells, have pluripotent potential and 

can differentiate into cells derived from all three germ layers.  Unlike 

embryonic stem cells, the use of adult stem cells in research and therapy 

is not as controversial because the production of adult stem cells does not 

require the destruction of an embryo.  Based on their extensive 

differentiation potential and, in some cases, the relative ease of their 

isolation, adult stem cells are an appropriate tool for clinical development 

(Serakinci and Keith, 2006).  Among the advances in adult stem cell 

therapy are the treatment of a variety of human conditions, ranging from 

blindness to spinal cord injury (Kyoto University, 2006). In recent years, 

the concept of adult stem cells has changed to include the theory that 

stem cells reside in many adult tissues and that these unique reservoirs of 

adult stem cells are not only responsible for the normal reparative and 

regenerative processes but are also considered to be a prime target for 

genetic and epigenetic changes culminating in many abnormal conditions 

including cancer (Kyoto University, 2006; Chaudhary and Roninson, 

1991).  Some examples of adult stem cells that are currently used in 

research are haematopoietic, mammary, dermal, adipose derived, neural 

and olfactory stem cells (figure 3). 
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Figure 3.   Common functional cells (brain, cardiac muscle, neurons, skeletal 
                    muscle, bone, fat and liver) derived from central nervous system stem 

                    cells and body stem cells (Terese et al., 2001).   
 

2.1.2 Adipose derived stem cells 

It has recently been shown that adipose tissue is an abundant and easily 

accessible source of stem cells (ADSCs, adipose-derived stromal cells), 

resembling the mesenchymal stem cells (MSCs) obtained from adult bone 

marrow (Peroni et al., 2008). The initial method of isolation was 

engineered by Rodbell, 1966(1), 1966(2) and Rodbell and Jones, 1966. 

They minced rat fat pads and this was washed extensively to remove 

hematopoietic cells and then incubated the tissue parts with collagenase. 

Due to their plasticity (figure 4) and easy harvest, ADSCs are preferred to 

be used in tissue engineering than bone marrow derived cells (Strem and 

Hedrick, 2005; Strem et al., 2005). These cells have a doubling period of 2 

to 4 days depending on the medium conditions and passage number 

(Mitchell et al., 2006). They could be passaged for a long time but studies 

have shown that after 4 months ADSCs developed malignant 

transformation (Rubio et al., 2005).  

 

Gonthos et al., 2001, did examine the expressions of cell surface antigens 

on the ADSCs. These cells generally are characterised for being positive 
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for CD13, CD29, CD44, CD49d, CD90 and CD105 and negative for CD14, 

CD31, CD45 and CD144 (Mitchell et al., 2006; Yoshimura et al., 2006). 

Characterisation has found out that these cells are mesenchymal stem 

cells by expressing mesenchymal stem cell markers (CD29 and CD90) 

and not expressing the haematopoietic marker like CD45 (Zahran et al., 

2012). Mesenchymal stem cells have been defined by the International 

Society for Cellular Therapy by a number of criteria.  First, the cells must 

adhere to plastic, then the cells must be able to differentiate into 

osteoblasts, adipocytes and chondroblasts. Finally, the cells must express 

the specific markers (CD90, CD105 and CD73) and not the 

haematopoietic makers like CD45, CD34, CD19, CD79, CD11b and CD14 

(Dominici et al., 2006). 

 

Human ADSCs have been reported to have differentiated into smooth 

muscle cells over a period of time in vivo as well as in vitro under smooth 

muscle environment (Zhang et al., 2011 and Marra et al., 2011). These 

ADSCs have been induced into SMCs in vitro to be used in tissue 

engineering (Yang et al., 2008). Recently, scientists differentiated these 

derived stem cells into functional neurons by using bFGF and forskolin 

(Jang et al., 2010). These cells increased in viability and proliferation when 

exposed to LILI alone as well as in combination with the growth factors 

(Mvula et al., 2008; 2010). Studies have shown also that ADSCs could 

differentiate into cardiomytes (Van Dijk et al., 2008) and their effects on 

animals have produced no major effects (Vet-Stem Regenerative 

Veterinary Medicine, 2008). Recently, these cells have been suggested 

that they could have a major therapeutic effects in patients who have 

pelvic or abdominal cancer and have developed radiation-induced 

intestinal injuries (Chang et al., 2013). 
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Figure 4.  Different types of cells differentiating from Adipose derived stem cells 
                  that could be used in tissue engineering (Zuk et al., 2001). 

 

Scientists have suggested a number of mechanisms through which 

ADSCs could be used in repairing degenerative tissues. These cells could 

be delivered to the injured tissues where they would secrete growth 

factors and cytokines. They could also stimulate a stem cell niche and 

promote the required lineage differentiation. These transplanted stem cells 

could provide antioxidant chemicals, heat shock proteins and radical 

scavengers to the ischaemic sites. Mitochondria could also be delivered to 

the damaged areas, providing aerobic metabolism and finally they 

themselves could differentiate into the required lineage (Gimble et al., 

2007 and Spees et al., 2006). Recent studies have also demonstrated that 

stem cells from adipose tissue could promote angiogenesis, which is the 

formation of blood vessels. This could be done through a particular 

mechanism such as depending on the plasmin system (Kachgal and 

Putnam, 2011). 

 

 



9 

 

2.2 Smooth Muscle Cells 

Smooth muscles play important roles in diseases like cancer, 

hypertension, asthma and others and are active components of intestinal, 

reproductive, cardiovascular and urinary systems in the regenerative 

medicine (Rodriguez et al., 2006 and Sinha et al., 2006). SMCs can react 

to stimuli for tissue specific actions to occur and this may be due to origins 

of different progenitor populations (Firth and Yuan, 2013). Studies have 

shown that ADSCs have been differentiated into SMCs (de Villiers et al., 

2011). Transforming growth factors (TGF-β1), RA, platelet derived growth 

factor and ascorbic acid are some of the growth factors that enhance 

smooth muscle differentiation (Rodriguez et al., 2006: Yang et al., 1999: 

Narita et al., 2008). SKUT-1 cells are human uterine mixed 

leiomyosarcoma cells. These cells are SMCs derived from the uterus 

(Steynberg et al., 2012).  

 

TGF-β has been shown to be an integral for the up-regulation of SMC 

markers, smooth muscle 22α, calponin-1 and MHC in ADSCs 

differentiation into SMCs. In neural crest cells, the pathway involves the 

binding of the complement 32 (RGC-32) which is a response gene to 

polyomovirus enhance element (PEA3) and SBE leading to SMC gene 

transcription (Huang et al., 2011) while in ADSCs, angiotensin 11 up-

regulates the transcription of SMC genes through induction of TGF-β and 

activation of the MEK/ERK/Smad2 pathway (Kim et al., 2008). Recent 

studies have revealed the involvement of TGF-β dependent upregulation 

of ADAM12 (a metalloprotease) found in lipid rafts in adipose cells. The 

disruption of ADAM12/lipid raft complex attenuated the differentiation of 

ADSCs to SMCs (Kim et al., 2012). 

 

2.3 Co-culturing 

Co-culturing is used to achieve several cellular processes including 

proliferation, differentiation and migration (Kim et al., 2012). When two 

types of cells are cultured together, they are exposed to a number of 
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complex environmental factors such as cytokines, extracellular matrix 

components, cell interactions, mechanical stimuli, signalling transcriptional 

pathways and transcriptional factors such as growth factors. These factors 

are able to affect migration, proliferation and differentiation of one cell type 

into another (Zhang et al., 2012). Studies on co-culturing have indicated 

that osteoblasts stimulated the proliferation of endothelial cells when co-

cultured directly due to the production of vascular endothelial growth factor 

and reciprocally osteoblasts proliferation also increased (Wang et al., 

1997. Recent studies have shown that ADSCs differentiated into SMCs 

when injected into SMCs environment in vivo as well as when exposed to 

SMCs in vitro (Zhang et al., 2012). Melanocyte proliferation and migration 

were also increased in the study done by Kim et al in 2012 when co-

cultured with ADSCs and this was suggested to be due to the stem cell 

factor, basic fibroblast growth factor and other growth factors for 

melanocytes that were produced by ADSCs. In another recent study (Zuo 

et al., 2013), bone marrow mesenchymal stem cells differentiated into 

articular chondrocytes when co-cultured directly. Articular chondrocytes 

induced and promoted differentiation of bone marrow mesenchymal stem 

cells into chondrocytes while at the same time bone marrow stem cells 

stimulated and supported chondrocytes to express specific proteins. 

Chondrocytes have been found to produce soluble factors that induce 

differentiation of mesenchymal stem cells in co-culture in vitro as well as in 

vivo (Hwang et al., 2007). Direct co-culturing method of human nucleus 

pulposus cells of the intervertebral disc with mesenchymal stem cells 

resulted in generating large number of mesenchymal stem cells 

differentiating into nucleus pulposus cells after co-culturing for a period of 

7 days (Richardson et al., 2006).  

 

2.4 Growth Factors 

Growth factors are proteins that stimulate cellular growth, proliferation and 

differentiation. They regulate a wide range of cellular processes (Goustin 

et al., 1986). Growth factors such as retinoic acids (RA) have been shown 
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to have major influences on cells and these influences are specifically on 

apoptosis, cell proliferation, differentiation and maturation (Duong and 

Rochette, 2011; Gudas and Wagner, 2011). RA has been discovered to 

stabilise stem cell cultures when supplemented with foetal bovine serum 

or bovine serum albumin in the dark (Sharow et al., 2012). Human 

pluripotent stem cells have been directed to neuronal differentiation in a 

non-cell-autonomous way by RA (Tong and Andrews, 2010). 

 

Transforming growth factor-β (TGF-β) is a family of growth factors that 

include β1, β2, β3, bone morphogenetic proteins (BMPs), actin/inhibin and 

cytokines such as nodal. It plays important roles in regulating biological 

processes such as apoptosis, cell growth, differentiation, migration, 

angiogenesis, tumor invasion and metastasis as well as embryonic 

development (Zhang, 2009; Rahimi and Leof, 2007). It is able to promote 

or inhibit cell growth depending on the cell type. TGF-β promotes 

fibroblasts, osteoblasts and other mesenchymal cell growths while 

inhibiting epithelial and neuroectodermal cells. It produces inflammatory 

cytokines and in the concluding stage of the inflammation it shows 

immunosuppressive action. Depending on the cell type and stimulation 

context, carcinogenesis can be suppressed or promoted (Akhurst, 2002). 

A scientific report indicated that TGF-β induced differentiation of smooth 

muscle from a neural crest stem cell line (Chen and Lechleider, 2004). 

TGF-β3 promoted the differentiation of ADSCs into cartilage cells in a 

pellet culture system (Hashemibeni et al., 2008). This growth factor played 

a role in differentiation of human embryonic stem cell-derived 

mesenchymal cells to smooth muscle cells in a time and dosage 

dependent way. It actually induced the differentiation of Smad and serum 

response factor/myocardin. It regulated the expression of myocardin 

through many pathways such as Smad2/3, PI3K and p38 MAPK (Guo et 

al., 2012). Studies have also shown that TGF-β1 can promote the 

expression of smooth muscle differentiation genes by inhibiting Notch3 

pathway and activating Hes1 pathway in fibroblasts (Kennard et al., 2007). 
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However, TGF-β1 up modulated the CD34 antigen in hematopoietic stem 

cells before the s phase and maintained its high levels which also 

suggests that TGF-β1 is a major physiological factor in maintenance of the 

stem cell reserve (Batard et al., 2000).  

Studies have shown that smooth muscle differentiation of ADSCs do 

induce smooth muscle gene expression. Smooth muscle cell specific 

alpha actin (ASMA), calponin, smoothelin and MHC increased in 

expression when ADSCs differentiated into SMCs (Rodriguez et al., 2006). 

MHC and smoothelin are highly restricted to SMCs and can only be 

detected in SMCs (Miano JM, 2002). In their study in investigating the 

regulation of SMC marker during differentiation of ADSCs into SMCs, Lee 

et al., 2006 found out that α-smooth muscle actin (α-SMA) significantly 

increased when the cells were treated with TGF-β1 and slightly increased 

when treated with RA. 

` 

2.5 Regenerative Medicine 

Tissue engineering and regenerative medicine is a multi-disciplinary 

science that has evolved in parallel with novel biotechnological 

advances.  It is a combination of biomaterials, growth factors and stem 

cells to repair organs (Butler et al., 2000). Adult stem cells hold great 

promise for use in tissue repair and regeneration as a new therapeutic 

option (Huh et al., 2000). This can be done by culturing the cells and 

differentiating them into the required lineage in vitro and then introducing 

the differentiated cells into the failing organs. Plastic and regenerative 

surgeons are constantly burdened with the challenge of replacing lost soft 

tissue.  More than 6.2 million individuals received reconstructive plastic 

surgery procedures in 2002, approximately 70% of them as a result of 

tumour removal (Choi et al., 2006).  Elective cosmetic procedures also 

require the placement of soft tissue implants to restore or improve tissue 

contour for the purpose of enhancing anaesthetic appearance.  

Conventional soft tissue-grafting procedures have had some clinical 

success for soft tissue augmentation and reconstruction.  However, the 
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need for secondary surgical procedures to harvest autologous tissues and 

an average of 40-60% reduction in graft volume over time are considered 

setbacks of current autologous fat transplantation procedures.  It should 

be possible to overcome these problems with tissue-engineered soft tissue 

grafts generated from the patient’s own adult stem cells (Choi et al., 2006). 

 

Parkinson's disease, stroke and multiple sclerosis are thought to be 

caused by a loss of neurons and glial cells.  These cells can now be 

generated from stem cells in culture and can be used to treat the above 

diseases in human patients through transplantation (Lindvall and Kokaia, 

2006). Clinical trials for the regeneration of soft tissue, craniofacial tissue 

and cardiovascular tissue have enrolled a number of patients. 

 

ADSCs are multipotent and could be used in a number of treatment 

applications (Gimble et al., 2007). Scientists have postulated a number of 

mechanisms through which ADSCs could be used in tissue engineering 

and regenerative medicine. These cells could secrete cytokines and 

growth factors and stimulate recovery in a paracrine way. They would also 

stimulate the recruitment of stem cells from the stem cell niche to the site 

enhancing differentiation of a particular required lineage (Kachgal and 

Putnam 2011).  ADSCs would be differentiated along a particular lineage 

and applied to a particular damaged organ (Gimble et al., 2007). These 

stem cells might provide antioxidant, free radical scavangers and heat 

shock proteins to an ischemic site there by recovering the cells. Some 

studies have suggested that ADSCs could deliver new mitochondria to the 

damaged area thereby promoting aerobic metabolism (Spees et al., 2006).  

Breast reconstruction with ADSCs trials have been reported by Yoshimura 

and colleages (2010). These cells have also been used to stimulate bone 

repair in calvarial defects (Lendeckel et al., 2004). ADSCs have been used 

to heal chronic fistulas in Crohns disease (Garcia-Olmo et al., 2008) and 

hold great promise for the treatment of cardiovascular diseases (Bai et al., 

2010). Some studies have shown that neurotrophic factors have been 
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expressed by ADSCs and cells isolated from abdominal fat layer 

suggesting that these cells could be used in vivo generation of nerves in 

future (Kalbermatten et al., 2011).  

 

The paracrine mechanisms which enhances cardiac function through 

transplantation of stem cells is not fully known but some mechanisms 

postulated by scientists suggest that these cells produce molecules that 

reduce apoptosis, improve perfusion and increase angiogenesis to the 

ischaemic sites (Crisostomo et al., 2007).  

 

The effective treatment for liver failure is liver transplantation but has been 

associated with donor shortages and high costs. Regenerative medicine 

and tissue engineering could provide an alternative to this treatment 

(Ogawa and Miyagawa, 2009). Hepatic differentiation of human embryonic 

stem cells was successfully induced by adding bFGF, TGFβ1, Activin-A, 

Bone morphogenic protein4, hepatocyte growth factor, epidermal growth 

factor, β nerve growth factor and Retinoic Acid (Schuldiner et al., 2000).   

 

Another type of disease that could benefit from this treatment is Type 1 

diabetic mellitus which results from the autoimmune mediated destruction 

of langerhans cells in the pancreas (Shapiro et al., 2006). However, 

studies have shown that isolated ADSCs when autotransplanted would be 

a possible tool for the cure of this disease (Couri et al., 2009).  

 

A co-culture system is believed to provide physical, structural and 

molecular factors that induce differentiation of cells. Functional implants 

may be established for transplantation and replacement of degenerated 

tissues. The other possibility would be the investigation of developmental 

processes and understanding the stem cell behavior in the environment 

and finally avoiding the usage of biomaterials to avoid immuno-rejection 

(Yue et al., 2013). But there is need for methods for the cell-based tissue 
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engineering to be perfected. Table 1 shows some developments that have 

occurred in stem cell research. 

 

Table 1.      Current stem cell research focus areas, stem cell sources and developments 
  (Moore, 2007). 

Focus area Stem Cell Source Developments References 

Degenerative            
 neurological              
disorders, e.g.   

Parkinson’s,         
Alzheimer’s,                 
Huntington’s, Strokes,  
Spinal cord or brain     
injuries. 

Embryonic stem cells   
(ES) and adult stem 
cells (ASCs) from        
bone, skin, from bone 
marrow-bone marrow 
derived mesenchymal 
stem cells (BMSC),     
adipose tissue and 
foetal brain. 

In vitro differentiation 

and production of 
neurons. 

Transplants into              
experimental animals     
poor and require          
further investigation. 

Zuk et al., 2002 
Fernandes et al., 2004 
Lindvall and Kokaia, 
2006 
Toma et al., 2001 
Strem et al., 2005 
Woodbury et al., 2000 
Miller, 2006 

Haematopoietic         
 disorders, e.g.     

haemoglobinopathies, 
leukaemia’s, 
lymphomas. 

ES cells and ASC’s      
BMSC, umbilical cord  
blood adipose tissue. 

BMSC’s routinely used
for numerous 
haematopoietic          
 disorders Genetic     
 modification of           
 BMSC’s is also           
 currently used in         
clinical and         
experimental 
procedures. 

Strem et al., 2005 
Bordignon, 2006 
Rubistein, 2006 
Chang and Kan, 2006 
Hallemeier et al., 2006 

Cardiovascular           
disorders, e.g. 

Myocardial infarction,   
Damaged heart valves,
muscle, blood vessels. 

ES cells and ASC’s 
from heart muscle     
 BMSC’s, adipose         
tissue. 

In vitro differentiation  

and manipulation of     
stem cells into cardiac 
and supporting tissues. 

Transplantation          
 studies require further                  
investigation. 

Zuk et al., 2006 
Strem et al., 2005 
Srivastava and Ivey, 
2006 
Yamada et al., 2006 
Wang et al., 2006 
 

Reproductive              
disorders, e.g. 

Infertility. 

ES cells and ASC’s 
from ovary, testis. 

In vitro manipulation   
and differentiation of  
 stem cells into             
cartilage, bone and 
muscle. 

Hutt and Albertini,      
 2006 
Kubota and Brinster,     
2006 

Musculo-Skeletal 
disorders, e.g. bone 

fractures and defects, 

osteoarthritis,              
muscular dystrophy. 

ES cells and ASC’s      
from muscle, BMSC’s 
and adipose tissue. 

In vitro manipulation   

and differentiation of    
stem cells into             
cartilage, bone and 
muscle. 

Zuk et al., 2002 
Toma et al., 2001 
Strem et al., 2005 
Wang et al., 2006 
Abderrahim-
Ferkoune et al., 2004 
Rodriguez et al, 2006 
 

Metabolic disorders,  

e.g. diabetes. 
ES cells and ASC’s fro
m pancreas, BMSC’s a
nd adipose tissue. 

In vitro manipulation 

and differentiation of   
stem cells into cells    
with a pancreatic endo
crine phenotype. Trans
plantation 
studies require further 
investigation. 

Timper et al., 2006 

Noguchi, 2007 
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 2.6 Lasers 

Laser is an acronym for Light Amplification by Stimulated Emission of 

Radiation. It is monochromatic, coherent and directional.  It was first 

developed in 1959 and in 1963 Leon Goldman was the first physician to 

use it on human skin (Alster and BettenCourt, 1998). Daniel Choy 

performed the first applications of laser in cardiology in 1979 and 1983 at 

Toulouse University (Choy, 2014). In 1967, Endre Mester in Semmelweis 

University Budapest, Hungary, discovered laser biostimulation when he 

exposed laser light to mice (Mester et al., 1967).  

 

Laser can be defined as any device that can be made to produce or 

amplify electromagnetic radiation in the wavelength range from 180 nm to 

1 mm primarily by the process of controlled stimulated emission.  Lasers 

are now used in medicine and surgery.  Lasers are also used in 

spectroscopy, for the cutting of steel and other metals and in bar code 

readers and in laser pointers. The two types of lasers of medical 

importance are namely low intensity lasers and high intensity lasers.   

  

The power of lasers is measured in watts (w) or milliwatts (mW).  The 

higher power output, the higher power density.  Power density or light 

intensity is the light output power per unit area of the target being 

illuminated by the laser light.  It is measured in watts per square 

centimetre (w/cm2) or milliwatts per square centimetre (mW/cm2).  Power 

density is of significance both in laser surgery and laser therapy (Tuner 

and Hode, 2002).  The transmission of laser radiation in tissues is related 

to its wavelength.  The effects that optical radiation may have on tissue 

can be separated into categories depending on the portion of the spectrum 

(wavelength) that is incident on the tissue and the intensity (power density) 

of radiation.  Wavelength is expressed in nanometres (nm) (Basford, 

1995).  Wavelength is the distant between two peaks of a wave.  The 

symbol of wavelength is λ (lambda) (Peavy, 2002).   
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A light source that emits light at a constant intensity is known as 

continuous wave emission whereas pulsed light has varying intensity.  

When a laser is pulsed, the laser light power varies between the pulse 

peak output power and zero so the average power is used to calculate the 

dose while continuous wave lasers use the output power (Hawkins and 

Abrahamse, 2007).  Infrared laser radiation shows a higher penetration 

into tissues than the laser light of the red region of the visible spectrum 

and therefore, the latter has proved useful in treatment of skin and 

mucosal disorders (Koutna et al., 2003).  The two types of lasers of 

medical importance are namely low intensity lasers and high intensity 

lasers. 

 

2.6.1 Low intensity laser irradiation (LILI)  

LILI, a form of phototherapy, involves the application of monochromatic 

light over biological tissue to elicit a biomodulative effect within that tissue.  

LILI is now accepted in many countries and is used in medical and dental 

practices. LILI can have both a photobiostimulative and a 

photobioinhibitive effect within the irradiated tissue, each of which can be 

used in a number of therapeutic applications.  LILI is not thermic (that is it 

does not produce heat) (Matic et al., 2003) and uses monochromatic light 

in the range of 630 to 905 nm (Stadler et al., 2004). It is a visible light in 

the electromagnetic spectrum (figure 5). Some of the therapeutic lasers 

are Helium-Neon (HeNe) and diode lasers.   
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Figure 5.  Electromagnetic spectrum showing visible light between the wavelength 
                  of 380 nm to 750 nm (http://bro3400.nicerweb.com 03/10/2014). 

 

Diode lasers are solid state devices and are not all that different from laser 

emitting diodes (LED).  The first diode lasers were developed quite early in 

the history of lasers but it was not until early 1980s that they became 

widely available (Goldwasser, 1997).  Diode lasers emit light with a shorter 

coherence length than HeNe (632.8 nm) lasers and the biological effects 

of light from a 633 nm diode laser are less obvious than those from a 

HeNe laser.  A diode laser can obtain similar results by using a higher 

power output and higher doses (Tuner and Hode, 2002; Ohshiro and 

Calderhead, 1988).   

 

LILI can accelerate wound and burn healing and improve conditions of 

patients after myocardial infarction and stroke.  Low intensity laser can 

help in the treatment of diabetic angiopathy and neuropathy and reduce 

atherosclerotic plaque formation by increasing micro-circulation (blood 

circulation) (Gasparyan et al., 2004). 

 

Wound healing is the universal response to the inflammation that follows 

injury.  It consists of a series of consecutive but overlapping events which 

http://bro3400.nicerweb.com/
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include cell proliferation, migration and extracellular matrix deposition 

(Darby and Hewitson, 2007).  Growth factors and proteases play an 

important role in regulating the above events (Cullen et al., 2002).  LILI 

has been shown to enhance the release of the growth factors and 

stimulate cell proliferation at certain wavelength and fluences (Yu et al., 

2001). 

 

Studies have shown that LILI produces positive effects on irradiated cells 

and tissues.  Examples of these effects are cell proliferation and motility, 

augmented formation of mRNA (messenger ribonucleic acid) and protein 

secretion, stimulation of calcium influx and mitosis rate, activation of 

inactive enzymes like ATPase (Adenosine triphosphatase) and 

photosensitised formation of reactive oxygen species (Schindl et al., 

1998).  LILI stimulates capillary growth, granulation tissue formation and 

alters cytokine production.  Altered keratinocyte motility and fibroblast 

movement have also been shown following low level laser irradiation 

(Basford, 1995).  These effects aid in treatment of disorders like acute or 

chronic tissue hypoxia, destruction of tissues, as well as altered cell 

metabolism (Gasparyan et al., 2004).   

 

The effects of LILI on wound healing are attributed to increased cell 

proliferation.  It is thought that when LILI is targeted at the cells, photons 

are absorbed in the cytochromes and porphyrins within the mitochondria.  

Singlet oxygen is then produced and there is a formation of proton 

gradients across the mitochondrial membrane resulting in an increased 

ATP and DNA production (AU Eells et al., 2003).  Laser irradiation was 

also found to induce synthesis of cell cycle regulatory proteins in satellite 

cells from muscles due to activation of early cell cycle regulatory genes, 

mitogen activated protein kinase and extracellular signal regulated kinase 

cascades (Ben-Dov et al., 1999).  It has also been shown that application 

of low intensity laser irradiation to the infarcted heart results in the 
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increase of antioxidants in the blood (Oron et al., 2001), heat shock 

protein (Yaakobi et al., 2001), inducible nitric oxide content (Tuby et al., 

2006) and angiogenesis (Mirsky et al., 2002 and Stein et al., 2005).  

 

LILI has been shown to promote the maturation of human osteoblasts in 

vitro (Stein et al., 2005) and increase proliferation of lymphocytes (Sadler 

et al., 2000) and articular chondrocytes in culture (Jia et al., 2004).  LILI 

has also been shown to stimulate proliferation of certain cells (HeLa cells) 

in vitro (Koutna et al., 2003).  In contrast to the above effects, some 

investigators have found damaging or even destructive action of low 

intensity lasers.  For instance, He-Ne laser irradiation has produced 

degenerative effects on bovine oocytes (Ocana-Quero et al., 1997).  

However, the true effect of LILI on cell proliferation is controversial 

because of conflicting reports on the effects of visible light on cells in 

culture (Pinheiro et al., 2002).  This emphasises the need of more cellular 

research into laser biology.  Since cell proliferation is one of the basic 

manifestations of any living organism, an insight into factors affecting cell 

proliferation in response to laser irradiation may be important in terms of 

the therapeutic applications of lasers. 

 

Studies on LILI and stem cells have shown that low intensity lasers can 

alter the metabolism of stem cells, increase adenosine triphosphate (ATP) 

production and so increase migration (Gasparyan et al., 2004). It has been 

shown that 5 J/cm2 of laser irradiation at a wavelength of 635 nm positively 

affects ADSCs by increasing cellular proliferation, viability, and expression 

of β1-Integrin (Mvula et al., 2008) and Thy-1, and LILI in combination with 

EGF enhanced the proliferation of ADSCs (Mvula et al., 2010). Low 

intensity laser improves the growth of stem cells when cultured under 

conditions of less nutrients (Eduardo et al., 2008). Studies carried out on 

rats revealed the promoting of recovery of atrophied gastrocnemius 

skeletal muscles when subjected to LILI (Nakano et al., 2009). Using 
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diode LILI, scientists have reduced lipopolysaccharide-induced bone 

marrow inflammation (Huang et al., 2012) and this low intensity laser has 

also been discovered to facilitate fibronectin and collagen type 1 turnover 

during tooth movement (Kim et al., 2010). Studies done by Roland et al in 

2013 found that LILI stimulated the transcription of genes involved in the 

chain of electron transport at a wavelength of 660 nm at 5 J/cm2. The 

genes involved in the metabolism of energy and oxidative phosphorylation 

were upregulated thereby stimulating ATP production increase. Peridontal 

ligament cells were found to increase in proliferation when exposed to a 

wavelength of 670 nm laser diode with an output of 500 mW at an energy 

density of 5 and 10 J/cm2 and this resulted in decreased inflammation 

(Huang et al., 2012). Recent studies done by Soleimani et al., 2012, found 

that LILI promoted proliferation of human bone marrow stem cells and 

their differentiation into neurons and osteoblasts though this was dosage 

dependent. They found out that at a wavelength of 810 nm and a range of 

2-6 J/cm2, LILI enhanced differentiation of these bone marrow stem cells 

into neurons and osteoblasts. There was also increased proliferation of the 

stem cells. Other studies on LILI have also found out that it could increase 

differentiation of mesenchymal stem cells into myogenes and osteogenes 

(Hou Jian-feng et al., 2008; Abramovitch-Gottlib et al., 2005). LILI also 

increases growth factor secretion (Hou Jian-feng et al., 2008). 
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CHAPTER 3 

METHODOLOGY 

This research study was executed according to the flow diagram in 

appendix A. All items (chemicals and reagents) used in the project with the 

names of the supplying companies are listed in Appendix E and solutions 

in Appendix F. 

 

3.1 Cell Culture 

Primary ADSCs were isolated from human adipose tissue of the 

consenting donors undergoing abdominoplasty. The Research Ethics 

Committee of the Faculty of Health Sciences of the University of 

Johannesburg granted the ethical approval (Approval Number 01/06) 

Appendix B. Commercial ADSC line (Stempro Adipose Derived Stem 

Cells/ Adipose-Derived Mesenchymal Stem Cells, R7788-115, Invitrogen, 

SA) and a SMC cell line (SKUT-1) from ATCC (American Type Culture 

Collection-HTB-114), were also purchased (ATCC certificate analysis, 

Appendix C).  

 

3.1.1 Isolation of adipose derived stem cells 

Adipose tissues from consenting donors undergoing abdominoplasty were 

used to isolate ADSCs. The adipose tissue was obtained from donors 

attending the plastic surgery of Dr. Doucas (and associates) at the 

Linksfield Park Clinic, Sandringham, Johannesburg.  All donors received 

consent forms and information about the donation of the tissues (Appendix 

D). Donated tissues, surgically excised dermal and adipose tissues were 

personally collected and transported as biological specimens in a sealed 

polystyrene containers from the Linksfield Park Clinic, Sandringham, 

Johannesburg to the Laser Research Centre Laboratory, Doornfontein 

Campus, University of Johannesburg, by Prof H. Abrahamse of the Laser 

Research Centre. The Research Ethics Committee of the Faculty of Health 

Sciences of the University of Johannesburg granted the Ethical approval 

(Approval Number 01/06). 
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The tissue was either processed immediately or stored overnight in Hanks 

Balanced Salt Solution (HBSS) containing 10, 000 units of Pen/Strep and 

250 µg/ml of fungizone in a ratio of 1:10 to avoid contamination. The tissue 

was minced into 3-5 mm pieces and 100 ml of the minced tissue was 

placed in a collagenase type-1 solution at a concentration of 600 U/ml 

containing 5 M Calcium Chloride, 240 U/mg collagenase type-1 and 

HBSS. The mixture was incubated in a shaking incubator (Labcon, 

Instrulab, SA) at 70 rpm for 80 min at 370C in Falcon centrifuge tubes. 

After incubation, equal volume of complete medium (Dulbecco,s Modified 

Eagle,s Medium – DMEM) containing 10%  Fetal bovine  serum (FBS), 0.1 

% Penicillin/Streptomycin and 1 µg/ml Fungizone were added and mixed 

in 50 ml falcon tubes. 

 

The mixture was then centrifuged at 650 xg for 5 min at 200C in a Hereus 

megafuge 16R centrifuge (Thermo Scientific, SA, figure 6) and then the oil 

layer was removed. The infranatant was removed and resuspended and 

filtered using a BD Falcon cell strainer filter (40 µm in size). The 

suspension was then centrifuged at 650 x g for 5 min at 200C and 

supernatant removed. DMEM with antibiotics was added to the pellets and 

centrifuged at 650 x g for 5 min. The supernatant was removed and the 

pellets resuspended in erythrocyte lysis buffer (ELB) for 10 min at room 

temperature to lyse the red blood cells. The solution was then centrifuged 

at 650 xg for 5 min and the pellets resuspended in complete DMEM 

medium in 75 cm2 culture flasks (Corning Incorporated, USA). The cells 

were incubated at 370C in 85% humidity of 5% carbon dioxide (CO2) in a 

Hera cell 150 incubator (Thermo Scientific, SA, figure 7). After 24 h of 

incubation, cells were observed using inverted microscopy. 
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Figure 6.      Hereus megafuge 16R centrifuge used to spin cell suspensions.  

 

More stocks of the cells were made by storing 1 x 106 cells in 1 ml of the 

freezing medium, Biofreeze (Biochrom, Biocombiotech, SA) in cryogenic 

vials (Corning Incorporated, USA) and immediately keeping them at -200C 

until the mixture is frozen and then transferring them (vials) into liquid 

nitrogen at -1960C.  

 

3.1.2 Co-culturing 

After isolation ADSCs were cultured in DMEM F12 with 10% FBS, 0.1% 

penicillin/streptomycin and 1µg/ml fungizone incubated at 370C in an 

atmosphere of 5% CO2 and 85% humidity in a HERA CELL 150 incubator 

(Heraeus, Separation Scientific, SA) figure 6. SMCs of a commercial cell 

line SKUT-1 and Adipose Commercial Stem Cells, Stempro Human 

Adipose Derived Stem Cells (cADSCs) were also cultured in the same 

medium with similar conditions as isolated ADSCs. After reaching semi-

confluency for ADSCs and confuency for SKUT-1, both ADSCs and 

SKUT-1 cells were co-cultured directly in 3.4 cm2 diameter dishes in a 1:1 

ratio with and without the growth factors in MCDB 131 medium with 2% 

FBS, 0.1% penicillin/streptomycin and 1µg/ml fungizone incubated at 370C 

in an atmosphere of 5% CO2. The co-cultures were divided into 6 groups: 
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Group 1 were the co-cultures without the growth factors and were not 

exposed to LILI (CC), group 2 were the co-cultures without growth factors 

but were exposed to LILI (CC+LILI), group 3 were the co-cultures 

supplemented with the growth factor,  retinoic acid (RA) and not exposed 

to LILI (CC+RA). Group 4 were the co-cultures supplemented with RA and 

exposed to LILI (CC+RA+LILI), group 5 were the co-cultures 

supplemented with a growth factor, transforming growth factor beta 1 

(TGF-β1) but not exposed to LILI (CC+TGF-β1) and the last group 6 were 

the co-cultures with TGF-β1 and were exposed to LILI (CC+TGF-β1+LILI). 

RA was added to the co-cultures at a concentration of 0.1 µM and TGF-β1 

at 1 ng/ml. These concentrations were optimised in the laboratory.   

  

`  

Figure 7.      A Hera Cell 150 incubator where cells were incubated for culturing (A).  
                     Flasks containing attached cells are incubated in 5% CO

2
 and 85% 

                     humidity at 37
0

C (B).  
  

3.2 Laser Irradiation 

The co-cultures of group 2, 4 and 6 were exposed to diode laser (Oriel, 

LTIO00-PLT20, Oriel Corporation, SA) at 5 J/cm2 with a wavelength of 636 

nm in the dark. The medium was removed and the cells were washed with 

HBSS for three times and then the complete medium was added to the 

plates. LILI was then delivered to the plates without the lids in the dark via 
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the optical fibre as described in Mvula et al., 2008. The beam covered the 

entire area of 3.4 cm2 of the small plate. Irradiation was performed once 

and the co-cultures were re-incubated at 370C in a humidified atmosphere 

after which various assays were performed at 24 h, 48 h, 72 h, and 1 wk 

post irradiation. The laser parameters are shown in table 1. The co-

cultures which were not irradiated were used as controls and kept under 

the same conditions as the irradiated ones. Figure 8 shows the 636 nm 

diode laser. 

             

 

Figure 8.    The diode laser with wavelength of 636 nm which was used to irradiate 

                    the co-cultures with 5 J/cm
2

. 
  
Table 2.                                                 Laser parameters. 

Laser Parameters 

Wavelength (nm) 636 

Wave Emission Continuous wave 

Power output (mW) 85 

Spot size (cm
2
) 9.08 

Output density (mW/cm
2
) 9.3 

Irradiation duration 9 mins 10 s 

Fluence (J/cm
2
) 5 
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3.3 Cell Morphology 

Cellular morphology was measured by direct inverted light microscope 

(Olympus CKX41, 5K09553, Olympus Corporation, Japan, figure 9) and 

live cell image microscope (Axio Observer Z1, 3834000513, Carl Zeiss, 

Germany) which observed differential interference contrast microscopy 

and fluorescence microscopy. 

 

 

Figure 9.      Inverted light microscope (Olympus CKX41). The equipment was used 
                     to observe cell morphology. 

 

Differential interference contrast microscopy (DIC), also known as 

Nomarski interference contrast (NIC) or Nomarski microscopy, is an 

optical microscopy illumination technique used to enhance the contrast in 

unstained, transparent samples. DIC works on the principle of 

interferometry to gain information about the optical density of the sample, 

to see otherwise invisible features. A relatively complex lighting scheme 

produces an image with the object appearing black to white on a grey 

background. This image is similar to that obtained by phase contrast 

microscopy but without the bright diffraction halo (Murphy, 2001; Salmon 

http://en.wikipedia.org/wiki/Georges_Nomarski
http://en.wikipedia.org/wiki/Optical_microscopy
http://en.wikipedia.org/wiki/Lighting
http://en.wikipedia.org/wiki/Contrast_(vision)
http://en.wikipedia.org/wiki/Samples
http://en.wikipedia.org/wiki/Interferometer
http://en.wikipedia.org/wiki/Optical_density
http://en.wikipedia.org/wiki/Phase_contrast_microscope
http://en.wikipedia.org/wiki/Phase_contrast_microscope
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and Tran, 1998).  Carl Zeiss Axio Observer Z1 fluorescence microscope 

(Carl Zeiss, 195-041872, Randburg, SA) was used for observation of the 

images in this procedure. 

 

Cell morphology of individual cells was assessed by culturing the cells on 

heat sterilised coverslips and after confluency, the cells were stained with 

carboxyfluorescein diacetate succinimydyl ester (5(6)-CFDA,SE) and 

observed using the flouroscence microscopy. 

 

CFSE passively diffuses into cells. It is colorless and nonfluorescent until 

the acetate groups are cleaved by intracellular esterases to yield highly 

fluorescent carboxyfluorescein succinimidyl ester. The succinimidyl ester 

group reacts with intracellular amines, forming fluorescent conjugates that 

are well retained and can be fixed with aldehyde fixatives. Excess 

unconjugated reagent and by-products passively diffuse to the 

extracellular medium, where they can be washed away. The dye–protein 

adducts that form in labeled cells are retained by the cells throughout 

development and meiosis, and can be used for in vivo tracing (Browner-

Fraser 1985). The label is inherited by daughter cells after either cell 

division or cell fusion, and is not transferred to adjacent cells in a 

population (Hasbold et al, 1996; Lyons and Parish, 1994; Nose and 

Takeichi, 1986). Cells on the coverslips were washed three times with 

HBSS and then stained with CFSE at a concentration of 10 µM for 10 min 

at 370C. After staining, the cells were washed three times with HBSS and  

fixed with 3.7% paraformaldehyde for 10 min and then washed two times 

with HBSS. The coverslips were mounted on slides with 0.1M propyl 

gallate and viewed through a Carl Zeiss, Axio Observer ZI (a fluorescence 

microscope). 

 

3.4 Cellular Responses 

Trypan blue staining and Adenosine triphosphate luminescence analysis 

were used to measure cell viability while Optical density was used to 
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measure cell proliferation. Immunofluorescence and flow cytometry 

analyses were used to characterise the cells through expression of the 

markers as well as to monitor the expression of the specific markers over 

a period of time after irradiation. 

 

For viability and proliferation analysis, the co-cultures in small plates were 

washed three times with HBSS. Next 500 µl of Triple Express (Invitrogen) 

was added to the co-cultures and incubated at 370C for 5 min to detach 

the cells from the plates. After incubation, 500 µl of HBSS was added and 

centrifuged at 650 xg for 5 min at 20 0C. The supernatant was removed 

and the pellets suspended in complete medium ready for analysis. 

 

3.4.1 Cell viability 

3.4.1.1 Trypan blue staining 

Trypan blue is a blue dye that penetrates the damaged cell membrane. 

Live cells remain colourless as they do not take up this dye while the dead 

cells stain blue as they absorb the dye.  

 

Cell suspension in HBSS (10 µl) was mixed with equal volume of trypan 

blue reagent (10 µl) and incubated at room temperature for 5 min. Cells 

were counted on a Haemocytometer with Neubauer rulings with a light 

microscope (Olympus CKX41). The cell viability percentage was 

calculated by dividing the number of translucent cells (viable ones) by the 

total number of cells and multiply by 100. 

 

3.4.1.2 Adenosine triphosphate luminescence 

Adenosine triphosphate (ATP) luminescence was used to assess cellular 

viability. Cellular ATP was measured using the Cell Titer-Glo 

luminescence cell viability assay. The assay provides a method for 

determining the number of metabolically active cells through the 

quantification of ATP. 
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Cell suspension in complete medium (50 µl) was mixed with an equal 

volume of Glo reagent (1 ml buffer and 0.007 g substrate) in an opaque 96 

well plate (OptiPlateTM-96) and incubated in the dark at room temperature 

and read in Relative Light Unit (RLU) in a Perkin Elmer, Victor3   (Perkin 

Elmer, 172809, Separation Scientific, SA, figure 10). The actual readings 

of the co-cultures were obtained by substracting the readings of the blank 

medium (without cells) from the initial readings of the co-cultures. 

            

 

Figure 10.   Perkin Elmer, Victor
3
. The equipment used to

 

read samples for ATP 
                     luminescence and Optical density analysis. ATP luminescence was 
                     read in Reading Lights Units while the readings for Optical density 
                     was absorbance at 540 nm.  

 

3.4.2 Cell proliferation 

Proliferation of the co-cultures were analysed by using optical density 

(OD) where the absorbance of one hundred microliter of the cell 

suspension in complete medium in a clear 96 well plate (Corning) well was 

read at A540 nm in a Perkin Elmer, Victor3   (Perkin Elmer, Separation 

Scientific, SA). Complete medium without cells was used as a blank 

sample. 
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3.5 Immunofluorescence 

Immunofluorescence assays were used to observe cell characterisation 

through the expression of the specific markers as well as monitoring the 

expression of the specific markers of the cells over a period of time post-

irradiation.  

 

Cells cultured on heat sterilised coverslips were grown to semi-confluency, 

rinsed three times with phosphate buffered saline (PBS) bovine serum 

albumin (BSA–0.1% w/v) and azide (0.01% w/v) and then incubated with 

anti-β1 Integrin, CD29 mouse anti-human monoclonal antibody (mAb), 

fluorescencein (FITC) conjugated and CD90/Thy-1 mouse anti-human 

mAb, fluorescein (FITC) conjugated as for ADSCs and Myosin Heavy 

Chain mouse anti-human mAb, Allophycocyanin (APC) conjugated as for 

SMCs in the ratio 1:200 in PBS/BSA for 30 min on ice. For SMCs, they 

were incubated with 1% TRITON-X100 to permeabilise them prior to 

antibody incubation. Then the cells were washed three times with 

PBS/BSA/azide. The cells were then fixed with 3.7% paraformaldehyde for 

10 min and then washed two times with PBS/BSA/azide and then once 

with water before being stained with 4-6 Diamidino-2-Phenylinole (DAPI) 

at a concentration of 0.1 µg/ml. The cells were then mounted on slides 

with 0.1M propyl gallate and viewed through a Carl Zeiss, Axio Observer 

Z1 (a fluorescence microscope, figure 11). 
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Figure 11.   Expression of the markers through immunofluorescence was 
                      observed by the Carl Zeiss, Axio Observer Z1. The microscope was 
                      also used to get direct interference contrast images of the 
                      co- cultures. 

 
3.6 Flow Cytometry 

Flow cytometry quantitatively analysed the expression of the specific 

markers over a period of time after irradiation. Co-cultures were rinsed 

three times with HBSS. The cells were then removed from the 3.4 cm2 

diameter plates by adding 500 µl of tripLe Express and incubated at 370C 

for 5 min. The cells were then washed in HBSS once and twice in 

PBS/BSA/azide. All the washing was done at 650 xg for 5 min at 200C. 

Permeability was done by incubating the cell suspension in 1% triton x-

100. Cells were resuspended in PBS/BSA/azide at a concentration of 1 x 

106 cells/ml. Anti-human CD29, anti-human CD90 and anti-human Myosin 

Heavy Chain were then added and incubated for 30 min on ice at a ratio of 

1:250. The cells were washed three times with PBS/BSA/azide and then 

fixed for 10 min in 3.7% paraformaldehyde. The suspension was washed 

twice and the pellet was suspended in PBS, ready for reading with the BD 

FacsAriaTM111 flow cytometer (BD Biosciences, 22300099, Scientific Group 

Biosciences, Woodmead, SA, figure 12). 
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Figure 12.       BD FacsAria
TM111

 was used to analyse the quantitative expression 
                         of markers through flow cytometry.   

 

3.7 Microarray Polymerase Chain Reaction 

Gene expression profiling or microarray analysis has enabled the 

measurement of thousands of genes in a single RNA sample. There are a 

variety of microarray platforms that have been developed to accomplish 

this and the basic idea for each is simple: a glass slide or membrane is 

spotted or arrayed with DNA fragments or oligonucleotides that represent 

specific gene coding regions. Purified RNA is then fluorescently or 

radioactively labeled and hybridized to the slide/membrane. Hybridization 

may also be done simultaneously with reference RNA to facilitate 

comparison of data across multiple experiments. After thorough washing, 

the raw data is obtained by laser scanning or autoradiographic imaging. At 

this point, the data may then be entered into a database and analyzed by 

a number of statistical methods (Schena et al., 1995 and Hegde et al., 

2000). 

 

3.7.1 Real-time Reverse Transcriptase Polymerase Chain Reaction   

Gene expression analysis was performed using real-time Reverse 

Transcriptase Polymerase Chain Reaction (RT-PCR). The technology 
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monitors the amplification of gene products during cycles in real-time. 

Gene expression analysis is performed due to the real-time RT-PCR 

selectivity and multigene profiling capacity of microarray. SYBR Green is a 

dye used to detect any double stranded DNA molecule and binds to their 

nitrogenous bases leading to a high fluorescent signal in the presence of 

double stranded DNA (Bustin et al., 2005; Wang et al., 2006). Four groups 

(1, 2, 5 and 6) at both 24 h and 1 wk were analysed. Group 1 (co-cultures 

not supplemented with the growth factors and not exposed to LILI) was 

used as a control. 

 

Complementary DNA (cDNA) is the template used for RT-PCR and is 

synthesised from RNA. The RNeasy kit (Qiagen, 74104) with QIAshredder 

homogenisers (Qiagen, 79654) was utilised to extract RNA from the the 

co-cultures due to the specific binding properties of a silica-membrane and 

the speed of microspin technology.  The use of a high salt buffer allows 

the extraction of up to 100 µg of RNA longer than 200 bases bound to the 

RNeasy Silica-membrane. 

 

Nucleic acids extraction depends on the properties of the Silica-materials. 

Silica-membranes are cation rich components such as sodium and form 

cation bridges. They break the hydrogen bonds between the water 

molecules in solution under high salt concentration (pH<7). The cation 

bridges in the Silica-membranes attract negatively charged oxygen in the 

backbone phosphate groups of nucleic acids. Nucleic acids thus become 

tightly bound to the Silica-membranes and during extraction washing 

processes remove all unbound substances and contaminants. Purified 

nucleic acids are eluted under low ionic concentration of pH>7.0. (Lai et 

al., 2007). 

 

3.7.2 Extraction of ribonucleic acid (RNA) 

RNA extraction was performed using the RNeasy kit (Qiagen, 74104) with 

QIAshredder homogenisers (Qiagen, 79654) on treated co-cultures, which 
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were incubated for 30 min prior to RNA extraction. Cells were trypsinised, 

the supernatants discarded, and cells washed with PBS to remove all 

traces of culture medium. A volume of 600 µl of RLT buffer was added to 

the cells, which were mixed by vortexing. RLT buffer inactivates RNase to 

guarantee purification of intact RNA.  Reagents and cell suspensions were 

loaded on the QIAcube (Qiagen, ETI-9017715-E, Switzerland, figure 13) 

and RNA isolation was performed. Thirty microliters of eluted RNA was 

collected and kept on ice.  

        

 

Figure 13.   QiaCube instrument used to extract RNA from the co-cultures. It 
                      took a total of 23 mins to extract RNA.  

 

Alternatively, RNA was extracted manually. After cells were harvested, 

600 µl of RLT buffer was added to lyse them. The lysate was pipette into a 

Qiashredder spin column and placed into a 2 ml tube and centrifuged for 2 

min at 13000 rpm and then 600 µl of 70% alcohol was added to the lysate. 

A 700 µl volume of the sample was transferred to an RNeasy spin column 

placed in a 2 ml collection tube and centrifuged at 8000 x g or 10000 rpm 

for 15 s and the flow through was discarded. Another 700 µl of Buffer RW1 

was added to the spin column and spun for 8000 xg or 10000 rpm for 15 s 
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and then the flow through was discarded. RPE Buffer in the volume of 500 

µl was added to the spin column and spun for 8000 xg or 10000 rpm for 15 

s and the flow through was discarded. This was done twice. RPE is 

supplied as a concentrate and before use alcohol is added. The collection 

tube was then discarded and then replaced with the new tube. 40 µl of the 

RNase-free water was added to the spin column membraneand 

centrifuged at 8000 xg or 10000 rpm for I min to elute RNA. To yield more 

RNA, the eluate from the previuos step was added to the spin column and 

spun again at 8000 xg or 10000 rpm for 1 min. 

 

3.7.3 RNA quantification 

RNA was quantified using the Quant-iT™ RNA Assay kit (Invitrogen, 

Q32852) on the Qubit™ fluorometer (Invitrogen, 45256-239,Turner 

BioSystems), figure 14). Thin-walled, clear 0.5 ml optical-grade PCR tubes 

were used to quantify the RNA. The working solution of the assay was 

prepared by diluting Quant-iT™ RNA reagent in Quant-iT™ RNA buffer in 

a 1:200 ratio and stored at room temperature. A volume of 190 μl working 

solution was loaded into two tubes for standards (1 and 2) and 10 μl of 

each Quant-iT™ standard was added to the appropriate tube and mixed. 

For isolated RNA, 199 μl working solution and 1 μl of the eluted RNA 

sample was mixed.  The mixtures were incubated at room temperature for 

2 min and then measured in the Qubit™ fluorometer. The Qubit™ 

fluorometer was calibrated using the two standard tubes and then RNA 

sample concentration (µg/ml) was calculated by the instrument once the 

volume of sample (1 μl) was selected. The total concentration of RNA 

isolated was calculated by multiplying the concentration of the RNA 

(µg/ml) by the total eluted volume (30 μl).  
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Figure 14.     Qubit flourometer was used to quantify RNA from the co-cultures. 

 

3.7.4 RNA purity 

RNA purity was evaluated by obtaining the ratio of the absorbance value 

at 260 nm over the value at 280 nm using the Biomate 3 

spectrophotometer (Thermo Spectronic, USA, 335904P, figure 15). One 

microliter RNA was added to 99 μl buffer AE (Qiagen, 19077) in a quartz 

cuvette to quantify nucleic acids. The buffer consists of 10 mM Tris-Cl and 

0.5 mM EDTA; pH 9.0. 

 

The ratio A260/280 nm is an important indicator of the quality of the RNA and 

it is used to evaluate the degree of purity. Due to the aromatic rings, 

proteins absorb light at 280 nm. A normal RNA sample should have a ratio 

between 1.8 to 2 and less than the above indicates protein contamination.  



38 

 

 

Figure 15.    Biomate 3 Spectrometer which was used to purify RNA and 
                         cDNA from the co-cultures.   

 

3.7.5 Complementary DNA (cDNA) synthesis 

The flow of genetic information is usually from DNA to RNA through 

transcription and then RNA to protein through translation of the transcript 

except in reverse transcription where a reaction is catalysed by a RNA 

dependent DNA polymerase, known as reverse transcriptase. Reverse 

transcriptases have since been utilised to convert RNA into its cDNA 

counterpart. 

 

QuantiTect Reverse Transcriptase used in this study had a high affinity for 

RNA and the ability to synthesise cDNA from 10 pg RNA. A volume of 30 

ng of RNA was used for RNA reverse transcription into cDNA using the 

SABiosciences RT First Strand kit (330401). The PCR Array system used 

yields results with as little as 25 ng or as much as 5 µg total RNA per 

array. A genomic DNA (gDNA) elimination reaction mixture was done on 

ice and consisted of gDNA buffer, template RNA and RNase free water 

(Table 3). 
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Table 3.  Genomic DNA elimination reaction and various components. 

 

Component Volume/reaction Final concentration 

gDNA wipeout buffer 

Template RNA 

RNase free water 

2 µl 

Variable (30 ng) 

Variable 

1X 

Final volume 14µl - 

 

gDNA elimination tubes were incubated for 8 min at 42˚C and placed on 

ice. A final volume of 20 µl of reverse transcription reaction was prepared 

on ice by adding Quantiscript Reverse Transcriptase, QuantiscriptRT 

Buffer, RT Primer Mix and 14 µl of the gDNA elimination reaction 

according to Table 4. The reverse transcription reaction tubes were kept 

on ice, mixed and incubated for 15 min at 42˚C. The reverse transcription 

reaction tubes were then incubated for 3 min at 95˚C to inactivate 

Quantiscript Reverse Transcriptase. The cDNA was stored at -20˚C and/or 

used as a template in the real-time PCR array. 

 

3.7.6 cDNA purity  

cDNA purity was analysed being used for real-time PCR by the ratio 

between the absorbance values at 260 and 280 nm (A260/280 nm). One 

microliter cDNA was added to 99 μl buffer AE (Qiagen, 19077) in a quartz 

cuvette and read in the Biomate 3 spectrophotometer (figure 12). Ratios 

between 1.82 and 1.94 were obtained and used for gene expression 

analysis (Appendix F). 

 

3.7.7 Gene expression 

The synthesised cDNA was used for real-time PCR to study the 

expression of a number of genes in Human Mesenchymal Stem Cells PCR 

Array (SABiosciences) using the Stratagene Mx3000p® (Agilent 

Technologies, DE 94300411, Germany, figure 16). The RT² Profiler PCR 

Array profiles the expression of 84 genes (table 5). The genes are 

involved in mesenchymal stem cell (MSC) maintenance and differentiation 
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(table 4). The RT2 Profiler PCR Array System takes advantage of real-time 

PCR performance and combines it with the ability of microarrays to detect 

the expression of many genes simultaneously.  

 

Table 4.               Reverse transcription reaction and various components.  
 

Component Volume/reaction 

Reverse-Transcription master mix 

Quantiscript Reverse Transcriptase 

Quantiscript RT Buffer 

RT Primer Mix 

Template RNA 

gDNA elimination reaction 

 

1µl 

4µl 

1µl 

 

14µl 

Final volume 20 µl 

 

The PCR plate has 96 wells with 12 columns (1 to 12) and 8 rows (A to H). 

The first 84 genes (wells A1 to G12) are for the human mesenchymal stem 

cell array and the remaining 12 consist of 5 housekeeping genes (wells H1 

to H5) inserted for normalisation of the PCR Array data, 1 gDNA control 

gene (well H6) for gDNA contamination, 3 Reverse Transcription Controls 

(RTC, wells H7 to H9)  and 3 Positive PCR Control genes (PPC, wells H10 

to H12) for assessment of the efficiency of the primer set provided in the 

kit and of a predispensed artificial DNA sequence, respectively (Figure 

17). 
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Table 5 Human Mesenchymal Stem Cells PCR Array functional gene 
grouping profiler. 

 

 Gene subunits 

Stemness Markers: FGF2 (bFGF), INS, LIF, POU5F1 (OCT4), SOX2, TERT, 

WNT3A, ZFP42. 

MSC Specific 

Markers:                      

 

ALCAM, ANPEP, BMP2, CASP3, CD44, ENG, ERBB2 

(HER2), FUT4, FZD9, ITGA6, ITGAV, KDR, MCAM, 

NGFR, NT5E, PDGFRB, PROM1, THY1, VCAMI. 

Other Genes 

Associated with MSC:  

 

ANXA5, BDNF, BGLAP (Osteocalcin), BMP7, COL1A1, 

CSF (GM-CSF), CSF3 (GCSF), CTNNB1, EGF, FUT1, 

GTF3A, HGF (Scatter Factor), ICAM1, IFNG, IGF1, IL10, 

IL1B, IL6, ITGB1, KITLG, MMP2, NES, NUDT6, PIGS, 

PTPRC, SLC17A5, TGFB3, TNF, VEGFA, VIM, VWF. 

MSC Adipogenesis 

Differentiation:               

MSC Chrondrogenesis 

Differentiation: 

 

 

MSC Myogenesis 

Differentiation: 

MSC Tenogenesis 

Differentiation:  

 

PPARG, RHOA, RUNX2. 

 

ABCB1 (MDR1), BMP2, BMP4, BMP6, GDF5 (CDMP-1), 

GDF6, GDF7, HAT1, ITGAX, KAT2B, SOX9, TGFB1. 

 

ACTA2, JAG1, NOTCH1. 

 

BMP2, GDF15 (PLAB), SMAD4, TGFB1. 

 
The cDNA was thawed on ice and 92 μl of RNase-DNase free water was 

added to make a final volume of 111 μl. An experimental cocktail was 

prepared and the SABiosciences RT2 qPCR master mix, the diluted cDNA 

mixture and RNase-DNase free water were mixed in a 50 ml RNase-

DNase free tube according to the manufacturer protocol (Table 6). The 

SABiosciences RT2 qPCR Master mix is specifically designed for the 

Stratagene Mx3000p® and consists of a RT2 SYBR Green (detected dye) 

and ROX (reference dye) qPCR components. 
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Figure 16.      Stratagene Mx3000p

®
 used to analyse the expression of the genes 

                       from the cDNA of the co-cultures.   

 
The 96 well PCR array plate was loaded by adding 25 µl of the 

experimental cocktail to each well. The PCR array plate was sealed with 

the optical thin walled 8-cap strips and kept on ice. The plate was 

centrifuged for 1 min at room temperature at 1,000 xg using a Heraeus 

Labofuge 400 centrifuge (Thermo Scientific) to remove all air bubbles. The 

Stratagene Mx3000p® was programmed as follows: 1 cycle, 10 min at 

95˚C to activate the HotStart DNA polymerase, 40 cycles of 15 sec and 1 

min at 95˚C and 60˚C respectively (the annealing step). During the 

annealing step of each cycle, SYBR Green intercalates and detects 

double stranded DNA from every well. 
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Figure 17.      Layout of the catalogued 96 well PCR Array. Wells A1 through G12 
contain the 84 genes of the human mesenchymal stem cell array. 
Wells H1 through H5 contain housekeeping genes (HK1-HK5) used 
for normalising the PCR array data. Well H6 to H12 contain controls 
namely genomic DNA contamination (GDC), Reverse Transcription 
Controls (RTC), and Positive PCR Control (PPC). 

 

The amplification process involves the stage that the target DNA 

sequence will be amplified through a thermal process of repeated heating 

(for DNA melting) and cooling (for enzyme dependent replication) steps. 

The DNA melting step unwinds the double stranded helical molecule into 

two single stranded DNA molecules. Two single stranded DNA molecules 

are used as a template by DNA polymerase for the amplification of the 

target DNA sequence in the cooling step. SYBR Green is not specific and 

detects any other double stranded DNA such as the target DNA in each 

well, primer dimers, contaminant DNA or products from mis-annealed 

primers. 

         Table 6.              Experimental cocktail preparation for RT-PCR application. 
 

Plate format: 96 well 

2x SABiosciences RT
2
 qPCR Master mix 1,350 µl 

Diluted First Strand cDNA Synthesis Reaction 102 µl 

 PCR Water 1,248 µl 

Final Volume 2,700 µl 
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The melting curve analysis after the PCR process evaluates the 

dissociation of the helical molecule. During the heating step, hydrogen 

bonds between the nitrogenous bases are destabilised and the double 

stranded DNA starts to dissociate. As the dissociation occurs, the 

molecule becomes hyperchromic due to the increase in the absorbance 

intensity. The temperature at which 50% of hydrogen bonds are 

dissociated is called the melting point and is dependent on the G-C 

content of nucleic acid molecules and used for identification purposes. 

Therefore, the identification of a single peak in each well indicates the 

amplification of one specific gene. The software melting curve program of 

the Stratagene Mx3000p® was run immediately after the cycling program 

and the instrument was pre-programmed as follows: 95˚C, 1 min; 65˚C, 2 

min (optics off) and 65 to 95˚C at 2˚C per min (optics on). A melting curve 

with one peak for each well in the plate at temperatures greater than 80˚C 

had to be obtained. 

 

3.7.8 Real-time PCR array data analysis 

A loaded PCR array plate was placed on the real-time thermal cycler and 

the program was run. The equipment software was used to calculate the 

threshold cycle (Ct) value for each well. All Ct values equal to or greater 

than 35 were considered as absence of amplicon (negative). A gDNA 

control well (well H6) with a Ct value greater than 35 indicates that there 

was no gDNA contamination. A positive Ct value (Ct<35) indicates gDNA 

contamination. PCR control wells (PPC, wells H10 to H12) with a positive 

Ct value indicated successful amplification and the Ct value should be 

20±2 (should not vary by more than 2 cycles between PCR Arrays being 

compared). Larger differences in average Ct PPC values between plates 

and wells on the same plate indicates different amounts of starting 

template or the presence of PCR amplification inhibitors in each sample, 

which then requires purification steps. An average Ct PPC value above 22 

indicates a problem with the cycling condition or sensitivity of the 

instrument. The software used the average Ct values of all 5 
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housekeeping genes to normalise the 84 genes studied; the average Ct 

value of all 5 of the housekeeping genes was deducted from the gene Ct 

value. 

 

The Ct values were exported to a blank Excel spread sheet for use with 

the SABioscience PCR array Data Analysis Template available from the 

SABioscience website with the suitable pathway focused genes (330231-

PAHS-082Z-A-12). The PCR Array Data Analysis software automatically 

performed the calculations and interpretation of the control wells upon 

including Ct data from the real-time instrument. The results are presented 

in a tabular format, a scatter plot, a three-dimensional profile, and a 

volcano plot (when replicates are included). The Students t-test is used to 

calculate the p value and the significant difference of gene expression. 

Fold-change (2^(ΔΔCt)) was calculated by dividing the normalised gene 

expression (2^(ΔCt)) of the test sample by the normalised gene expression 

(2^(ΔCt)) of the control sample. Fold-change values greater than one 

indicate a positive or an up-regulation, and the fold-regulation is equal to 

the fold-change, while fold-change values less than one indicate a 

negative or down-regulation. The fold-regulation is the negative inverse of 

the fold-change. The p values were calculated based on the Student’s t-

test of the replicate 2^(ΔCt) values for each gene in the control group and 

treatment groups. A value of p<0.05 was considered significant. A diagram 

summarising the PCR array analysis is shown in figure 18. 
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Figure 18.       A diagram summarising PCR microarray analysis. 
                        http://www.sabiosciences.com. 26/06/2014   
 

3.8 Statistical Analysis 

All experiments were performed 6 times (n=6), assays in duplicate and the 

data was analysed with a sigma plot 11.0 software. Students t-test was 

used to determine the differences between the groups for each 

independent variable. Statistical significances comparing the groups are 

shown in the table and graphs as stars * where P<0.05 (*), P<0.001 (**) 

and P<0.005 (***). 

 

 

 

 

http://www.sabiosciences.com/
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CHAPTER 4 

RESULTS 
ADSCs and SKUT-1 cells were both cultured in DMEM F1 with 10% FBS 

and antibiotics separately. After reaching  semiconfluency for ADSCs and 

confluency for SKUT-1 cells, both cells were co-cultured in a differential 

medium, MCDB 131 with 2% FBS and antibiotics. The co-cultures were 

divided into six groups. Group 1 (CC) was a co-culture of two types of cells 

which were not exposed to irradiation and were not grown in the presence 

of the growth factors. Group 2 (CC+LILI) was a co-culture that was 

exposed to irradiation. Groups 3 (CC+RA) was a co-culture supplemented 

with RA but not exposed to irradiation, group 4 (CC+RA+LILI) was a co-

culture supplemented with RA and exposed to irradiation, group 5 

(CC+TGF-β1) was a co-culture supplemented with TGF-β1 but not 

exposed to irradiation and group 6 (CC+TGF-β1+LILI) was a co-culture 

supplemented with retinoic acid and exposed to irradiation. Irradiation with 

5 J/cm2 using 636 nm diode laser (Appendix A). Cell characterisation, 

morphology, viability, proliferation and expression of the markers were 

evaluated at different time points. Regulations of different genes were also 

monitored.  

 
4.1 Cell Characterisation 

Cells were characterised through expression of the specific markers. 

ADSCs expressed CD29 and CD90 as seen in figure 19A and 19B 

respectively. As cell surface markers they appeared as green fluorescence 

within the cytoplasm of the cells surrounding the nuclei. Skut-1 cells 

expressed a smooth muscle cell marker, myosin heavy chain, which is an 

internuclear marker, appeared as red fluorescence within the nuclei of the 

cells (figure 19C).   
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Figure 19.     The expression of the markers. ADSCs expressing CD90 (A) and 
                        CD29 (B) shown as green fluorescence and SKUT-1 cells 
                        expressing MHC (C) seen as red fluorescence within the nuclei. 
                        The nuclei of the cells were stained with DAPI. MHC are localised 
                        within the nuclei. 

 

The expression of the markers as observed through fluorescence 

microscopy was also seen in the co-culture when stained with CD29, 24 h 

later. ADSCs in the co-culture had green fluorescence around the nuclei 

but SKUT-1 cells did not express CD29 (figure 20A).  One week after 

irradiation, cells in the co-cultures expressed MHC marker as seen in 

figure 20B. 

 
 
 
 
 
 
 
 
 

A 

C 

B 
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Figure 20.  Expression of the markers in a co-culture. In figure A, expression of 
                    the ADSC marker (CD29) is shown by white arrows and grey arrows 
                    are showing SKUT-1 cells which did not express CD29 after 24 h. In 
                    figure B, cells expressed MHC after 1 wk as shown by white arrows 
                    and grey arrows are showing cells which did not express MHC. The 
                    nuclei appear blue stained with DAPI. 

 
4.2 Cell Morphology 

Morphologically when stained with CFDSE, both ADSCs and SKUT-1 cells 

displayed a more fibroblastic-like shapes, which is a monolayer of 

elongated cells but the ADSCs were larger in sizes than the SKUT-1 cells 

(Figure 21A and 21B). Both types of cells appeared green under a 

fluorescence microscope.  

 

 
 
Figure 21A.       Morphology of the ADSCs seen under the fluorescence microscopy  
                          stained with CFDSE. 

 

A B 
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Figure 21B.     Morphology of the SKUT-1 cells. The cells were stained with 
                           CFDSE and viewed under a fluorescent microscope. 

 

In differential contrast interference micrographs, ADSCs appeared to be 

more elongated than SKUT-1 (Figure 22). 

 

Figure 22.   The morphology of co-cultured cells. Both ADSCs and SKUT-1 
                       cells were co-cultured on heat sterilised coverslips in a small plate      
                       (3.4 cm

2
). ADSCs are shown by the arrow with letter A and letter B 

                       shows the SKUT-1 cells. The micrographs were taken through 
                       differential interference contrast microscopy 24 h after co-culturing. 
  

4.3 Cell Viability 

Trypan blue and ATP luminescence assays were used to investigate the 

viability of the cells in the co-cultures at different time point post-irradiation. 
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The assays were done on six groups namely: co-cultured without the 

growth factors and not exposed to irradiation (CC), co-cultured without 

growth factors but exposed to irradiation (CC+LILI), co-cultured with RA 

but not exposed to irradiation (CC+RA), co-cultured with RA and exposed 

to irradiation (CC+RA+LILI), co-cultured with TGF-β1 and not exposed to 

irradiation (CC+TGF-β1) and co-cultured with TGF-β1 and exposed to LILI 

(CC+TGF-β1+LILI).   

 

At 24 h post irradiation, there was a decrease in cell viability percentage in 

the groups that were grown in the presence of the growth factors as 

compared to the control group (CC) but the decrease was significant in 

CC+RA and CC+TGF-β1 groups (P<0.05). Groups that were irradiated 

(CC+LILI, CC+RA+LILI and CC+TGF-β1+LILI) showed increases in cell 

viability as compared to their respective control groups (CC, CC+RA and 

CC+TGF-β1). But the increase was significant in CC+TGF-β1+LILI group 

as compared to CC+TGF-β1 group (P<0.05). At 48 h post irradiation, the 

co-cultures that were grown in the presence of the growth factors (CC+RA, 

CC+RA+LILI, CC+TGF-β1 and CC+TGF-β1+LILI) showed decreases in 

cell viability as compared to the control group (CC) and the decreases 

were significant in CC+RA and CC+TGF-β1 groups (P<0.05), however the 

groups that were irradiated showed increases in cell viability as compared 

to their respective controls and this was significant in CC+RA+LILI group 

as compared to CC+RA group (P<0.05). At 72 h after irradiation, the co-

cultures that were grown in the presence of the growth factors showed 

decreases in viability as compared to those that had no growth factors but 

the significant decrease was seen in co-cultures of CC+RA group (P<0.05) 

as compared to the control group (CC). However all the co-cultured 

groups that were irradiated showed increases in cell viability as compared 

to their respective control groups and this was significantly observed in 

CC+RA+LILI group as compared to CC+RA group (P<0.05). Cell viability 

was also shown to decrease in the groups that were grown in the 

presence of the growth factors at 1 wk after irradiation and the decrease 
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was significant in CC+TGF-β1 group as compared to  CC group (P<0.05). 

There were increases in viability in the groups that were irradiated as 

compared to the non-irradiated ones at this time post-irradiation though 

the increases were not significant (table 7).   

Table 7.     Trypan blue assay showing percentage viability of different groups of 
                   co-cultures cells at different time post irradiation. There was an 
                   increase in viability percentage of the co-cultured cells that were 
                   irradiated. The increase was more profound in the co-cultured cells 
                   that were not supplemented with the growth factors. The star* indicate 
                   significant decrease in viability of the co-cultures as compared to the 
                   control group (CC) where P<0.05 (*). 
 

Time Post 

Irradiation 

CC CC+LILI CC+RA CC+RA+LILI CC+TGF-

β1 

CC+TGF-

β1+LILI 

24 h  74.5±2.7 72.8±3.2 66.3*±2.4 68.2*±3.1 65.4*±2.9 71±2.4 

48 h 77.3±2.0 80.8±3.1 70.5*±3.0 76.3±2.5 72*±2.1 75.3±3.0 

72 h 75±2.8 78.5±3.3 70*±3.6 76.8±2.2 73±3.0 73.7±2.5 

1 wk 72±3.0 74.1±2.6 67.9*±3.4 69.3±2.2 65.2*±2.1 70±2.8 

 

ATP luminescence at 24 h after irradiation, showed significant decreases 

in the co-cultures that were supplemented with the growth factors 

(CC+RA, CC+RA+LILI, CC+TGF-β1 and CC+TGF-β1+LILI groups) as 

compared to those that were not (CC and CC+LILI). CC+RA and 

CC+TGF-β1 groups significantly decreased in viability as compared to CC 

group with P values of less than 0.001 and 0.0005 respectively. While 

those of CC+RA+LILI and CC+TGF-β1+LILI groups significantly 

decreased in viability as compared to CC+LILI group with P values of less 

than 0.001. There were increases in viability in co-cultures that were 

irradiated (CC+LILI, CC+RA+LILI and CC+TGF-β1 groups) as compared 

to their respective controls (CC, CC+RA and CC+TGF-β1 groups) 

however the increases were not significant (figure 23). 
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Figure 23.     ATP luminescence assay was used to determine cell viability of the 
                       co-cultured cells of the different six groups at 24 h. CC+LILI, 
                       CC+RA+LILI and CC+TGF-β1+LILI groups  were irradiated at 636 nm 

                       with 5 J/cm
2

. CC+RA, CC+RA+LILI, CC+TGF-β1 and CC+TGF-
                       β1+LILI groups were grown in the presence of the growth factors. 
                       ATP luminescence decreased in the groups that had growth factors 
                       however the groups that were irradiated (CC+LILI, CC+RA+LILI and 
                       CC+TGF-β1+LILI) increased in ATP luminescence as compared to 
                       their respective controls (CC, CC+RA and CC+TGF-β1) P value <0.05. 

 

At 48 h post irradiation, ATP luminescence decreased in the co-cultures 

that were supplemented with the growth factors (CC+RA, CC+RA+LILI, 

CC+TGF-β1 and CC+TGF-β1+LILI groups) as compared to those that did 

not have the growth factors (CC and CC+LILI groups). Co-cultures of 

CC+RA group had significant decreases as compared to CC group 

(P<0.05), while the co-cultures of CC+TGF-β1 group had significant 

decreases as compared to those of CC group (P<0.0005). The co-cultures 

of CC+RA+LILI and CC+TGF-β1+LILI groups were significantly decreased 

as compared to those of CC+LILI group (P<0.05). The groups that were 
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irradiated (CC+LILI, CC+RA+LILI and CC+TGF-β1+LILI groups) showed 

increases in ATP luminescence as compared to those that were not 

irradiated ( CC, CC+RA and CC+TGF-β1 groups) respectively, but the 

increases were significant in CC+TGF-β1+LILI group as compared to 

CC+TGF-β1 group (P<0.001) as seen in figure 24. 

 

 

Figure 24.     ATP luminescence assay was used to determine cell viability of the 
                       co-cultured cells of the different six groups at 48 h. 
                       CC+LILI, CC+RA+LILI and CC+TGF-β1+LILI groups   were irradiated at 

                       636 nm with 5 J/cm
2

. CC+RA, CC+RA+LILI, CC+TGF-β1 and CC+TGF-
                       β1+LILI groups were grown in the presence of the growth 
                       factors. ATP luminescence decreased in the groups that were grown 
                       in the presence of the growth factors however the groups that were 
                       irradiated (CC+LILI, CC+RA+LILI and CC+TGF-β1+LILgroups) 
                       increased ATP luminescence as compared to their respective 
                       controls (CC, CC+RA and CC+TGF-β1) P value <0.05.   
           

ATP luminescence at 72 h post irradiation decreased in co-cultures that 

were supplemented with the growth factors (CC+RA, CC+RA+LILI, 

CC+TGF-β1 and CC+TGF-β1+LILI groups) as compared to those that 
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were not (CC and CC+LILI groups). CC+RA and CC+TGF-β1 groups had 

significant decreases as compared to CC group (P<0.0005) while 

CC+TGF-β1 and CC+TGF-β1 groups had significant decreases as 

compared to CC+LILI group (P<0.001). At this time point post irradiation, 

ATP luminescence increased in co-cultures that were irradiated (CC+LILI,  

CC+RA+LILI and CC+TGF-β1+LILI groups) as compared to those that 

were not irradiated (CC, CC+RA, and CC+TGF-β1) respectively. The 

increase was significant in CC+RA+LILI group as compared to CC+RA 

group (P<0.001) and CC+TGF-β1+LILI group as compared to CC+TGF-β1 

group with P values of less than 0.001 (figure 25).  

 

Figure 25.     ATP luminescence assay was used to determine cell viability of the 
                       co-cultured cells of the different six groups at 72 h. CC+LILI, 
                       CC+RA+LILI and CC+TGF-β1+LILI groups  were irradiated at 636 nm 

                       with 5 J/cm
2

. CC+RA, CC+RA+LILI, CC+TGF-β1 and CC+TGF-
                       β1+LILI groups were supplemented with growth factors. ATP 
                       luminescence decreased in the groups that had growth factors 
                       however the groups that were irradiated (CC+LILI, CC+RA+LILI and 
                       CC+TGF-β1+LILI) increased in ATP luminescence as compared to 
                       their respective controls (CC, CC+RA and CC+TGF-β1) P value <0.05.  
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In the co-cultures incubated with growth factors (CC+RA, CC+RA+LILI, 

CC+TGF-β1 and CC+TGF-β1+LILI groups), ATP luminescence decreased 

at 1 wk post irradiation as compared to CC and CC+LILI groups, which did 

not have the growth factors. The decrease was significant in CC+RA and 

CC+TGF-β1 groups as compared to CC group (P<0.0005) while 

CC+RA+LILI and CC+TGF-β1+LILI groups decreased significantly as 

compared to CC group (P<0.001). The co-cultures which were irradiated 

(CC+LILI, CC+RA+LILI and CC+TGF-β1+LILI groups) showed increases 

in ATP luminescence as compared to those that were not irradiated (CC, 

CC+RA and CC+TGF-β1 groups) respectively and the increase was 

significant in the co-cultures of CC+TGF-β1+LILI group as compared to 

those of CC+TGF-β1 group (P<0.05) as seen in figure 26. 
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Figure 26.       Cell viability as assessed by ATP luminescence 1 week post-
                           irradiation. There was a decrease in viability in groups that had 
                           growth factors as compared to those without growth factors with P 
                           value of less than 0.05. However the groups that were irradiated 
                           increased in cell viability as compared to those that were not 
                           irradiated (P value <0.05). 

 

4.4 Cell Proliferation 

Cell proliferation at different time points (24 h, 48 h, 72 h and 1 wk) after 

irradiation showed significant changes in the co-cultures of different 

groups as analysed by optical density assay. 

 

Optical density results at 24 h post irradiation showed decreased 

proliferation in the co-cultures that were grown in the presence of the 

growth factors (CC+RA, CC+RA+LILI, CC+TGF-β1 and CC+TGF-β1+LILI 

groups) as compared to those that had no growth factors (CC and 

CC+LILI groups). CC+RA and CC+TGF-β1 groups decreased significantly 

as compared to CC group with P values of less than 0.05 and 0.001 
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respectively while CC+RA+LILI and CC+TGF-β1+LILI groups decreased 

significantly as compared to CC+LILI group (P<0.05). There were 

increases in proliferation in groups that were irradiated (CC+LILI, 

CC+RA+LILI and CC+TGF-β1+LILI groups) as compared to the groups 

that were not irradiated (CC, CC+RA and CC+TGF-β1 groups) 

respectively and this was significantly observed in CC+TGF-β1+LILI group 

as compared to CC+TGF-β1 group with P value of less than 0.05 (figure 

27). 

 
Figure 27.       Optical density assay was used to determine cell proliferation of 
                          the co-cultured cells of ADSCs and SKUT-1 of the different six 
                          groups at 24 h. CC+LILI, CC+RA+LILI and CC+TGF-β1+LILI 

                          groups were irradiated at 636 nm with 5 J/cm
2

. CC+RA, 
                          CC+RA+LILI, CC+TGF-β1 and CC+TGF-β1+LILI were supplemented 
                          with growth factors. Cell proliferation decreased in the groups that 
                          had growth factors as compared with to those that did not have 
                          (P<0.05). 

 

At 48 h after irradiation, the co-cultures showed decreases in proliferation  
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in the groups that were supplemented with the growth factors (CC+RA, 

CC+RA+LILI, CC+TGF-β1 and CC+TGF-β1+LILI groups) as compared to 

CC and CC+LILI groups which were not. The decreases were significant in 

CC+TGF-β1 and CC+TGF-β1+LILI groups as compared to CC and 

CC+LILI group respectively with the P values of less than 0.001. The co-

cultures that were irradiated (group 2, 4 and 6) increased in proliferation 

as compared to the non-irradiated ones (CC, CC+RA and CC+TGF-β1 

groups) respectively but there were no significant increases observed as 

seen in figure 28. 

 

 

Figure 28.           Optical density assay was used to determine cell proliferation 
                              of the co-cultured cells of ADSCs and SKUT-1 of the different 
                              six groups at 48 h. CC+LILI, CC+RA+LILI and CC+TGF-β1+LILI 

                              groups were irradiated at 636 nm with 5 J/cm
2

. CC+RA, 
                              CC+RA+LILI, CC+TGF-β1 and CC+TGF-β1+LILI groups were 
                              supplemented with growth factors. Cell proliferation decreased in 
                              groups that were supplemented with growth factors. The 
                              decrease was significant in CC+TGF-β1 and CC+TGF-β1+LILI 
                              groups as compared to CC and CC+LILI groups respectively 
                              (P<0.05). 
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Optical density results at 72 h after irradiation showed that the co-cultures 

decreased in proliferation in the groups that were grown in the presence of 

the growth factors (CC+RA, CC+RA+LILI, CC+TGF-β1 and CC+TGF-

β1+LILI groups) as compared to CC and CC+LILI groups which had no 

growth factors and these decreases were significantly observed in 

CC+RA, CC+TGF-β1 and CC+TGF-β1+LILI groups  as compared to their 

control groups (CC for CC+RA and CC+TGF-β1; CC+LILI for CC+RA+LILI 

and CC+TGF-β1+LILI) respectively (P<0.001). There were increases in 

proliferation in the co-cultures that were irradiated (CC+LILI, CC+RA+LILI 

and CC+TGF-β1+LILI groups) as compared to those that were not 

irradiated (CC, CC+RA and CC+TGF-β1 groups) respectively and the 

increases were significantly observed in CC+RA+LILI and CC+TGF-

β1+LILI groups as compared to CC+RA and CC+TGF-β1 groups 

respectively with P values of less than 0.05 (figure 29). 
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Figure 29.            Optical density assay was used to determine cell proliferation of 
                              the co-cultured cells of ADSCs and SKUT-1 of the different six 
                              groups at 72 h. CC+LILI, CC+RA+LILI and CC+TGF-β1+LILI 

                              groups were irradiated at 636 nm with 5 J/cm
2

. CC+RA, 
                              CC+RA+LILI, CC+TGF-β1 and CC+TGF-β1+LILI groups were 
                              supplemented with growth factors. Cell proliferation decreased in 
                              groups that were supplemented with growth factors as compared 
                              to those that were not (CC and CC+LILI groups) P<0.05. However, 
                              cell proliferation increased in the groups that were irradiated as 
                              compared to non-irradiation groups (P<0.05). 
 

Cell proliferation as analysed by optical density at 1 wk after irradiation 

decreased in the groups that were supplemented with the growth factors 

(CC+RA, CC+RA+LILI, CC+TGF-β1 and CC+TGF-β1+LILI groups) as 

compared to those that were not (CC and CC+LILI groups). CC+RA and 

CC+TGFβ1 groups significantly decreased as compared to CC group with 

P values of less than 0.05 while CC+RA+LILI and CC+TGF-β1 groups 

decreased significantly as compared to CC+LILI group (P<0.05). There 

were increases observed in proliferation in groups that were irradiated 

(CC+LILI, CC+RA+LILI and CC+TGF-β1+LILI groups) as compared to 

those that were not irradiated (CC+ CC+RA and CC+TGF-β1 groups) 
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respectively but the increases were not significant as seen in figure 30 

below.  

 

Figure 30.           Cell proliferation as assessed by OD 1 wk post-irradiation. There 
                             was a significant decrease in proliferation in the groups that were 
                             supplemented with the growth factors as compared to those that 
                             were not (P<0.05), however the proliferation increased in groups 
                             that were irradiated as compared to those that were not exposed 
                             to LILI. 

 

4.5 Expression of the Markers 

Quantitative expression of the specific markers were determined through 

flow cytometry. CD29 (β1 Integrin) and CD90 (Thy-1), expressed by the 

ADSCs and Myosin heavy chain, expressed by SKUT-1 cells, were the 

markers used for the analysis. The results were expressed as  mean 

percentage of events. 

 

The expression of CD29 did not show much change at 24 and 48h post-

irradiation in all the groups, however at 72h the expression of CD29 

decreased in the groups that were grown in the presence of the growth 
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factors (CC+RA, CC+RA+LILI, CC+TGF-β1 and CC+TGF-β1+LILI groups) 

as compared to those that were not (CC and CC+LILI groups). The 

decrease was significant in CC+TGF-β1+LILI group as compared to CC 

group (P<0.05). The decrease in CD29 expression was also observed in 

the groups that were grown in the presence of the growth factors as 

compared to those that were not at 1 wk after irradiation. CC+RA, 

CC+RA+LILI and CC+TGF-β1 groups decreased in the expression of 

CD29 significantly with P values of less than 0.05 as compared to CC 

group. The marker further decreased in expression in C+TGF-β1+LILI 

group as compared to CC group (P<0.001). At all time points after 

irradiation, there were increases in expression of the marker in CC+LILI 

group (groups which were irradiated) as compared to CC group (not 

irradiated) though the increases were not significant as seen in table 8. 

 

Flow cytometry determination of CD90 expression in the co-cultures 

showed an increase in the expression in all the co-cultures of  CC+LILI 

group (irradiated) as compared to those of CC group (not irradiated) at all 

time points. However, there were decreases in the expression of the 

marker in groups that were grown in the presence of the growth factors 

(CC+RA, CC+RA+LILI and CC+TGF-β1 groups) as compared to the 

groups that were not (CC and CC+LILI groups).  At 72 h post irradiation, 

the decreases were significant in CC+TGF-β1 and CC+TGF-β1+LILI 

groups as compared to CC group with P values less than 0.05 and 0.001 

respectively. At 1 wk post irradiation, the decreases were significant in 

CC+RA, CC+TGF-β1 and CC+TGF-β1+LILI groups as compared to CC 

group with P values of less than 0.05, 0.001 and 0.0005 respectively (table 

8). 

 

MHC expression through flow cytometry showed increases in the group 

that was irradiated (CC+LILI group) as compared to the group that was not 

(CC+LILI group) at all time points though the increases were not 

significant. The increase was more at 1 wk. MHC expression increased in 
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the groups that were grown in the presence of the growth factors (CC+RA, 

CC+RA+LILI, CC+TGF-β1 and CC+TGF-β1+LILI) at 72 h and 1 wk and 

the increase was significant at 1 wk in CC+TGF-β1+LILI group as 

compared to CC group (P<0.05) as seen in table 8. 

Table 8.          Flow cytometry results showing the expression of the markers 
                         indicated as the mean percentage of events. There was a 
                         significant decrease in the expression of ADSCs markers after 
                         1 wk in the co-cultures that were grown in the presence 
                         of the growth factors (P<0.05), however the expression of the SMC 
                         marker showed an increase over the same period of time (1 wk). The  
                         stars* indicate significant decreases in the expression of the 
                         ADSC markers (CD29 and CD90) as compared to their controls 
                         (CC) while the∞ sign indicates an increase in the expression of 
                         the MHC marker as compared to the control (CC) where P<0.05 (*), 
                         P<0.001 (**) and P<0.005 (***). 
. 

Time Post 
Irradiation 

CC CC+LILI CC+RA CC+RA+LILI CC+TGF-
β1 

CC+TGF-
β1+LILI 

CD29 (β1 Integrin)       

24 h 58.93±2.1 59.70±3.2 59.70±2.1 61.00±2.0 69.40±1.8 53.18±4.0 

48 h 56.93±2.3 58.75±2.0 52.50±2.6 55.50±2.5 55.00±2.0 56.30±3.2 

72 h 49.25±3.5 50.50±2.3 42.75±3.5 41.25±3.0 42.50±2.0 38.00*±3.3 

1 wk 55.46±3.1 56.45±1.9 39.50*±2.2 38.00*±2.2 37.25*±2.1 35.25**±2.4 

CD90 (Thy1)       

24 h 56.23±2.0 61.75±2.2 52.85±1.8 56.00±2.5 54.05±3.0 55.10±2.2 

48 h 49.18±2.8 52.25±3.2 47.05±2.1 48.25±2.7 46.25±3.4 47.00±3.4 

72 h 43.00±1.9 45.75±3.4 39.75±3.1 35.75±2.0 31.25*±2.0 24.50**±3.4 

1 wk 53.00±3.0 56.00±4.0 39.00*±3.2 31.25±3.6 31.00**±1.9 26.00***±3.3 

Heavy Myosin Chain       

24 h 71.70±2.0 73.25±1.9 69.18±2.1 68.63±2.2 65.73±1.8 67.85±2.3 

48 h 52.50±2.2 55.25±3.7 43.00±3.3 48.50±3.6 55.25±3.4 58.25±3.1 

72 h 72.53±3.2 78.50±2.3 76.38±3.2 81.20±2.5 73.23±2.0 80.55±3.0 

1 wk 74.50±3.4 79.75±3.1 73.00±3.0 82.60±3.8 79.50±3.4 87.20∞±3.2 

       

The two types of cells were identified 24 h after co-culturing them through 

flow cytometry. Skut-1 cells were first stained with CFDSE 72 h before co-

culturing. Flow cytometry showed two distinct population of cells (figure 
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31A). However after 1 wk, flow cytometry could not distinguish the 

populations of the two types of cells in a co-culture as seen in figure 31B.  

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 31.    The flow cytometry results showing the two distinct type of cells 
                      in a co-culture 24 h after co-culturing in a ratio of 1:1 as seen in 
                      A. SKUT-1 (a) and ADSCs (b). At 1 wk post-irradiation and        
                      co-culturing, flow cytometry results showed no two distinct 
                      populations of the cells (B).  
  

4.6 RT PCR Microarrays 

PCR microarrays analysis for the human mesenchymal stem array was 

done on four groups (CC, CC+LILI, CC+TGF-β1 and CC+TGF-β1+LILI 

groups). CC group was used as a control.  CC+LILI, CC+TGF-β1 and 

CC+TGF-β1+LILI groups were analysed at both 24 h and 1 wk post 

irradiation. The results of CC+TGF-β1+LILI group at 24 h were not 

obtained due to malfunction of the machine. The P values of all the genes 

in the array at both time post irradiation in all the groups are listed in the 

appendix F. 

 

At 24 h post irradiation, most genes were up-regulated in the co-cultures 

that were irradiated. Few genes were down-regulated and amongst the 

few was catenin beta1 (CTNNB1). The down-regulation was significant 

with P value of less than 0.005. All the genes that we were interested in 

were all up-regulated. CD29, CD90 and SMAD family member 4 (SMAD4) 

were not significantly up-regulated while TGF-β1, TGF-β111 and bone 

morphogenetic protein (BMP 2,4,6 and 7) had P values of less than 0.05 

(figure 32). 

a 

b 

A B 
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Figure 32.      PCR microarray assay showing up and down-regulation of 
                         different genes of the human mesenchymal stem cell array in 
                         the co-cultures that were irradiated only at 24 h post irradiation. 
                         Most genes were up-regulated however CTNNB1 was 
                         significantly down-regulated (P<0.05). 
  

In the co-cultures that were added with TGF-β1 and analysed at 24 h post 

irradiation, CTNNB1 gene was significantly down-regulated having P value 

of less than 0.005. CD29, CD90, SMAD4, BMP, TGF-β1 and TGF-β111 

were all up-regulated though the up-regulations were not significant except 

for TGF-β1 and TGF-β111 with P values of less than 0.05 (figure 33).  

 

Figure 33.    PCR microarray assay showing up and down-regulation of 
                       different genes in the human mesenchymal stem cell array in the 
                       co-cultures that were added only with TGF-β1 only at 24 h post 
                       irradiation. The genes at this time point were mostly up-regulated 
                        except for the gene CTNNB1 which was significantly               
                        down-regulated (P<0.05). 
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At I wk after irradiation, in the co-cultures that were irradiated, most genes 

were down-regulated significantly including CD29, CD90, SMAD4, BMP 

and TGF-β1 and 111. However vimentin (VIM), beta-2- macroglobulin 

(B2M) and actin beta (ACTB) were significantly up-regulated with P values 

of less than 0.05 (figure 34).  

 
 
Figure 34.         PCR microarray assay showing up and down-regulation of 
                            different genes of the human mesenchymal stem cell array in the 
                            co-cultures that were irradiated only at 1 wk post irradiation. VIM, 
                            B2M and ACTB were up-regulated, however, most genes were 
                            not expressed at all. 
 

In the co-cultures that were added with TGF-β1, 1 wk post irradiation, 

vascular endothelial growth factor A (VEGFA), zinc finger protein 42 

homolog (ZFP42), POU class 5 homeobox 1, collagen type 1 alpha 

(COL1A1) and fibroblast growth factor 10 were significantly up-regulated 

with P values of less than 0.05. However CTNNB1, integrin alpha 6 

(CD49F), integrin alpha V (CD51) and peroxisome proliferation activated 

receptor gamma (PPARG) were all significantly down-regulated with P 

values of less than 0.05 (figure 35). 
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Figure 35.        PCR microarray assay showing up and down-regulation of 
                           different genes of the human mesenchymal stem cell array in 
                           the co-cultures that were added with TGF-β1 only at 1 wk post 
                           irradiation.   
 

There were no genes in the co-cultures that were added with TGF-β1 and 

were irradiated and analysed at 1 wk after irradiation that showed 

significant up-regulation and down-regulation as seen in figure 36. 

 

 
 
Figure 36.       PCR microarray assay showing up and down-regulation of 
                            different genes in the human mesenchymal stem cell array in the 
                            co-cultures that were irradiated and added with TGF-β1 at 1 wk 
                            post irradiation. There was no gene which was up-regulated or 
                            down-regulated. 
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The up and down regulations of the genes in the mesenchymal stem cell 

array are summarised in the table below with P and fold change values 

(table 9). 

 

Table 9.     Gene expression profiling. P/fold change values at different time points 
                   for different groups. Fold change values of above 1.00 signifies up-
                   regulation and less than 1.00 down-regulation of genes, X means no 
                   gene expression. 
 

Genes 24 h  
CC + LILI 

24 h  
CC+TGF-β1 

1 wk  
CC + LILI 

1 wk  
CC+TGF-β1 

1 wk  
CC+TGF-β1 
+LILI 

ABCB1 0.373/0.58 0.668/1.53 X X X 

ALCAM 0.018/6.60 0.008/7.89 X X X 

ANPEP 0.002/9.54 0.067/4.49 X X X 

ANXA5 0.004/17.03 0.285/5.72 0.116/1.69 X X 

BDNF 0.005/6.85 0.137/3.34 0.116/1.50 X 1.000/1.00 

BGLAP 0.001/6.35 0.001/5.60 X X X 

BMP2 0.023/13.24 0.317/6.42 0.373/1.37 X X 

BMP4 0.065/3.00 0.056/3.16 X X X 

BMP6 0.057/10.68 0.523/5.16 X X 1.000/1.00 

BMP7 0.318/5.50 0.111/7.66 X X X 

CASP3 0.162/7.29 0.540/4.63 X X X 

CD44 0.001/51.15 0.001/30.20 X X X 

COLIA1 0.011/9.62 0.256/4.38 X 0.001/4.10 X 

CSF2 0.001/27.73 0.002/19.25 0.017/2.56 0.149/0.57 1.000/1.00 

CSF3 0.282/0.45 0.735/1.51 0.297/0.60 0.520/0.90 1.000/1.00 

CTNNB1 0.333/0.04 0.744/0.11 0.668/1.14 0.019/0.31 1.000/1.00 

EGF 0.027/8.09 0.085/6.31 X X X 

ENG 0.729/1.25 0.127/4.07 X 0.373/1.61 X 

ERBB2 0.003/19.65 0.142/8.15 X X X 

FGF10 0.002/42.22 0.020/25.16 X X 1.000/1.00 

FGF2 0.373/0.50 0.718/1.68 X X X 

FUT1 0.006/4.57 0.037/3.25 X X X 

FUT4 0.532/4.33 0.559/4.13 X X 1.000/1.00 

FZD9 0.433/ 8.88 0.001/5.46 X X X 

GDF15 0.001/7.85 0.017/4.01 X X X 

GDF5 0.292/10.79 0.559/8.00 X X X 

GDF6 0.002/9.51 0.998/1.38 X X X 

GDF7 0.001/24.76 0.001/33.36 X X X 
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GTF3A 0.210/1.00 0.116/1.41 X 0.373/1.06 X 

HAT1 0.001/5.64 0.101/2.37 X X X 

HDAC1 0.015/2.01 0.589/0.91 X X X 

HDF 0.009/10.85 0.136/5.72 0.373/1.21 X 1.000/1.00 

HNF1A 0.748/1.13 0.852/1.12 X X X 

ICAM1 0.373/0.46 0.947/1.39 X X X 

IFNG 0.270/5.00 0.424/4.14 X X X 

IGF1 0.373/0.68 0.978/1.32 X X X 

IL10 0.805/1.38 0.311/3.12 0.116/0.53 0.116/0.53 X 

IL1B 0.373/0.51 0.891/1.16 X X X 

IL6 0.274/4.28 0.791/2.54 X X X 

INS 0.025/2.45 0.002/4.03 X 0.061/2.96 1.000/1.00 

ITGA6 0.371/0.38 0.461/0.60 0.081/1.51 0.004/0.57 1.000/1.00 

ITGAV 0.001/9.85 0.436/3.02 0.060/0.77 0.003/0.47 1.000/1.00 

ITGAX 0.003/9.19 0.004/8.46 X X X 

ITGB1 0.373/0.56 0.788/1.51 X 0.115/2.73 X 

JAG1 0.004/9.67 0.053/5.53 0.441/1.42 0.356/0.89 X 

KDR 0.004/8.26 0.515/2.51 X X X 

KITLG 0.028/12.41 0.549/4.90 X X X 

LIF 0.429/0.63 0.694/2.44 X X X 

MCAM 0.001/10.01 0.789/1.48 X X X 

MITF 0.105/9.49 0.295/6.87 X X X 

MMP2 0.001/45.05 0.001/50.80 X 0.116/2.19 X 

NES 0.001/21.51 0.002/15.82 X X X 

NGFR 0.010/6.93 0.217/3.37 X X X 

NOTCH1 0.005/8.67 0.102/4.66 X X X 

NT5E 0.011/23.43 0.399/8.63 X X X 

NUDT6 0.014/6.25 0.271/3.06 0.373/1.55 X X 

KAT2B 0.024/3.21 0.680/1.47 X X 1.000/1.00 

PDGFRB 0.001/87.43 0.001/63.70 0.058/1.61 X X 

PIGS 0.209/10.80 0.330/9.17 0.373/1.09 X 1.000/1.00 

POU5F1 0.975/3.52 0.394/5.55 X 0.022/2.37 X 

PPARG 0.012/8.90 0.933/1.99 0.369/1.04 0.001/0.44 X 

PROM1 0.373/0.59 0.776/1.40 X X X 

PTK2 0.026/8.02 0.197/4.79 X X X 

PTPRC 0.373/0.60 0.813/1.34 X X X 

RHOA 0.024/5.02 0.470/2.31 0.373/1.13 X X 

RUNX2 0.002/6.48 0.023/3.94 X X X 
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SLC17A5 0.006/6.32 0.364/2.40 X X X 

SMAD4 0.228/4.17 0.321/3.72 X X X 

SMURF1 0.006/13.90 0.035/9.23 0.116/2.68 X X 

SMURF2 0.125/4.02 0.388/2.84 X X X 

SOX2 0.379/0.66 0.454/1.60 X X X 

SOX9 0.865/2.32 0.149/3.51 X X X 

TBX5 0.007/8.15 0.063/5.05 X X X 

TERT 0.373/0.66 0.676/1.36 X X X 

TGFB1 0.002/23.26 0.016/14.83 X X X 

TGFB3 0.038/8.88 0.200/5.70 X X X 

THY1 0.001/31.85 0.068/13.55 X X X 

TNF 0.373/0.57 0.264/2.54 X X X 

VCAM1 0.373/0.54 0.485/1.92 X X X 

VEGFA 0.179/1.99 0.389/1.66 X 0.023/9.76 X 

VIM 0.029/4.19 0.329/2.34 0.049/16.34 0.373/0.71 1.000/1.00 

VWF 0.421/0.67 0.164/3.10 X X X 

WNT3A 0.352/1.00 0.453/1.00 X  X X 

ZFP42 0.621/1.05 0.257/3.40 X 0.001/5.03 X 

/ 
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CHAPTER 5 

DISCUSSION AND CONCLUSION 

5.1 Discussion 

ADSCs when cultured in the flasks formed multilayers and that adhered to 

the surface of the flasks and appeared like fibroblast-like cells when 

stained with CFDSE and observed through fluorescence microscopy and 

also when viewed in the flasks with inverted light microscopy. This is in 

constistent with Mvula et al., 2008 who also isolated and studied the 

effects of LILI on ADSCs. SMCs (SKUT-1) displayed also fibroblast-like 

cell appearance that adhered to the surface of the flasks but when viewed 

directly under a light inverted microscope and also when stained with 

CFDSE and viewed under a fluorescence microscope. This result agrees 

with studies done by Steynberg and colleagues in 2012 who also cultured 

SKUT-1 cells to assess qualitatively smooth muscle cells propagated on 

2D and 3D polycarprolactone polymers through scanning electron 

microscopy. ADSCs appeared to be more elongated than SKUT-1 in a co-

culture monolayer through a differential contrast microscopy. In their 

recent studies on ADSCs, Hu and colleagues (2013), found out that most 

primary ADSCs attached to the surface of the plates and showed a 

fibroblast-like or spindle-like shapes with stretched out pseudopods within 

24h and proliferated rapidly within 5 – 7 days. This agrees with the results 

of this study.  

 

ADSCs and SMCs were cultured separately and characterised using their 

distinctive markers. ADSCs expressed the cell surface markers (CD29 and 

CD90) and SMCs expressed MHC marker. This agrees with previous 

studies on characterisation of ADSCs and SMCs (Mitchell et al., 2006; de 

Villiers et al., 2011 and Yoshimira et al., 2006). Zahran and colleagues in 

2012 in their studies on isolation and characterisation of ADSCs, found 

that these cells expressed mesenchymal markers (CD29, CD90) and not 

haematopoetic marker (CD45). This finding agrees with the one of the 

criteria put forward by the Mesenchymal and Tissue Stem Cell Committee 
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in identifying mesenchymal stem cells (Dominici et al., 2006) which says 

that a cell is classified as a mesenchymal if it expresses markers that 

include CD90 (Zahran et al., 2012). MHC was found to be expressed by 

the SMCs. Studies have found out that MHC isoforms are vital markers in 

studying human vascular smooth muscle cell differentiation and other 

cellular mechanisms in atherosclerosis (Aikawa et al., 1993). MHC gene 

encodes a protein that expresses the smooth muscle cell lineage (Madsen 

et al., 1998).  In 1994 studies done by Miano and colleagues on embryonic 

development in mouse found that MHC was a highly specific marker for 

SMCs.  

 

There are many co-culturing methods that are being applied for many 

purposes including differentiation and proliferation. In the past ten years 

studies have shown that endothelial cells could differentiate into 

osteoblasts and this had been influenced by direct contact of these two 

cells (endothelial cells and osteoblasts) and not necessarily due to 

paracrine effects (Grellier et al., 2009). The main problem with direct co-

culture is to differentiate between the two types of cells in a mixture if they 

have similar phenotypic appearances. The present study carried out a 

direct co-culturing method for the ADSCs and SMCs which had similar 

morphological appearances. 

 

After co-culturing for 1 wk, flow cytometry results could not show two 

distinct population of the two types of the cells. This could be due to the 

fact that one population of cells (ADSCs) may have been differentiating 

into other (SMCs). Direct co-culturing has proved to increase 

differentiation of cells due to the differentiation and growth factors secreted 

by the cells to be differentiated into. In the study done by Zuo et al (2013) 

bone marrow mesenchymal stem cells differentiated into chondrocytes in 

a direct co-culture system however static co-culture system has resulted in 

decreased viability and proliferation over a long period of time (Toogood et 

al., 1980). The viability and proliferation results in this study agree with 
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what scientists have demonstrated in recent years. LILI increased cellular 

growth after culturing cells under conditions of less nutrients (Eduardo et 

al., 2008). It has increased cellular viability, proliferation, collagen 

production and the release of growth factors in ADSCs and other cells 

(Mvula et al., 2008 and Eells et al., 2004). In this study, the co-cultures 

that were irradiated increased in viability and proliferation as compared to 

those that were not exposed to LILI. But the co-cultures with added growth 

factors had decreased viability and proliferation. This is due to the fact that 

at higher cell density, cell proliferation is inhibited while differentiation is 

promoted (Zhang et al., 2010). 

 

Growth factors such as RA and TGF-β play vital roles in many cells 

including ADSCs and SMCs. RA has had many effects on cells including 

apoptosis, proliferation, differentiation as well as maturation (Duong and 

Rochette-Egly, 2011 and Gudas and Wagner, 2011) while TGF-β1 plays 

vital roles in migration, angiogenesis, proliferation, differentiation, 

embryonic development and metastasis (Zhang et al; 2012; Rahimi and 

Leof, 2007).  Proliferation results of this study showed that addition of 

growth factors resulted in the decrease of the co-cultures at all time points 

after irradiation. This could be explained in the context that when cells are 

differentiating, proliferation is stalled in the G1 phase of the cell cycle. 

There has been neural differentiation from embryonic stem cells promoted 

by RA. This growth factor was found to have inhibitory effects on fibroblast 

growth factor signalling which prevented self-renewal of stem cells and 

increased their differentiation into neurons (Stavridis et al., 2010). In 

another study done by Tong and Andrews, RA was found to be one of the 

mediators for neuronal differentiation from human pluripotent stem cell 

lines after a long exposure and intercellular communication (Tong and 

Andres, 2010).  Studies have shown that TGF-β can proliferate or inhibit 

growth of cultured SMCs (Topouzis and Majesky, 1996) and TGF-β1 has 

been shown to promote differentiation of stem cells into SMCs (Stowers et 

al., 2013). TGF-β3 was found to promote differentiation of ADSCs into 
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cartilage (Hashemibeni et al., 2008). In this study, the addition of growth 

factors decreased viability and proliferation of the co-cultures. This could 

be explained by the fact that after a period of 1 wk in culture, the cells may 

have overgrown and therefore decreased in viability and proliferation.  

 

LILI, a form of phototherapy has been shown to produce a number of 

effects on cells. The results of this study indicate that the groups which 

were exposed to low intensity laser did have different results other than 

those that were not irradiated. Cell viability showed increases in all groups 

that were irradiated as compared to those that were not exposed to 

irradiation at all time points. This result is in agreement with Mvula et al., 

2008, who found that ADSCs increased in cell viability after being exposed 

to LILI. Cell proliferation through optical density analysis also showed 

increases in all the groups that were exposed to laser as compared to their 

control groups.  This is also in agreement with studies done by Mvula et 

al., 2010. Their study showed increased cell proliferation in groups that 

were irradiated at 636 nm with 5 J/cm2 using diode laser. There have been 

a lot of studies LILI and stem cells. Studies on LILI and stem cells have 

shown that low intensity lasers can alter the metabolism of stem cells, 

increase adenosine triphosphate (ATP) production and so increase 

migration (Gasparyan et al., 2004). It has been shown that 5 J/cm2 of laser 

irradiation at a wavelength of 635 nm positively affects ADSCs by 

increasing cellular proliferation, viability, and expression of β1-Integrin 

(Mvula et al., 2008) and Thy-1, and LILI in combination with EGF 

enhanced the proliferation of ADSCs (Mvula et al., 2010). Low intensity 

laser improves the growth of stem cells when cultured under conditions of 

less nutrients (Eduardo et al., 2008). Studies carried out on rats revealed 

the promoting of recovery of atrophied gastrocnemius skeletal muscles 

when subjected to LILI (Nakano et al., 2009). Using diode LILI, scientists 

have reduced lipopolysaccharide-induced bone marrow inflammation 

(Huang et al., 2012) and this low intensity laser has also been discovered 

to facilitate fibronectin and collagen type 1 turnover during tooth 
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movement (Kim et al., 2010). Studies done by Roland et al in 2013 found 

that LILI stimulated the transcription of genes involved in the chain of 

electron transport at a wavelength of 660 nm at 5 J/cm2. The genes 

involved in the metabolism of energy and oxidative phosphorylation were 

up-regulated thereby stimulating ATP production increase. Periodontal 

ligament cells were found to increase in proliferation when exposed to a 

wavelength of 670 nm laser diode with an output of 500 mW at an energy 

density of 5 and 10 J/cm2 and this resulted in decreased inflammation 

(Huang et al., 2012). Recent studies done by Soleimani et al., 2012, found 

that LILI promoted proliferation of human bone marrow stem cells and 

their differentiation into neurons and osteoblasts though this was dosage 

dependent. They found out that at a wavelength of 810 nm and a range of 

2-6 J/cm2, LILI enhanced differentiation of these bone marrow stem cells 

into neurons and osteoblasts. There was also increased proliferation of the 

stem cells. Other studies on LILI have also found out that it could increase 

differentiation of mesenchymal stem cells into myogenic and osteogenic 

phenotypes (Hou Jian-feng et al., 2008; Abramovitch-Gottlib et al., 2005). 

LILI also increases growth factor secretion (Hou Jian-feng et al., 2008). 

  

Flow cytometry results showed decreases of the expression of the CD29 

and CD90 markers (ADSCs markers) of the co-cultures over a period of 1 

wk in all the six groups. For CD29, the decrease was significantly 

observed in co-cultures of CC+TGF-β1+LILI group at 72 h post irradiation 

as well as in co-cultures of CC+RA, CC+RA+LILI, CC+TGF-β1 and 

CC+TGF-β1+LILI groups at 1 wk. However the expression of the SMCs 

marker, the MHC, showed increases over the same time period in all 

groups. The increase was significantly observed in co-cultures of 

CC+TGF-β1+LILI group which were grown in the presence of a growth 

factor, TGF-β1, and was irradiated. This result agrees with the study done 

by Rodriguez et al in 2006, who found out that MHC, α-SMA, calponin and 

smoothelin were expressed during ADSCs differentiation into SMCs. MHC 
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is only expressed in SMCs (Miano, 2002). This would probably indicate a 

possible differentiation of the ADSCs into SMCs.  

 

The PCR microarray results show down-regulation of most of the genes in 

the human mesenchymal stem cell array over the period of 1 wk. At 24 h 

post irradiation, most genes were up-regulated except few including 

CTNNB1. CTNNB1 is a protein that regulates cell to cell adhesion and 

gene transcription (MacDonald et al., 2009). It also maintains stem cell 

pluripotency and self-renewal (Sokol, 2011). Cell proliferation is promoted 

when there are high levels of CTNNB1 by activating cyclin D1 and c-myc 

which control the G1 to S phase transition in the cell cycle (Kaldis and 

Pagano, 2009). This study showed that there was down-regulation of 

CTNNB1 in all the groups at both time points. Down-regulation of the 

CTNNB1 gene meant that the stem cell renewal was not occurring. This 

could have been due to the fact that ADSCs were differentiating into 

SMCs.  

 

At 24 h SMAD was up-regulated. The protein for this gene transduces 

extracellular TGF-β from cell membrane to the nucleus where they 

activate TGF-β transcription genes (Attisan and Wrana, 2002). TGF-β and 

SMAD play vital roles in the differentiation of ADSCs into SMCs. It has 

been proposed that TGF-β superfamily binds to a TGF-β11 receptor 

(serine/threonine kinase) which catalyses the phosphorylation of TGF-β1 

receptor. This causes the phosphorylation of Smad2 and Smad3 in the 

cytoplasm and together with Smad4, they translocate to the nucleus. TGF-

β signaling can also induce P13K which activates ROCK to enhance 

Smad2/Smad3 to differentiate ADSCs to SMCs. TGF-β can also enhance 

Smad phosphorylation through ERK pathway to differentiate ADSCs into 

SMCs (figure 37, Kim et al., 2008). This study found out that at 24 h post 

irradiation both these genes (SMAD and TGF-β) were up-regulated but 

were down-regulated at 1 wk. At 24 h differentiation of the ADSCs had 

been initiated by the interaction of TGF-β and SMAD and after 1 wk most 
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ADSCs had been differentiated into that is the reason SMCs and why both 

genes were either down-regulated or not expressed at all.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. A proposed diagram of the cellular signalling for the 
                      differentiation of the ADSCs into SMCs. Initially there is an interaction 
                      between TGF-β and SMAD (adopted from Kim et al., 2008).  
 

At 1 wk in the co-cultures that were irradiated, very few genes were up-

regulated as compared to the co-cultures that were supplemented with 

TGF-β1. At the same time post irradiation, in the co-cultures that were 
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irradiated and supplemented with TGF-β1, no genes in the array including 

CD29 (integrin beta1-ITGB1) and CD90 (Thy-1-THY1) were up-regulated 

or down-regulated. These genes including TGFB1 (transforming growth 

factor β1) did up-regulate at 24 h (figure 38). These results agree with 

those produced through flow cytometry analysis which revealed decreased 

expression of CD29 and CD90 by the co-cultured cells at 1 wk post 

irradiation. It could be suggested that LILI enhanced differentiation of 

ADSCs into SMCs. This is in agreement with the results of many studies 

done on cells that involved LILI. These studies found out that LILI could 

enhance differentiation of ADSCs (de Villiers et al., 2011) and proliferation 

of ADSCs (Mvula et al., 2008) 

 

 
Figure 38.    A schematic diagram showing the genes of interest in the array.THY1 
                     (Thy-1), ITGB1 (β1 Integrin) and TGFB1 (Transforming growth factor β1 
                     up-regulated at 24 h but were not expressed in the co-cultures at 1 wk. 
 

5.2. Conclusion 

Adipose derived stem cells can potentially play a major role in treating 

several degenerative diseases, however they have to be produced in large 

numbers and differentiate into the required cell lineage like smooth muscle 

cells. ADSCs have been differentiated into SMCs after addition of growth 

factors and exposure to LILI. In this study: 
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 Cell viability and proliferation increased in the co-cultures that were 

irradiated as compared to those that were not. 

 Cell viability and proliferation decreased in the co-cultures that were 

supplemented with the growth factors. 

 Expression of the markers for ADSCs decreased with time in the 

co-cultures that were irradiated and supplemented with growth 

factors while the SMC marker increased over the same period of 

time. 

 There was no expression of genes in the human mesenchymal 

stem cell array after 1 wk in the co-cultures that were irradiated and 

supplemented with TGF-β1. 

The above results indicate that ADSCs were differentiating into SMCs. 

However, most studies done on ADSCs revealed that differentiating into 

other cells could take longer period of time. This study has revealed that 

co-culturing, addition of the growth factor and LILI could enhance 

differentiation of ADSCs into smooth muscle cells in a short period of time. 

This would be a significant method in differentiating ADSCs into SMCs 

and other cells that would be required for therapeutic use in tissue 

engineering and regenerative medicine. 

 

RECOMMENDATIONS FOR THE FUTURE STUDIES 

This study did not analyse the genes that are expressed in smooth muscle 

cells through RT PCR. The contractile functionality test for smooth muscle 

was also not analysed confirm that the cells generated after 1 wk were 

SMCs. Due to high costs for materials and reagents for RT PCR, not  all 

the co-cultured groups including those supplemented with RA were 

analysed for the gene expression through RT PCR in the array  at all time 

points.  Future studies must include RT PCR of mesenchymal stem cell 

array of all the co-cultured groups. It is therefore also suggested that 

future studies on the differentiation of ADSCs into SMCs should include 

RT PCR analysis of the genes that are expressed by SMCs such as 

smoothelin, α-actin and MHC. The functionality test should also be carried 
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out throughout the differentiation period. Future studies must also involve 

the evaluation of the differentiated cells in clinical trials in order to 

determine the effectiveness of the differentiated cells for therapeutic use in 

regenerative medicine. 
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APPENDIX C 

CONSENT FORM 

INFORMATION AND CONSENT FORM 

DONATION OF EXCESS TISSUE 

Dear Sir/Madam,  

You are invited to donate any tissue left over from your surgery to 

the research project entitled: DIFFERENTIATION POTENTIAL OF 

ADIPOSE DERIVED STEM CELLS (ADSCs) WHEN CO-CULTURED 

WITH SMOOTH MUSCLE CELLS (SMCs) AND THE ROLE OF LOW 

INTENSITY LASER IRRADIATION (LILI). 

  

Please take a few moments to read the attached information and consent 

form (including the terms and conditions thereof).  Please inform your 

doctor or surgeon of your decision whether or not to participate in this 

research venture.  

 

Should you have any questions that your doctor or surgeon are unable to 

answer, please do not hesitate to ask him/her to forward those particular 

questions onto the Laser Research Group, at the University of 

Johannesburg.  We will make a speedy response to any such questions. 

 

We hope that you will be able to assist us in our research efforts with your 

tissue donation. 

 

Kind regards, 

 

Prof H. Abrahamse 

Laser Research Centre 

University of Johannesburg 
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AUTHORISATION FOR DONATION OF EXCESS TISSUE 

LASER RESEARCH GROUP 

UNIVERSITY OF JOHANNESBURG 

TITLE: DIFFERENTIATION POTENTIAL OF ADIPOSE DERIVED STEM 

CELLS (ADSCs) WHEN CO-CULTURED WITH SMOOTH MUSCLE 

CELLS (SMCs) AND THE ROLE OF LOW INTENSITY LASER 

IRRADIATION (LILI). 

 

Principal Investigator: Prof H. Abrahamse 

Tissue Donation 

You are invited to donate any tissue left over from your surgery to a 

research project (s).  The tissue collected will be used by researchers to 

investigate the Effects of Low Level Laser Therapy on Wound Healing. 

 

In order to decide whether or not you wish to donate your tissue, you 

should know enough about its risks and benefits to make an informed 

decision.  This form gives you information about the research and how the 

tissue is used.  Once you understand the process, you will be asked if you 

wish to participate; if so, you will be asked to sign a form prior to surgery. 

 

What happens to the tissue? 

Tissue that is removed during surgery is sent to the Laser Research 

Group at the University of Johannesburg. 

 

In addition to the donated tissue, only the following information will be 

required: Site of tissue removal, date of your surgery, date of birth, race, 

and gender.   

 

The tissue will then be used to make primary cell cultures, which can then 

be used to study the Effects of Low Level Laser Therapy on Wound 

Healing. The tissue and any by-products, will not be used for cloning 

studies.   
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Any left-over tissue will be discarded. 

 

 

Risks and Inconveniences 

There are no known risks associated with donating your tissue for 

research.  You will not be required to give any more tissue than that which 

will be taken during your surgery.  If you choose not to donate your tissue, 

it will be discarded. 

 

Benefits 

You will not receive any direct benefit from donating your tissue to the 

research project.  We hope that the information gained from the research 

studies will increase our knowledge of human health and disease, and that 

this information will lead to better treatments. 

 

Economic Considerations 

You will not receive any payments for donating your tissue to the research 

bank.  Your tissue will only be used for research and will not be sold.  The 

information we get from your sample may help to develop new products in 

the future, but you will not get paid. 

 

Confidentiality 

All identifiable information that is obtained in connection with your tissue 

will remain confidential.  The researchers will only have the following 

information: site of tissue removal, date of your surgery, date of birth, race, 

and gender.  Dr Doucas will document your donation on your medical 

record.  When the results of the research are published or discussed in 

conferences, no personal information, other than the details mentioned 

above, will be included. 
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Voluntary Participation and Withdrawal 

You are free to choose not to donate your tissue to research, however if 

you do become a donor, you will no longer have any rights to the tissue 

once it has been donated – Your permission will never expire. 

 

If you choose not to donate it will not harm your relationship with your own 

doctors.  

 

Questions 

We have used some technical terms in this form.  Please feel free to ask 

about anything you don’t understand and to consider this donation and the 

consent form carefully – as long as you feel is necessary – before you 

make a decision. 

 

Privacy Rights 

All reasonable efforts will be made to protect the confidentiality of your 

tissue donation, which may be shared with others to support this research.   

 

By agreeing to donate tissue, you give permission for the researchers to 

use that tissue (including the above mentioned details of the tissue) and 

any findings/results from the use of that tissue in research to be published.   

 

You have a right to refuse to donate.     

 

If you do not agree to donate, your tissue will not be used for research 

purposes, and will be discarded. 

 

Authorisation 

I have read (or someone has read to me) the Authorisation for Donation of 

Excess Tissue and have decided to donate my tissue to the Laser 

Research Centre, University of Johannesburg.  Its general purposes, the 
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particulars of my involvement and possible hazards and inconveniences 

have been explained to my satisfaction.  By signing below, I give 

permission for the described uses and disclosures of information.  My 

signature also indicates that I have received a copy of the 

consent/authorisation form.  I do not give up any of my legal rights by 

signing this form. 

 

TICK ONE: 

___   I wish to donate my leftover tissue to the Laser Research Group for 

research. 

____ I do not wish to donate my leftover tissue to the Laser Research 

Group for   research. 

Details of donated tissue: (to be filled in by surgeon removing tissue)  

Site: ______________________________________ 

Reference code: _________________________ 

Date of tissue removal: ____________________  

Donor date of birth: _____________________  

Gender: ______________________________   

Race:  ______________________________ 

Signature of Subject     

___________________________________        ___________________      

                                                                                         Date  

Print Name of Subject  

______________________________________ 

 ___________________ 

Signature of Person Obtaining Consent               Date 

Tissue collected by ______________________   

Signature____________________________ 

       ___________________  

                                                                                            Date 
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APPENDIX D 

MATERIALS, COMPANIES, COUNTRIES AND CATALOGUE 
NUMBERS 

Item Company/Country Catalogue number 

DMEM F12 
Sigma, Sigma-Aldrich, 
SA 

D8062 

HBSS 
Sigma, Sigma-Aldrich, 
SA 

H9394 

Penicillin/Streptomycin 
Sigma, Sigma-Aldrich, 
SA 

P4333 

Fungizone 
Sigma, Sigma-Aldrich, 
SA 

A2942 

Collagenase Type-1 
Gibco, Lifetechnologies, 
SA 

17100-017 

40 µM cell strainer BD Biosciences, USA 352340 

SKUT-1 cells ATCC, USA HTB-114 

Stempro Human 
Adipose Derived Stem 
cells 

Celtic Molecular 
Diagnostics, Invitrogen, 
SA 

R7788-115 

Adipose-Derived 
Mesenchymal Stem 
cells Normal Human  

ATCC, USA PCS-500-011 

Biofreeze 
Biocombiotech, SA 

F2270 

2 ml Cryogenic vials Corning Incorporated, 
Scientific Group, SA  

430489 

Liquid Nitrogen Afrox, SA  
 

EDTA Merck, SA 223 60 20 EM 

FBS 
Biochrom, 
Biocombiotech, SA 

S0615 

75 cm2 culture flasks 
Corning Incorporation, 
Scientific Group, SA 

431080 

Cell culture dishes   (3.4 
cm2) 

Corning Incorporation, 
Scientific Group, SA 

430165 

50 ml Falcon tubes Biocombiotech, SA 50050 

MCDB 131 
Gibco, Lifetechnologies, 
SA 

10372-019 

Retinoic Acid 
Sigma, Sigma-Aldrich, 
SA 

R2605 

TGF-β1 
Invitrogen, 
Lifetechnologies, SA 

PHG9204 

CFDA-SE 
Invitrogen, 
Lifetechnologies, SA 

C1157 

Paraformaldehyde 
Sigma, Sigma-Aldrich, 
SA 

P6148 
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Propyl gallate 
Sigma, Sigma-Aldrich, 
SA 

02370 

Triple Expless 
Gibco, Lifetechnologies, 
SA 

1260-028 

Trypan Blue reagent 
Invitrogen, 
Lifetechnologies, SA 

T10282 

ATP Glo-reagent 
Promega, Amersham 
Biosciences, SA 

G7573 

OptiPlateTM-96 well 
plates 

PerkinElmer, USA 6005290 

96 Well Plate Corning 
Corning Incorporated, 
Scientific Group, SA 

3598 

Bovine Serum Albumin 
Sigma, Sigma-Aldrich, 
SA  

A9056 

Azide Analar, Sigma-Aldrich, 
SA 

103692K 

DAPI 
Invitrogen, 
Lifetechnologies, SA 

D1306 

Anti-CD29 FITC 
Invitrogen, 
Lifetechnologies, SA 

CD2901 

Anti-human CD90 FITC 
Invitrogen, 
Lifetechnologies, SA 

A15761 

Anti-human Myosin 
Heavy Chain, 
Allophycocyanin 

R&D Systems, 
Whitehead Scientific, SA 

ABC J0110121 

Triton X-100 USB Corporation, USA  22686 

RNeasy Mini Kit Whitehead Scientific, SA 74104 

Quant-iTTM RNA Assay 
Kit 

Invirogen, SA Q32852 

SABiosciences RT2 First 
Strand Kit 

Whitehead Scientific, SA 330401 

SABiosciences RT2 
qPCR SYBR Green/Rox 
MasterMix-12 

Whitehead Scientific, SA 330522 

SABiosciences 
Mesenchymal Stem 
Cells PCR Array 

Whitehead Scientific, SA 
330231-PAHS-
082Z-A-12 
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APPENDIX E 

SOLUTIONS, MEDIUM AND CHEMICALS 

Cell Isolation and Culture 

E1 Collagenase type-1 
solution (600 U/ml-100 
ml) 

Collagenase type-1         
 

240 
U/mg                

250mg 

  HBSS                   99.8 ml    
  Calcium Chloride    200 μl 
E2 DMEM 

F12 complete medium 
(100 ml) 

DMEM F12          88.6 ml 

  FBS   10%               10 ml 
  Penicillin/Streptomycin    0.1%                        1 ml 
  Fungizone  1 μg/ml    400 μl                      
E3 Erythrocyte lysis buffer 

(500 ml) 
NHCl                        4.1 g 

  KHCO3                              0.5 g 
  EDTA                    0.019 g 
  Distilled H2O          500 ml 
Cell Differentiation 
E4 Complete MCDB 131 

medium with  
RA (50 ml) 

DMEM F12       48.79 
ml 

  RA 0.1 µM 10 µl 
  FBS             1% 500 µl 
  Penicillin/Streptomycin    0.1%                    500 µl 
  Fungizone  1 μg/ml    200 μl                                        
E5 Complete MCDB 131 

medium with TGF-β1  
(50 ml) 

MCDB 131                    48.775 
ml  

  FBS  1%               500 µl 
  TGF-β1  1 ng/ml    25 µl 
  Penicillin/Streptomycin    0.1%                         500 µl 
  Fungizone                  200 µl                      
E6 Complete MCDB 131 

medium (50 ml) 
MCDB 131                    48.800 

ml  
  FBS  1%               500 µl 
  Penicillin/Streptomycin    0.1%                         500 µl 
  Fungizone                  200 µl                      
Immunofluorescence and Flow Cytometry 
E7 Anti-CD29 FITC (1 ml) 

1:200 
Antibody                  1 μl 

  PBS BSA/azide      199 μl 
E8  Anti-human CD90 

FITC (1 ml) 1:200 
Antibody  1 µl 

  PBS BSA/azide      199 µl 
E9 Anti-human Myosin Antibody  1 µl 
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Heavy Chain (1ml) 
1:200 

  PBS BSA/azide      199 µl 
E10 PBS buffer (200 ml) PBS tablets  1 
  Distilled H2O  200 ml 
E11 PBS BSA/azide buffer   

(100 ml) 
PBS                      100 ml 

  BSA  0.1%               0.1 g 
  Azide  0.01%          0.01 g 
E12 Paraformaldehyde 

3.7% (100 ml) 
Paraformaldehyde 
powder    

 3.7 g 

  PBS BSA/azide buffer                         100 ml 
E13 Propyl gallate 0.1M      

(100 ml) 
Propyl gallate powder  2.122g 

  PBS BSA/azide buffer                         100 ml 
E14 CFDA,SE 10 µM  

(4.5 ml) 
CFDA,SE powder  25 mg 

  PBS BSA/azide buffer                         4.5 ml 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



113 

 

APPENDIX F 

LASER PARAMETER CALCULATIONS 

F1.  Power Density 
  (mW  X   4)   =  110 X 4    =  12.1 mW/cm2 
         π(r)2                 36.3168 
 
  In W/cm2      =    12.1        =   0.0121 W/cm2 

                            1000 
 
 

 

F2.  Duration of Exposure 
  J/cm2                   =         Time (s) 
  W/cm2             
 
  Time (s)         =        time (min) 
    60  
 
  Time (s) – (time (min) X 60)   =   Time (s) 
 
   For example: 
 

        J/cm2                   =   ___5__       =    413.22 sec        
        W/cm2                 0.0121                                    
        
        413.22           =      6 min 
          6 0 
 
        6 X 60            =      360 sec       
 
        413-360         =      53 sec 
 
        Total duration of exposure    =    6 min 53 sec 
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