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Abstract 

The ability to determine the age of a human dermal injury is important in forensic work. It helps 

answer questions about the timing of the injury and incident, the relationship of the injury to the 

incident, the order of infliction of the injuries and the survival time after the injury, which are critical to 

the reconstruction of a crime. However, there is currently no method for the reliable estimation of 

human dermal injury age. In this research, the mRNA expression of seventeen markers, involved in 

injury healing, were screened in intravital human dermal injuries, using duplex PCR assays, to 

determine their suitability for use in the development of a multiplex PCR assay to study mRNA 

expression for human dermal injury age estimation. The seventeen mRNA markers included: dual 

specificity phosphate 1 (DUSP1), interleukin 7 (IL7), P-selectin (SELP), vascular cell adhesion 

molecule 1 (VCAM1), tenascin C (TNC), cluster of differentiation 14 (CD14), E-selectin (SELE), 

interleukin 6 (IL6), tumor necrosis factor alpha (TNFα), interleukin 1 beta (IL1β), chymase 1 (CMA1), 

collagen type III alpha I (COL3A1), laminin 5 (LAMA5), interleukin 2 (IL2), collagen type I alpha I 

(COL1A1), collagen type I alpha II (COL1A2), and vascular endothelial growth factor A (VEGFA). The 

screening identified DUSP1, IL7, IL6, TNFα, IL1β, CMA1, COL3A1, IL2 and VEGFA as suitable 

mRNA markers and these were incorporated into a traditional end point PCR based multiplex PCR 

assay. 18S ribosomal RNA (18S rRNA) was also included in the assay as an endogenous control and 

for the normalisation when evaluating mRNA expression levels. The multiplex PCR assay was used 

to detect, analyse and evaluate the mRNA expression of the markers in intravital human dermal 

injuries during the injury healing process. Based on the multiplex PCR assay detections, successful 

mRNA expression evaluations were only possible for DUSP1, IL7, TNFα, IL1β, CMA1 and VEGFA. 

DUSP1, IL7, TNFα, and VEGFA showed an initial decrease in mRNA expression during the early 

phase of injury healing, followed by an increase in mRNA expression towards the middle and late 

phases; IL1β and CMA1 mRNA expression was limited to the early phase. Using regression 

modelling, the mRNA expressions of IL7, TNFα and IL1β were identified as statistically significant 

predictors of injury age and were used in the development of a regression model for human dermal 

injury age estimation. The model was able to distinguish between injuries of different ages (hours), 

but requires improvement before forensic application. Additionally, a comparison of the detection and 

evaluation using endpoint PCR and real-time PCR for the mRNA markers DUSP1, IL6, CMA1, 

COL3A1 and VEGFA was conducted, and it was found that the two methods gave similar results. 
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Chapter 1. 

Introduction 

 

An injury is a break in the integrity of a tissue, which is usually accompanied by damage or disruption 

to the structure and/or function of the tissue (Enoch & Leaper, 2008; Oehmichen, 2004). Injuries to 

the skin or dermal injuries are the most common and observable of injuries, as skin is directly 

exposed to the environment, making it the most vulnerable organ (Kondo & Ishida, 2010; Takamiya, 

Fujita, Saigusa & Aoki, 2008). Dermal injuries are routinely encountered during forensic 

investigations, especially in the case of crimes involving violence and abuse. In most investigations 

where dermal injuries are encountered, forensic pathologists are asked to examine the injuries and 

correctly evaluate their relationship to the incident being investigated (Bauer, 2007).  

 

Identifying the dermal injury age (the time at which an injury was sustained) is important as it helps 

answer questions such as the relationship of the injury to the incident, the order of infliction (where 

there is more than one injury), and the survival time after injury (post infliction interval), which are 

important to the investigation and aid in the reconstruction of the crime (Bauer, 2007; Kondo, 2007; 

Takamiya, Biwasaka, Saigusa, Nakayashiki & Aoki, 2009; Takamiya et al., 2008). In addition, injury 

age also provides valuable information that could not only help corroborate statements provided by 

parties who either witnessed or were involved in the incident, but that could be helpful in cases 

concerning vulnerable victims (children and elderly) who may be unable to provide accurate 

information as to the time and/or circumstances behind the infliction of an injury. 

 

Despite the importance of knowing the time at which an injury was sustained in a forensic 

investigation, there is currently no method available for the reliable estimation of dermal injury age. 

Previous research in this area has investigated a variety of techniques to try and develop a suitable 

method that can be used for reliable injury age estimation (Betz, 1995). However, while quite a few of 

these techniques are useful at detecting changes in the biological, chemical and physical properties of 

the injuries that are indicative of injury age, their application in forensic practice has been limited by 

their dependence on qualitative analyses, which are debatable in court as a result of their subjectivity 
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(Bauer, 2007; Betz, 1995). The development of a method for the reliable estimation of dermal injury 

age sustained by evidence that is acceptable and admissible as proof in court would have significant 

implications in forensic investigations, especially with respect to the substantial information it will 

contribute to investigators (Cecchi, 2010). The research described herein is aimed as a step towards 

the development of such a method. 

 

1.1 Background 

1.1.1 Molecular and cellular biology of dermal injury healing 

Normal dermal injury healing begins immediately after injury and comprises of three phases: 

inflammation, proliferation and maturation (Figure 1.1) (Enoch & Leaper, 2008; Kondo & Ishida, 

2010). Each of these phases involves complex but timely and well-orchestrated interactions between 

tissues, cells and biochemical molecules (such as cytokines, chemokines and growth factors) (Enoch 

& Leaper, 2008; Kondo & Ishida, 2010; Martin, 1997; Singer & Clark, 1999). Knowledge and 

understanding of these interactions are critical to investigating injury age, as they can provide clues 

that can help with determining the time at which the injury was sustained (Cecchi, 2010; Kondo, 

2007). The following brief overview of the phases involved in injury healing presents the main aspects 

that are usually considered while investigating injury age. 

 

1.1.1.1 Inflammation 

Inflammation is the first phase of dermal injury healing and usually lasts from immediately to 

approximately 3 days after injury (Enoch & Leaper, 2008). The main function of this phase is to 

prepare the injury for healing. Injury to the skin results in the release of interleukin 1 (IL1) and tumor 

necrosis factor alpha (TNFα) from keratinocytes (the major skin cells) to alert the cells neighbouring 

the injury to barrier the damage (Enoch & Leaper, 2008; Kondo & Ishida, 2010). IL1 and TNFα also 

cause the capillaries near the site of the injury to express cellular adhesion molecules such as 

selectins (P-selectin (SELP) and E-selectin (SELE)), promoting the movement of blood constituents 

vital to injury healing from the capillaries to the damaged tissue (diapedesis) (Barrientos, Stojadinovic, 

Golinko, Brem & Tomic-Canic, 2008; Kondo & Ishida, 2010). The bleeding is then controlled by the 

formation of the blood clot, which is brought about by coagulation that occurs as a result of 

thrombocyte (platelet) aggregation (Barrientos et al., 2008; Enoch & Leaper, 2008; Martin, 1997). The 
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clot not only brings about homeostasis by stopping the bleeding, but also forms the provisional matrix 

for receiving the inflow of inflammatory cells (Kondo & Ishida, 2010; Martin, 1997; Singer & Clark, 

1999).  

 

In addition to forming the clot, the platelets secrete a variety of growth factors such as epidermal 

growth factor (EGF), platelet-derived growth factor (PDGF) and transforming growth factor beta 

(TGFβ), which stimulate inflammatory leukocyte (white blood cell) recruitment at the injury site 

(Martin, 1997; Singer & Clark, 1999; Werner & Grose, 2003). The recruited neutrophils help with 

combating invading bacteria and are thereafter removed by phagocytosis (Kondo & Ishida, 2010; 

Martin, 1997; Singer & Clark, 1999). The recruited monocytes mature into macrophages, which boost 

both the inflammatory response and the removal of dead and damaged cells and foreign material 

(Enoch & Leaper, 2008; Kondo & Ishida, 2010; Singer & Clark, 1999). The macrophages contribute to 

pushing injury healing into the next phase by secreting growth factors (EGF, PDGF, TGFβ and 

fibroblast growth factor (FGF)) and proinflammatory cytokines (IL1 and interleukin 6 (IL6)) that attract 

cells involved in the proliferation phase, specifically granulation tissue formation, to the injury site 

(Barrientos et al., 2008; Kondo & Ishida, 2010; Martin, 1997; Werner & Grose, 2003). 

 

1.1.1.2 Proliferation 

The proliferation phase is the second phase of injury healing and usually lasts from approximately 2 

days to 8 days after injury (Kondo & Ishida, 2010). This phase is characterised by fibroblast migration, 

extracellular matrix deposition, granulation tissue formation and reepithelialisation (Enoch & Leaper, 

2008; Singer & Clark, 1999). Fibroblasts are attracted into the injury site at around 2 days after the 

injury by the growth factors (PDGF and TGFβ) released from the platelets (Werner & Grose, 2003). 

Once inside the injury site, fibroblasts proliferate and produce matrix proteins such as fibronectin and 

hyaluronan, which help with the construction of the extracellular matrix that is critical to the repair 

process (Barrientos et al., 2008; Enoch & Leaper, 2008). 

 

The extracellular matrix is made up of fibrous structural proteins (collagen type III and elastin) and 

adhesive glycoproteins, which together not only provide an underlying layer for cell adhesion, but also 

regulate the growth, migration and differentiation of cells (Enoch & Leaper, 2008; Clark, 1996; Clark, 
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Nielsen, Welch & McPherson, 1995). With the progression of proliferation, the extracellular matrix 

develops from a randomly arranged matrix of connective tissue to one that is highly organised (Enoch 

& Leaper, 2008; Clark, 1996).  

 

The granulation tissue formation begins at the injury site at around 3 days after injury (Enoch & 

Leaper, 2008). The main features of this stage of proliferation are the angiogenesis and 

neovascularisation (formation of new blood vessels from pre-existing blood vessels) that occur at the 

injury site (Clark, 1996; Singer & Clark, 1999). Angiogenesis is induced by several factors including 

vascular endothelial growth factor (VEGF) and FGF, which are secreted by macrophages migrating 

into the injury site (Barrientos et al., 2008; Folkman & D’Amore, 1996; Kondo & Ishida, 2010; Martin, 

1997; Risau, 1997; Singer & Clark, 1999). Fibroblasts are attracted to the injury site by PDGF and 

TGFβ, also secreted by the macrophages (Barrientos et al., 2008; Clark, 1996). The fibroblasts 

differentiate into myofibroblasts that align themselves along the edge of the extracellular matrix and 

facilitate wound closure through constriction (Kondo & Ishida, 2010; Singer & Clark, 1999). The 

neovascularisation that occurs during this stage plays a vital role in supporting the synthesis, 

deposition and organisation of the developing extracellular matrix (Enoch & Leaper, 2008; Singer & 

Clark, 1999). 

 

Reepithelialisation takes place alongside the development and growth of the granulation tissue 

(Enoch & Leaper, 2008). The formation of granulation tissue provides a viable surface to facilitate the 

migration of epithelial cells from the edge of the injury site to form a barrier between the injury and the 

environment (Clark, 1996). The movement of the epithelial cells (mainly keratinocytes) is induced by 

the release of EGF, FGF and transforming growth factor alpha (TGFα) from the macrophages 

(Barrientos et al., 2008; Kondo & Ishida, 2010; Martin, 1997; Werner & Grose, 2008). The migration of 

the epithelial cells stops when advancing cells meet, following this, the epidermis is re-established by 

the growth and differentiation of the migrated cells (Gipson, Spurr-Michaud & Tisdale, 1988; Kondo & 

Ishida, 2010; Martin, 1997; Singer & Clark, 1999).  
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1.1.1.3 Maturation 

The maturation phase is the third and final phase of injury healing and usually lasts from 

approximately 7 days to 3 weeks after injury (Enoch & Leaper, 2008). The main events occurring 

during this phase are the removal of granulation tissue and the formation and maturation of scar 

tissue (Enoch & Leaper, 2008; Clark, 1996). The first stage of the maturation phase involves 

removing the granulation tissue and replacing it with a developing framework of collagen and elastin 

fibres (Clark, 1996; Kondo & Ishida, 2010). There is constant remodelling of the extracellular matrix 

during this phase that involves the continuous synthesis and breakdown of collagen in the framework, 

which is controlled by various matrix metalloproteinases secreted by macrophages, epidermal cells, 

endothelial cells and fibroblasts (Clark, 1996; Kondo & Ishida, 2010; Singer & Clark, 1999). As 

maturation progresses, the synthesis of new collagen (collagen type I) is induced by TGFβ resulting in 

the formation of the scar tissue (Barrientos et al., 2008; Clark, 1996; Kondo & Ishida, 2010; Werner & 

Grose, 2008). 

 

The secretion of cytokines such as TGFβ, PDGF and FGF induce injury contraction throughout this 

phase by promoting both the reorganisation of the collagen fibres and the interactions between the 

fibroblasts and the extracellular matrix (Barrientos et al., 2008; Martin, 1997; Singer & Clark, 1999; 

Welch, Odland & Clark, 1990; Werner & Grose, 2008). As the activity in the scar reduces the blood 

vessels that are no longer required are removed by apoptosis (Clark, 1996; Enoch & Leaper, 2008; 

Singer & Clark, 1999). Maturation ultimately results in an avascular scar comprising of inactive 

fibroblasts, dense collagen, elastic tissue fragments and other extracellular matrix components (Clark, 

1996; Enoch & Leaper, 2008). 
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Figure 1.1 Schematic diagram of the phases of dermal injury healing. 

  

Note: Detailed information regarding the individual cells and biomolecules and their participation in the different healing events 
can be found in section 1.1 (Chapter 1) and section 3.1 to 3.3 (Chapter 3). 
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1.1.2 Dermal injury age estimation and healing 

Forensic injury age estimation first originated from the need to identify injury vitality, identifying if an 

injury was caused during the lifetime of an individual (Grellner & Madea, 2007; Hernández-Cueto, 

Girela & Sweet, 2000). The emphasis on the importance of vitality to forensic investigation was first 

made by Walcher (1930) and Orsos (1935), based on their practical experiences. Raekallio (1960, 

1967, 1976) was the first to investigate biological evidences for injury age estimation, when he 

examined enzyme activity at the injury site using histochemistry. A few years later, Berg, Ditt, 

Friedrich and Bonte (1968) studied serotonin and histamine levels at the injury edges, as evidence of 

vitality. Thereafter, with the emergence of immunohistochemical techniques, the new domain of injury 

age estimation was established, beginning with Eisenmenger, Nerlich and Glück (1988) and 

Oehmichen (1989). In the last 20 years, injury age estimation has gained popularity as a theme in 

forensic research. In particular, significant advancements in injury age estimation have been made 

through the intensive investigation of several factors including cytokines, chemokines and growth 

factors, which are closely involved in the injury healing process (Kondo, 2007; Kondo & Ishida, 2010). 

 

1.1.2.1 Cytokines 

Cytokines are multifunctional glycoproteins that are closely involved in a variety of biological 

processes of the immune, central nervous and endocrine systems. IL1, IL6 and TNFα belong to a 

group of cytokines called proinflammatory cytokines which are constitutively expressed in uninjured 

skin and passively released after injury (Kondo, 2007; Kondo & Ohshima, 1996). Experimental studies 

of these three proinflammatory cytokines in mice demonstrated an upregulation of their protein and 

messenger RNA (mRNA) expression at the injury site, suggesting their potential as useful markers for 

the estimation of injury age (Ishida, Gao & Murphy, 2008a; Ishida, Kondo, Kimura, Matsushima & 

Mukaida, 2006; Ishida, Kondo, Takayasu, Iwakura & Mukaida, 2004; Kondo & Ohshima, 1996; Lin, 

Kondo, Ishida, Takayasu & Mukaida, 2003; Mori, Kondo, Ohshima, Ishida & Mukaida, 2002). The 

expressions of IL1, IL6 and TNFα have also been examined in human dermal injuries of different ages 

using immunohistochemistry. Studies on interleukin 1 alpha (IL1α) by Kondo, Ohshima and 

Eisenmenger (1999) showed a ratio of IL1α-positive cells greater than 30% to be indicative of an 

injury age between 4 hours and 1 day. Grellner, Georg and Wilske (2000) and Grellner (2002) used 

staining intensity to evaluate IL1, IL6 and TNFα expression in keratinocytes and sweat glands, where 
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they are constitutively expressed, and demonstrated the ability of these proinflammatory cytokines to 

distinguish injuries aged between 30-90 minutes (Kondo & Ishida, 2010). 

 

1.1.2.2 Chemokines 

Chemokines are signalling proteins that belong to a family of small cytokines, which take an active 

part in the injury healing process by promoting the migration of leukocytes such as neutrophils and 

macrophages to the injury site using chemotaxis (Kondo, 2007; Clark, 1996). Chemokines are also 

found to play a crucial part in reepithelialisation, matrix remodelling and angiogenesis (Gillitzer & 

Goebeler, 2001). Interleukin 8 (IL8), monocyte chemoattractant protein 1 (MCP1) and macrophage 

inflammatory protein 1 alpha (MIP1α) are three chemokines vital for normal injury healing that have 

chemotactic activity against neutrophils, monocytes and macrophages, respectively (Clark, 1996; 

Kondo & Ishida, 2010; Matsushima & Oppenheim, 1989). The gene expression of these chemokines 

was studied using immunohistochemistry in dermal injuries on mice and showed elevated expression 

in the injury (Ishida et al., 2008a; Ishida et al., 2006; Ishida et al., 2004; Lin et al., 2003; Mori et al., 

2002). One study identified a ratio of IL8-positive cells greater than 50% to indicate an injury age 

between 1 and 4 days and ratios of MCP1-positive cells greater than 30% or MIP1α-positive cells 

greater than 40% to indicate an injury age of at least 1 day (Kondo, 2007; Kondo et al., 2002). As a 

result, a combined evaluation of these three cytokines was suggested as a potential method for the 

accurate evaluation of dermal injury age. 

 

1.1.2.3 Angiogenic growth factors 

As previously mentioned, angiogenesis is an important healing event that is required for the normal 

formation of the granulation tissue during the proliferation phase (Martin, 1997; Singer & Clark, 1999). 

Angiogenesis is controlled by VEGF and basic fibroblast growth factor (bFGF, a member of the FGF 

family), which are powerful angiogenic growth factors (Kondo, 2007; Takamiya, Saigusa & Aoki, 2002; 

Takamiya, Saigusa, Nakayashiki & Aoki, 2003). Studies on VEGF and bFGF in murine dermal injuries 

identified both these growth factors as potential markers for dermal injury age estimation based on 

their time-dependent expression. VEGF expression was also investigated in human dermal injuries 

using immunohistochemistry by Hayashi et al. (2004), who demonstrated VEGF expression at the 

injury site to predominantly occur in macrophages and myofibroblasts. Their study also showed that a 
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ratio of VEGF-positive cells greater than 50% was likely to indicate an injury age of between 7 and 21 

days, suggesting the use of VEGF as a possible marker for injury age estimation (Hayashi et al., 

2004; Kondo & Ishida, 2010). 

 

In addition to the angiogenic growth factors, injury age estimation studies have also examined the 

expression of the molecular chaperone oxygen-regulated protein 150 (ORP150), which is found to 

contribute to injury healing by regulating the intercellular transportation of VEGF (Kondo, 2007; 

Kuwabara et al. 1996; Ozawa et al., 2001). A ratio of ORP150-positive cells greater than 40% was 

found to possibly indicate an injury age of at least 7 days, prompting the suggestion of a combined 

evaluation of VEGF and ORP150 for a more reliable estimation of injury age (Ishida, Kimura, 

Takayasu, Eisenmenger & Kondo, 2008b; Kondo, 2007). 

 

1.1.2.4 Transforming growth factors 

TGFα and TGFβ are two classes of polypeptide growth factors that play vital roles in injury healing 

(Singer & Clark, 1999). While TGFα activity is mainly restricted to promoting epidermal cell 

proliferation, TGFβ activity predominates much of dermal injury healing (Kondo & Ishida, 2010; 

Martin, 1997; Singer & Clark, 1999). The principle functions of TGFβ involve recruitment of 

inflammatory cells, promoting phagocytosis by macrophages and the regulation of granulation tissue 

formation (Kondo, 2007; Singer & Clark, 1999). TGFα and TGFβ are produced and secreted by 

macrophages, fibroblasts, keratinocytes and platelets (Martin, 1997; Singer & Clark, 1999). According 

to the results of an immunohistochemical study on human dermal injuries using semiquantitative 

immunostaining intensity evaluations, both TGFα and TGFβ showed increased expression within 1 

hour after injury (Grellner, Vieler & Madea, 2005; Kondo & Ishida, 2010). This study suggested the 

use of TGFβ for injury age estimation as a result of its rapid upregulation and the ease with which its 

evaluations can be performed (Grellner et al., 2005). 

 

1.1.2.5 Collagens 

Collagens are structural proteins that form the main extracellular component of the skin. Collagens 

are known to play a major role during the proliferation phase, where different types of collagen are 

synthesised to provide strength and integrity to the damaged healing tissue (Enoch & Leaper, 2008). 
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A series of immunohistochemical studies were performed on a variety of collagen types (I, III, IV, V, VI 

and VII) for injury age determination by Betz et al. (1992b, 1992c, 1993a, 1993b). Their studies 

showed strong staining for collagen type III at around 2 to 3 days after injury, for collagen type V and 

VI at around 3 day after injury and later, and for collagen type I at 5 days after injury and later, 

suggesting the potential of these collagens, in general, to be used for the estimation of injury age 

(Betz et al., 1993a, 1993b; Kondo, 2007). In addition, they also investigated basement membrane 

collagens (collagen types IV and VII), components (laminin and heparin soleplate proteoglycan) and 

fragments, but found that they failed to show significant differences in their temporal appearance that 

could be useful for injury age estimation (Betz et al., 1992b, 1992c; Kondo, 2007). 

 

1.1.2.6 Fibronectin 

Fibronectin is a multifunctional glycoprotein of the extracellular matrix that plays a major role in injury 

healing by supporting the adhesion and migration of fibroblasts, keratinocytes and endothelial cells 

(Clark, 1996; Kondo, 2007). Fibronectin is considered to be one of the most sensitive markers for 

injury age estimation, based on previous immunohistochemical research that showed evidence of 

fibronectin expression in some injuries within a few minutes after injury (Betz et al., 1992a; Kondo, 

2007). However, a later study demonstrated the need for caution when evaluating fibronectin 

immunoreactions, as fibronectin-positive reactions were noted in injuries inflicted post-mortem 

(Grellner, Dimmeler & Madea, 1998). 

 

1.1.2.7 Adhesion molecules 

Adhesion molecules such as SELP, SELE, intercellular adhesion molecule 1 (ICAM1) and vascular 

cell adhesion molecule 1 (VCAM1) are cell surface molecules that regulate intercellular binding and 

interactions (Martin, 1997; Singer & Clark, 1999). They play a key role in injury healing, particularly 

the inflammation phase, as they mediate interactions between inflammatory leukocytes and 

endothelial cells, which are important for the recruitment of the inflammatory leukocytes (neutrophils 

and macrophages) to the injury site (Kondo, 2007; Martin, 1997; Singer & Clark, 1999). The potential 

of adhesion molecules for use in the estimation of injury age was demonstrated by Dreβler, 

Bachmann, Kasper, Hauck and Müller (1997) and Dreβler, Bachmann, Koch and Müller (1998, 1999). 

Their studies showed strong immunopositive reactions for SELP at around 3 minutes after injury, for 
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SELE at around 1 hour after injury, for ICAM1 at around 1.5 hours after injury and for VCAM1 at 

around 3 hours after injury at the earliest (Dreβler et al., 1997; Dreβler et al., 1998; Dreβler et al., 

1999; Kondo, 2007). Based on their studies, Dreβler and co-workers particularly suggested the use of 

SELP for injury age estimation.  

 

1.1.3 Dermal injury age estimation and techniques 

All injury age estimation studies until the end of the nineteenth century were confined to macroscopic 

findings and predominantly dealt with observations related to vitality. The first of these observations 

(that were recorded) were made by Walcher (1930) and Orsos (1935), who went on to emphasise the 

importance of vitality to forensic investigations. In the early twentieth century, despite having been in 

existence for about three hundred years, optic microscopy started to gain popularity, which led to its 

application to injury examination. Initially restricted in use for medical injury examination, microscopy 

helped study and understand both injuries and injury healing at a cellular level. The injury healing 

process was shown to follow a sequential course comprising of three phases: inflammation, 

proliferation and maturation; each controlled by numerous chronologically occurring interactions 

between cells. The chronological nature of the cellular interactions controlling healing, clearly 

indicated potential for use in the determination of both vitality and injury age, and as a result, became 

the focus of the next stage of injury age estimation research.  

 

As with research in any field, advancements in injury age estimation research were guided by 

advancements in technology. To date, four major techniques, histochemical, biochemical, 

immunohistochemical and reverse transcription-polymerase chain reaction (RT-PCR), have been 

successfully applied to injury age estimation research. These techniques and some of the major 

findings are discussed below. 

 

1.1.3.1 Histochemical techniques 

Histochemical techniques refer to staining techniques that are used to study the biochemistry of 

tissues and cells. They are based on the principle that different cells and cellular components are 

biochemically different, and as a result, absorb specific stains to varying degrees. 
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Raekallio (1960) was the first to apply histochemical techniques to injury age estimation studies, when 

he used the technique to examine the activity of several enzymes including alkaline phosphatase, 

acid phosphatase, esterase and adenosine triphosphate in the injury site (Raekallio, 1967, 1975, 

1976). His investigations on vital injuries resulted in the identification of two clearly defined zones 

within the injury site; a central zone and a peripheral zone that differed in their enzymatic activity 

(Raekallio, 1975).  

 

1.1.3.2 Biochemical techniques 

Biochemical techniques refer to analytical techniques that utilise existing biochemical mechanisms, 

for example, a reaction or series of reactions that produces a specific physiological effect in living 

organisms, to study cells and cellular components. In the late 1960s, scientists began applying a 

variety of different biochemical techniques to investigate injury age, which were pioneered by Berg 

and associates (1968). Using the biochemical approach they examined serotonin and histamine 

levels at injury edges in vital and post-mortem injuries, and were successful at demonstrating vital 

phenomena (Berg et al., 1968). 

 

Biochemical techniques were also adopted to evaluate nucleic acids at the injury site. In a study on 

DNA levels at the injury site by Williamson and Guschlbauer (1961), no remarkable variation was 

noted in nuclear DNA between vital and post-mortem injuries. However, studies on RNA at the injury 

site showed a significant increase in cytoplasmic RNA at around 3 hours after injury (Buris & Kiss, 

1975; Pullar, 1973). These results for the level of cytoplasmic RNA in the injury site obtained using 

biochemical techniques were found to be consistent with the results of a study conducted by Raekallio 

(1961) using histochemical techniques. 

 

1.1.3.3 Immunohistochemical techniques 

Immunohistochemical techniques refer to analytical techniques that identify cells and cellular 

components by means of antigen-antibody interactions. In the period between 1975 and 2000, the 

fulminant growth of immunohistochemical techniques resulted in a dramatic increase in injury age 

estimation research. Immunohistochemical techniques made it possible to investigate the temporal 

movement and proliferation of cells during injury healing more precisely than was previously possible. 
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In addition to studying and identifying cells, immunohistochemical techniques also made it possible to 

study the action of chemical mediators (cytokines, chemokines, etc.) and the changes to the 

components of the extracellular matrix (collagen types I, III, V and VI, laminin, etc.). 

Immunohistochemical techniques also enabled the specific localisation of tissue components 

(fibronectin, tenascin, etc.) and cellular components (collagen type IV and VII, laminin and heparin 

soleplate proteoglycan in myofibroblasts, etc.) that are indicative of the stage of the healing response. 

 

In 1978, Gay, Viljanto, Raekallio and Penttinen conducted the first immunohistochemical study of 

injury age. Their study investigated the sequence of appearance of different collagen types in cells 

harvested from paediatric surgical wounds (Betz, 1995; Gay et al., 1978). The trend of using 

immunohistochemical techniques to study injury age was, however, started by Eisenmenger and 

colleagues (1988), with their study on the temporal appearance of collagens, procollagens and 

laminin in injuries using post-mortem tissue. The results of their study showed the appearance of 

collagen type III at around 2 to 3 days after injury and of collagen type I at around 4 days after injury, 

at the earliest (Eisenmenger et al., 1988). This study by Eisenmenger and colleagues (1988) is 

considered a milestone in forensic injury age estimation research, as it facilitated the differentiation of 

injury age in the range of a few days for the very first time. Immunohistochemical research on 

collagens for injury age estimation by Betz and co-workers (1993a, 1993b), a few years later, reported 

results that supported the findings of Eisenmenger and colleagues. Betz and co-workers also 

investigated immunohistochemical changes in the basement membrane collagens (collagen types IV 

and VII) and components after injury, but found them unreliable for injury age estimation as they did 

not show any significant differences in their temporal appearance (Betz et al., 1992a, 1992b, 1992c). 

 

Improvements in technology led to more detailed and comprehensive studies of existing and evolving 

research questions in the domain of injury age estimation research. Between 1970 and 1990, a 

considerable amount of research on injury healing was conducted, which led to the increased 

knowledge and understanding of the complex series of cellular and molecular interactions inherent to 

the injury healing process (Clark, 1996). Several new biological mediators (biochemical molecules) 

including cytokines, chemokines and growth factors, involved in the injury healing process were 



14 
 

discovered, and as a result of their specificity and time-dependent appearance have remained 

prominent in research in this domain (Dinarello, 2007). 

 

The first major immunohistochemical studies of injury age estimation involving cytokines were 

performed in 1996 (Kondo, Minamino & Ohshima, 1996; Kondo & Ohshima, 1996). The studies 

investigated the dynamics of cytokines such as IL1α, interleukin 1 beta (IL1β), IL6, interleukin 10 

(IL10) and TNFα in murine dermal injuries and suggested their use in injury age estimation based on 

the close relationships identified between these cytokines and the inflammation and maturation 

phases of injury healing (Kondo et al., 1996; Kondo & Ohshima, 1996). 

 

Other noteworthy immunohistochemical research includes the studies on adhesion molecules (SELP, 

SELE, ICAM1 and VCAM1) by Dreβler and associates (1997, 1998, 1999); the study on Fas and Fas 

ligand by Guan, Ohshima and Kondo (2000); and the study on chemokines (IL8, MCP1 and MIP1α) 

by Kondo and colleagues (2002). 

 

Despite playing a pivotal role in advancing injury age estimation research, immunohistochemical 

techniques lacked the potential for developing a method for the reliable estimation of injury age as a 

result of its dependence on expression evaluations using staining intensity and morphometric analysis 

(subjective analyses) (Bauer, 2007; Cecchi, 2010). Immunohistochemical techniques did not allow for 

the quantification of changes in expression of biological mediators, as normal physiological 

expression and expression resulting due to injury could not be clearly distinguished (Cecchi, 2010). 

The method was also limited in that large samples were required and simultaneous examinations 

were time-consuming and laborious (Oehmichen, 2004; Ohshima, 2000). However, these limitations 

to the application of immunohistochemical techniques were overcome by the development of 

immunoassays; immunohistochemical tests that examine the presence and measure the 

concentration of biomolecules of interest in solutions that contain complex mixtures. Immunoassays 

facilitated the simultaneous detection and quantification of several biomolecules of interest in a single 

sample, eliminating the limitations encountered when using older immunohistochemical techniques 

(Takamiya et al, 2009; Takamiya et al., 2008). 
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Some of the most comprehensive studies on injury age estimation were conducted by Takamiya and 

colleagues (2008) and Takamiya and colleagues (2009) using immunoassays. The first study 

examined the time-dependent expression of eight cytokines involved in the injury healing process: 

interleukin 2 (IL2), interleukin 4 (IL4), IL6, IL8, IL10, granulocyte-macrophage colony-stimulating factor 

(GM-CSF), interferon gamma (IFNγ) and TNFα. The study demonstrated an increase in IL10, GM-

CSF, IFNγ and TNFα expression from the early phase of injury healing, in IL6 expression exclusively 

in the middle phase, and in IL2, IL4 and IL8 expression from the middle to the late phase (Takamiya 

et al., 2008). The second study examined the time-dependent expression of nine different cytokines: 

IL1β, interleukin 5 (IL5), interleukin 7 (IL7), interleukin 12 p70 (IL12 p70), interleukin 13 (IL13), 

interleukin 17 (IL17), granulocyte colony-stimulating factor (G-CSF), MCP1 and MIP1α. The study 

showed an increase in IL5, IL12 p70, IL13 and IL17 expression from the early phase of injury healing, 

in MCP1 expression exclusively in the middle phase, and in IL1β, G-CSF and MIP1α from the middle 

to the late phase (Takamiya et al., 2009). IL7 expression was seen to decrease from the early phase 

of injury healing (Takamiya et al., 2009). The results of these studies suggested that the simultaneous 

detection of multiple cytokines provided an abundance of information for injury age estimation, in spite 

of using a small quantity of sample (Kondo & Ishida, 2010). 

 

1.1.3.4 RT-PCR 

RT-PCR is a variant of polymerase chain reaction (PCR) that is commonly used to detect RNA 

expression (gene expression) levels. The technique qualitatively detects RNA expression through the 

creation of complementary DNA (cDNA) transcripts from the RNA. In the early 1990s, with the advent 

of RT-PCR, the enormous potential of RNA was realised, and scientists began to explore its forensic 

capabilities (Kondo & Ishida, 2010). mRNA was identified as the most accurate indicator of gene 

expression, as its regulation was observed as the first step in the initiation of any physiological 

process (Bauer, 2007). Changes in the mRNA expression level were not only noted in injuries 

immediately after infliction, but also throughout the entire injury healing process. The mRNA 

expressions were found to occur in a temporal manner, indicating the potential of mRNA expression 

for injury age estimation. RT-PCR enabled the measurement of these mRNA expression changes, 

and as a result was applied to the investigation of injury age (Bauer, 2007). 
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Ohshima and Sato (1998) conducted one of the first mRNA expression studies on injury age 

estimation, which analysed the time-dependent expression of IL10 mRNA in murine dermal injuries. 

The study showed a significant increase in IL10 mRNA expression between around 30 minutes and 3 

hours after injury, with peak expression at around 1 hour after injury and suggested the use of IL10 for 

the purpose of injury age estimation (Ohshima & Sato, 1998). In another study, Sato and Ohshima 

(2000) investigated the mRNA expression of the proinflammatory cytokines IL1α, IL1β, IL6 and TNFα 

in murine dermal injuries. The study demonstrated the potential of the four proinflammatory cytokines 

for injury age estimation, with peak IL6 mRNA expression noted at 6 hours after injury and peak IL1α, 

IL1β and TNFα mRNA expression noted between around 2 days and 3 days after injury (Sato & 

Ohshima, 2000).  

 

Bai, Wan and Shi (2008) studied the mRNA expression of IL1β, cyclooxygenase 2 (COX2) and MCP1 

in dermal injuries on rabbits. Their findings showed a significant increase in IL1β mRNA expression 

within 30 minutes after injury, in COX2 mRNA expression at 1 hour after injury, and in MCP1 mRNA 

expression at 3 hours after injury (Bai et al., 2008). Peak mRNA expression levels for IL1β, COX2 and 

MCP1 were noted at 2 hours, 3 hours and 5 hours after injury, respectively (Bai et al., 2008). To date, 

most of the mRNA expression based injury age estimation studies have used excised post-mortem 

tissue from animals (mice, rabbits and pigs). 

 

Recently, the use of microRNAs (miRNAs) was suggested for the purpose of dermal injury age 

estimation. However, as miRNAs have not yet been thoroughly studied and their functions and 

regulation are not completely understood, they are yet to be applied (Courts & Madea, 2010). 

 

Discrepancies are seen in the pattern of protein and mRNA expression obtained for the same 

biomolecules using immunohistochemical and RT-PCR techniques, respectively. However, as PCR is 

capable of detecting and amplifying very small gene expression, it is considered to be the more 

sensitive and accurate of the two techniques (Kondo & Ishida, 2010).  
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1.2 Research aim and objectives 

This research was intended as a step towards the development of a method for the reliable estimation 

of dermal injury age. The overall aim of this research was to determine whether the changes in mRNA 

expression, which occur during injury healing, can be used in the reliable estimation of human dermal 

injury age. The research was based on the scientific knowledge that injury healing is brought about by 

a series of methodical and temporal healing events that are controlled by timely changes in the 

expression of genes (mRNA) involved in injury healing and that valuable information regarding injury 

age can be obtained by understanding the timely changes in the expression of these genes.  

 

This research differs from most previous injury age estimation research, as it focussed on studying 

the injury age estimation using injury samples from dermal injuries, specifically lacerations, on live 

human subjects, obtained employing a non-invasive method (swabbing) of sample collection. In 

addition, the research was conducted using the specific range of available techniques found in most 

actively functioning forensic laboratories.  

  

This overall aim of this research had five objectives:  

(1) Identify and select injury healing markers from existing literature that exhibit potential and are 

suitable for use in the development of a method to estimate human dermal injury age. 

(2) Develop an optimised experimental procedure for the collection, recovery and examination of 

injury samples from intravital human dermal injuries. 

(3) Test the suitability of the selected markers and develop a traditional end point PCR based 

multiplex PCR assay using the suitable markers to analyse and evaluate their mRNA expression 

in intravital human dermal injuries during injury healing. 

(4) Utilise statistical analyses to develop a model to estimate human dermal injury age based on the 

pattern of mRNA expression. 

(5) Compare the results of the mRNA expression detection and evaluation using real-time PCR with 

the corresponding traditional end point PCR (multiplex PCR assay) results. 
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Chapter 2. 

Materials and methods 

 

This chapter details the materials and methods used to conduct this research. The methods 

discussed in this chapter include only all the final optimised methods used in this research. Any 

deviation with regard to the materials and methods used are clearly stated and discussed in the 

relevant chapters. The development and optimisation of the methods found in this chapter are 

described and discussed in detail in Chapters 4 and 5. 

 

2.1 Ethics 

Ethical approval for this research was granted by the University of Auckland Human Participants 

Ethics Committee (Reference: 2010/500, Appendix A) and the Health and Disability Ethics 

Committee, Ministry of Health, New Zealand (Reference: NTY/11/05/055, Appendix B).  

 

2.2 Samples 

2.2.1 Injury samples 

Injury samples for this research were collected from intravital lacerations on human participants. All 

the lacerations sampled ranged between 1.5 cm to 2.5 cm in length and 1 mm to 2 mm in width (at 

the thickest part). Figure 2.1(a) shows a laceration from which injury samples were collected for this 

study. 

 

2.2.2 Uninjured intact skin samples 

Uninjured intact skin samples were collected as control samples from human participants from an 

uninjured and unbruised area of the skin (control site), at a location far away from the site of injury. 

For example, for an injury sample taken from a laceration located on the calf of the right leg an 

uninjured intact skin sample was taken from the calf (uninjured and unbruised) of the left leg. Figure 

2.1(b) shows a control site from which an uninjured intact skin sample was collected for this study. 
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Figure 2.1 Samples. (a) Injury site (left thigh) with laceration (b) Control site (right thigh) with 
uninjured and unbruised skin; technical specifications: Canon EOS 550D + EF-S 18-55mm f/3.5-5.6 
IS; 1/50 sec; ISO-3200; AF- no flash, compulsory. 

 

2.3 Informed consent 

Individuals presenting with lacerations were approached directly (mainly at the Emergency 

Departments of Auckland City Hospital and Starship Children’s Hospital) regarding participation in the 

research. After a brief verbal explanation about the research interested individuals were provided with 

detailed information in the form of a participant information sheet. Following this, written consent was 

obtained from those individuals interested in participating in the research before their participation 

(Appendix C). In the case that the individual presenting with the laceration was a child, written 

consent was obtained from either the parent or guardian after providing both the child and 

parent/guardian with information regarding the research (Appendix D and Appendix E). 

 

2.4 Sample population 

Samples in this research were collected from lacerations from a total of fifty-two participants. 

Participants included males and females of different ages and ethnicities. 

 

2.5 Sampling criteria 

Samples for this research were obtained from consenting individuals presenting with a single 

laceration that was less than 24 hours old. No volunteer was deliberately injured for the purpose of 

this research, and all samples were collected only from individuals who had already sustained the 

1 cm 

a b 

1 cm 



20 
 

laceration unintentionally, while performing some everyday activity. Any individual presenting with a 

laceration resulting from self-harm/assault or possible self-harm/assault was not recruited to 

participate in the research. An individual was recruited into the study only in the case that the 

presented laceration was easily accessible (not in the general genital area) and non-severe (not 

requiring extensive medical care and/or admittance into hospital). Individuals presenting with multiple 

injuries, laceration at the site of a recent previous injury (less than a month old) or a re-injured 

laceration were not recruited to participate in the research. Individuals with medical conditions that are 

considered to affect normal injury healing such as diabetes, anaemia or autoimmune diseases were 

excluded from participating in the research given the basis of the research (Guo & DiPietro, 2010; 

Heughan, Grislis & Hunt, 1974; Shanmugam, DeMaria & Attinger, 2011; Stadelmann, Digenis & 

Tobin, 1998). Furthermore, individuals unable to give informed consent (excluding children), under the 

influence of alcohol or under the influence of drugs were also excluded from participating in the 

research. 

 

2.6 Sample collection 

All samples (injury and uninjured intact skin) were collected by swabbing using sterile Cultiplast® 

rayon swabs. The swabs were removed from their sheaths/caps and lightly dampened with tap water 

before swabbing the site of interest. The swabbing consisted of rolling the swab, back and forth for 

five times, over the injury or control site (Figure 2.2). The pressure applied was minimal to make sure 

little or no discomfort was experienced by the participant. After swabbing, the swabs were placed 

back into their sheaths/caps. The label on the sheath/cap was then filled out to include details about 

the sample such as type (injury or uninjured intact skin), time and location. A small cut was made near 

the tip of each sheath/cap to allow the entry of air for the swabs to dry and to prevent bacterial growth. 

The swabs in their sheath/cap were then sealed in paper envelopes and left to dry at room 

temperature. Each of the injury and uninjured intact skin sample swabs were stored at room 

temperature for 10 days from the time of sample collection before being used for analysis. 

 

In general, injury samples were collected by swabbing the laceration at approximately 0-2, 10, 30 

minutes, 12 hours, 1 day, 2, 3, 4, 5 and 6 days after injury. However, samples were taken from a 

laceration from the earliest possible time point within 24 hours of the occurrence of the injury to a 
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maximum of 7 days. At the time of collection of the first injury sample a single uninjured intact skin 

sample was also collected. As many as possible time point samples for a laceration and the uninjured 

intact skin sample were collected by the primary researcher. Any time point samples not collected by 

the primary researcher were collected by participants themselves. For this, participants were provided 

with a self-sampling pack containing a set of labelled sterile Cultiplast® rayon swabs, secure 

packaging material, a pre-addressed pre-paid paper postal envelope, sampling dates and times sheet 

and detailed instructions for self-sampling. In addition, every participant was given a demonstration of 

the self-sampling procedure by the primary researcher at the time of collection of the first injury 

sample. Participants were reminded of self-sampling times and dates through text messages, emails 

or phone calls. After the collection of all the remaining samples the participants simply posted them at 

the earliest possible time to the primary researcher using the pre-addressed pre-paid postal envelope 

included in the self-sampling pack. 

  

 

Figure 2.2 Schematic diagram showing how the swabs were rolled forwards and backwards across 
the laceration for the collection of the injury sample. 

 

Sampling was stopped midway, before the end of the sampling period, only in cases where (a) the 

injury became infected, (b) the sampling procedure was resulting in re-injury or (c) the participant 

withdrew from the research. 

 

At the time of recruitment, participants were required to complete a questionnaire to provide 

information related to demographic, the injury, their injury history, their medical history, current 
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medication, and their smoking and drinking habits. In addition, a photograph of the participant’s injury 

was taken for record when possible. 

 

2.7 Sample extraction 

The sample was extracted from the swab using the DNA IQ
TM

 System kit from Promega. Given that 

this research is interested in RNA and not DNA only the sample extraction steps of the DNA IQ
TM

 

System (Promega) protocol were carried out with minor modifications to the manufacturer’s 

recommended protocol. The swab heads from the sample swabs were cut and placed in individual 

sterilised 1.5 mL microcentrifuge tubes. A 350 µL extraction mixture containing 341.25 µL of DNA 

IQ
TM

 System (Promega) lysis buffer and 8.75 µL of 1M dithiothreitol (DTT) was added to each tube 

ensuring that the swab head was completely submerged. The microcentrifuge tubes were vortexed 

and then incubated at 70ºC for 30 minutes. After incubation the tubes were centrifuged at 2000 x g for 

30 seconds at room temperature in order to eliminate any condensation that might have occurred as a 

result of the incubation. Next, each swab head was carefully transferred using sterilised forceps into a 

separate sterilised spin basket. The spin baskets containing the swab heads were then placed back 

into their respective microcentrifuge tubes and centrifuged at 12,000 x g for 2 minutes at room 

temperature. Following centrifugation, the spin baskets containing the swab heads were removed 

from the microcentrifuge tubes and discarded. The lysates retained in the microcentrifuge tubes from 

the extraction were saved to undergo RNA isolation and purification.  

 

2.8 Sample processing 

2.8.1 RNA isolation and purification 

RNA from the lysate samples was isolated and purified using the RNA Clean-and-Concentrator
TM 

-5 

(Zymo Research). DNase treatment of the lysate samples was carried out employing the in-column 

DNase digestion method suggested by the RNA Clean-and-Concentrator
TM 

-5 kit (Zymo Research) 

using DNase digestion reagents from the TURBO DNA-free
TM

 kit (Ambion® by Life Technologies
TM

).  

 

To each lysate sample obtained from the sample extraction, 700 µL of RNA binding buffer and 350 µL 

of 95% ethanol were added and mixed by vortexing. Each mixture was transferred to a separate 
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Zymo-Spin
TM

 IC Column (hereinafter referred to as column) held in a designated collection tube and 

centrifuged at 12,000 x g for 1 minute, with the resulting flow through being discarded. Next, 400 µL of 

RNA wash buffer was added to each column and centrifuged at 12,000 x g for 30 seconds, with the 

resulting flow through being discarded. Following this, in-column DNase digestion was performed. A 

DNase mix was prepared by mixing 1 µL of RNase-free DNase I and 5 µL of 10X reaction buffer from 

the TURBO DNA-free
TM

 kit (Ambion® by Life Technologies
TM

), with 24 µL of RNA wash buffer from 

the RNA Clean-and-Concentrator
TM 

-5 kit (Zymo Research). The 30 µL DNase mix was added directly 

above the matrix of each column. The columns were then incubated at 37ºC for 15 minutes and 

centrifuged at 12,000 x g for 30 seconds, with the resulting flow through being discarded. Following 

the DNase treatment, 400 µL of RNA prep buffer was added to each column and centrifuged at 

12,000 x g for 1 minute, with the resulting flow through being discarded. Following this, the columns 

were subjected to two wash steps using 800 µL and 400 µL of RNA wash buffer respectively and 

centrifuging at 12,000 x g for 30 seconds, with the flow through being discarded after each wash. The 

columns were then centrifuged at 12,000 x g for 2 minutes to remove any excess reagents. After 

centrifugation, the columns were carefully removed from their designated collection tubes and 

transferred into separate designated sterile RNase-free 1.5 mL microcentrifuge tubes. Subsequently, 

20 µL of DNase/RNase-free water was added directly to the matrix of each column in order to elute 

the RNA. The columns were left to stand for 1 minute at room temperature before being centrifuged at 

10,000 x g for 30 seconds, to allow for the desorption of the RNA. After centrifugation, the columns 

were discarded and the RNA eluted into the microcentrifuge tubes was either used immediately or 

stored at -20ºC until required. 

 

2.8.2 Human genomic DNA quantification 

The Quantifiler® Human DNA Quantification kit (Applied Biosystems® by Life Technologies
TM

) was 

used to detect the possible presence of human genomic DNA in the RNA samples. Reactions to 

quantify the human genomic DNA were setup on MicroAmp® Optical 96-Well Reaction Plates 

(Applied Biosystems® by Life Technologies
TM

) in volumes of 12.5 μL, with each reaction consisting of 

6.25 μL of Quantifiler® PCR Reaction Mix, 5.25 μL Quantifiler® Human Primer Mix, and 1 μL of the 

eluted RNA sample. Quantifiler® Human DNA Standard (200 ng/μL) from the Quantifiler® Human 

DNA Quantification kit (Applied Biosystems® by Life Technologies
TM

) was used for the preparation of 
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the DNA standards. The first DNA standard with an approximate concentration of 50 ng/μL was 

prepared by diluting the Quantifiler® Human DNA Standard by a quarter using nuclease-free water. 

The remaining seven DNA standards with approximate concentrations of 16.7, 5.7, 1.9, 0.6, 0.2, 0.07 

and 0.02 ng/μL were prepared by serially diluting the first standard by one third using nuclease-free 

water. In addition to the DNA standards, a no template control (NTC) containing only nuclease-free 

water was also prepared. The DNA standards and NTC reactions were setup in 12.5 μL reaction 

volumes as mentioned above, using 1 μL of DNA standard or NTC instead of the RNA sample. The 

RNA samples, eight DNA standards and NTC were run in duplicate on each MicroAmp® Optical 96-

Well Reaction Plate (Applied Biosystems® by Life Technologies
TM

).  

 

The quantification of genomic DNA in the samples was performed on the 7500 Real-Time PCR 

System (Applied Biosystems® by Life Technologies
TM

) using the absolute quantification assay. The 

assay was setup to run at the following cycling conditions: 1 cycle of DNA polymerase activation at 

95˚C for 10 minutes followed by 40 cycles of denaturation at 95˚C for 15 seconds and annealing and 

extension at 60˚C for 1 minute. The results of the quantification were analysed using the 7500 

Sequence Detection System (SDS) software v.1.2.3 (Applied Biosystems® by Life Technologies
TM

), 

employing the standard curve generated by the DNA standards and NTC. The final genomic DNA 

quantity in each RNA sample was then estimated as the average of the quantity of genomic DNA 

detected in the duplicates.  

 

RNA samples that were found to contain any traces of human genomic DNA were re-treated with 

DNase. For the DNase re-treatment, 1 μL of TURBO DNase and 5 μL of 10X reaction buffer, included 

in the TURBO DNA-free
TM

 kit (Ambion® by Life Technologies
TM

), were added to each RNA sample 

requiring DNase re-treatment and mixed gently. The RNA samples with the DNase and reaction 

buffer were then incubated at 37ºC for 20 minutes. Following the incubation, 8 μL of resuspended 

DNase inactivation reagent, also included in the TURBO DNA-free
TM

 kit (Ambion® by Life 

Technologies
TM

), was added to each sample and mixed well. The samples were then incubated at 

room temperature for 5 minutes, mixing occasionally, following which they were centrifuged at 10,000 

x g for 1.5 minutes to pellet the DNase inactivation reagent. After the centrifugation, the supernatant 

containing the RNA was transferred into a new sterile 1.5 mL microcentrifuge tube before being 
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reanalysed for the presence of human genomic DNA. A RNA sample only proceeded to the cDNA 

synthesis step when no human genomic DNA could be detected in it, as any remnant DNA could 

interfere with the ensuing RNA analysis. 

 

2.9 Sample preparation 

2.9.1 cDNA synthesis 

cDNA was synthesised from the RNA sample using the High Capacity RNA-to-cDNA Master Mix with 

No RT-Control kit (Applied Biosystems® by Life Technologies
TM

). The cDNA synthesis reactions were 

setup in sterile 0.2 mL PCR tubes in 20 μL volumes, with each reaction containing 16 μL of the 

purified RNA sample and 4 μL of the High Capacity RNA-to-cDNA Master Mix (Applied Biosystems® 

by Life Technologies
TM

). A no reverse transciptase control (NRTC) was included for every RNA 

sample using the High Capacity RNA-to-cDNA Master Mix lacking reverse transcriptase, as an extra 

check to identify for any DNA contamination downstream. The NRTCs were setup using 2 μL of the 

remaining purified RNA sample, 14 μL of nuclease-free water and 4 μL of No RT-Control. The cDNA 

synthesis and NRTC reactions were performed on the GeneAmp
®
 PCR System 9700 (Applied 

Biosystems® by Life Technologies
TM

) using the following cycling conditions: 1 cycle of annealing at 

25˚C for 5 minutes, synthesis at 42˚C for 30 minutes, inactivation of the reverse transcriptase (RT) at 

85˚C for 5 minutes and cooling at 4˚C for 10 minutes. The synthesised cDNA and NRTC samples 

were either used immediately or stored at -20ºC until required. 

 

2.9.2 18S rRNA cDNA quantification 

The 18S rRNA cDNA quantification of the synthesised cDNA samples and their respective NRTCs 

was performed using the TaqMan® Ribosomal Control Reagents, VIC
TM

 Probe kit (Applied 

Biosystems® by Life Technologies
TM

) comprising 10 µM ribosomal RNA forward primer, 10 µM 

ribosomal RNA reverse primer, 40 µM ribosomal RNA probe (VIC
TM

) and 50 ng/µL control RNA 

(Human). The reactions to quantify 18S rRNA cDNA were setup in 25 μL volumes, with each reaction 

containing 0.125 μL 10 µM ribosomal RNA forward primer, 0.125 μL 10 µM ribosomal RNA reverse 

primer, and 0.125 μL 40 µM ribosomal RNA probe (VIC
TM

), 12.5 μL of TaqMan® Universal PCR 

Master Mix (Applied Biosystems® by Life Technologies
TM

), 11.125 μL of nuclease-free water and 1 μL 

synthesised cDNA or NRTC sample. The final primer and probe concentrations in each 18S rRNA 
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cDNA quantification reaction were 50 nM for the forward and reverse primers, and 200 nM for the 

probe.  

 

The 18S rRNA cDNA quantification was performed on MicroAmp® Optical 96-Well Reaction Plates 

(Applied Biosystems® by Life Technologies
TM

) with the injury cDNA samples run in triplicate and the 

uninjured intact skin, NTC and NRTC cDNA samples run in duplicate. cDNA standards for the 

quantification prepared using the control RNA provided in the TaqMan® Ribosomal Control Reagents, 

VIC
TM

 Probe kit (Applied Biosystems® by Life Technologies
TM

). The first step in the preparation of 

cDNA standards was the DNase treatment of the control RNA sample. The DNase treatment was 

performed using the TURBO DNA-free 
TM

 kit (Ambion® by Life Technologies
TM

) employing the same 

method as that used for the DNase re-treatment of RNA samples containing traces of human genomic 

DNA (section 2.8.2). The control RNA sample was then analysed for the presence of human genomic 

DNA according to the human genomic DNA quantification protocol explained earlier (section 2.8.2). If 

the control RNA sample was found to contain any traces of human genomic DNA it was DNase re-

treated and reanalysed for human genomic DNA. The control RNA sample was used for the 

subsequent steps of the cDNA standard preparation only when no human genomic DNA was 

detected in it. 

 

The second step in the preparation of the cDNA standards involved converting the purified control 

RNA sample into cDNA using the High Capacity RNA-to-cDNA Master Mix with No RT-Control kit 

(Applied Biosystems® by Life Technologies
TM

). The cDNA synthesis reaction was setup in sterile 0.2 

mL PCR tubes in 20 μL volumes, with each reaction containing 10 μL of the purified control RNA 

sample, 4 μL of the High Capacity RNA-to-cDNA Master Mix (Applied Biosystems® by Life 

Technologies
TM

) and 6 μL of nuclease-free water. A control RNA NRTC was also included as an extra 

check to identify for any DNA contamination downstream. The control RNA NRTC was setup in a 

sterile 0.2 mL PCR tube using 2 μL of the purified control RNA sample, 14 μL of nuclease-free water 

and 4 μL of No RT-Control. The cDNA synthesis and control RNA NRTC reactions were performed on 

the GeneAmp
®
 PCR System 9700 (Applied Biosystems® by Life Technologies

TM
) using the following 

cycling conditions: 1 cycle of annealing at 25˚C for 5 minutes, synthesis at 42˚C for 30 minutes, 

inactivation of the RT at 85˚C for 5 minutes and cooling at 4˚C for 10 minutes. The synthesised 
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control RNA cDNA is assumed to be of concentration 25 ng/μL based on the assumption that all the 

control RNA in the cDNA synthesis reaction was transcribed into cDNA during cDNA synthesis. The 

control RNA cDNA and NRTC were either used immediately or stored at -20ºC until required. 

The third and final step in the preparation of standards consisted of making up the set of cDNA 

standards from the control RNA cDNA. The first cDNA standard with a concentration 25 ng/μL of 

cDNA was made up entirely of the control RNA cDNA. The remaining cDNA standards were prepared 

by serially diluting the first standard by one third using nuclease-free water to produce cDNA 

standards with cDNA concentrations of approximately 8.3, 2.8, 0.9, 0.3, 0.1, 0.03, and 0.01ng/μL. In 

addition to the cDNA standards a NTC containing only nuclease-free water was also prepared and 

included. The eight cDNA standards, NTC and control RNA NRTC were run in duplicate along with 

every batch of reactions. The cDNA standards, NTC and control RNA NRTC reactions were setup in 

25 μL reaction volumes as in the case of the cDNA samples, using 1 μL of cDNA standard or NTC or 

control RNA NRTC instead of the cDNA sample. 

 

The quantification of 18S rRNA cDNA in the cDNA samples was performed on the 7500 Real-Time 

PCR System (Applied Biosystems® by Life Technologies
TM

) using the absolute quantification assay. 

The assay was setup to run at the following cycling conditions: 1 cycle of UNG (Uracil-DNA 

glycosylase) activation at 50˚C for 2 minutes and DNA polymerase activation at 95˚C for 10 minutes 

followed by 40 cycles of denaturation at 95˚C for 15 seconds and annealing and extension at 60˚C for 

1 minute. The results of the quantification were analysed using the 7500 SDS software v.1.2.3, 

employing the standard curve generated by the cDNA standards and NTC. The final 18S rRNA cDNA 

quantity in the samples was then estimated as the average result of the 18S rRNA cDNA detected in 

the triplicates or duplicates. 

 

In the case that the 18S rRNA cDNA quantification showed the control RNA NRTC to contain human 

genomic DNA, that particular set of cDNA samples and their respective NRTCs were re-quantified for 

18S rRNA cDNA using a new set of standards prepared from a fresh stock of DNase treated and 

human genomic DNA checked control RNA. If the 18S rRNA cDNA quantification showed any NRTC 

samples to contain DNA, the corresponding cDNA sample was omitted from all further analyses. 
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2.10 Traditional end point PCR 

Seventeen markers dual specificity phosphate 1 (DUSP1), IL7, SELP, VCAM1, tenascin C (TNC), 

cluster of differentiation 14 (CD14), SELE, IL6, TNFα, IL1β, chymase 1 (CMA1), collagen type III 

alpha I (COL3A1), laminin 5 (LAMA5), IL2, collagen type I alpha I (COL1A1), collagen type I alpha II 

(COL1A2) and vascular endothelial growth factor A (VEGFA) were selected for use in traditional end 

point PCR assays to study the mRNA expression in injury and uninjured intact skin samples collected 

from volunteers. A detailed description of these markers and their selection for use in this research is 

provided in Chapter 3. In addition to the mRNA markers, 18S rRNA was also included in the 

traditional end point PCR assays as an endogenous reference marker. The selection of 18S rRNA as 

the endogenous reference in this research is discussed in Chapter 4. 

 

2.10.1 Traditional end point PCR primers 

For use in the traditional end point PCR assays, a primer set, consisting of a forward and a reverse 

primer, was designed for each of the chosen markers, including 18S rRNA, using Primer3 v.0.4.0 

(Rozen & Skaletsky, 2000) and Primer Express V3.0 Software (Applied Biosystems® by Life 

Technologies
TM

). The primers in all the primer sets were designed conforming as closely as possible 

the following key primer design guidelines: (a) primer length between 18-30 nucleotides; (b) primer 

GC content between 40-60%; (c) primer melting temperature between 55-65˚C; (d) avoiding polybase 

and tandem repeat sequences; (e) avoiding hairpin, primer-dimer and heterodimer formations; (f) at 

least one primer in a primer set to span an intron-exon boundary and (g) amplicon size between 100-

250 basepairs (Dieffenbach, Lowe & Dveksler, 1993; Udvardi, Czechowski & Scheible, 2008). 

 

To help with marker identification after analysis, the primer sets were designed such that primer sets 

of no two markers resulted in amplicons of the same size; a minimum of 2 basepairs difference in 

amplicon size was maintained. Additionally, suitable fluorescent dyes (FAM
TM

, HEX
TM

 or NED
TM

) were 

added to the forward primer of each primer set to help further differentiate between amplicons 

generated by the different primer sets during analysis. Primer sets resulting in amplicons of similar 

size were given different dyes to avoid the chance of misidentification.  
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All the primers were assessed for their binding specificity to their RNA target transcripts using the 

primer designing tool Primer-Basic Local Alignment Search Tool (BLAST) (Altschul, Gish, Miller, 

Myers & Lipman, 1990) provided by the National Centre for Biotechnology Information (NCBI) before 

ordering. Following the assessment, the primers were ordered from Life Technologies
TM

. All the 

primers were synthesised at a scale of synthesis of 50 nmol and purified by desalting. 

 

Upon receipt from Life Technologies
TM

, all the primers (forward and reverse) were reconstituted 

separately using nuclease-free water to produce stock primer solutions of 100 µM. The stock primer 

solutions were either used immediately or stored at -20˚C until required. Table 2.1 shows the forward 

and reverse primer sequences for all the chosen markers along with their expected amplicon sizes. 
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Table 2.1 Primer sequences, expected amplicon sizes and GenBank accession numbers of the 
markers chosen for this study. 
 

Marker Primer sequence (5’ – 3’) 

Expected 

amplicon size 

(base pairs) 

GenBank 

accession 

number 

DUSP1 
Forward : 

Reverse : 

HEX – TTTGAGTTTGTGAAGCAGAGGC 

AGTGGACAGGGATGGAGACG 
193 NM_004417 

IL7 
Forward : 

Reverse : 

FAM – CGGAAGTTATGGAAAAGGCAAAG 

TCACCGCCCATAGTCACTCC 
181 NM_000880 

SELP 
Forward : 

Reverse : 

FAM – GCTACAGAGTGAGGGGCTTG 

GCTCCTCTCAGCATGAAACC 
205 NM_003005 

VCAM1 
Forward : 

Reverse : 

HEX – TAAAATGCCTGGGAAGATGG 

GGTGCTGCAAGTCAATGAGA 
151 NM_001078 

TNC 
Forward : 

Reverse : 

FAM – GTCACCGTGTCAACCTGATG 

GCCTGCCTTCAAGATTTCTG 
147 NM_002160 

CD14 
Forward : 

Reverse : 

FAM – AGCCTAGACCTCAGCCACAA 

CTTGGCTGGCAGTCCTTTAG 
138 NM_001174105 

SELE 
Forward : 

Reverse : 

FAM – CCCTAGCAAGGCATGATGTT 

GGCCTCATGGAAGTTTTTCA 
170 NM_000450 

IL6 
Forward : 

Reverse : 

HEX – GTGTGAAAGCAGCAAAGAGGC 

TTTCACCAGGCAAGTCTCCT 
112 NM_000600 

TNFα 
Forward : 

Reverse : 

HEX – GCCAAGCCCTGGTATGAGC 

CTGAAGGAGGGGGTAATAAAGGG 
212 NM_000594 

IL1β 
Forward : 

Reverse : 

FAM – AGCACCTTCTTTCCCTTCATCTT 

TTGTTGCTCCATATCCTGTCCC 
195 NM_000576 

CMA1 
Forward : 

Reverse : 

FAM – CTGCTTCTTCCTCTCCCCCT 

TTCCAGGTAGGCCATGTAGG 
117 NM_001836 

COL3A1 
Forward : 

Reverse : 

FAM – AAGGAAATGATGGTGCTCCT 

GTTCCCCAGGTTTTCCATTT 
225 NM_000090 

LAMA5 
Forward : 

Reverse : 

HEX – TACAGCGTGGAGCAGGACA 

CGTGGCCATGGAAAGTCAT 
247 NM_005560 

IL2 
Forward : 

Reverse : 

FAM – ACTGCTGGATTTACAGATGATTTTGA 

GCACTTCCTCCAGAGGTTTG 
158 NM_000586 

COL1A1 
Forward : 

Reverse : 

HEX – TCCGACCTCTCTCCTCTGAA 

AGGGGGAAAAACTGCTTTGT 
133 NM_000088 

COL1A2 
Forward : 

Reverse : 

HEX – GCAACCTGAAAAAGGCTGTC 

GGCGTGATGGCTTATTTGTT 
165 NM_000089 

VEGFA 
Forward : 

Reverse : 

HEX – CTTCTGGGCTGTTCTCGCTT 

CTCTCCTCTTCCTTCTCTTCTTCCT 
143 NM_001025366 

18S rRNA 
Forward : 

Reverse : 

NED – TTAGAGTGTTCAAAGCAGGCC 

GCCGGTCCAAGAATTTCAC 
169 NT_167214 

 

  



31 
 

2.10.2 Duplex PCR assays 

The markers DUSP1, IL7, SELP, VCAM1, TNC, CD14, SELE, IL6, TNFα, IL1β, CMA1, COL3A1, 

LAMA5, IL2, COL1A1, COL1A2, VEGFA mRNA and 18S rRNA were selected for use in duplex PCR 

assays to study the mRNA expression in injury and uninjured intact skin samples collected from 

volunteers. The duplex PCR assays were made up such that the detection of each of the chosen 

mRNA markers was coupled with the detection of the18S rRNA marker. 

 

2.10.2.1 Duplex primer mix 

Each of the mRNA markers was coupled with the 18S rRNA marker and run as a duplex PCR assay 

to simultaneously detect the mRNA and endogenous reference marker expressions. For this, a 10X 

duplex primer mix was prepared for each duplex PCR assay by mixing the stock primer solutions of 

the mRNA marker, stock primer solutions of the 18S rRNA marker and nuclease-free water, such that 

the concentrations of their primers (forward and reverse) in the mix was: 10 μM for the mRNA marker, 

and 0.2 μM for 18S rRNA marker. The 10X duplex primer mix was either used immediately to perform 

the duplex PCR assay amplifications or stored at -20˚C until required. 

 

2.10.2.2 Duplex PCR assay amplifications 

Each of the duplex PCR assays were setup to separately amplify 1 ng, 300 pg, and 30 pg of 18S 

rRNA cDNA input from all the injury samples. For the uninjured intact skin cDNA, NTC and NRTC 

samples a fixed input volume of 1 μL was used for each duplex PCR reaction as a result of the limited 

amount of sample available and/or the very low 18S rRNA cDNA concentrations detected.  

The duplex PCR assay amplifications were performed using the QIAGEN
®
 Multiplex PCR kit. The 

amplification reactions were setup in sterile 0.2 mL PCR tubes in 25 μL volumes, with each reaction 

consisting of 12.5 μL of reaction buffer, 2.5 μL of 10X duplex primer mix, and 10 μL of cDNA sample 

and nuclease free water mixture (ratios depended on the 18S rRNA cDNA input and 18S rRNA cDNA 

concentration of each individual sample determined by cDNA quantification). The final optimised 

concentrations of the primers (forward and reverse) in the multiplex reaction were: 1.0 μM for the 

mRNA marker, and 0.02 μM for 18S rRNA marker. The duplex PCR reactions were performed on a 

GeneAmp
®
 PCR System 9700 (Applied Biosystems® by Life Technologies

TM
) employing the following 

cycling conditions: 1 cycle of DNA polymerase activation at 95˚C for 15 minutes; 35 cycles of 
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denaturation, annealing and extension at 94˚C for 30 seconds, 60˚C for 30 seconds and 72˚C for 90 

seconds, respectively; followed by 1 cycle of final elongation at 72˚C for 10 minutes. All the PCR 

reactions were performed in duplicate, except for those involving uninjured intact skin cDNA, NTC and 

NRTC samples, due to the limited amounts of these samples. Post amplification, the PCR samples 

were stored at 4ºC until the separation of their amplification products by capillary electrophoresis. 

 

2.10.3 Multiplex PCR assay 

The markers DUSP1, IL7, IL6, TNFα, IL1β, CMA1, COL3A1, IL2, VEGFA mRNA and 18S rRNA were 

selected for use in a multiplex PCR assay to study the mRNA expression in injury and uninjured intact 

skin samples collected from volunteers. The selection of these markers for use in the multiplex PCR 

assay was made based on the results of the expression study performed using the duplex PCR 

assays. 

 

2.10.3.1 Multiplex primer mix 

The DUSP1, IL7, IL6, TNFα, IL1β, CMA1, COL3A1, IL2, VEGFA mRNA and 18S rRNA markers were 

run together as a multiplex PCR assay to simultaneously detect the mRNA and endogenous 

reference marker expressions. For this, a 10X multiplex primer mix was prepared by mixing the stock 

primer solutions of all the mRNA markers, the stock primer solutions of the 18S rRNA marker and 

nuclease-free water, such that the concentration of their primers (forward and reverse) in the mix was: 

1.5 μM for DUSP1, 1.5 μM for IL7, 8 μM for IL6, 3 μM for TNFα, 6 μM for IL1β, 8 μM for CMA1, 10 μM 

for COL3A1, 8 μM for IL2, 6 μM for VEGFA and 0.5 μM for 18S rRNA. The 10X multiplex primer mix 

was either used immediately to perform the multiplex PCR assay amplifications or stored at -20˚C 

until required. 

 

2.10.3.2 Sample dilution 

All the injury cDNA samples to be amplified using the multiplex PCR assay were diluted to a 

concentration of 15 pg/μL of 18S rRNA cDNA using nuclease-free water. Some of the diluted injury 

cDNA samples were 18S rRNA cDNA quantified at random to check concentration. The 18S rRNA 

cDNA quantification reactions were carried out as previously described (section 2.9.2), but used 10 μL 

of diluted cDNA sample and 1.125 μL of nuclease-free water. The diluted cDNA samples were then 
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stored at -20˚C until required. The uninjured intact skin cDNA, NTC and NRTC samples were left 

undiluted as a result of their containing very little or no detectable 18S rRNA cDNA. 

 

2.10.3.3 Multiplex PCR assay amplifications 

The final multiplex PCR assay was optimised to amplify 30 pg 18S rRNA cDNA total input from 

samples. The multiplex PCR assay amplifications were performed using the QIAGEN
®
 Multiplex PCR 

kit. The amplification reactions were setup in sterile 0.2 mL PCR tubes in 25 μL volumes, with each 

reaction consisting of 12.5 μL of reaction buffer, 2.5 μL of the 10X primer mix, 8 μL of nuclease-free 

water and 2 μL of diluted cDNA (15 pg/μL). In the case of uninjured intact skin cDNA, NTC and NRTC 

samples amplifications were setup using 9 μL of nuclease-free water and 1 μL of sample. The final 

optimised concentrations of the primers (forward and reverse) in the multiplex reaction were: 0.15 μM 

for DUSP1, 0.15 μM for IL7, 0.8 μM for IL6, 0.3 μM for TNFα, 0.6 μM for IL1β, 0.8 μM for CMA1, 1.0 

μM for COL3A1, 0.8 μM for IL2, 0.6 μM for VEGFA and 0.05 μM for 18S rRNA. The determination of 

these final optimised marker primer concentrations used in the multiplex are discussed in Chapter 5. 

The multiplex PCR reactions were performed on a GeneAmp
®
 PCR System 9700 (Applied 

Biosystems® by Life Technologies
TM

) with the following cycling conditions: 1 cycle of DNA 

polymerase activation at 95˚C for 15 minutes; 35 cycles of denaturation, annealing and extension at 

94˚C for 30 seconds, 58˚C for 30 seconds and 72˚C for 90 seconds, respectively; followed by 1 cycle 

of final elongation at 72˚C for 75 minutes. All PCR reactions were performed in duplicate. Post 

amplification, the PCR samples were stored at 4ºC until the separation of their amplification products 

by capillary electrophoresis. 

 

2.10.4 Capillary electrophoresis and data analysis 

The amplification products in the PCR samples resulting from the multiplex PCR assay were 

separated for analysis by capillary electrophoresis. The PCR samples were prepared for capillary 

electrophoresis on MicroAmp® Optical 96-Well Reaction Plates (Applied Biosystems® by Life 

Technologies
TM

) using Hi-Di
TM

 formamide (Applied Biosystems® by Life Technologies
TM

) and GS500-

ROX
TM

 (Applied Biosystems® by Life Technologies
TM

) size standard. A formamide-ROX mix was 

prepared by mixing 1 mL of Hi-Di
TM

 formamide (Applied Biosystems® by Life Technologies
TM

) and 15 

μL of GS500-ROX
TM 

(Applied Biosystems® by Life Technologies
TM

), and 9 μL of this mix was added 
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into each well of the MicroAmp® Optical 96-Well Reaction Plate (Applied Biosystems® by Life 

Technologies
TM

). Following this, 1 μL of the amplified cDNA or NRTC sample to be analysed was also 

loaded into each well of the MicroAmp® Optical 96-Well Reaction Plate (Applied Biosystems® by Life 

Technologies
TM

). The loaded plate was centrifuged at 1500 x g for 1 minute to remove any bubbles 

from the wells. Following centrifugation, the plate was denatured on a GeneAmp
®
 PCR System 9700 

(Applied Biosystems® by Life Technologies
TM

) using the following cycling conditions: 1 cycle of 

denaturation at 95˚C for 5 minutes followed by cooling at 4˚C for 2 minutes. The denaturated plate 

was then centrifuged at 1500 x g for 1 minute to remove any bubbles in the wells that might have 

resulted from the denaturation process. Following this, the plate was placed in the 3130xl Genetic 

Analyzer (Applied Biosystems® by Life Technologies
TM

) for capillary electrophoresis. The data 

collection for the capillary electrophoresis was performed using the Dye Set DS-30 (Applied 

Biosystems® by Life Technologies
TM

) and Filter Set D (Applied Biosystems® by Life Technologies
TM

). 

Table 2.2 details the run parameters used for capillary electrophoresis on the 3130xl Genetic 

Analyzer (Applied Biosystems® by Life Technologies
TM

). 

 

Table 2.2 Run parameters used for the capillary electrophoresis of the PCR samples. 
 

Parameter Setting 

Oven temperature  60 ˚C 

Polymer fill volume 6500 steps 

Current stability  5 μA 

Pre-run voltage  15 kV 

Pre-run time  180 s 

Injection voltage  3 kV 

Injection time 10 s 

Voltage number of steps 40 

Voltage step interval 15 s 

Data delay time 1 s 

Run voltage 15 kV 

Run time 1500 s 
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The data resulting from the capillary electrophoresis for each sample was analysed using Peak 

Scanner
TM

 Software v1.0 (Applied Biosystems® by Life Technologies
TM

) which performs DNA 

fragment analysis. The analysis was performed setting the size standard and analysis method 

parameters to GS500 (GeneScan
TM

-500 ROX
TM

 by Applied Biosystems® by Life Technologies
TM

) and 

Sizing Default – PP (Primer Peaks), respectively. A threshold of 100 rfu (relative fluorescence units) 

was used for peak identification. 

 

2.10.5 Evaluation 

The expression level of each mRNA marker in a sample was evaluated as a ratio of its peak height 

normalised to the 18S rRNA marker peak height in the same sample. Following this, the expression 

level of each mRNA marker at each selected time point was calculated as the average of its 

expression level in all samples representing that time point. These mRNA marker expression levels, 

at the different time points after injury (0-2, 10, 30 minutes, 12 hours, 1 day, 2, 3, 4, 5 and 6 days after 

injury), were collated for each mRNA marker to produce an individual expression pattern that 

represented the change in expression of the mRNA marker through injury healing between 0-2 

minutes and 6 days after injury. 

 

2.11 Real-time PCR 

Five markers, DUSP1, IL6, CMA1, COL3A1 and VEGFA, were selected for use in real-time PCR 

assays to study the mRNA expression in injury and uninjured intact skin samples collected from 

volunteers. The markers were chosen based on the results of the expression studies performed using 

the traditional end point PCR based duplex and multiplex PCR assays. In addition to the mRNA 

markers, 18S rRNA was also included in the real-time PCR assays as a normaliser marker.  

 

2.11.1 Real-time PCR primers and probes 

Primers and probes for DUSP1, IL6, CMA1, COL3A1 and VEGFA were obtained as human specific 

TaqMan® Gene Expression Assays (Applied Biosystems® by Life Technologies
TM

) directly from Life 

Technologies
TM

, for use in the real-time PCR assays. The assays were selected to include a pair of 

unlabelled PCR primers and a TaqMan® probe with a FAM
TM

 dye label on the 5’ end and a minor 

grove binder (MGB) and a non-fluorescent quencher (NFQ) on the 3’ end. Additionally, only those 
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assays with best coverage and short amplicon size (59-80 basepairs) were selected, resulting in 

primer sequences and positions different to those used for traditional end point PCR. The primers and 

probe for 18S rRNA for the real-time PCR assays were obtained from the TaqMan® Ribosomal 

Control Reagents, VIC
TM

 Probe kit (Applied Biosystems® by Life Technologies
TM

). Table 2.3 lists the 

markers used in the duplex real-time PCR assay with their Life Technologies
TM

 product numbers, 

amplicon sizes and GenBank accession numbers. 

 

Table 2.3 Life Technologies
TM

 product numbers, amplicon sizes and GenBank accession numbers of 
the markers used in the duplex real-time PCR assays. 
 

Marker 
Life Technologies

TM
 product 

number 
Amplicon size (bp) 

GenBank accession 

number 

DUSP1  Hs00610256_g1  63 NM_004417 

IL6 Hs00985639_m1 66 NM_000600 

CMA1 Hs00156558_m1 80 NM_001836 

COL3A1 Hs00943809_m1 65 NM_000090 

VEGFA Hs00900055_m1  59 NM_001025366-9 

18S rRNA 4308329 187 X03205 

 

2.11.2 Duplex real-time PCR assays 

Five duplex real-time assays were developed by coupling each of the five selected mRNA markers 

with the 18S rRNA marker. The cDNA samples synthesised from the laceration and uninjured intact 

skin samples were amplified separately with each of the five duplex real-time PCR assays. 

 

2.11.2.1 Sample dilution 

All the injury cDNA samples to be amplified using the duplex real-time PCR assays were diluted to a 

concentration of 250 pg/μL of 18S rRNA cDNA using nuclease-free water. Some of the diluted injury 

cDNA samples were 18S rRNA cDNA quantified at random to check concentration. The 18S rRNA 

cDNA quantification reactions were carried out as previously described (section 2.9.2), using 1 μL of 

diluted cDNA sample and 11.125 μL of nuclease-free water. The diluted cDNA samples were then 
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stored at -20˚C until required. The uninjured intact skin cDNA, NTC and NRTC samples were left 

undiluted as a result of their containing very little or no detectable 18S rRNA cDNA. 

 

2.11.2.2 Duplex real-time PCR assay amplifications 

The duplex real-time PCR assay reactions were setup to amplify 500 pg 18S rRNA cDNA total input 

from samples. The amplifications were performed using the TaqMan® Gene Expression Master Mix 

(Applied Biosystems® by Life Technologies
TM

). The reactions were setup on MicroAmp® Optical 96-

Well Reaction Plates (Applied Biosystems® by Life Technologies
TM

) in 20 μL volumes, with each 

reaction consisting of 0.125 μL 10 µM ribosomal RNA forward primer, 0.125 μL 10 µM ribosomal RNA 

reverse primer, and 0.125 μL 40 µM ribosomal RNA probe (VIC
TM

) from the TaqMan® Ribosomal 

Control Reagents, VIC
TM

 Probe kit (Applied Biosystems® by Life Technologies
TM

); 1 μL of 20X 

TaqMan® Gene Expression Assay, FAM
TM

 Probe (Applied Biosystems® by Life Technologies
TM

); 10 

μL of 2X TaqMan® Gene Expression Master Mix (Applied Biosystems® by Life Technologies
TM

); 

8.625 μL of nuclease-free water and 2 μL of diluted cDNA sample (250 pg/μL). In the case of 

uninjured intact skin cDNA, NTC and NRTC samples amplifications were setup using 9.625 μL of 

nuclease-free water and 1 μL of sample. All the injury cDNA samples were run in triplicate and the 

uninjured intact skin cDNA, NTC and NRTC samples were run in duplicate with each of the five 

duplex real-time PCR assays.  

 

The duplex real-time PCR assays were run on the 7500 Real-Time PCR System (Applied 

Biosystems® by Life Technologies
TM

) using the relative quantification assay. The assays were setup 

to run at the following cycling conditions: 1 cycle of DNA polymerase activation at 95˚C for 10 minutes 

followed by 40 cycles of denaturation at 95˚C for 15 seconds and annealing and extension at 60˚C for 

1 minute.  

 

2.11.3 Analysis 

The data resulting from the relative quantification were analysed using the 7500 SDS software v.1.2.3 

(Applied Biosystems® by Life Technologies
TM

) to determine the threshold cycle (Ct) values for the 

markers in all the real-time PCR samples. The Ct value is the number of cycles required for the 

fluorescent signal to cross a threshold (“Real-time PCR: Understanding Ct,” 2011). The fluorescence 
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threshold was set in the middle of the exponential phase and the baseline was determined manually 

for each marker to determine the Ct value. The final Ct value for each marker in each real-time PCR 

assay was determined by averaging the Ct observed in the case of each replicate.  

 

2.11.4 Evaluation 

The results of the duplex real-time PCR assays were evaluated using the comparative Ct method. For 

this, the 0-2 minutes after injury time point was selected as the control time point and the 10, 30 

minutes, 12 hours, 1 day, 2, 3, 4, 5 and 6 days after injury time points were selected as the reference 

time points. The marker Ct values obtained from the reference time point samples and the control time 

point sample were adjusted in relation to the normaliser (18S rRNA) Ct values obtained from the 

corresponding samples (Equation 2.1). The resulting adjusted values (ΔΔCt) were then incorporated 

in determining the mRNA expression level of the marker in each sample in terms of a fold difference 

(2 
- ΔΔC

t) (Livak & Schmittgen, 2001) (Equation 2.2). Following this, the mRNA expression level of each 

marker at each selected time point was calculated as the average of the fold difference obtained in all 

samples representing that time point. These mRNA expression levels, at the different time points after 

injury (0-2, 10, 30 minutes, 12 hours, 1 day, 2, 3, 4, 5 and 6 days after injury), were collated for each 

mRNA marker to produce an individual expression pattern that represented the change in expression 

of the mRNA marker through injury healing between 0-2 minutes and 6 days after injury. 

 

ΔΔCt = (marker Ct – normaliser Ct) reference sample – (marker Ct – normaliser Ct) control sample 

(Equation 2.1) 

 

Fold difference = 2 
- ΔΔC

t 

(Equation 2.2) 
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Chapter 3. 

Marker selection  

 

Injury healing is an organised dynamic biological process comprising of three sequential phases, 

inflammation, proliferation and maturation (Kondo & Ishida, 2010). Each of these phases serves a set 

of specific functions critical to the injury healing process. The phases consist of a series of structured 

healing events to repair the damaged tissue (Kondo, 2007; Martin, 1997). Cellular and molecular 

studies show that these healing events are controlled by changes in the gene expression of certain 

specific biological markers involved in the injury healing process such as cytokines, chemokines and 

growth factors (Kondo, 2007; Kondo & Ishida, 2010; Morrison, Ovington & Wilkie, 2004; Singer & 

Clark, 1999). As a result, useful candidate markers for injury age estimation can be identified by 

studying the gene expression of these markers and identifying those whose expression is indicative of 

a specific time period, stage or phase in the injury healing process (Kondo, 2007; Kondo & Ishida, 

2010). 

 

The markers studied and evaluated for their human dermal injury age estimation potential in this 

research were selected by a comprehensive literature search of both injury healing and injury age 

estimation studies. Seventeen markers known to be involved in the injury healing process were 

chosen based on their role during dermal injury healing, most significant phase of action during 

dermal injury healing, and potential to be used as a marker for injury age estimation, as determined 

by previous studies. The markers were selected ensuring that all the three phases of the injury 

healing process, inflammation, proliferation and maturation were represented. However, given the 0-2 

minutes after injury to 6 days after injury sample collection period used in this research, more markers 

representing the wider inflammation phase were selected. This chapter details the seventeen markers 

selected for study and evaluation in this research, according to the phase their gene expression has 

been identified to most significantly represent. 
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3.1 Inflammation 

Inflammation is the first response of all body tissues to injury. It is a biochemical process whose main 

function is to prepare the injury for healing by removing dead and damaged cells and any foreign 

particles from the site of the injury (Johnstone, Farley & Hendry, 2005; Tortora & Grabowski, 2003). 

The first step of the injury healing process, in injuries that have breached the epidermis, is limiting 

blood loss. This is first achieved by the vasoconstriction of the damaged blood vessels which occurs 

within seconds after injury (Johnstone et al., 2005). The bleeding is then controlled by the onset of the 

coagulation process which results in the formation of a blood clot (McCance & Huether, 2002). The 

vasoconstriction of the damaged blood vessels is immediately followed by the vasodilation of the 

surrounding blood vessels. This vasodilation is triggered by biochemicals released from the damaged 

cells, and promotes the migration of biological and biochemical mediators necessary for injury healing 

to the injury site (Johnstone et al., 2005). Once at the site of the injury, the mediators are involved in 

two critical activities, the growth and development of new blood vessels and the removal of dead and 

damaged cells and foreign material. Both of these activities are essential to preparing the injury for 

ongoing and subsequent healing events (Miller & Glover, 1999; Morrison, Moffatt, Bridel-Nixon & 

Bale, 1999). Inflammation is a major stimulant to the ensuing phases of the injury healing process and 

usually lasts from immediately through to around 3 days after injury (Johnstone et al., 2005; Kondo & 

Ishida, 2010). 

 

3.1.1 DUSP1 

DUSP1 is a mitogen–activated protein (MAP) kinase phosphatase that belongs to the subfamily of 

dual specificity phosphatases (Camps, Nichols & Arkinstall, 2000). The phosphatases in this 

subfamily inactivate the MAP kinases by dephosphorylating certain specific phosphorylated amino 

acid residues located on them. MAP kinases are essential for the production of proinflammatory 

cytokines required to respond to the bacteria infiltrating the injury site (Carter, Monick, & 

Hunninghake, 1999; Kagawa et al., 2009). These kinases are activated by cellular injury and their 

regulation is considered to be controlled by DUSP1 (Kagawa et al., 2009; Zhao et al., 2005). DUSP1 

expression is detected at different levels in a variety of body tissues (Kwak, Hakes, Martell & Dixon, 

1994). The DUSP1 expression level in human skin cells was found to be upregulated immediately in 

response to a variety of environmental stress conditions such as temperature, toxins and mechanical 
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damage (Keyse & Emslie, 1992). A study conducted on dermal injury healing in mice by Kagawa et 

al. (2008) showed DUSP1 expression peaked at 15 minutes after injury and identified it as a potential 

marker to indicate the early inflammation phase during the injury healing process. The elevated 

mRNA expression was maintained until 90 minutes after injury following which it decreased and 

showed no significant change at the remaining time points. 

 

3.1.2 IL7 

IL7 is a hematopoietic growth factor that stimulates the proliferation of cells in the lymphoid lineage, 

and as a result plays a pivotal role in the cell-mediated immune response (Fry & Mackall, 2002; Wiles, 

Ruiz & Imhof, 1992). It is also found to play a critical role in the homeostasis of peripheral T-cells. IL7 

expression is primarily induced in the stromal cells of the bone marrow and thymus in response to 

cellular damage caused by infection or injury (Fry & Mackall, 2002; Heufler et al., 1993; Sakata et al., 

1990). Takamiya and co-workers (2009) conducted a study on the cytokine expression in human 

dermal injuries which identified IL7 as a potential marker to indicate the early inflammation phase. In 

their study, IL7 expression was found to be high in intact skin tissue and gradually decrease until 

around 9 hours after injury. No significant changes were observed in the IL7 expression post 9 hours 

after injury. 

 

3.1.3 SELP 

SELP is a cell surface adhesion molecule that is expressed on endothelial cells and platelets (Dreβler 

et al., 1998; Germolec, Frawley & Evans, 2010; McEver, Beckstead, Moore, Marshall-Carlson & 

Bainton, 1989; Pober & Cotran, 1990). It promotes the interactions between granulocytes, platelets 

and endothelial cells and is crucial to both clot formation and degradation (Dreβler et al., 1998; 

Germolec et al., 2010). SELP is critical to the initial cytokine independent binding of white blood cells 

to the site of injury (Germolec et al., 2010). The expression of SELP is found to increase immediately 

after injury as part of the beginning of the immune response (Germolec et al., 2010; Ohnishi et al., 

1996). Experimental studies on the expression of this adhesion molecule have identified it as a 

potential marker for the estimation of dermal injury age, especially to identify injuries that are in the 

early and middle stages of inflammation (Dreβler et al., 1998; Larsen et al., 1990; Ohnishi et al., 1996; 

Pober & Cotran, 1990; Silber et al., 1994). In these studies detectable levels of SELP expression was 
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observed at around 3 minutes after injury at the earliest and at around 7 hours after injury at the 

latest, with peak expression noted between around 30 minutes to 2 hours after injury (Dreβler et al., 

1998; Larsen et al., 1990; Ohnishi et al., 1996; Pober & Cotran, 1990; Silber et al., 1994). 

 

3.1.4 VCAM1 

VCAM1 also known as the cluster of differentiation 106 (CD106) belongs to the immunoglobulin 

supergene family (Dreβler et al., 1999). It functions as a cell adhesion molecule and mediates the 

diapedesis (passage) of the white blood cells from the blood vessels to the tissue and their adhesion 

to the tissue during an immune response (Carlos & Harlan, 1994; Norris et al., 1991; Oppenheimer-

Marks, Davis, Tompkins Bogue, Ramberg & Lipsky, 1991). VCAM1 expression is observed in 

endothelial cells and in macrophages and dentritic cells of the lymphatic tissue (Dreβler et al., 1999). 

The expression of VCAM1 is not constitutive and requires activation by either intruding foreign 

particles or molecular mediators of inflammation during the immune response (Dreβler et al., 1999; 

Rice, Munro & Bevilacqua, 1990). The earliest up-regulation of VCAM1 in injuries is observed at 

around 2-4 hours after the injury (Abe, Sugisaki & Dannenberg, 1996; Pober & Cotran, 1990). Its 

expression is found to persist and is detectable in injuries by immunohistochemical staining even after 

48 hours (Gemmell, Walsh, Savage & Seymour, 1994). Dreβler et al. (1999) identified VCAM1 as a 

possible marker for use to estimate dermal injury age from their research where VCAM1 expression 

was observed at 3 hours after injury at the earliest and 3.5 days after injury at the latest. 

 

3.1.5 TNC 

TNC is a large extracellular matrix glycoprotein that modulates cell proliferation, differentiation, 

adhesion and migration as part of an immune response (Lightner, 1994; Vollmer, 1997). The 

expression of TNC is limited in adult healthy human skin, but is found to greatly increase in conditions 

that cause damage to the skin (Latijnhouwers et al., 1996; Latijnhouwers et al., 1997; Schalkwijk et 

al., 1991). Latijnhouwers, Pfundt, de Jongh and Schalkwijk (1998) found TNC expression to be 

closely associated with inflammation as they observed abundant TNC expression in inflamed skin. 

Increased TNC expression was also observed during the inflammation phase (around 24 hours after 

injury) in a more recent immunohistochemical study of TNC in dermal injuries (Guler, Aktas, Karali & 

Aktas, 2011). The results of this recent study by Guler et al. (2011) showed a positive correlation 
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between TNC and injury age, as a result of which they recommend its use as a parameter to estimate 

dermal injury age. 

 

3.1.6 CD14 

CD14 is a glycoprotein receptor mainly expressed in monocytes and macrophages (Pugin et al., 

1994). CD14 is the major lipopolysaccharide receptor that plays an important role in modulating the 

activation of immune cells by bacterial lipopolysaccharides (Haziot, Tsuberi & Goyert, 1993; Kielian & 

Blecha, 1995; Martin et al., 1994). CD14 is also found to regulate the production of adhesion 

molecules, proinflammatory cytokines and anti-inflammatory cytokines as part of the inflammatory 

response (Dentener, Bazil, Von Asmuth, Ceska & Buurman, 1993; Haziot et al., 1993). Studies on 

CD14 showed that its expression increased between around 3 hours to 24 hours after injury, the 

period during which the injury is most susceptible to bacterial infiltration (Kagawa et al., 2009; Kielian 

& Blecha, 1995). The expression of CD14 was identified as helpful in establishing the time from 

around 12 to 24 hours after injury, as its mRNA transcripts were detected only for a limited time after 

injury (Kagawa et al., 2009). 

 

3.1.7 SELE 

SELE is a cell surface adhesion molecule expressed only on endothelial cells that facilitates the 

adhesion of granulocytes to endothelial cells before they can make their way into the damaged tissue 

to help with the repair (Dreβler et al., 1998; Germolec et al., 2010). SELE expression is absent in 

healthy skin and its expression is mainly activated by cytokines such as IL1 and TNFα produced and 

secreted by damaged cells as a result of inflammatory stimulus (Germolec et al., 2010). Studies 

showed SELE expression in animal (rabbit) and human dermal injuries from around 1 hour to 48 

hours after injury (Abe et al., 1996; Dreβler et al., 1998; Nwariaku, Mileski, Lightfoot, Sikes & Lipsky, 

1995; Pober & Cotran, 1990; Takeuchi, Streilein & Hall, 2003). Peak expression of this adhesion 

molecule in these studies varied but was generally noted between around 2 to 6 hours after injury 

(Abe et al., 1996; Dreβler et al., 1998; Nwariaku et al., 1995; Pober & Cotran, 1990). The expression 

pattern observed for SELE in dermal injuries during healing makes it an ideal candidate marker for 

dermal injury age estimation, as its presence is indicative of the middle and late stages of 

inflammation. 
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3.1.8 IL6 

IL6 is a proinflammatory cytokine that is produced by numerous cell populations involved in the injury 

healing process (Grellner, 2002; Kondo & Ohshima, 1996; Sato & Ohshima, 2000). It is found to take 

part in the inflammation phase of the immune response and functions as the main mediator of the 

acute phase reaction (Grellner, 2002; Heinrich, Castell & Andus, 1990; Kondo & Ohshima, 1996; Sato 

& Ohshima, 2000; Thomson, 1994). IL6 is found to be expressed at a basal level in healthy skin and 

its expression is enhanced a few hours after injury (Grellner, 2002; Sato & Ohshima, 2000). 

Significant increase in IL6 expression was noted in human dermal injuries between around 8 hours to 

12 hours after injury (Grellner, 2002; Takamiya et al., 2008) and in murine dermal injuries between 

around 5 hours after injury and around 10 hours after injury (Sato & Ohshima, 2000). After this period 

of increased IL6 expression, the expression gradually returned back to the basal level by around 3 

days after injury (Grellner, 2002; Sato & Ohshima, 2000; Takamiya et al., 2008). As a result of an 

expression pattern that is indicative of mainly the middle and late stages of the inflammation phase, 

IL6 has been suggested as a potential marker to estimate dermal injury age (Grellner, 2002; Sato & 

Ohshima, 2000; Takamiya et al., 2008). 

 

3.1.9 TNFα 

TNFα is a multifunctional proinflammatory cytokine that belongs to the tumor necrosis factor 

superfamily. The main role of TNFα is to stimulate the acute phase reaction in response to systemic 

inflammation resulting from cellular damage (Kondo & Ohshima, 1996; Sato & Ohshima, 2000). TNFα 

is also involved in regulating a wide range of processes that are essential to the injury healing process 

such as cell activation, cell proliferation, differentiation, apoptosis and coagulation (Germolec et al., 

2010). This cytokine is mainly produced by macrophages, and functions by binding to the receptors 

on these cells. In the skin, it is secreted by mast cells as a response to inflammatory stimulus 

(Olszewski, Groot, Dastych & Knol, 2007; Walsh, Trinchieri, Waldorf, Whitaker & Murphy; 1991). 

Dermal injuries in mice showed TNFα expression increased around 5 hours after injury and peaked at 

around 3 days after injury (Sato & Ohshima, 2000). In experiments conducted on human dermal 

injuries its expression was found to peak at around 9 hours after injury, however, significantly 

elevated levels of expression were observed between around 3 hours to around 10 days after injury 

(Takamiya et al., 2008). The TNFα expression observed in both the murine and human models were 
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indicative of its potential as a marker to estimate dermal injury age, especially of injuries entering the 

late stages of the inflammation phase (Takamiya et al., 2008).  

 

3.1.10 IL1β 

IL1β is a member of the interleukin 1 family of cytokines (Kondo & Ohshima, 1996). The cytokine is 

mainly produced by activated macrophages in response to cellular damage caused by injury 

(Germolec et al., 2010; Kondo & Ohshima, 1996; Sato & Ohshima, 2000). The main function of IL1β 

is to mediate and promote inflammation by stimulating the production of other mediators involved in 

the injury healing process (Germolec et al., 2010; Kondo & Ohshima, 1996; Sato & Ohshima, 2000). 

Additional functions of this cytokine include cell proliferation, differentiation, adhesion and apoptosis 

(Germolec et al., 2010; Kondo & Ohshima, 1996). Studies conducted on IL1β identify it as a potential 

marker for the estimation of dermal injury age, as its expression pattern is indicative of the period from 

the middle stages of inflammation to the early stages of proliferation (Kondo & Ohshima, 1996; Sato & 

Ohshima, 2000). In studies conducted on dermal injuries in mice IL1β expression was found to start to 

significantly increase around 9 hours to 5 days after injury (Kondo & Ohshima, 1996; Sato & 

Ohshima, 2000). A similar increase in the expression of this cytokine at around 9 hours after injury 

with elevated levels of expression until around 5 days after injury was also seen in a study by 

Takamiya and colleagues (2009) that focussed on human dermal injuries. In both these studies, IL1β 

expression was found to gradually return back to the basal level at around 10 days after injury (Kondo 

& Ohshima, 1996; Sato & Ohshima, 2000; Takamiya et al., 2009). 

 

3.2 Proliferation 

The proliferation phase is characterized by the development of the granulation tissue and 

reepithelialisation of the injury surface. Following the removal of debris from the injury site, the cells 

involved in the removal operation release a variety of biochemical mediators that bring about the 

growth of new connective tissue and blood vessels in the injury, and reepithelialisation (Johnstone et 

al., 2005; Miller & Glover, 1999; Morrison et al., 1999). The new blood vessels serve the healing 

tissue (granulation tissue) by delivering oxygen and nutrients and removing metabolic wastes 

(Johnstone et al., 2005; Kondo, 2007). The granulation tissue grows and strengthens over time, as a 

result of the reorganisation and rebuilding of the connective tissue and the contraction of the injury. 
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The contractions reduce the surface area of the injury and continue throughout the remaining healing 

process (Miller & Glover, 1999; Morrison et al., 1999).  

 

Reepithelialisation occurs alongside the granulation tissue growth. The process involves the 

biochemical mediator stimulated migration of epithelial cells across the injury surface (Morrison et al., 

1999). The amount of vascular tissue begins to decrease as the epithelial cells accumulate on the 

injury surface (Miller & Glover, 1999). Once the injury surface is covered with epithelial cells, cell 

migration ceases and the cells begin to differentiate to form the different layers of the epidermis 

(McCance & Huether, 2002). The proliferation phase begins around 2 days after injury and last 

through to around 8 days after injury (Kondo & Ishida, 2010). 

 

3.2.1 CMA1 

CMA1, also known as mast cell protease 5, is a protease that belongs to the serine protease family 

(Kagawa et al., 2009; Solivan, Selwood, Wang & Schechter, 2002). CMA1 is primarily synthesised 

and stored in mast cells, the immune effectors distributed in the connective tissue, and is rapidly 

released during degranulation when these cells are activated by external stimulus such as mechanical 

damage (Kagawa et al., 2009; Miller & Pemberton, 2002; Pejler, Abrink, Ringvall & Wernersson, 

2007). CMA1 plays a major role in the proteolytic events that occur in the tissue as part of the immune 

response (Kagawa et al., 2009; Solivan et al., 2002). It is also found to promote angiogenesis and 

influence cytokines and other proteases that are important to the resolution of the injury (Caughey, 

2011; Kagawa et al., 2009; Russo et al., 2005). Kagawa and colleagues (2009) proposed CMA1 as 

an indicator of the proliferation phase of injury healing and a potential marker for dermal injury age 

estimation based on the elevated CMA1 expression levels that they observed in murine dermal 

injuries from around 3 to 7 days after injury. 

 

3.2.2 COL3A1 (collagen type III)  

Collagen type III is a fibrillar collagen found in extensible connective tissues (Betz et al., 1993). It is 

the collagen of the granulation tissue (Gabbiani, Le Lous, Bailey, Bazin & Delaunay, 1976) and 

provides the basic structure for wound contraction to occur during the proliferation phase of the injury 

healing process (Ehrlich, 1988; Johnstone et al., 2005). Collagen type III is found in small amounts in 
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healthy adult skin but its expression is greatly increased after injury with the formation and 

development of the granulation tissue (Gabbiani et al., 1976). Studies on collagen type III showed its 

earliest occurrence in dermal injuries is around 2 days after injury, identifying it as an indicator of the 

proliferation phase during injury healing and thereby as a possible marker for dermal injury age 

estimation (Betz et al., 1992; Betz et al., 1993; Eisenmenger et al., 1988; Gay et al., 1978; Kurkinen, 

Vaheri, Roberts & Stenman, 1980). Collagen type III expression was found to return to normal at 

around 6 days after injury and its presence was detected in injuries even after 2 months (Betz, 1995; 

Betz et al., 1993). 

 

3.2.3 LAMA5 

LAMA5 is a major adhesive ligand localised in the basement membrane of the epidermis (Carter, 

Ryan & Gahr, 1991; Kainulainen et al., 1998; Kallunki et al., 1992) that helps maintains the structural 

integrity of the basal membrane, by facilitating the integration of keratinocytes to the quiescent 

epidermal tissue (Nguyen, Ryan, Gil & Carter, 2000; Uitto, Pulkkinen & Christiano, 1994). LAMA5 is 

found to play a major part in dermal injury repair (Kainulainen et al., 1998). The expression of LAMA5 

is observed in migrating keratinocytes during reepithelialisation of dermal injuries (Larjava, Salo, 

Haapasalmi, Kramer & Heino, 1993) and is noted to be critical to keratinocyte migration and integrin 

relocation during reepithelialisation and cell differentiation (Carter et al., 1991; Niessen et al., 1994). 

Injury to the epidermis is found to result in increased LAMA5 expression and deposition (Martin, 1997; 

Woodley, O’Toole, Nadelman & Li, 1999). LAMA5 expression is seen to significantly increase from 

around 3 days after injury until the completion of reepithelialisation at around 8 days after injury 

(Kainulainen et al., 1998), indicating its potential to be used as a marker for the proliferation phase as 

well as dermal injury age estimation. 

 

3.2.4 IL2 

IL2 is a cytokine that regulates the activity of white blood cells. IL2 is normally produced by T cells 

and plays a vital role in the growth, proliferation and differentiation of these cells (Cantrell & Smith, 

1984; Smith, 1988). IL2 is also involved in the stimulation of other mediators regulating the injury 

healing process and in the maturation of the regulatory T cells that are important for preventing 

autoimmune responses (Sakaguchi, Sakaguchi, Asano, Itoh &Toda, 1995; Thornton, Donovan, 
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Piccirillo & Shevach, 2004; Thornton & Shevach, 1998). An important characteristic of IL2 is its ability 

to mediate its own effect by binding to IL2 receptors on white blood cells (Thornton et al., 2004; 

Thornton & Shevach, 1998). In studies conducted by Takamiya and colleagues (2008) on human 

dermal injuries, IL2 expression was found to be significantly upregulated from around 3 days after 

injury to around 5 days after injury and significantly downregulated (to a level below what is observed 

in normal intact skin) from around 10 days to 30 days after injury. They identified this observed 

upregulation and downregulation of IL2 to approximately coincide with the proliferation and maturation 

phases of the injury healing process, and as a result went on to suggest IL2 as an indicator of these 

phases and as a possible marker for use in the estimation of dermal injury age (Takamiya et al., 

2008). 

 

3.3 Maturation 

The maturation phase primarily involves the development of the scar tissue (Johnstone et al., 2005). 

The beginning of maturation is characterised by the removal of the granulation tissue and 

revascularisation (Kondo & Ishida, 2010). The removed vascular tissue is replaced by scar tissue 

which strengthens as the phase progresses. Unnecessary blood vessels are removed from the injury 

site with the development of scar tissue, as the amount of activity occurring at the injury site reduces 

(Morrison et al., 1999). The strength of the scar tissue never exceeds more than 80% the strength of 

the original tissue and can vary according to the tissue remodelling (Johnstone et al., 2005). Usually 

maturation begins at around 5 days after injury and can last until around 3 weeks after injury (Kondo 

& Ishida, 2010). However, as the maturation process depends on factors such as the size, depth and 

location of the injury it can take up to several months to complete (Johnstone et al., 2005). 

 

3.3.1 COL1A1 and COL1A2 (Collagen type I) 

Collagen type I is the most abundant collagen found in the human body (Clark, 1996). It is a fibrillar 

collagen that is composed of two components, COL1A1, the major component, and COL1A2, the 

minor component (Clark, 1996). Collagen type I is present in the scar tissue that results from healing 

and plays an important part in scar tissue strengthening (Clark, 1996; Johnstone et al., 2005; 

Morisson et al., 2004). Its deposition within the granulation tissue matrix succeeds that of collagen 

type III and occurs from around the beginning of the maturation phase (Johnstone et al., 2005; 



49 
 

Morisson et al., 2004; Myers, 2004; Kondo & Ishida, 2010; Kurkinen et al., 1980). Collagen type I has 

been identified as potential marker for the estimation of dermal injury age, especially to identify 

injuries that are older than 5 days as its expression is first noted around 5 days after injury at the 

earliest and is found to remain significantly elevated in injuries even after 2 months (Betz, 1995; Betz 

et al., 1993; Eisenmenger et al., 1988). 

 

3.3.2 VEGFA 

VEGFA is a potent angiogenic cytokine that a member of the VEGF family and is expressed on 

macrophages and myofibroblasts in the dermal injuries (Ferrara & Henzel, 1989; Hayashi et al., 2004; 

Kondo, 2007; Kondo & Ishida; 2010; Leung, Cachianes, Kuang, Goeddel & Ferrara, 1989). It plays a 

major role in injury healing as it is responsible for inducing the formation of new blood vessels from 

pre-existing blood vessels during the formation and growth of the granulation tissue and 

reepithelialisation in the injury site (Hayashi et al., 2004; Kondo & Ishida, 2010; Martin, 1997; Singer & 

Clark, 1999). VEGFA also has other functions during the injury healing process which include 

regulating vascular permeability, inducing vasculogenesis, promoting cell migration and inhibiting 

apoptosis (Clark, 1996; Martin, 1997). VEGFA has been shown to demonstrate time-dependent 

expression during dermal injury healing, suggesting its possible use as a marker for dermal injury age 

estimation (Hayashi et al., 2004; Takamiya et al., 2002; Takamiya et.al, 2003). The expression pattern 

observed for VEGFA in human dermal injuries through the injury healing process identifies it as an 

indicator of the maturation phase and shows potential to establish injury age between around 7 days 

to 21 days after injury (Hayashi et al., 2004). 

 

3.4 Conclusion 

Seventeen markers known to be involved in the injury healing process were chosen for study and 

evaluation as potential markers for human dermal injury age estimation from a thorough survey of 

literature on injury healing and injury age estimation. The markers were selected based on their 

function during dermal injury healing, most significant phase of action during dermal injury healing and 

potential to be used as a marker for injury age estimation, as determined by previous studies. A 

summary of the selected markers, their phase of action and their role in the dermal injury healing 

process is shown in Table 3.1. 
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Table 3.1 The phase of action and the role during dermal injury healing of the markers selected for 
study and evaluation in this research.  
 

Marker Phase of action
a
 Role during dermal injury healing 

DUSP1 Inflammation (early) 
Stimulation of proinflammatory cytokine production in response to 
environmental stress 

IL7 Inflammation (early) Stimulation of the proliferation of cells in the lymphoid lineage 

SELP Inflammation (early) 
Adhesion of granulocytes to the endothelial cells and blood clot 
formation 

VCAM1 Inflammation Adhesion of white blood cells to the vascular endothelium 

TNC Inflammation (middle) 
Modulation of cell proliferation, differentiation, adhesion and 
migration and extracellular matrix protein production 

CD14 Inflammation (late) Response to bacterial lipopolysaccharides 

SELE Inflammation (late) Cytokine induced adhesion of granulocytes to the endothelial cells 

IL6 Inflammation (late) Mediation of the acute phase reaction 

TNFα Inflammation (late) Stimulation of the acute phase response 

IL1β 
Inflammation and 
proliferation 

Mediation and promotion of the inflammatory response 

CMA1 Proliferation Proteolysis in the damaged tissue 

COL3A1 Proliferation Strengthening granulation tissue structure and wound contraction 

LAMA5 Proliferation 
Maintaining structural integrity of the basement membrane and 
keratinocyte migration during reepithelialisation 

IL2 
Proliferation and 
maturation 

T cell growth, differentiation and proliferation 

COL1A1 Maturation Strengthening of the scar tissue  

COL1A2 Maturation Strengthening of the scar tissue  

VEGFA Maturation 
Promoting angiogenesis, inducing vasculogenesis and regulating 
vascular permability 

a
 Approximate times for the three phase of injury healing: Inflammation – immediately after injury to 3 days after injury; 

Proliferation – 2 days after injury to 8 days after injury; and Maturation – 5 days after injury to 3 weeks after injury. 
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Chapter 4. 

Development and selection of the methods for RNA 

recovery 

 

RNA analysis has emerged as an important forensic tool over the last few years as a result of its 

potential to supplement current DNA analysis. The use of RNA has been investigated for a variety of 

forensic applications including identifying the type of body fluid, determining the age of stains and 

estimating the age of injuries with the intention of complementing or replacing existing analysis 

techniques (Anderson, Hobbs & Bishop, 2005; Bauer, 2007; Bauer, Kraus & Patzelt, 1999; Juusola & 

Ballantyne, 2003; Nussbaumer, Gharehbhaghi-Schnell & Korschineck, 2006; Ohshima & Sato, 1998). 

The first and most critical part of performing any RNA analysis such as RT-PCR, transcriptome 

analysis, array analysis, digital PCR, northern analysis, and cDNA library construction is obtaining 

RNA of an acceptable standard (“The Basics: RNA Isolation,” n.d.). In order to generate sensitive and 

meaningful results, the procedure by which RNA is recovered must include important steps before, 

during, and after the actual RNA isolation process. The selection of the methods employed in these 

steps is critical and must be made after evaluating their efficiency and suitability for use in the 

investigation, as they can not only be influenced by the type of sample but can also influence the 

performance of downstream applications. 

 

The generalised experimental procedure for studying RNA in this research involves the following 

steps: sample collection, extraction, processing, preparation, amplification and analysis. Each of 

these steps involves one or more of a set of methods that qualify the sample for the subsequent step 

or steps until its final analysis. The methods involved in these steps were specifically designed and/or 

modified and/or optimised and selected to suit this study. This chapter describes and discusses the 

investigation and comparison of the methods comprised in the sample collection, extraction, 

processing and preparation steps and their selection, based on performance and suitability for 

subsequent downstream applications, for use in the final experimental procedure employed to 

conduct this research. The development of the methods employed in the sample amplification and 

analysis steps of the overall RNA analysis process are discussed in detail in Chapter 5, which 
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describes the development of the multiplex PCR assay and the analysis and evaluation of the 

multiplex PCR assay results. A schematic representation of the overall RNA analysis process used in 

this research to study the RNA expression in intravital human dermal injuries is shown in Figure 4.1. 

 

 

 
Figure 4.1 Overview of the generalised experimental procedure for studying RNA in this research. 
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4.1 Sample collection 

It is critical that samples are collected in a consistent and proper manner using equipment that is 

appropriate to the type of sample being collected and the study being conducted in order to obtain 

relevant analytical results that reflect the true condition of the sample at the time of sampling (Butler, 

2011). There exists the possibility to inadvertently generate sampling errors during sample collection. 

While the errors may be insignificant when taken in the context of a single sample, when taken as a 

whole they can combine to result in significant error leading to the generation of erroneous results and 

arriving at inaccurate conclusions (Butler, 2011). In order to identify and select the most appropriate 

method for the collection of samples from injuries in this research, three methods, dry swabbing, wet 

swabbing (Pang & Cheung, 2007) and minitaping (Verdon, Mitchell and Van Oorschot, 2014), 

commonly used for the collection of forensic samples, were investigated and compared. 

 

4.1.1 Dry swabbing vs. wet swabbing vs. minitaping 

Using each of the three sample collection methods, two samples were collected from six human 

intravital lacerations at approximately 12 hours after injury. Where the injury samples were collected 

using swabs, the swabs were rolled backwards and forwards over the injury for five times to collect 

the injury sample. A dry sterile swab and a dampened (with tap water) sterile swab were used to 

collect the injury samples using the dry swabbing and wet swabbing methods, respectively. For injury 

samples collected using the minitaping method, the injury was dabbed for five times using a sterile 

minitape after removing the protective cover. All the injury samples were air dried for 48 hours after 

collection. Following this, the samples were extracted, processed and prepared for amplification 

according to the methods described in sections 2.7 to 2.9. The cDNA and control samples were 

amplified in duplicate using an initial version of the multiplex PCR assay (described in Chapter 2) that 

detects the presence of ten RNA markers: DUSP1, IL7, IL6, TNFα, IL1β, CMA1, COL3A1, IL2, and 

VEGFA mRNA, and 18S rRNA. The amplification reactions were setup in 25 μL volumes using the 

QIAGEN
®
 Multiplex PCR kit with each reaction consisting of 12.5 μL of reaction buffer, 2.5 μL of a 

10X primer mix, 9 μL of nuclease-free water and 1 μL of cDNA sample. The final concentrations of the 

primers (forward and reverse) in the multiplex PCR assay reaction were: 0.5 μM for DUSP1, IL7, IL6, 

TNFα, IL1β, CMA1, COL3A1, IL2, and VEGFA mRNA, and 0.1 μM for 18S rRNA. The amplifications 

were performed on a GeneAmp
®
 PCR System 9700 (Applied Biosystems® by Life Technologies

TM
) 
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using the following cycling conditions: DNA polymerase activation at 95˚C for 15 minutes; 35 cycles of 

denaturation, annealing and extension at 94˚C for 30 seconds, 60˚C for 30 seconds and 72˚C for 90 

seconds, respectively; followed by a final elongation at 72˚C for 10 minutes. The samples were 

analysed after multiplex PCR amplification, using the method described in section 2.10.4. 

 

It is important to note that a volume, rather than concentration, based cDNA input was used for all the 

multiplex PCR amplifications performed in the experiments described in this chapter, unless otherwise 

specified, as they were conducted prior to the standardisation of the cDNA input amount. 

 

4.2 Sample extraction 

Sample extraction is crucial to the recovery of RNA from the collected samples. It is important to 

select the sample extraction method based on the type of starting sample material and the equipment 

used for sample collection, as they can greatly impact the success of the extraction. Employing an 

inappropriate sample extraction method can lead to poor RNA recovery which ultimately affects the 

performance of downstream applications. In addition to the actual sample extraction method, the 

experimental conditions in which sample extraction, specifically lysis, is performed should also be 

carefully considered as it can significantly influence the amount and quality of the RNA recovered. 

Therefore, in order to recover RNA of a standard suitable for downstream applications, it is necessary 

identify and employ a sample extraction method specifically suited for the study, that can be 

performed in experimental conditions conducive to favourable RNA recovery.  

 

The sample extraction and processing methods used in this research were based on the DNA and 

RNA co-extraction protocol developed by Bowden, Fleming and Harbison (2011). The sample 

extraction step of the DNA and RNA co-extraction protocol employs a stage of lysis where the sample 

swab heads are incubated at 70ºC for 30 minute in chemical reagents that effectuate the lysis. As 

RNA is known to be affected by high temperatures, the effect of employing an extraction step 

involving high temperature lysis on the RNA recovery and its subsequent analysis was investigated. 

This was done by the studying lysis performed at different temperatures during the sample extraction 

step and the complete exclusion of the sample extraction step and identifying any impacts they might 

have on the RNA recovery and analysis. 
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4.2.1 Lysis 

The effect of the sample extraction steps involving lysis performed at three different incubation 

temperatures, 37ºC, 56ºC and 70ºC, and the complete exclusion of the sample extraction step on 

RNA recovery and analysis were investigated. Four sets of samples consisting of two samples each 

were obtained by collecting two samples at approximately 10 minutes and 1 day after injury from four 

human intravital lacerations. The samples were collected according to the sample collection method 

detailed in section 2.6. All the injury swabs were air dried for 48 hours after their collection. The first 

three sets of samples were extracted by performing 30 minutes of chemical lysis at 37ºC, 56ºC and 

70ºC, respectively. The sample extraction step was completely excluded from the RNA recovery 

procedure in the case of the fourth set of samples and the sample swab heads were directly 

subjected to sample processing. The samples were processed and prepared for amplification 

according to the methods mentioned in sections 2.8 to 2.9. Amplification of the cDNA and control 

samples was performed in duplicate using a multiplex PCR assay as described in section 4.1.1. The 

samples were analysed according to the analysis method detailed in section 2.10.4, following the 

amplification. 

 

4.3 Sample processing 

The sample processing step consists of RNA isolation and RNA purification. There are different RNA 

isolation technologies available, all of which can be classified into four general methods: organic 

extraction, column-based, magnetic particle and direct lysis (“The Basics: RNA Isolation,” n.d.). Each 

of these methods is capable of isolating RNA of a standard suitable for a use with a wide range of 

analyses techniques. The column-based method of RNA isolation was selected for use in this study 

as it is easy, convenient, safe, amenable to single or multiple samples and cost effective. Two popular 

column-based methods were compared to identify the most efficient RNA isolation method specific to 

the type of samples and downstream applications involved in this study. 

 

RNA purification consists of treating the isolated RNA with DNase either during or after the isolation 

procedure. DNase treatment is recommended for RNA to be used for RT-PCR, in order to remove any 

residual contaminating DNA whose presence can interfere with the results. Three DNase treatment 

methods commonly employed in combination with column-based RNA isolation methods were 
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investigated to identify the method resulting in purified RNA of a standard suitable for the downstream 

applications involved in this study. In addition, different DNase re-treatment conditions were also 

investigated to identify the most appropriate re-treatment condition for removing contaminating DNA 

from previously purified RNA samples. The reagents provided in the TURBO DNA-free
TM

 kit 

(Ambion® by Life Technologies
TM

) were selected for use to perform the DNase treatments and re-

treatments as they are of high-quality and allow for the easy removal of the DNase from the samples 

post treatment/re-treatment. 

 

4.3.1 RNA isolation 

The Quick RNA
TM

 MiniPrep (Zymo Research) and the RNA Clean-and-Concentrator
TM 

-5 (Zymo 

Research) were compared to identify the RNA isolation method better suited for the isolation of RNA 

from the samples specific to this research. Two sets of swabs consisting of six swabs each were 

taken, and two swabs in each set were spiked with 5, 10 and 20 μL of fresh human blood taken from 

finger pricks. All the swabs were air dried for 48 hours after spiking. Following drying, the samples 

were extracted from the two sets of swabs according to the sample extraction method detailed in 

section 2.7.  

 

RNA extracted from the first set of swabs was isolated using the Quick RNA
TM

 MiniPrep (Zymo 

Research) and that extracted from the second set of swabs was isolated using the RNA Clean-and-

Concentrator
TM 

-5 (Zymo Research). The RNA isolations were performed according to the instructions 

provided by the manufacturer with each kit (“Quick RNA
TM

 MiniPrep,” n.d.; “RNA Clean-and-

Concentrator
TM 

-5,” n.d.). To complete the sample processing the eluted RNA was DNase treated 

using the TURBO DNA-free
TM

 kit (Ambion® by Life Technologies
TM

) according to the protocol 

provided with the kit by the manufacturer (“TURBO DNA-free
TM

 kit,” 2012). After this, the samples 

were checked for the presence of genomic DNA according to the method stated in section 2.8.2.  

 

The purified RNA samples were then prepared for amplification employing the sample preparation 

method explained in section 2.9. The cDNA and control samples were amplified in duplicate using a 

duplex PCR assay developed to detect IL7 mRNA and 18S rRNA. The final concentrations of the 

primers (forward and reverse) in the duplex PCR assay reactions were: 0.5 μM for IL7 mRNA and 0.1 
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μM for 18S rRNA. The amplification reactions were setup using the QIAGEN
®
 Multiplex PCR kit as 

mentioned in section 4.1.1. Following amplification, the samples were analysed using the analysis 

method described in section 2.10.4. 

 

4.3.2 RNA purification 

4.3.2.1 DNase treatment 

Direct, in-column and in-tube DNase digestion methods were compared to identify the most effective 

method to use for the purification of RNA samples in this research. Three sets of swabs consisting of 

three swabs each were taken and spiked with 20 μL of fresh human blood taken from finger pricks. All 

the sample swabs were air dried for 48 hours before extraction. The samples were extracted from all 

the three sets of swabs using the sample extraction method described in section 2.7.  

 

The RNA in the samples extracted from the first set of swabs was isolated using the RNA Clean-and-

Concentrator
TM 

-5 (Zymo Research) and purified post RNA isolation by direct DNase digestion using 

the TURBO DNA-free
TM

 kit (Ambion® by Life Technologies
TM

). The RNA isolations and purifications 

were performed according to the instructions provided by the manufacturers of the RNA Clean-and-

Concentrator
TM 

-5 (Zymo Research) and the TURBO DNA-free
TM

 kit (Ambion® by Life 

Technologies
TM

), respectively (“RNA Clean-and-Concentrator
TM 

-5,” n.d.; “TURBO DNA-free
TM

 kit,” 

2012). The RNA in the samples extracted from the second and third set of swabs was isolated using 

the RNA Clean-and-Concentrator
TM 

-5 (Zymo Research) and purified during RNA isolation using the 

TURBO DNA-free
TM

 kit (Ambion® by Life Technologies
TM

) employing in-column and in-tube DNase 

digestion, respectively. The in-column and in-tube DNase digestions were performed according to the 

protocol provided by the manufacturer of RNA Clean-and-Concentrator
TM 

-5 (Zymo Research) (“RNA 

Clean-and-Concentrator
TM 

-5,” n.d.). However, instead of using the recommended 3 μL of DNase for 

DNase digestions, 1 μL of DNase was used and the remaining 2 μL was made up for by using 

nuclease-free water. 

 

To complete the sample processing, the presence of human genomic DNA in the purified RNA 

samples was checked according to the method detailed in section 2.8.2. The RNA quality of the 

purified RNA samples was evaluated on the Agilent 2100 Bioanalyzer employing the Agilent RNA 
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6000 Pico kit according to the instructions provided by the manufacturer (“Agilent RNA 6000 Pico,” 

2013). Following this, the purified RNA samples were prepared for amplification according to the 

method described in section 2.9. Multiplex PCR amplifications of the cDNA and control samples were 

carried out in duplicate as described in section 4.1.1. The samples were analysed post amplification, 

according to the analysis method detailed in section 2.10.4. 

 

4.3.2.2 DNase re-treatment 

To determine the most effective and efficient conditions for performing DNase re-treatment, the 

performance of six different DNase treatment reagent combinations (in volume) for three different 

incubation periods, 20, 30 and 45 minutes at 37˚C was investigated. Table 4.1 shows the volume of 

the TURBO™ DNase, 10X TURBO™ DNase buffer and DNase inactivation reagent used in the six 

DNase treatment reagent combinations studied. Fifty swabs were each spiked with 20 μL of fresh 

human blood taken from finger pricks. All the sample swabs were left to air dry for 48 hours before 

use. After drying, the samples from the swabs were extracted and processed according to the 

methods described in sections 2.7 and 2.8.  

 

Post processing, thirty-six isolated and purified RNA samples, with no detectable amounts of human 

genomic DNA and not previously DNase re-treated, were taken and spiked with 1 μL of approximately 

500 pg/μL Quantifiler® Human DNA Standard (200 ng/μL) obtained from the Quantifiler® Human 

DNA Quantification kit (Applied Biosystems® by Life Technologies
TM

). The spiked RNA samples were 

divided into six sets of samples comprising of six spiked RNA samples each. The six sets of samples 

were DNase re-treated using the six reagent DNase treatment reagent combinations under 

investigation. In addition, two samples from each set were incubated at 37˚C for 20, 30 and 45 

minutes, respectively. The DNase re-treatment was performed according to the instructions provided 

by the manufacturer with the TURBO DNA-free
TM

 kit (Ambion® by Life Technologies
TM

) (“TURBO 

DNA-free
TM

 kit,” 2012) with necessary modifications to the DNase treatment reagent volumes and 

incubation period as specified to conduct the investigation.  

 

The DNase re-treated RNA samples were checked for the presence of human genomic DNA 

according to the method described in section 2.8.2 and only those RNA samples showing no 
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detectable traces of human genomic DNA were prepared for amplification according to the method 

detailed in section 2.9. Multiplex PCR amplifications of the cDNA and control samples were performed 

in duplicate according to the method specified in section 4.1.1. Following the amplification, the 

samples were analysed using the analysis method described in section 2.10.4. 

 

Table 4.1 The six DNase treatment reagent combinations, including the volumes of the individual 
reagents in each combination, used for performing the DNase re-treatments. 
 

Combination DNase treatment reagent Volume (μL) 

1 

TURBO™ DNase 1 

10X TURBO™ DNase buffer 2 

DNase inactivation reagent 2 

2 

TURBO™ DNase 1 

10X TURBO™ DNase buffer 3 

DNase inactivation reagent 5 

3 

TURBO™ DNase 1 

10X TURBO™ DNase buffer 5 

DNase inactivation reagent 8 

4 

TURBO™ DNase 2 

10X TURBO™ DNase buffer 2 

DNase inactivation reagent 2 

5 

TURBO™ DNase 2 

10X TURBO™ DNase buffer 3 

DNase inactivation reagent 5 

6 

TURBO™ DNase 2 

10X TURBO™ DNase buffer 5 

DNase inactivation reagent 8 
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4.4 Sample preparation 

Sample preparation comprises of cDNA synthesis and quantification. cDNA synthesis is critical to 

studying RNA as it enables the application of PCR analysis to RNA molecules. cDNA is generated 

from the RNA template using an enzyme called reverse transcriptase through a process called 

reverse transcription. It is important to choose an appropriate reverse transcriptase enzyme for cDNA 

synthesis as the choice of enzyme can significantly affect the yield and quality of cDNA that 

accurately represents the RNA template (“cDNA Synthesis Kits,” n.d.). Two cDNA synthesis kits, 

SuperScript® III First-Strand Synthesis Supermix (Invitrogen
TM

 by Life Technologies
TM

) and High 

Capacity RNA-to-cDNA Master Mix (Applied Biosystems® by Life Technologies
TM

) employing 

SuperScript® III and MultiScribe
TM

 reverse transcriptase, respectively, were compared to identify the 

kit/reverse transcriptase capable of delivering reliable and consistently high yields of representative 

cDNA from the RNA templates, suitable for use with downstream applications in this study. 

 

Estimating the amount of RNA recovered after extraction is not only useful in determining the 

approach for downstream applications, but is also useful in determining if there is sufficient RNA to 

proceed with downstream applications. There are a number of methods for the quantification of RNA 

(Aranda, Dineen, Craig, Guerrieri & Robertson, 2009; Jones, Yue, Cheung & Singer, 1998), however, 

due to the variable nature, integrity and limited amounts of RNA encountered in forensic samples, 

there exist certain inherent issues with these methods (Fleige & Pfaffl, 2006). The most common RNA 

quantification methods include ultraviolet-visible spectroscopy, fluorescence spectroscopy, northern 

blots, RNase protection assays, in situ hybridisation and real-time PCR. Ultraviolet-visible 

spectroscopy and fluorescence spectroscopy provide good estimates of total RNA but are not very 

sensitive and are prone to suffer interference from contaminants that can be present in the samples 

such as organic residues and metal ions (Dell’Anno, Fabiano, Duineveld, Kok & Danavaro, 1998; 

Imbeaud et al., 2005; Lee, 1997; Lightfoot, 2002). Northern blots, RNase protection assays, in situ 

hybridisation and real-time PCR are more sensitive than spectroscopic methods and have their own 

specific advantages depending on the type of sample and the purpose of the investigation. In the 

context of this research real-time PCR was identified and selected as the most suitable method to 

perform the quantifications as it is the most sensitive technique available, capable of measuring very 

low amounts of RNA template (<10 copies per reaction) (Dallman, Montgomery, Larsen, Wanders & 
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Wells, 1991; Schmittgen et al., 2000). Commonly used reference genes were compared to identify 

those suitable for use in the development of a real-time PCR method. Real-time quantification assays 

that determine the amount cDNA, reverse transcribed from RNA, were developed and investigated to 

identify the most suitable assay to use for quantifying samples in this research. Quantification of 

cDNA, as opposed to RNA, is advantageous as it accounts for any experimental variation between 

samples introduced while performing the cDNA synthesis. 

 

 4.4.1 cDNA synthesis  

In order to analyse RNA molecules using PCR, the RNA needs to be converted into cDNA. cDNA 

synthesis using the SuperScript® III First-Strand Synthesis Supermix (Invitrogen
TM

 by Life 

Technologies
TM

) and High Capacity RNA-to-cDNA Master Mix (Applied Biosystems® by Life 

Technologies
TM

) were compared to identify the better method for converting RNA to cDNA in this 

research. Two sets of swabs with four swabs each were taken, and two swabs in each set were 

spiked with 5 and 20 μL of fresh human blood taken from finger pricks. The swab samples were air 

dried for 48 hours before extraction. The samples were extracted and processed according to the 

method described in sections 2.7 and 2.8, after drying.  

 

For sample preparation, the RNA samples obtained from the first set of swabs were converted into 

cDNA using SuperScript® III First-Strand Synthesis Supermix (Invitrogen
TM

 by Life Technologies
TM

) 

and that obtained from the second set of swabs was converted into cDNA using High Capacity RNA-

to-cDNA Master Mix (Applied Biosystems® by Life Technologies
TM

), according the instructions 

provided with the kits (“SuperScript® III First-Strand Synthesis Supermix,” 2010; “High Capacity RNA-

to-cDNA Master Mix,” 2010). Following cDNA synthesis, the sample preparation was completed by 

quantifying the cDNA according to the method described in section 2.9.2. Multiplex PCR 

amplifications of the cDNA and control samples were performed in duplicate using the method stated 

in section 4.1.1. Following amplification, the samples were analysed according to the method detailed 

in section 2.10.4. 
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4.4.2 cDNA quantification 

mRNA profile based gene expression analyses requires accurate data normalisation to a reference 

gene or reference genes (Sun, Nan, Gao & Wang, 2012). Assessing the quantity of the reference 

gene or genes not only aids in the normalisation, but also allows for the standardisation of the 

samples to a particular cDNA input amount during analysis enabling meaningful quantitative 

comparison between samples by reducing variability arising as a result of experimental error. In order 

to perform the required normalisations and standardisations for studying the mRNA expression in the 

samples obtained in this research, different assays for quantifying cDNA were developed and 

investigated for their suitability. 

 

4.4.2.1 Endogenous reference gene screening 

Common endogenous reference genes were screened using the TaqMan® Array Human 

Endogenous Control Plate (Applied Biosystems® by Life Technologies
TM

) to identify suitable 

endogenous reference genes that can be used in the development of a cDNA quantification method. 

The TaqMan® plate is predefined and comes pre-plated with gene expression assays that detect a 

set of 32 genes, plated in triplicate. The selection of reference genes on the plate were chosen by 

Applied Biosystems® (Life Technologies
TM

) from literature and whole genome microarray tests carried 

out on human tissue that have shown to be good candidates for normalisation and expressed 

constitutively and at moderate abundance across most test samples (“TaqMan® Array Plates’” 2011). 

Table 4.2 shows the list of endogenous reference genes assessed by the TaqMan® Array Human 

Endogenous Control Plate (Applied Biosystems® by Life Technologies
TM

). Six types of samples were 

compared across two plates to identify suitable endogenous reference genes to use for quantifying 

cDNA obtained from injury samples in this research. The six sample types investigated included 20 μL 

fresh human blood, 10 minutes after injury, 1 day after injury, 3 days after injury, 6 days after injury 

and skin samples. The 20 μL fresh human blood samples were obtained from a single finger prick and 

the 10 minutes, 1 day, 3 days and 6 days after injury samples were obtained from two different 

intravital lacerations on two different individuals over a six day period. All the samples were collected 

according to the sample collection method described in section 2.6. Two samples of each sample 

type were collected and air dried for 48 hours before use. All the samples were extracted and 

processed according to the methods detailed in sections 2.7 and 2.8. Post processing, cDNA was 
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synthesised from the purified RNA samples using High Capacity RNA-to-cDNA Master Mix (Applied 

Biosystems® by Life Technologies
TM

) using the cDNA synthesis method described in section 2.9.1. 

Following cDNA synthesis, the two cDNA samples of the same sample type were combined to make 

one cDNA sample of volume 40 μL. This was done to ensure the availability of a sufficient amount of 

cDNA for each sample type for conducting the screening and comparison. The cDNA samples 

obtained from the 20 μL fresh human blood, 10 minutes after injury and 1 day after injury samples 

were run on the first TaqMan® plate and those obtained from the 3 days after injury, 6 days after 

injury and skin samples were run on the second TaqMan® plate. The TaqMan® plates were setup 

according to the protocol provided by the manufacturer, Applied Biosystems® by Life Technologies
TM

 

(“TaqMan® Array Plates’” 2011), using 1 μL cDNA per reaction. A volume, rather than concentration, 

based cDNA input was used for the cDNA synthesis and endogenous reference gene screening as 

they were conducted prior to the standardisation of the cDNA input amount. The results were 

analysed using the 7500 SDS software v.1.2.3 (Applied Biosystems® by Life Technologies
TM

).  

 

Table 4.2 The genes assessed by the TaqMan® Array Human Endogenous Control Plate (Applied 
Biosystems® by Life Technologies

TM
). 

 

Genes 

18S GAPDH HPRT1 GUSB 

ACTB B2M HMBS IPO8 

PGK1 RPLP0 TBP TFRC 

UBC YWHAZ PPIA POLR2A 

CASC3 CDKN1A CDKN1B GADD45A 

PUM1 PSMC4 EIF2B1 PES1 

ABL1 ELF1 MT-ATP6 MRPL19 

POP4 RPL37A RPL30 RPS17 

 

4.4.2.2 Assays for cDNA quantification 

Three genes, 18S rRNA, beta-actin (ACTB) mRNA and transglutaminase 1 (TGM1) mRNA were 

selected for the development of cDNA quantification assays with the aim of identifying the most 
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suitable cDNA quantification assay to use for the quantification of cDNA samples in this research. 18S 

rRNA and ACTB mRNA were selected based on the results of the endogenous reference screening. 

TGM1 mRNA was selected from a survey of literature to identify other candidates with potential for 

use in the development of a cDNA quantification method, as a result of the occurrence of TGM1 

expression in the outermost layer of the skin (epidermis) and therefore its likeliness to be present in 

the injury samples taken from injuries on the human dermis (Kim et al., 1992; “Transglutaminase 1,” 

2013).  

 

4.4.2.2.1 18S rRNA cDNA quantification assay 

The 18S rRNA cDNA quantification assay used in this research is eukaryote specific. The primers and 

probe for the assay were obtained from the TaqMan® Ribosomal Control Reagents kit (Applied 

Biosystems
TM

 by Life Technologies
TM

), VIC
TM

 probe, and are designed to detect a 187 base pair 

segment of the 18S rRNA gene. The final 18S rRNA primers and probe concentrations in the 

reactions were determined according to the primers and probe optimisation method described in the 

TaqMan® Universal PCR Master Mix (Applied Biosystems
TM

) protocol (“TaqMan® Universal PCR 

Master Mix,” 2010). The cDNA for the optimisations was prepared using the control RNA (50 ng/µL) 

provided in the TaqMan® Ribosomal Control Reagents kit (Applied Biosystems
TM

 by Life 

Technologies
TM

). The control RNA was first checked for traces of human genomic DNA using the 

method described in section 2.8.2. After checking for human genomic DNA, cDNA synthesis was 

performed in sterile 0.2 mL PCR tubes in 20 μL volumes, with each reaction containing 8 μL of the 

control RNA, 4 μL of the High Capacity RNA-to-cDNA Master Mix (Applied Biosystems® by Life 

Technologies
TM

) and 8 μL of nuclease-free water. The cDNA synthesis was performed on the 

GeneAmp® PCR System 9700 (Applied Biosystems® by Life Technologies
TM

) using the following 

cycling conditions: 25˚C for 5 minutes, 42˚C for 30 minutes, 85˚C for 5 minutes and 4˚C for 10 

minutes. The synthesised stock control RNA cDNA is assumed to be of concentration 20 ng/μL based 

on the assumption that the cDNA synthesis reaction has a 100% conversion efficiency thereby 

transcribing all the RNA into cDNA. The final primer and probe concentrations were as follows: 50 nM 

18S rRNA forward and reverse primers, and 200 nM 18S rRNA probe. The 18S rRNA cDNA 

quantification assay reactions were setup in 25 μL volumes containing 1 μL cDNA standard or sample 

and using TaqMan® Universal PCR Master Mix (Applied Biosystems
TM 

by Life Technologies
TM

) 
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according to the protocol provided by the manufacturer (“TaqMan® Universal PCR Master Mix,” 

2010). The quantifications were performed on the 7500 Real-Time PCR System (Applied 

Biosystems
TM

 by Life Technologies
TM

) using the following cycling conditions: 1 cycle of UNG 

activation at 50˚C for 2 minutes and polymerase activation at 95˚C for 10 minutes followed by 40 

cycles of denaturation and annealing / elongation at 95˚C for 15 seconds and 60˚C for 1 minute, 

respectively. 

 

4.4.2.2.2 ACTB mRNA cDNA quantification assay 

The ACTB mRNA cDNA quantification assay used in this research is eukaryote specific. The primers 

and probe for the assay were obtained as a Single Tube TaqMan® Gene Expression Assay (Applied 

Biosystems
TM

 by Life Technologies
TM

) with a 6-FAM
TM

 probe, and are designed to detect a 69 base 

pair segment of the ACTB mRNA gene. The ACTB mRNA cDNA quantification assay reactions were 

setup in 25 μL volumes containing 1 μL cDNA standard or sample and using TaqMan® Universal 

PCR Master Mix (Applied Biosystems
TM 

by Life Technologies
TM

) according to the protocol provided by 

the manufacturer (“TaqMan® Universal PCR Master Mix,” 2010). The quantifications were performed 

as stated in section 4.4.2.2.1. 

 

4.4.2.2.3 TGM1 mRNA cDNA quantification assay 

The TGM1 mRNA cDNA quantification assay used in this research is human specific. The primers 

and probe for the assay were designed using Primer Express® Software v3.0 (Applied Biosystems
TM

) 

and Primer 3 (Koressaar & Remm, 2007; Untergrasser et al., 2012), and are as follows: forward – 

ACTACGGCCAGTTTGACCAC, reverse – TCGGGAGTAATCACCAGACC and 6-FAM
TM

 probe – 

TGTCTCCCGGGTCATCTCTGCCA. The sequences are designed to detect a 179 base pair segment 

of the TGM1 mRNA gene. The final primers and probe concentrations in the reactions were 

determined according to the TaqMan® Universal PCR Master Mix (Applied Biosystems
TM

) protocol 

(“TaqMan® Universal PCR Master Mix,” 2010), but using the PerfeCTa® qPCR FastMix®, UNG, Low 

ROX™ (Quanta Biosciences). cDNA used for the optimisations was synthesised using control RNA 

as mentioned in section 4.4.2.2.1. The final primer and probe concentrations were as follows: 300nM 

TGM1 mRNA forward and reverse primer, and 250nM TGM1 mRNA probe. The reactions were setup 

in 25μL volumes containing 1μL cDNA standard or sample using PerfeCTa® qPCR FastMix®, UNG, 
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Low ROX™ (Quanta Biosciences) according to the protocol provided by the manufacturer 

(“PerfeCTa® qPCR FastMix®, UNG, Low ROX™,” n.d.). The real-time PCR analysis was performed 

on the Applied Biosystems
TM

 7500 Real-Time PCR System with the following thermal cycling 

conditions: 1 cycle of polymerase activation at 95˚C for 5 minutes followed by 40 cycles of 

denaturation at 95˚C for 15 seconds, annealing at 58˚C for 30 seconds, and elongation at 70˚C for 1 

minute. 

 

4.4.2.3 Preparation of the cDNA standards  

Standards prepared using Total RNA - Human Adult Normal Tissue 5 Donor Pool: Skin (1.66 μg/μL) 

(hereinafter referred to as control skin RNA) manufactured by BioChain® and control RNA (50 ng/µL) 

manufactured by by Life Technologies
TM

 were compared to identify which of the two standards 

generated the better performing standard curve.  

 

The stock control skin RNA and control RNA to be used for preparing the cDNA standards for cDNA 

quantification were checked for traces of contaminating human genomic DNA using the method 

described in section 2.8.2. Following this, cDNA was synthesised from the respective stock RNAs 

using the High Capacity RNA-to-cDNA Master Mix (Applied Biosystems® by Life Technologies
TM

). 

The cDNA synthesis reactions were setup in sterile 0.2 mL PCR tubes, with each reaction consisting 

of 10 μL of the stock RNA (50 ng/µL), 4 μL of the High Capacity RNA-to-cDNA Master Mix (Applied 

Biosystems® by Life Technologies
TM

) and 6 μL of nuclease-free water. The cDNA synthesis was 

performed on the GeneAmp® PCR System 9700 (Applied Biosystems® by Life Technologies
TM

) using 

the following cycling conditions: 25˚C for 5 minutes, 42˚C for 30 minutes, 85˚C for 5 minutes and 4˚C 

for 10 minutes. The synthesised stock cDNA is assumed to be of the concentration 25 ng/μL, based 

on the assumption that the cDNA synthesis reaction has a 100% conversion efficiency, thereby 

transcribing all the RNA into cDNA. 

 

The cDNA standards from control skin RNA and control RNA were prepared from their respective 

stock cDNA. The first cDNA standard with a concentration of approximately 25 ng/μL was made up 

entirely of the stock cDNA. The remaining cDNA standards were prepared by serially diluting the first 

standard by one third using nuclease-free water to produce cDNA standards with concentrations of 
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approximately 8.3, 2.8, 0.9, 0.3, 0.1, 0.03, and 0.01 ng/μL. In addition to the eight cDNA standards a 

NTC containing only nuclease-free water was also included. For the generation of the standard curve 

1 μL of each of eight the standards (from either control skin RNA or control RNA) and NTC were run 

in duplicate with the cDNA quantification assay.  

 

4.4.2.4 Assessment of the performance of the standard curves 

Standard curves were generated by running the 18S rRNA, ACTB mRNA and TGM1 mRNA cDNA 

quantification assays (section 4.4.2.2), individually and separately with the control skin RNA and 

control RNA cDNA standards. Each set of cDNA standards was run five times with each assay. The 

performance of the generated standard curves was assessed by determining the average standard 

deviation of the Ct values for every standard, the average R
2
 value and the average PCR efficiency, of 

all the five replicates. 

 

4.4.2.5 Data analysis 

Data from the cDNA quantification assays was analysed using the 7500 SDS software v.1.2.3 

(Applied Biosystems® by Life Technologies
TM

). The fluorescence threshold was set to the middle of 

the exponential phase (phase 2) of the PCR and the baseline was determined manually for each 

assay. 

 

4.4.2.6 Sensitivity studies 

In order to assess the sensitivity of the 18S rRNA, ACTB mRNA and TGM1 mRNA cDNA 

quantification assays (section 4.4.2.2), the ability of each assay to quantify a range of cDNA 

concentrations (ng/μL) was studied. To do this, cDNA (25 ng/μL) was synthesised from control skin 

RNA in triplicate, using the High Capacity RNA-to-cDNA Master Mix (Applied Biosystems® by Life 

Technologies
TM

) as mentioned in section 4.4.2.3. After cDNA synthesis, the first control skin RNA 

cDNA sample was quantified using the 18S rRNA cDNA quantification assay, the second control skin 

RNA cDNA sample was quantified using the ACTB mRNA cDNA quantification assay and the third 

control skin RNA cDNA sample was quantified using the TGM1 mRNA cDNA quantification assays. 

All the quantifications were performed in triplicate. The quantified control skin RNA cDNA samples 

were then diluted using nuclease-free water to concentrations of approximately 20, 2, 0.2, 0.02 and 



68 
 

0.002 ng/μL based on the results of their respective quantifications. The resulting three sets of cDNA 

dilutions were then quantified in triplicate using the original cDNA quantification assay, from whose 

results they were prepared. The cDNA quantification reactions were performed using 1 μL of cDNA 

sample. The cDNA standards were prepared from control RNA according to the method stated in 

section 2.9.2. A semi-logarithmic scale of Ct vs. determined cDNA concentration (ng/μL) was plotted 

separately for each of the three cDNA quantification assays, to indicate the quantitative accuracy of 

the results.  

 

4.4.2.7 cDNA quantification of injury samples 

Samples were collected from one human intravital laceration at approximately 1 day, 3 days and 5 

days after injury, according to the sample collection method described in section 2.6. All the samples 

were air dried for 48 hours after collection. Following drying, the samples were extracted and 

processed according to the methods detailed in section 2.7 and 2.8. cDNA was synthesised from 

these samples after the sample processing, as stated in the cDNA synthesis method described in 

section 2.9.1. The 1 day, 3 days and 5 days after injury cDNA samples were quantified separately and 

in duplicate using each of the three cDNA quantification assays, 18S rRNA, ACTB mRNA and TGM1 

mRNA (section 4.4.2.2). cDNA standards prepared from control RNA were used to generate the 

standard curve for the quantification. The 18S rRNA, ACTB mRNA and TGM1 mRNA cDNA 

quantification assays were setup and run according to the methods described in sections 4.4.2.2.1, 

4.4.2.2.2 and 4.4.2.2.3, respectively. Multiplex PCR amplifications of the all the cDNA and control 

samples were performed according to the method detailed in section 4.1.1. Following the 

amplifications, the samples were analysed using the method stated in section 2.10.4. 

 

4.4.2.8 cDNA input amount standardisation 

This experiment was conducted to compare the effects of adding a fixed cDNA input volume and a 

fixed cDNA input amount to PCR assays. For this, two human intravital lacerations were sampled at 

approximately 2 days after injury, according to the sample collection method described in section 2.6. 

The injury samples were air dried for 48 hours before extraction. After drying, the injury samples were 

extracted, processed and prepared according to the methods detailed in sections 2.7 and 2.8. Two 

multiplex PCR amplifications, one using a fixed cDNA input volume and the other using a fixed cDNA 
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input amount were performed on each of the cDNA and control samples in duplicate, using the 

multiplex PCR assay described in section 2.10.3. For the multiplex PCR amplification using a fixed 

cDNA input volume, 1 μL of the cDNA sample was determined as the fixed volume and 1 μL of the 

cDNA sample was added to the multiplex PCR amplification irrespective of the determined sample 

concentration (ng/μL). For the multiplex PCR amplification using a fixed cDNA input amount, an 

informed arbitrary value of 50 pg of 18S rRNA cDNA was selected as the fixed input amount and the 

volume of the cDNA sample added to the multiplex PCR amplification was based on the determined 

sample concentration (ng/μL). The multiplex PCR amplifications were performed according to the 

method explained in section 2.10.3.3, with modifications to satisfy the input conditions specified 

above. The samples were analysed after amplification, using the analysis method described in section 

2.10.4. 

 

4.5 Results and discussion 

4.5.1 Sample collection 

Based on the 18S rRNA cDNA concentration (ng/μL) of the cDNA samples obtained from the injury 

samples, minitaping was identified as the most effective method for the collection of samples from 

injuries (refer to section 4.1.1 for method). The least 18S rRNA cDNA concentration (ng/μL) was seen 

in the cDNA samples obtained from injury samples collected using the dry swabbing method. The 

reason for higher 18S rRNA cDNA concentrations (ng/μL) in the cases where the samples were 

collected using minitaping is likely to be because of the flat physical structure of the minitape, which 

prevents the samples from getting trapped and exposing the samples to lysis and washing, leading to 

greater RNA recovery. The reason for the wet swabbing method performing better than the dry 

swabbing method is possibly because of improved adhesion resulting from the dampening the swab 

with water. Table 4.3 shows the mean 18S rRNA cDNA concentration of the cDNA samples obtained 

from injury samples collected using the dry swabbing, wet swabbing and minitaping sample collection 

methods. 
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Table 4.3 The mean 18S rRNA cDNA concentrations (ng/μL) of the 12 hours after injury samples 
from the sample collection method comparison. 
 

Sample collection method Mean 18S rRNA cDNA concentration (ng/μL) 

Dry swabbing 0.30 

Wet swabbing 0.51 

Minitaping 1.08 

 

The multiplex PCR amplifications were performed to identify if any of the sample collection methods 

under investigation had any significant effects on downstream applications. The multiplex PCR 

amplifications of all the cDNA samples were successful, irrespective of the method employed for the 

collection of the injury sample (Figure 4.2). The success of the amplifications shows that all three 

sample collection methods are capable of collecting samples that can be used with downstream 

applications. Overamplified marker peaks (peak height ≥ 7000 rfu) were seen in the case of samples 

collected using the wet swabbing and minitaping sample collection methods. The overamplification 

observed in the cDNA samples synthesised from samples collected using these two methods can be 

explained as a result of their recovering larger amounts of RNA compared to the dry swabbing 

method. Split peaks were seen in all the samples after amplification. The occurrence of split peaks 

was identified to be a result of employing an unoptimised multiplex PCR assay for performing the 

amplifications. The overamplifications and split peaks observed in this and subsequent experiments 

discussed in this chapter were not a concern as the sole purpose of performing these multiplex PCR 

amplifications at this stage of the research was to identify if any of the methods under investigation 

affected downstream applications, but they will be addressed in Chapter 5. The outcomes of the 

multiplex PCR amplifications of the control samples were as expected with the positive control 

samples showing marker amplification and the NTC and NRTC samples showing no marker 

amplification. 
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Figure 4.2 Electropherograms showing the results of the multiplex PCR amplifications of the cDNA 
samples prepared from 12 hours after injury samples collected using the (a) dry swabbing, (b) wet 
swabbing and (c) minitaping sample collection methods, respectively. Overamplification and split 
peaks are seen in the case of wet swabbing and minitaping. 

 

Despite the results of the sample collection experiment, wet swabbing was chosen over minitaping for 

the collection of injury samples in this research. The decision to discard the minitaping method was 

made after discussions with the doctors and nurses at Auckland City Hospital and Starship Children’s 

Hospital, where they suggested that the physical nature of minitaping could affect the injury, and as a 

result introduce error and discrepancies into the study. It was agreed that gentle swabbing of the 

injury, using the swabbing technique described in section 2.6, was likely to cause negligible or no 

change to the injury and was therefore a better method for collecting injury samples, especially when 

taking into consideration the purpose of this research. Wet swabbing was chosen over dry swabbing 

based on the results of the sample collection experiment. In addition, wet swabbing was also 

considered likely to have less friction when collecting samples, therefore making it the least likely of 

the two swabbing methods to affect the injury. 
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4.5.2 Sample extraction 

The mean 18S rRNA cDNA concentration (ng/μL) of the cDNA samples obtained from the 30 minutes 

and 1 day after injury samples extracted using the four different sample extraction conditions tested 

are shown in Table 4.4 (refer to section 4.2.1 for method). cDNA samples obtained from the injury 

samples extracted using lysis at 70ºC for 30 minutes showed the highest 18S rRNA cDNA 

concentration (ng/μL). The cDNA samples obtained from the 10 minutes after injury samples where 

lysis was performed at 37ºC for 30 minutes and from the 1 day after injury samples where sample 

extraction was completely excluded showed the lowest 18S rRNA cDNA concentration (ng/μL). The 

results show the importance of the inclusion of sample extraction with respect to the amount of RNA 

recovered from the samples and subsequently the amount of cDNA synthesised. Samples that were 

extracted using lysis at 70ºC resulted in cDNA samples with higher 18S rRNA cDNA concentration 

(ng/μL) than those extracted using lysis at 56ºC or 30ºC. It could be argued that this difference in 

concentration is a result of a difference in the amount of sample initially collected rather than the 

temperature at which lysis is performed. However, this seems unlikely because the differences in 

concentration (ng/μL) were consistently seen among both sets of cDNA samples according to the 

temperature at which the lysis was performed. The difference in the 18S rRNA cDNA concentration 

(ng/μL) between samples extracted with lysis performed at 70ºC and those with lysis performed at 

37ºC clearly shows the effect of the lysis temperature on the RNA/cDNA yield. The reason for the 

higher RNA/cDNA yield when lysis is performed at 70ºC is likely to be because the temperature is 

optimum for the activity of the reagents used to effectuate the chemical lysis. 

 

Table 4.4 The mean 18S rRNA cDNA concentrations (ng/μL) of the 10 minutes and 1 day after injury 
samples from the sample extraction method comparison. 
 

Sample extraction condition 

Mean 18S rRNA cDNA concentration (ng/μL) 

10 minutes sample  1 day sample 

Lysis at 70ºC for 30 minutes 0.43 0.56 

Lysis at 56ºC for 30 minutes 0.30 0.39 

Lysis at 37ºC for 30 minutes 0.13 0.26 

No sample extraction 0.21 0.14 



73 
 

The results of the multiplex PCR amplification of all the control samples were as expected with the 

positive control samples showing marker amplification and the NTC and NRTC samples showing no 

marker amplification. Successful multiplex PCR amplification was observed for all the cDNA samples, 

irrespective of the extraction condition employed (Figure 4.3). Overamplified peaks (rfu > 7000) were 

observed in the samples where lysis was performed at 70ºC and 56ºC, possibly as a result of these 

samples having a higher 18S rRNA cDNA concentration (ng/μL). The successful amplification and 

high 18S rRNA cDNA concentration seen in the case of samples where lysis was performed at 70ºC 

for 30 minutes, shows that the RNA yield and detection are not negatively impacted, at least with 

respect to the analysis in this study. Based on these finding, sample extraction using lysis at 70ºC for 

30 minutes was selected as the appropriate extraction method to use in this research. 
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Figure 4.3 Electropherograms showing the results of the multiplex PCR amplifications of the cDNA 
samples prepared from 10 minutes after injury samples employing the four different extraction 
conditions investigated. (a) Lysis at 70ºC for 30 minutes (b) Lysis at 56ºC for 30 minutes, (c) Lysis at 
37ºC for 30 minutes and (d) No sample extraction. 

 

4.5.3 Sample processing 

4.5.3.1 RNA isolation 

The 18S rRNA cDNA concentration (ng/μL) of the cDNA samples synthesised from RNA samples 

isolated using the RNA Clean-and-Concentrator
TM 

-5 (Zymo Research) were higher than those 

isolated using the Quick RNA
TM

 MiniPrep (Zymo Research) (refer to section 4.3.1 for method). This 
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result is as expected given that RNA is eluted into 20 μL of nuclease-free water when employing the 

RNA Clean-and-Concentrator
TM 

-5 (Zymo Research), compared to 35 μL of nuclease-free water when 

employing the Quick RNA
TM

 MiniPrep (Zymo Research), making the former more concentrated. The 

volume of nuclease-free water used for performing the RNA elution was manufacturer recommended 

in each case. Despite the difference in the elution volume, a higher total amount of 18S rRNA cDNA 

was noted in the cDNA samples prepared from RNA samples isolated using the RNA Clean-and-

Concentrator
TM 

-5 (Zymo Research), identifying it as the more efficient method for performing RNA 

isolation in this research. The higher 18S rRNA cDNA concentration (ng/μL) observed in the cases 

where the RNA isolations were performed using RNA Clean-and-Concentrator
TM 

-5 (Zymo Research) 

are likely due to the narrow filter spin columns, which reduce the RNA lost to adsorption by restricting 

the dispersion of the RNA and enable a well-focused elution. The results of the RNA isolation method 

comparison are reported in Table 4.5. 

 

Table 4.5 The mean 18S rRNA cDNA concentrations (ng/μL) of the 5, 10 and 20 μL blood samples 
from the RNA isolation method comparison. 
 

RNA isolation method 

Mean 18S rRNA cDNA concentration (ng/μL) 

5 μL sample 10 μL sample 20 μL sample 

Quick RNA
TM

 MiniPrep  

(Zymo Research) 
0.30 0.51 1.08 

RNA Clean-and-Concentrator
TM

 -5  

(Zymo Research) 
1.36 4.10 7.73 

 

Irrespective of the method of RNA isolation employed, the eluted RNA was found to contain traces of 

human genomic DNA (section 2.8.2) and therefore required DNase treatment before proceeding to 

the sample preparation step. The duplex PCR amplifications of the control samples were as expected 

with the positive control samples showing marker amplification and the NTC and NRTC samples 

showing no marker amplification. All the cDNA samples, irrespective of the method of RNA isolation, 

showed successful duplex PCR amplifications. Successful amplification was observed even in the 

case of the 5 μL samples, irrespective of the method of RNA isolation employed (Figure 4.4). The IL7 

mRNA and 18S rRNA marker peaks were the highest for the cDNA samples obtained from the 20 μL 
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samples for both the RNA isolation methods, as a result of their having the higher 18S rRNA cDNA 

concentrations (ng/μL). Overamplified peaks were observed for all the cDNA samples except for the 5 

μL of fresh human blood samples whose RNA was isolated using the Quick RNA
TM

 MiniPrep (Zymo 

Research). The successful amplifications indicate that the RNA isolated by either method is suitable 

for downstream applications in this research. Based on the results of the comparison between the two 

RNA isolation methods, the RNA Clean-and-Concentrator
TM 

-5 (Zymo Research) was chosen as the 

preferred method for RNA isolation in this research. 

 

 

 
Figure 4.4 Electropherograms showing the results of the duplex PCR amplifications of the cDNA 
samples synthesised from RNA isolated using (a) Quick RNA

TM
 MiniPrep (Zymo Research) and (b) 

RNA Clean-and-Concentrator
TM 

-5 (Zymo Research) from the 5 μL samples.  

 

4.5.3.2 RNA purification 

4.5.3.2.1 DNase treatment 

In-column DNase digestion was identified as the most effective method for the purification of RNA 

samples in this research (refer to section 4.3.2.1 for method). No human genomic DNA was detected 

in the RNA samples that were purified using the in-column DNase digestion method. Human genomic 

DNA was detected in one RNA sample purified using direct DNase digestion and two RNA samples 

purified using in-tube DNase digestion. This result suggests that the DNase treatment performed on 

the sample during adsorption in the column is more effective than that performed on the sample after 
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elution. The possible reason for this could be that the adsorption of the sample to the filter exposes 

more of the sample, allowing better DNase treatment. In addition, DNase treatment of the sample in 

the column provides the opportunity to wash away any digested, partially digested or undigested 

human genomic DNA, thereby minimizing the chance of DNA contamination upon elution. The RNA 

samples in which human genomic DNA was detected were retreated with DNase until no traces of 

human genomic DNA could be detected in them. PCR inhibition, indicated by the Internal Positive 

Control (IPC) Ct of greater than 30, was noted during the human genomic DNA quantification of RNA 

samples purified or retreated using the direct DNase digestion method. This inhibition was likely a 

result of the carryover of TURBO DNase buffer and/or DNase inactivation reagent into the RNA 

sample. Inhibition was not seen in the case of samples DNase treated using in-column or in-tube 

DNase digestion, possibly because the washing steps involved in these methods is effective in 

removing any DNase treatment reagents, thereby preventing the chance of carryover into the RNA 

sample. Additionally, these two methods do not use the DNase inactivation reagent as part of the 

DNase treatment, eliminating any chance of inhibition caused by its carryover into the RNA sample.  

 

The RNA quality in the RNA samples is reported by the Agilent 2100 Bioanalyzer in terms of a RNA 

Integrity Number (RIN) generated by measuring rRNA ratios (Lightfoot, 2002; Mueller, Lightfoot & 

Schroeder, 2004; Schroeder et al., 2006; Wieczorek, Delauriere & Schagat, 2012). The RIN can 

range from a value of 1 to 10, where 1 indicates the most degraded (low quality) RNA and 10 

indicates the most intact (high quality) RNA (Mueller et al., 2004; Schroeder et al., 2006). Table 4.6 

shows the results of the RNA quality assessment of the RNA samples DNase treated using the three 

different treatment methods tested. The RIN observed in all the RNA samples post DNA treatment 

was below 5, meaning the RNA samples contained partially degraded to degraded RNA of moderate 

to low quality. Of the observed RINs, higher RINs were seen in the RNA samples that were purified 

using in-column DNase digestion when compared to those purified using in-tube and direct DNase 

digestion. This indicates that the DNase digestion method might have an effect on the RNA quality of 

a sample and/or the method of RNA quality measurement. The highest RNA quality among all the 

RNA samples was observed in an RNA sample purified using the in-column DNase digestion method 

(RIN = 4.1). No RIN values were obtained for those RNA samples that required re-treatment with 

DNase, again indicating the possible effect of DNase treatment on the RNA quality of a sample and/or 
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the method of RNA quality measurement. A possible reason for the low RNA quality observed in the 

RNA samples, irrespective of the DNase treatment method employed, could be a result of the action 

of the RNases present in the environment on the sample when left to air dry (Wieczorek et al., 2012). 

Based on the results of the RNA quality assessment, the in-column and in-tube DNase digestion 

methods were identified as efficient methods of DNase treatment, provided that the RNA samples 

required no DNase re-treatment. 

 

Table 4.6 The results of the RNA quality assessment of the 20 μL blood samples from the DNase 
treatment method comparison. 
 

DNase treatment 

method 

Sample  Human genomic 

DNA detected after 

DNase treatment 

DNase re-treatment 

performed 

RNA Integrity 

Number (RIN) 
Set Name 

Direct DNase 

digestion 
1 

A No No 2.5 

B No No 2.3 

C Yes Yes N/A 

In-column DNase 

digestion 
2 

A No No 4.1 

B No No 2.6 

C No No 2.4 

In-tube DNase 

digestion 
3 

A No No 3.1 

B Yes Yes N/A 

C Yes Yes N/A 

 

While high quality RNA is preferred for many downstream applications, the RNA quality requirements 

can vary with the type of application (Wieczorek et al., 2012). RNA of quality that is not suitable for 

one application can be used in other applications to give meaningful results (Mueller et al., 2004). For 

example, RNA of low concentration and quality may not give acceptable results for microarray 

experiments, but give acceptable results with PCR and real-time PCR based assays, as these focus 

on amplicons that are much smaller in size (Wieczorek et al., 2012). Experiments conducted by 

Wieczorek and associates (2012) show that meaningful results can be obtained from RNA samples 

with poor RNA quality, reflected by either a low or unassigned RIN value. Additonally, Mueller and 
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colleagues (2004) suggest identifying the existence of any correlation between RIN values and 

obtaining meaningful results with downstream applications, and using any identified correlation to 

obtain a threshold RIN value to help select suitable samples. In order to identify any such existing 

correlation and to determine the suitability of the RNA samples purified using the three DNase 

treatment methods investigated for downstream applications, all the purified RNA samples were 

prepared, amplified and analysed, irrespective of the result of their RNA quality assessments.  

 

The results of the 18S rRNA cDNA quantification of the cDNA samples prepared from RNA samples 

DNase treated using direct, in-column and in-tube DNase digestion methods are reported in Table 

4.7. The results of the cDNA quantification show the mean 18S rRNA cDNA concentration (ng/μL) to 

be the highest for cDNA samples synthesised from RNA samples purified using in-column DNase 

digestion. The cDNA samples prepared from RNA samples purified using direct DNase digestion 

showed a higher mean 18S rRNA cDNA concentration (ng/μL) than those purified using in-tube 

DNase digestion. This result was unexpected, but is likely due to the loss of RNA while performing the 

in-tube DNase digestion, caused by the elution and reintroduction of the sample back into the spin 

column. 

 

Table 4.7 The mean 18S rRNA cDNA concentrations (ng/μL) of the 20 μL blood samples from the 
DNase treatment method comparison. 
 

DNase treatment method Mean 18S rRNA cDNA concentration (ng/μL)  

Direct DNase digestion 5.72 

In-column DNase digestion 6.48 

In-tube DNase digestion 5.64 

 

The multiplex PCR amplifications of the cDNA and control samples were as expected with the cDNA 

and positive control samples showing marker amplification and the NTC and NRTC samples showing 

no marker amplification. The multiplex PCR amplifications of the cDNA samples were successful, 

irrespective of the DNase treatment method used or the RIN value. Successful amplifications were 

noted even in the case of cDNA samples obtained from RNA samples whose RIN values were not 
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determinable (Figure 4.5). No significant differences were observed between cDNA samples obtained 

from RNA samples with different RIN values. The success of the PCR amplification shows that all the 

three DNase treatment methods are compatible with downstream applications. Despite the success of 

all the three DNase treatment methods, in-column DNase digestion was chosen as the preferred 

method for conducting DNase treatment in this research, as it was identified as the most efficient and 

effective DNase treatment method.  

 

 

 
Figure 4.5 Electropherogram showing the results of the multiplex PCR amplifications in a cDNA 
sample synthesised from an RNA sample whose RNA integrity number (RIN) was undetermined. 

 

4.5.3.2.2 DNase re-treatment 

No human genomic DNA was detected in forty-six of the fifty purified RNA samples after processing 

(refer to section 4.3.2.2 for method). DNase re-treatments using 1 μL of TURBO
TM

 DNase, 5 μL of 

10X TURBO
TM

 DNase reaction buffer and 8 μL of DNase inactivation reagent, and 2 μL of TURBO
TM

 

DNase, 5 μL of 10X TURBO
TM

 DNase reaction buffer and 8 μL of DNase inactivation reagent, with 

incubations at 37ºC for 20, 30 and 45 minutes were identified as effective DNase re-treatment 

methods, as they showed no PCR inhibition and resulted in RNA samples with no detectable human 

genomic DNA. All other DNase re-treatment methods showed at least one of the two DNA spiked 

RNA samples containing traces of human genomic DNA, or exhibiting PCR inhibition or both, after the 

re-treatment. The presence of human genomic DNA in the samples despite the re-treatment was not 

expected, and was likely a result of insufficient TURBO DNase buffer, essential for DNase action, as 

human genomic DNA contamination was only noticed in DNA spiked RNA samples that were DNase 

re-treated using a 1:2 or lower TURBO DNase to TURBO DNase buffer ratio. Inhibition was primarily 

noticed in those cases where the DNase re-treatment resulted in a small pellet (DNase re-treatment 

employing 2 μL or 3 μL of DNase inactivation reagent). This suggests the possibility of carryover of 
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TURBO DNase buffer and/or DNase inactivation reagent during the removal of RNA, while attempting 

to minimize RNA loss. The multiplex PCR amplifications of all the cDNA samples derived from the 

DNA spiked RNA samples that were DNase re-treated using 1 μL of TURBO
TM

 DNase, 5 μL of 10X 

TURBO
TM

 DNase reaction buffer and 8 μL of DNase inactivation reagent, and 2 μL of TURBO
TM

 

DNase, 5 μL of 10X TURBO
TM

 DNase reaction buffer and 8 μL of DNase inactivation reagent, with an 

incubations at 37ºC for 20, 30 and 45 minutes were successful. All the control samples showed 

expected amplification results. DNase re-treatment using 1 μL of TURBO
TM

 DNase, 5 μL of 10X 

TURBO
TM

 DNase reaction buffer and 8 μL of DNase inactivation reagent with an incubation at 37ºC 

for 20 was identified as the most efficient method for DNase re-treatment, based on performance, 

amounts of the reagents used and time required. As a result, it was selected for use as the method of 

DNase re-treatment in this research. 

 

4.5.4 Sample preparation 

4.5.4.1 cDNA synthesis 

Both the SuperScript® III First-Strand Synthesis Supermix (Invitrogen
TM

 by Life Technologies
TM

) and 

High Capacity RNA-to-cDNA Master Mix (Applied Biosystems® by Life Technologies
TM

) successfully 

converted RNA to cDNA (refer to section 4.4.1 for method). The 18S rRNA cDNA concentration 

(ng/μL) of the cDNA synthesised from the 5 and 20 μL samples was comparable between the two 

cDNA synthesis methods (Table 4.8). The cDNA synthesised from the 20 μL samples showed higher 

18S rRNA cDNA concentration (ng/μL) for both kits. The multiplex PCR amplifications of the cDNA 

and control samples were as expected with the cDNA and positive control samples showing marker 

amplification and the NTC and NRTC samples showing no marker amplification. Successful 

amplifications were observed for all the cDNA samples, irrespective of the cDNA synthesis method 

used for their preparation. Successful amplifications were observed even in the case of the cDNA 

samples synthesised from the 5 μL samples (Figure 4.6), indicating the suitability of both methods for 

synthesising cDNA fit for downstream applications used in this research. 

 

Differences between the two cDNA synthesis methods were observed only with respect to the time 

taken to perform the cDNA synthesis and time taken to setup samples. In the High Capacity RNA-to-

cDNA Master Mix (Applied Biosystems® by Life Technologies
TM

) method, the cDNA synthesis is 
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performed using a single thermocycler reaction that takes 40 minutes, and the samples are setup in 

one step prior to the cDNA synthesis. In the SuperScript® III First-Strand Synthesis Supermix 

(Invitrogen
TM

 by Life Technologies
TM

) method the cDNA synthesis is performed using two separate 

thermocycler reactions that take a total of 70 minutes and the samples are setup in two steps, one 

prior to each thermocycler reaction. As a result of performing faster cDNA synthesis and requiring 

less time to setup samples, the High Capacity RNA-to-cDNA Master Mix (Applied Biosystems® by 

Life Technologies
TM

) method was chosen for use in this research over the SuperScript® III First-

Strand Synthesis Supermix (Invitrogen
TM

 by Life Technologies
TM

) method to perform the cDNA 

synthesis in this research. 

 

Table 4.8 The mean 18S rRNA cDNA concentrations (ng/μL) of the 5 and 20 μL blood samples from 
the cDNA synthesis method comparison. 
 

cDNA synthesis method 

Mean 18S rRNA cDNA concentration (ng/μL) 

5 μL sample 20 μL sample 

SuperScript® III First-Strand Synthesis Supermix 

(Invitrogen
TM

 by Life Technologies
TM

) 
1.29 7.32 

High Capacity RNA-to-cDNA Master Mix (Applied 

Biosystems® by Life Technologies
TM

) 
1.40 8.95 

 

 

Figure 4.6 Electropherograms showing the results of the multiplex PCR amplifications of cDNA 
samples synthesised using (a) SuperScript® III First-Strand Synthesis Supermix (Invitrogen

TM
 by Life 

Technologies
TM

) and (b) High Capacity RNA-to-cDNA Master Mix (Applied Biosystems® by Life 
Technologies

TM
) from RNA obtained from the 5 μL samples. 
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4.5.4.2 cDNA quantification 

4.5.4.2.1 Endogenous reference gene screening 

The TaqMan® Array Human Endogenous Control Plate (Applied Biosystems® by Life 

Technologies
TM

) was used to screen common endogenous reference genes to identify genes suitable 

for use in the development of a cDNA quantification method (refer to section 4.4.2.1 for method). The 

results of the screening are reported in the form of Ct values (the number of cycles required for the 

fluorescent signal to cross a threshold). A Ct value is reported for each gene if it is detected during the 

screening process. Ct values below 38 are considered positive reactions and demonstrate the 

presence of the gene that is under investigation in the sample. The results reported by the TaqMan® 

Array Human Endogenous Control Plate (Applied Biosystems® by Life Technologies
TM

) showed 18S 

rRNA as the only gene detected in all the samples. 18S rRNA was also the only gene detected in the 

6 days after injury and skin samples. ACTB mRNA was the next most detected gene and was 

detected in three samples, 20 μL fresh human blood, 10 minutes after injury and 3 days after injury 

samples. Eight other genes were detected in at least one of the samples. The twenty-two remaining 

genes were not detected in any of the samples. The reason for the non-detection of the majority of 

genes in the samples could be attributed to the limited size and concentration of the samples, as a 

result of the nature of the samples and the sample collection method. A summary of the results of the 

screening is shown in Table 4.9. Based on the findings of the endogenous reference gene screening 

18S rRNA and ACTB mRNA were selected to develop cDNA quantification assays. 
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Table 4.9 A summary of the results of the TaqMan® Array Human Endogenous Control Plate 
(Applied Biosystems® by Life Technologies

TM
) screening. 

 

Gene 

Ct 

20 μL 10 minutes 1 day 3 days 6 days Skin 

18S 23.82 31.14 28.71 27.81 36.32 37.18 

ACTB 34.13 33.85 39.72 37.37 Und. Und. 

UBC Und. Und. Und. 37.89 Und. Und. 

CASC3 Und. Und. 37.47 39.88 Und. Und. 

GAPDH 36.93 37.26 Und. Und. Und. Und. 

RPLP0 38.51 37.93 Und. Und. Und. Und. 

HPRT1 Und. Und. 37.53 39.86 Und. Und. 

MT-ATP6 36.29 Und. 39.26 Und. Und. Und. 

IPO8 37.44 39.61 Und. Und. Und. Und. 

PES1 36.92 Und. Und. Und. Und. Und. 

Ct - Threshold cycle    Und. - Undetermined 

 

4.5.4.2.2 Assessment of the performance of the standard curves 

The performance of the standard curves generated by running the 18S rRNA, ACTB mRNA and 

TGM1 mRNA cDNA quantification assays, individually and separately with the control skin RNA and 

control RNA cDNA standards was assessed to identify the most effective cDNA quantification assay 

and cDNA standard combination for performing the cDNA quantifications in this research (refer to 

sections 4.4.2.2, 4.4.2.3, 4.4.2.4 and 4.4.2.5 for method). The performance of a standard curve, i.e. its 

ability to be used to accurately determine the concentration of unknown samples, depends on the 

precision of the Ct values generated by the cDNA quantification assay, as it is from these values that 

the concentration of the unknown sample is inferred (Green, Roinestand, Boland & Hennessy, 2005). 

The standard curves generated for each cDNA quantification assay and cDNA standard combination 

were assessed for their performance and compared, by calculating, where possible, the average 

standard deviations of the cDNA quantification assay Ct values for each standard and the R
2
 values, 

from all five replicates. It is important to note that replicate analysis for the assessments was 
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performed over different days using fresh cDNA standards prepared from cDNA synthesised from the 

same control skin RNA or control RNA stock. 

 

The standard deviation (square root of the variance) is the most common measure of precision; a 

small standard deviation indicates greater ability to distinguish and therefore greater precision (“Real-

time PCR: Understanding Ct,” 2011). For a standard curve to be able to discriminate between two-fold 

dilutions in more than 99.7% of cases, the average standard deviation has to be ≤ 0.167 and in more 

than 95% of cases the average standard deviation has to be ≤ 0.250 (“Real-time PCR: Understanding 

Ct,” 2011). The greater the average standard deviation, the lower the ability to distinguish between 

two-fold dilutions (“Real-time PCR: Understanding Ct,” 2011). Table 4.10 shows the results of the 

cDNA quantification assay Ct assessments. 

 

The R
2
 (co-efficient of determination) value is a statistical term that signifies how good the value of 

one term is at predicting the value of another (Field, 2009; Steel & Torrie, 1960). The R
2
 value ranges 

from 0 to 1. Where the R
2
 is 1, then given the value of one term, the value of the other term can be 

perfectly predicted. Where the R
2
 value is 0, knowing the value of one term does not help with 

prediction of the value of the other term (Field, 2009; Steel & Torrie, 1960). An R
2
 value ≥ 0.99 is 

usually required for a standard curve to indicate good confidence in correlating Ct values with cDNA 

concentration (“Real-time PCR: Understanding Ct,” 2011). 

 

In addition to the mean standard deviation and R
2
, the efficiency of the PCR reaction was also 

considered for the assessment of the performance of the standard curves as the PCR efficiency is 

known to have an effect on the Ct values. The same standards amplified under different efficiency 

conditions can yield standard curves with different slopes. PCR reaction efficiency between 

approximately 90% and 110% is considered acceptable and is generally recommended (“Real-time 

PCR: Understanding Ct,” 2011). 
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Table 4.10 The results of the assessment of the performance of the standard curves generated using 
the 18S rRNA, ACTB mRNA and TGM1 mRNA cDNA quantification assays, showing the mean Ct and 
mean standard deviations of Ct for each standard. (A) cDNA standards prepared from control skin 
RNA and (B) cDNA standards prepared from control RNA. Number of replicates (N) = 5. 

A) 

Estimated cDNA 

standard 

concentration 

(ng/μL) 

18S rRNA ACTB TGM1 

Mean Ct Mean SD Ct Mean Ct Mean SD Ct Mean Ct Mean SD Ct 

25.00 19.99 0.129 21.77 0.376 30.37 0.252 

8.33 21.63 0.013 23.77 0.226 31.70 0.184 

2.78 23.15 0.089 25.71 0.219 33.86 0.532 

0.93 25.01 0.076 27.59 0.239 35.66 0.253 

0.31 26.76 0.065 29.08 0.006 37.67 0.880 

0.10 28.42 0.173 31.17 0.059 Und. Und. 

0.03 30.62 0.075 32.95 0.214 Und. Und. 

0.01 33.38 0.238 34.60 0.110 Und. Und. 

B) 

Estimated cDNA 

standard 

concentration 

(ng/μL) 

18S rRNA ACTB TGM1 

Mean Ct Mean SD Ct Mean Ct Mean SD Ct Mean Ct Mean SD Ct 

25.00 16.39 0.068 20.08 0.095 30.14 0.089 

8.33 17.72 0.139 21.59 0.069 31.64 0.139 

2.78 19.73 0.161 22.82 0.139 33.66 0.242 

0.93 21.71 0.024 24.49 0.315 35.10 0.079 

0.31 23.73 0.027 26.94 0.440 36.76 0.256 

0.10 25.90 0.116 28.74 0.454 Und. Und. 

0.03 27.99 0.024 30.44 0.231 Und. Und. 

0.01 29.99 0.027 31.62 0.178 Und. Und. 

Ct - Threshold cycle    SD - Standard deviation   
Und. - Undetermined   
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For the standard curves generated using cDNA standards synthesised from the control skin RNA, the 

mean 18S rRNA, ACTB mRNA and TGM1 mRNA Ct values showed an inverse relationship with the 

cDNA concentration. The mean 18S rRNA and ACTB mRNA Ct values ranged from 19.99 and 21.77 

for the 25 ng/μL cDNA standard to 33.38 and 34.60 for the 0.01 μg/μL cDNA standard, respectively. 

The average standard deviation of the Ct for the eight cDNA standards from all five replicates was 

0.107 for 18S rRNA and 0.181 for ACTB mRNA. This signifies that the 18S rRNA and the ACTB 

mRNA cDNA quantification assays are capable of discriminating between two-fold dilutions more than 

99.7% and 95% of the time, respectively. R
2
 values > 0.99 were observed for the standard curves 

generated by both the 18S rRNA and ACTB mRNA cDNA quantification assays, indicating good 

prediction precision.  

 

The mean TGM1 mRNA Ct values ranged from 30.37 for the 25 ng/μL cDNA standard to 37.67 for the 

0.31 μg/μL cDNA standard. The TGM1 mRNA Ct values for the 0.10, 0.03 and 0.01 ng/μL cDNA 

standards were undetermined. This non-determination could be as a result of the low sensitivity of the 

TGM1 mRNA assay. The average standard deviation of the TGM1 mRNA Ct for the five detected 

cDNA standards from all five replicates was 0.420. The high average standard deviation suggests low 

prediction precision and therefore indicates that the TGM1 mRNA cDNA quantification assay is 

unsuitable to use for accurate quantification of cDNA in samples. The standard curve generated using 

the TGM1 mRNA cDNA quantification assay show R
2
 values > 0.98, except for one standard curve 

that showed an R
2
 value > 0.97. The low R

2
 values in the case of the TGM1 mRNA cDNA 

quantification assay were more likely a result of the cDNA quantification assays performance than 

error while pipetting the standards, as the same standards when used with the other assays resulted 

in standard curves with R
2
 values > 0.99. The low R

2
 signifies the low prediction precision of the 

TGM1 mRNA cDNA quantification assay.  

 

The standard curves generated using the 18S rRNA, ACTB mRNA and TGM1 mRNA cDNA 

quantification assays showed average PCR efficiencies of 80.97%, 82.78% and 80.94%, respectively. 

All the average PCR efficiencies fell well below the lower limit of the acceptable PCR efficiency range. 

The low PCR efficiencies observed are likely due to PCR inhibitors in the control skin RNA than 
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another reason, as the low PCR efficiencies were consistently observed in all the cases, irrespective 

of the cDNA quantification assay employed.  

 

For the standard curves generated using cDNA standards prepared from control RNA, the mean 18S 

rRNA, ACTB mRNA and TGM1 mRNA Ct values showed an inverse relationship with the cDNA 

concentration. The mean 18S rRNA and ACTB mRNA Ct values ranged from 16.39 and 20.08 for the 

25 ng/μL cDNA standard to 29.99 and 31.62 for the 0.01 μg/μL cDNA standard, respectively. The 

average standard deviation of the Ct for the eight cDNA standards from all five replicates was 0.073 

for 18S rRNA and 0.240 for ACTB mRNA. This indicates that the 18S rRNA and the ACTB mRNA 

cDNA quantification assays are capable of discriminating between two-fold dilutions more than 99.7% 

and 95% of the time, respectively. The standard curves generated by both the 18S rRNA and ACTB 

mRNA cDNA quantification assays showed R
2
 values > 0.99, except for one standard curve 

generated using the ACTB mRNA cDNA quantification assay that showed an R
2
 value > 0.98 . The R

2
 

values observed show that the two cDNA quantification assays have good prediction precision. The 

lower R
2
 value that was observed in the case of the ACTB mRNA cDNA quantification assay was 

most likely a result of a pipetting error while pipetting the standards indicated by a high Ct standard 

deviation among a set of identical replicates.  

 

The mean TGM1 mRNA Ct values ranged from 30.14 for the 25 ng/μL cDNA standard to 36.76 for the 

0.31 μg/μL cDNA. The TGM1 mRNA Ct values for the 0.10, 0.03 and 0.01 ng/μL cDNA standards 

were undetermined. This was consistent with what was seen earlier, strengthening the evidence for 

the non-determination to be a result of the low sensitivity of the TGM1 mRNA cDNA quantification 

assay. The average standard deviation of the TGM1 mRNA Ct for the five detected cDNA standards 

from all five replicates was 0.161, signifying that the assay is effective in differentiating between two-

fold dilutions in more than 99.7% of the cases. The R
2
 values for the standard curves generated using 

TGM1 mRNA cDNA quantification assay was greater than 0.99 indicating good prediction precision. 

 

Average PCR efficiencies of 100.92%, 89.27% and 93.22% were seen in the case of standard curves 

generated using the 18S rRNA, ACTB mRNA and TGM1 mRNA cDNA quantification assays, 

respectively. The average PCR efficiencies of the 18S rRNA and TGM1 mRNA cDNA quantification 
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assays fell well within the acceptable PCR efficiency range. The average PCR efficiency of the ACTB 

mRNA cDNA quantification assay fell slightly short of the lower limit of the acceptable PCR efficiency 

range, but was considered as acceptable in this study as a result of a majority of its replicates having 

PCR efficiencies within the acceptable range and the closeness of the average PCR efficiency to the 

lower limit of the acceptable range. 

 

Ct values were not observed for the majority of NTCs and were reported as ‘undetermined’ by the 

analysis software. In the cases where a Ct value was observed for an NTC it was greater than 38, and 

was likely a result of the detection of background levels of fluorescence.  

 

Variation in the cDNA quantification assay Ct values for the cDNA standards was observed between 

the replicates, and is shown in Table 4.10. This variation could be a result of experimental error 

arising from pipetting small volumes of cDNA template (1 μL), differences in the PCR and reverse 

transcriptase efficiencies, and interrun variations on the real-time machines.  

 

The results demonstrate the standard curves generated using the 18S rRNA, ACTB mRNA and 

TGM1 mRNA cDNA quantification assays with cDNA standards prepared from the control RNA meet 

the required criteria with regard to precision (average standard deviation ≤ 0.250), R
2
 value (> 0.99) 

and PCR efficiency (between 90% and 110%). Of these three standard curves, the one generated 

using the 18S rRNA cDNA quantification assay was identified as the most efficient, as it demonstrated 

higher prediction precision, PCR efficiency and sensitivity (with regard to amplification of the 

standards).  

 

The results also show that the cDNA standards synthesised from control RNA generated better 

performing standard curves when compared to those synthesised from control skin RNA. The 

standard curves generated using the two different RNA stocks showed significant differences in their 

PCR efficiencies, with the standard curve generated using cDNA standards prepared from control 

skin RNA showing PCR efficiencies much lower than the minimum accepted value. The low PCR 

efficiencies were identified to be a result of the presence of ethylenediaminetetraacetate (EDTA), a 

known inhibitor of PCR, in the stock control skin RNA. 
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Based on the findings of the standard curve performance assessments, the 18S rRNA, ACTB mRNA 

and TGM1 mRNA cDNA quantification assays using cDNA standards prepared from control RNA 

were selected for subsequent experimentation to identify the most appropriate to use for the 

quantification of cDNA in this research. 

 

4.5.4.2.3 Sensitivity studies 

Assessing the ability of any developed cDNA quantification assay to successfully quantify a wide 

range of cDNA concentrations helps us identify any limitations with the quantification method. It is 

particularly important to identify the lowest cDNA concentration (limit of detection) that can be 

successfully quantified using a cDNA quantification assay, as it aids in determining the suitability of 

the assay to perform the cDNA quantification in a study (Bustin et al., 2009). For example, a cDNA 

quantification assay that is sensitive only down to nanogram levels of cDNA would be unsuitable to 

use for the quantification of samples that contain only picogram levels of cDNA.  

 

Of the three cDNA quantification assays whose sensitivity was studied the 18S rRNA cDNA 

quantification assay was identified as the most sensitive, as it was successful in quantifying all the 

cDNA samples in the set of cDNA dilutions, with concentrations ranging from approximately 0.002 to 

20 ng/μL (refer to section 4.4.2.6 for method). The ACTB mRNA cDNA quantification assay was not 

as sensitive, as it was unsuccessful in quantifying cDNA samples diluted to a concentration of 

approximately 0.002 ng/μL. The TGM1 mRNA cDNA quantification assay was observed to be the 

least sensitive, as it was unable to successfully quantify cDNA samples diluted to concentrations of 

approximately 0.02 ng/μL or lower. This is consistent with what was noticed while assessing the 

performance of the standard curve generated by the TGM1 mRNA cDNA quantification assay, where 

the cDNA standards of concentrations approximately 0.10 ng/μL or lower were not successfully 

amplified. The data points for the cDNA samples, contained in the set of cDNA dilutions, successfully 

quantified using the cDNA quantification assay plotted on a semi-logarithmic scale of Ct versus 

determined cDNA concentration (ng/μL) resulted in a straight line with R
2
 > 0.99 for all the three cDNA 

quantification assays (Figure 4.7). This shows that the assays have a very high quantitative accuracy. 

However, only the 18S rRNA cDNA quantification assay exhibited both a high sensitivity to low 



91 
 

amounts of cDNA and a high level of accuracy in the detection of these low amounts of cDNA, as it 

was the only cDNA quantification assay to successfully quantify all the cDNA samples contained in 

the set of cDNA dilutions. 

 

 

 
Figure 4.7 The results of the sensitivity study for the (a) 18S rRNA, (b) ACTB mRNA and (c) TGM1 
mRNA cDNA quantification assays, plotted on a semi-logarithmic scale of Ct vs. cDNA concentration 
(ng/μL). Triplicate samples at each concentration. 

a 

b 

c 
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4.5.4.2.4 cDNA quantification of injury samples 

The ability of the 18S rRNA, ACTB mRNA and TGM1 mRNA cDNA quantification assays to quantify 

cDNA prepared from injury samples similar to the ones to be studied in this research was investigated 

(refer to section 4.4.2.7 for method). cDNA synthesised from all the three injury samples were 

successfully quantified using the 18S rRNA cDNA quantification assay. The ACTB mRNA cDNA 

quantification assay was able to successfully quantify cDNA prepared from the 1 day and 3 days after 

injury samples, but not the 5 days after injury sample. Only the cDNA synthesised from the 3 days 

after injury sample was successfully quantified using the TGM1 mRNA cDNA quantification assay. 

The reason for the failure to successfully quantify the cDNA in a sample could be attributed to either 

the sensitivity of the cDNA quantification assay or the absence of the marker detected by the cDNA 

quantification assay in the sample. The results of the cDNA quantification of injury samples identify 

the 18S rRNA cDNA quantification assay as the most appropriate cDNA quantification method for use 

with sample encountered in this research. The results of the quantification are shown in Table 4.11. 

 

Table 4.11 Results of the cDNA quantification of injury samples by the 18S rRNA, ACTB mRNA and 
TGM1 mRNA cDNA quantification assays. 
 

Sample 

cDNA concentration (ng/μL) 

18S rRNA ACTB TGM1 

1 day after injury 0.480 0.194 Und. 

3 days after injury 1.384 0.892 0.256 

5 days after injury 0.036 Und. Und. 

Und. - Undetermined 

 

Based on the results of the performance of the standard curve, sensitivity of the cDNA quantification 

assays and ability to quantify cDNA samples obtained from injury samples, the cDNA quantification 

methods using the 18S rRNA cDNA quantification assay with cDNA standards prepared from control 

RNA was selected as appropriate method for performing the cDNA quantifications in this research. 
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4.5.4.2.5 cDNA input amount standardisation 

The results of the cDNA quantification of cDNA samples synthesised from both 2 day after injury 

samples showed one sample having an 18S rRNA cDNA concentration of 5.32 ng/μL and the other 

1.17 ng/μL (refer to section 4.4.2.8 for method). The multiplex amplifications of the samples were 

successful and as expected with both samples showing marker amplifications, irrespective of whether 

a fixed cDNA input volume or fixed cDNA input amount was used to perform the amplifications. The 

comparison between the fixed cDNA input volume and fixed cDNA input amount was conducted using 

the peak heights obtained for the 18S rRNA and all mRNA markers from the multiplex PCR 

amplification. The peak height of each marker for a given sample was obtained by determining the 

average of the peak height of that marker observed in the duplicates. While peak height calculations 

and peak height comparisons between a fixed cDNA input volume and a fixed cDNA input amount for 

amplification were conducted for all the markers detected post amplification, for the purpose of 

explanation, only the results obtained for 18S rRNA and IL7 mRNA are considered and discussed 

below. The results of the 18S rRNA and IL7 mRNA peak height comparisons are shown in Table 

4.12. 

 

The multiplex PCR amplifications performed using the fixed cDNA input volume (1 μL) resulted in 18S 

rRNA marker peaks that were overamplified (peak height ≥ 7,000 rfu) for both samples, and IL7 

mRNA marker peaks that were overamplified in the sample with the higher 18S rRNA cDNA 

concentration (ng/ μL). In cases where overamplification is observed, the results cannot be used for 

making meaningful evaluations, as it is difficult to determine the actual marker peak heights beyond 

7,000 rfu due to limitations with the software used for the analysis. In order to obtain results that allow 

for a meaningful evaluation, a one in twenty dilution (1:20) of the amplified cDNA samples was also 

analysed. The analysis resulted in determinable peak heights for the 18S rRNA and IL7 mRNA 

markers in both the samples. The 18S rRNA and IL7 mRNA marker peaks were higher by 1224 rfu 

and 1578 rfu, respectively, in the sample with a higher 18S rRNA cDNA concentration (ng/ μL). A 

comparison of the IL7 marker expression in the two samples using the observed peak height values 

would indicate the sample with higher 18S rRNA concentration (ng/ μL) as having a much higher IL7 

expression. However, this would be erroneous, as the observed difference in the IL7 peak height in 
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the two samples is more likely a result of the difference in their cDNA concentration, rather than an 

actual difference in IL7 expression between them. 

 

No overamplifications were observed in the multiplex PCR amplifications performed using the fixed 

cDNA input amount (50 pg of 18S rRNA cDNA). A comparison of the 18S rRNA and IL7 mRNA 

marker peak heights between the two samples showed that they are comparable in height. The 18S 

rRNA and IL7 mRNA marker peak heights were lower by 10 rfu and higher by 106 rfu, respectively, in 

the sample with the higher 18S rRNA cDNA concentration (ng/μL). The differences observed in the 

marker peak height in this case are a more accurate representation of the difference in IL7 expression 

in the two samples, than in the case where a fixed cDNA input volume was used. Using a fixed cDNA 

input amount eliminates expression differences between samples that occur as a result of differences 

in their cDNA concentration (ng/μL). Therefore, standardising to a fixed cDNA input amount helps 

perform meaningful expression comparisons between samples in those instances where it is 

impossible to standardise or control the amount of sample collected and/or recovered, as is the case 

with the samples in this research. The multiplex amplifications of the control samples were as 

expected with the positive control samples showing marker amplification and the NTC and NRTC 

samples showing no marker amplification. 
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Table 4.12 Comparison between PCR amplification reactions using (A) a fixed cDNA input volume (1 
μL per reaction) and (B) a fixed cDNA input amount (50 pg of 18S rRNA cDNA per reaction). 

A) 

Sample 

18S rRNA cDNA 

concentration 

(ng/μL) 

Volume of 

cDNA 

sample (μL) 

Height of the 18S 

rRNA marker peak  

(1:1 / 1:20) (rfu) 

Height of the IL7 

mRNA marker peak 

(1:1 / 1:20) (rfu) 

Laceration 1 

(2 day after injury 

sample) 

5.32 1 8125 / 3389 7734 / 3440 

Laceration 2 

(2 day after injury 

sample) 

1.17 1 7866 / 2165 6856 / 1862 

B) 

Sample 

18S rRNA cDNA 

concentration  

(ng/μL) 

18S rRNA 

cDNA input 

amount (pg) 

Height of the 18S 

rRNA marker peak 

(rfu) 

Height of the IL7 

mRNA marker peak 

(rfu) 

Laceration 1 

(2 day after injury 

sample) 

5.32 50 1872 1475 

Laceration 2  

(2 day after injury 

sample) 

1.17 50 1882 1369 

rfu - Relative fluorescence units 
 

4.6 Conclusion 

RNA analysis has gained a lot of importance in recent years with the emergence of several exciting 

and information-rich molecular techniques such as RT-PCR, transcriptome analysis, array analysis, 

digital PCR, northern analysis and complementary RNA (cRNA) production (“The Basics: RNA 

Isolation,” n.d.). Each one of these powerful techniques has different requirements with respect to the 

acceptable standard of recovered RNA, and as a result is significantly impacted by the methods 

employed to perform the different steps involved in the recovery and preparation of the RNA (Mueller 

et al., 2004). For example, the RNA recovered using a particular RNA isolation method can be 

unsuitable for use with one analysis technique but at the same time be used with another analysis 

technique to produce biologically relevant results (Mueller et al., 2004; Wieczorek et al., 2012). 

Therefore, successful RNA analysis not only involves recovering RNA of a suitable standard but also 

involves selecting the appropriate methods to use for recovering and preparing the RNA depending 

on the type of sample and downstream applications involved. The aim of this chapter was to 
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investigate and compare different methods that can be used to perform the different operations 

involved RNA recovery and identify and select the most efficient and/or appropriate methods to use in 

the final experimental procedure to conduct this research. 

 

The sample collection comparison identified minitaping as the best method for injury sample collection 

based on the 18S rRNA cDNA concentration (ng/μL) of the cDNA samples. In spite of this result, wet 

swabbing which was identified as the next best sample collection method was selected for the 

collection of injury samples in this research. Wet swabbing was selected over minitaping after 

consultation with medical doctors and nurses who suggested that the sample collection of injury 

samples by minitaping could result in reinjury, which would then significantly affect the results and 

lead to incorrect conclusions. 

 

Sample extraction performed using lysis at 70ºC for 30 minutes was identified as the most effective 

method to extract samples from the swabs. The high temperature lysis was found to have a 

favourable effect on the RNA recovery and analysis. Downstream analysis was impacted in cases 

where the sample extraction step was excluded as a result of low RNA recovery. 

 

RNA isolation using RNA Clean-and-Concentrator
TM 

-5 (Zymo Research) and RNA purification using 

in-column DNase digestion were chosen as the preferred methods for performing the sample 

processing in this research. Larger amounts of RNA were isolated using the RNA Clean-and-

Concentrator
TM 

-5 (Zymo Research) when compared to the Quick RNA
TM

 MiniPrep (Zymo Research). 

In addition, the RNA Clean-and-Concentrator
TM 

-5 (Zymo Research) allows for in-column DNase 

digestion which was identified as the most efficient method of DNase treatment to purify the RNA 

obtained from the type of samples to be studied in this research. The RNA samples DNase treated 

employing the in-column DNase digestion method were observed to be of better quality than those 

treated employing the direct or in-tube DNase digestion. However, it was determined that the RNA 

quality had negligible or no effect on the downstream analysis method employed as similar and 

meaningful results were obtained from the analysis irrespective of the RNA quality. 
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Direct DNase digestion employing 1 μL of TURBO
TM

 DNase, 5 μL of 10X TURBO
TM

 DNase reaction 

buffer and 8 μL of DNase inactivation reagent with an incubation at 37ºC for 20 was found to be 

effective, efficient and compatible with downstream applications, and as a result was chosen as the 

preferred method for performing DNase re-treatment in the final experimental procedure to be used in 

this research. 

 

The High Capacity RNA-to-cDNA Master Mix (Applied Biosystems® by Life Technologies
TM

) was 

selected over the SuperScript® III First-Strand Synthesis Supermix (Invitrogen
TM

 by Life 

Technologies
TM

) as the method to perform the cDNA synthesis during sample preparation in this 

research. The selection was made as a result of the High Capacity RNA-to-cDNA Master Mix (Applied 

Biosystems® by Life Technologies
TM

) performing faster cDNA synthesis reactions and requiring 

lesser time for sample setup. The cDNA synthesised by both these methods was found to be suitable 

for downstream analysis. 

 

Three cDNA quantification assays were successfully developed and compared to identify the most 

appropriate assay to use for the quantification of samples in this research. The main reason for the 

development of a quantification assay was to allow for the standardisation of the sample input during 

analysis, to enable meaningful quantitative comparison between samples by reducing variability 

arising as a result of experimental error. Of the three cDNA quantification assays compared the 18S 

rRNA cDNA quantification assay was identified as the most sensitive and the most appropriate for use 

in the context of this research. Better performing standard curves were generated by the 18S rRNA 

cDNA quantification assay when used with cDNA standards synthesised from control RNA. As a 

result, the cDNA quantification method employing the 18S rRNA cDNA quantification assay and 

cDNA standards prepared using control RNA was chosen as the most suitable method to perform the 

quantification of the samples in this research. 

 

The most efficient and/or appropriate methods to perform the different operations involved in RNA 

recovery were successfully identified and selected for use in the final experimental procedure to 

conduct this research. 
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Chapter 5. 

Development of a multiplex PCR assay to analyse and 

evaluate mRNA expression in intravital human dermal 

injuries during injury healing for the purpose of injury age 

estimation 

 

With the enormous surge in the basic scientific understanding of biological processes and key 

advancements in scientific techniques in the last few decades, a number of studies have attempted to 

study injury healing for the purpose of determining a method for the estimation of injury age (Wysocki, 

2002). However, none of these studies have been able to successfully propose an objective, viable 

and reliable method of injury age estimation that is applicable for forensic use (Takamiya et al., 2009). 

Histological, biochemical and immunohistochemical techniques have all been successfully used to 

study the injury healing process, but as a consequence of the subjective nature of their evaluations 

none of them have shown any promise for use in the development of a forensically acceptable injury 

age estimation method (Betz, Tübel & Eisenmenger, 1995; Raekallio & Mäkinen, 1969, 1970; 

Takamiya et al., 2009; Takamiya et al., 2008; Takamiya et al., 2002). The most promise is shown by 

the more recently developed RT-PCR technique which allows for objective evaluations, and as a 

result, most of the recent injury age estimation studies have shifted their focus to using this technique 

to study injury healing (Bauer, 2007; Sato & Ohshima, 2000; Takamiya et al., 2003). 

 

In this research, the RT-PCR technique was employed to study seventeen markers known to be 

involved in the dermal injury healing process: DUSP1, IL7, SELP, VCAM1, TNC, CD14, SELE, IL6, 

TNFα, IL1β, CMA1, COL3A1, LAMA5, IL2, COL1A1, COL1A2 and VEGFA. The mRNA expression of 

the seventeen chosen markers was studied in intravital human dermal injuries during the course of 

injury healing to identify their suitability and potential for use as markers for the estimation of human 

dermal injury age.  
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First, the markers were subjected to a preliminary assessment using duplex PCR assays, where the 

mRNA expression of each marker was studied in injury samples collected from intravital human 

dermal injuries. The preliminary assessment was performed to identify suitable markers to include in 

the multiplex PCR assay to study mRNA expression in intravital human dermal injuries for the 

purpose of injury age estimation. Next, the multiplex PCR assay incorporating the selected markers 

was developed and optimised. Then, the optimised multiplex PCR assay was used to analyse the 

mRNA expression of all the incorporated markers in intravital human dermal injuries at selected time 

points during the injury healing process. Lastly, the individual mRNA expression of the multiplex PCR 

assay markers was evaluated from the results of all the multiplex PCR assay analyses and used to 

identify markers exhibiting potential for use in the estimation of human dermal injury age. 

 

Traditional end point PCR was chosen over real-time PCR in this research as it allows for the 

simultaneous detection and assessment of more markers in a single reaction. This feature is 

particularly important in a forensic context where the amount of sample recovered is usually very 

limited and the chance of obtaining more of the sample is unlikely. In addition, the traditional end point 

PCR method is also cost effective. 

 

5.1 Duplex PCR assays 

A preliminary assessment of the markers DUSP1, IL7, SELP, VCAM1, TNC, CD14, SELE, IL6, TNFα, 

IL1β, CMA1, COL3A1, LAMA5, IL2, COL1A1, COL1A2, VEGFA was performed using duplex PCR 

assays, where the mRNA expression of each marker was studied along with the expression of 18S 

rRNA. The duplex PCR assays were used to identify suitable markers for use in the development of a 

multiplex PCR assay to analyse and evaluate mRNA expression for the purpose of injury age 

estimation. The identification of the markers to use in the development of the multiplex PCR assay 

was based on the mRNA expression detection in the injury samples collected using the non-invasive 

method of sample collection and analysed using the RT-PCR method of analysis. 
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5.1.1 Samples for the duplex PCR assay analysis 

For the preliminary assessment using the duplex PCR assays, injury and uninjured intact skin 

samples were collected from five different human volunteers presenting with dermal lacerations. Ten 

injury samples were collected from each laceration at 0-2, 10, 30 minutes, 12 hours, 1 day, 2, 3, 4, 5, 

and 6 days after injury and one uninjured intact skin sample was collected from each volunteer at the 

time of collection of the 0-2 minutes after injury sample. The samples were collected according to the 

sample collection method detailed in section 2.6. The collected samples were extracted, processed 

and prepared for amplification as described in section 2.7 to 2.9. 

 

5.1.2 Duplex PCR assay amplifications and analysis 

The duplex PCR assays were used to separately amplify 1 ng, 300 pg, and 30 pg 18S rRNA cDNA 

input amounts from all the injury samples. The three different 18S rRNA cDNA input amounts were 

investigated to identify the most suitable input amount required for the generation of statistically 

evaluable results (determinable peak heights) and to use for the standardisation of the multiplex PCR 

assay amplification reactions between assays and samples, respectively. Amplifications of the 

uninjured intact skin cDNA, NTC and NRTC samples were performed using a fixed input volume of 1 

μL for each duplex PCR reaction as a result of the limited amount of sample available and the very 

little or no 18S rRNA cDNA detected in these samples. 

 

The duplex PCR assay amplifications were setup and performed according to the method described 

in section 2.10.2. All of the injury samples collected from the five lacerations were amplified 

separately using each of the different duplex PCR assays, except for those duplex PCR assays 

detecting SELE, SELP and LAMA5 mRNA. The SELE, SELP and LAMA5 mRNA detecting duplex 

PCR assays could only be used for the amplification of the injury samples collected from two out of 

the five lacerations as a result of the limited amounts of remaining samples available. All the duplex 

PCR assay amplifications were performed in duplicate, except for those involving uninjured intact skin 

cDNA, NTC and NRTC samples, as the amount of these samples available was limited. After 

amplification the samples were analysed using the analysis method stated in section 2.10.4. 
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5.2 Multiplex PCR assay 

Based on the results of the duplex PCR assay assessments, the markers DUSP1, IL7, IL6, TNFα, 

IL1β, CMA1, COL3A1, IL2, VEGFA were used in the development of a RNA based multiplex PCR 

assay. The purpose of the multiplex PCR assay was to analyse and evaluate the mRNA expression of 

all the incorporated markers in intravital human dermal injuries through injury healing and identify 

those markers exhibiting potential for use as markers for the estimation of human dermal injury age. 

18S rRNA was included along with the mRNA markers as part of the multiplex PCR assay as an 

endogenous control and for the purpose of normalisation when evaluating individual mRNA 

expressions. 

 

5.2.1 Multiplex PCR assay development and optimisation 

The primer sets of the markers DUSP1, IL7, IL6, TNFα, IL1β, CMA1, COL3A1, IL2, VEGFA mRNA 

and 18S rRNA were combined to develop a multiplex PCR assay to simultaneously study their 

expression in intravital human dermal injuries at specific time points during injury healing for the 

purpose of injury age estimation. The developed multiplex PCR assay was optimised specifically for 

this research prior to being utilised to study marker expression. The optimisation experiments were 

performed by evaluating the multiplex PCR assay performance while modifying or adjusting four 

parameters critical to successful multiplex PCR: concentrations of the primers, annealing 

temperature, period of final elongation and cDNA input amount per PCR reaction.  

 

Injury samples for conducting the optimisation of the multiplex PCR assay were collected at 0-2, 30 

minutes, 12 hours, 1 and 2 days after injury from volunteers presenting with dermal lacerations. The 

samples were collected, extracted, processed and prepared according to the methods described in 

section 2.6 to 2.9. The cDNA samples obtained from the injuries were diluted to 150 pg/μL 18S rRNA 

cDNA based on the results of the cDNA quantification. The diluted cDNA samples were either used 

immediately or stored at -20˚C until required. In the case of the trial identifying the optimum 18S rRNA 

cDNA input amount per PCR reaction, the diluted samples were further diluted to 75 pg/μL and 15 

pg/μL as required before use.  
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The multiplex PCR assay amplification reactions for the optimisation were setup using the QIAGEN
®
 

Multiplex PCR kit in 25 μL volumes consisting of 12.5 μL of reaction buffer, 2.5 μL of 10X multiplex 

primer mix (section 2.10.3.1), 8 μL of nuclease-free water and 2 μL cDNA sample (the cDNA samples 

were diluted based on their 18S rRNA cDNA concentration as determined by the cDNA quantification 

such that they met the specified 18S rRNA cDNA input amount criteria). In general, the multiplex PCR 

assay reactions for the optimisation were performed on a GeneAmp
®
 PCR System 9700 (Applied 

Biosystems® by Life Technologies
TM

) using the following cycling conditions: 1 cycle of initial activation 

at 95˚C for 15 minutes; 35 cycles of denaturation, annealing and extension at 94˚C for 30 seconds, 

60˚C for 30 seconds and 72˚C for 90 seconds respectively; followed by 1 cycle of final extension at 

72˚C for 10 minutes. Modifications were made to these cycling conditions according to the parameter 

being tested. 

 

The concentrations of the primers and annealing temperature were the first of the parameters to be 

experimentally tested. The performance of the multiplex PCR assay was assessed while adjusting the 

concentrations of the primers and annealing temperature to identify the most optimum combination of 

primer concentrations and annealing temperature to use for performing this research. The final 

concentrations of the primers (forward and reverse) in the multiplex PCR assay amplification 

reactions of the first trial of the first optimisation experiment were fixed at 0.5 μM for all the mRNA 

markers and 0.1 μM for 18S rRNA marker. The concentration of the primers for each of the markers in 

subsequent trials was increased, decreased or kept the same, depending on the results obtained for 

each marker in the preceding trial. The different primer concentrations tested were within 0.1 μM to 1 

μM (inclusive) for all the mRNA markers and 0.01 μM to 0.1 μM (inclusive) for the 18S rRNA marker. 

All of the annealing temperatures in the range 57˚C to 62˚C (inclusive) were tested for every 

combination of primer concentrations investigated. 

 

The next of the parameters to be experimentally tested was the final elongation period. This 

parameter was mainly tested to resolve the split peak occurrences that remained after the primer 

concentrations and annealing temperature optimisations. The different final elongation periods tested 

included 10, 30, 45, 60, 75 and 90 minutes. The optimisation experiment to identify the most 
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appropriate final elongation period was performed using the optimum combination of primer 

concentrations and annealing temperature previously identified. 

 

The 18S rRNA cDNA input amount was the last of the parameters to be tested. Three 18S rRNA 

cDNA input amounts, 300 pg, 150 pg and 30 pg, were tested to identify the most suitable input 

amount required for the generation of statistically evaluable results (determinable peak heights) and 

to use for the standardisation of the multiplex PCR assay amplification reactions between assays and 

samples, respectively. The input amount testing was conducted again using the multiplex PCR assay 

in order to identify if the optimum 18S rRNA cDNA input amount previously determined using the 

duplex PCR assays was still applicable to the multiplex PCR assay. For this optimisation experiment, 

the optimum combination of primer concentrations, annealing temperature and final elongation period 

previously identified were used. 

 

5.2.2 Samples for the multiplex PCR assay analysis 

For the multiplex PCR assay expression analysis, injury and uninjured intact skin samples were 

collected according to the sample collection method detailed in section 2.6 from thirty-five different 

human volunteers presenting with lacerations. The injury samples were collected from each intravital 

laceration at as many of the ten selected time points (0-2, 10, 30 minutes, 12 hours, 1 day, 2, 3, 4, 5, 

and 6 days after injury) as possible, from the earliest possible time point within 24 hours of the 

occurrence of the injury, to a maximum of 6 days after injury. The uninjured intact skin sample was 

collected from each volunteer at the time of collection of the first injury sample. The collected samples 

were extracted, processed and prepared for amplification as described in section 2.7 to 2.9. 

 

5.2.3 Multiplex PCR assay amplifications and analysis 

All of the collected injury samples were amplified separately using the multiplex PCR assay. The 

multiplex PCR assay amplifications were setup and performed according to the method described in 

section 2.10.3, with each amplification performed in duplicate. Post amplification, the PCR samples 

were analysed according to the analysis method mentioned in section 2.10.4. 
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5.2.4 Evaluation of mRNA expression 

The individual expression pattern for each of the mRNA markers was determined from the results of 

the analysis using the method of mRNA expression evaluation described in section 2.10.5. 

 

5.3 Results and discussion 

5.3.1 Duplex PCR assays 

5.3.1.1 Samples for the duplex PCR assay analysis 

Injury samples were collected from all five lacerations sampled at all of the ten selected time points 

(Table G1, Appendix G). All the uninjured intact skin samples were collected from the volunteers at 

the time of collection of the 0-2 minutes after injury sample.  

 

Using the non-invasive sample collection method sufficient concentrations of 18S rRNA cDNA were 

obtained from all the injury samples, but not from all the uninjured intact skin samples. The 18S rRNA 

cDNA concentration detected in all the injury samples collected from the five lacerations, irrespective 

of the time point, ranged between 7.23 ng/μL and 14.82 ng/μL. The median 18S rRNA cDNA 

concentration for all the injury samples from all five lacerations was 12.53 ng/μL. Little or no 18S 

rRNA cDNA was detected in any of the uninjured intact skin samples and the maximum 18S rRNA 

cDNA concentration in any of these samples was approximately 4 pg/μL. The average real-time PCR 

efficiency for the 18S rRNA cDNA quantifications was 95.68 %, which lies well within the acceptable 

90-100 % efficiency range suggested by Life Technologies
TM

 (“Real-time PCR: Understanding Ct,” 

2011). 

 

The recovery of sufficient quantities of 18S rRNA cDNA to perform this research from only the injury 

samples indicates the importance and requirement of injuries with broken skin for the non-invasive 

sample collection method employed. The failure to recover sufficient concentrations of 18S rRNA 

cDNA from the uninjured intact skin samples in this research is in agreement with previous research, 

where the selected reference or candidate markers were not detected in some skin samples collected 

employing a similar non-invasive sample collection technique (Hanson, Haas, Jucker & Ballantyne, 

2012; Visser, Zubakov, Ballantyne & Kayser, 2011). As a result of the limited amount and low 18S 
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rRNA cDNA concentration of the uninjured intact skin samples, amplifications involving these samples 

were performed using a fixed input volume (1 μL) instead of a fixed 18S rRNA cDNA input amount.  

 

5.3.1.2 Duplex PCR assay amplifications and analysis 

Duplex PCR assays were used to analyse the markers DUSP1, IL7, SELP, VCAM1, TNC, CD14, 

SELE, IL6, TNFα, IL1β, CMA1, COL3A1, LAMA5, IL2, COL1A1, COL1A2, and VEGFA to identify 

suitable markers to use in the development of a multiplex PCR assay to analyse and evaluate mRNA 

expression in intravital human dermal injuries for the purpose of injury age estimation. The suitability 

of the markers was assessed based on the detection of their mRNA transcripts in intravital human 

dermal injuries during injury healing using the selected RT-PCR method of analysis. In addition, the 

duplex PCR assay assessments were also used to identify the optimum 18S rRNA cDNA input 

amount out of 1ng, 300 pg and 30 pg 18S rRNA cDNA, required for the generation statistically 

evaluable results (determinable peaks) and to use for the standardisation of the duplex PCR assay 

amplification reactions between assays and samples, respectively. 

 

DUSP1, IL7, TNFα, VEGFA mRNA, and 18S rRNA transcripts were detected at all of the selected 

time points in the injury samples collected from all five lacerations, irrespective of the 18S rRNA cDNA 

input amount used. Overamplified peaks (peak height ≥ 7000 rfu) for these markers were observed 

where the 18S rRNA cDNA input amount in the duplex PCR assay amplification reactions was either 

1 ng or 300 pg. In comparison, IL1β and CMA1 mRNA transcripts were detected only at some of the 

selected time points in the injury samples collected from all five lacerations. The detection of the IL1β 

mRNA transcripts was limited to the period between 0-2 minutes and 12 hours after injury, with 

transcript expression observed during this period for all three 18S rRNA cDNA input amounts. CMA1 

mRNA transcripts were seen only at 0-2 minutes after injury in all the five lacerations for all three 18S 

rRNA cDNA input amounts used. Figure 5.1 shows the results of the amplifications of 1 ng, 300 pg 

and 30 pg 18S rRNA cDNA from a 1 day after injury sample, performed using the duplex PCR assay 

that detects TNFα mRNA and 18S rRNA transcripts. 
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Figure 5.1 Electropherograms showing the results of the duplex PCR assay amplifications of (a) 1 ng, 
(b) 300 pg and (c) 30 pg 18S rRNA cDNA input from a 1 day after injury sample, performed using the 
duplex PCR assay that detects TNFα mRNA and 18S rRNA transcripts. 

 

The mRNA transcripts of IL6, COL3A1 and IL2 were also detected using the duplex PCR assays. 

However, the detection of these markers was limited to a few of the selected time points in some of 

the injury samples collected and was found to vary depending on the amount of 18S rRNA cDNA 

input used for the amplification. IL6 mRNA transcripts were detected at 0-2 minutes after injury in two, 

one and two samples at 1 ng, 300 pg and 30 pg 18S rRNA cDNA input, respectively; at 10 minutes 

after injury in two samples at 300 pg 18S rRNA cDNA input; and at 12 hours after injury in three 

samples at 1 ng 18S rRNA cDNA input. COL3A1 mRNA transcripts were observed at 4 and 5 days 

after injury in three samples where the 18S cDNA input amount was 1 ng and only at 5 days after 

injury in two and three samples where the 18S rRNA cDNA input amount was 300 pg and 30 pg, 

respectively. IL2 mRNA transcripts were detected at 0-2 minutes and 3 days after injury in three 

samples at all three 18S rRNA cDNA input amounts. In addition, IL2 mRNA transcripts were also 
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observed at 4 days after injury in two samples at both 1 ng and 30 pg 18S rRNA cDNA input, and at 1 

day in three samples at 1 ng 18S rRNA cDNA input. Where IL6, COL3A1 and IL2 mRNA transcripts 

were detected, the marker peak heights were always found to be lower than 300 rfu. SELP, VCAM1, 

TNC, CD14, SELE, LAMA5, COL1A1 and COL1A2 mRNA transcripts were not detected using the 

duplex PCR assays for any 18S rRNA cDNA input amount at any of the selected time points in any of 

the injury samples investigated. None of the mRNA transcripts of the selected markers were detected 

in the duplex PCR amplifications of the uninjured intact skin, NTC and NRTC samples. This result is 

as expected given that very little or no 18S rRNA cDNA was detected in these samples. The lack of 

detection of the mRNA transcripts in the uninjured intact skin samples further demonstrates the 

requirement of injuries with broken skin to be able to obtain meaningful results using the selected 

non-invasive sample collection method. The results of the marker expression detection using the 

duplex PCR assays are shown in Table 5.1. 

 

DUSP1, IL7, IL6, TNFα, IL1β, CMA1, COL3A1, IL2 and VEGFA were the only mRNA markers to be 

detected using the duplex PCR assays (Figure F1, Appendix F). As a result of their detection, these 

nine mRNA markers were selected as suitable markers to use in the development of the multiplex 

PCR assay to analyse and evaluate mRNA expression in intravital human dermal injuries for the 

purpose of injury age estimation. The mRNA markers SELP, VCAM1, TNC, CD14, SELE, LAMA5, 

COL1A1 and COL1A2 were not detected using the duplex PCR assays and were therefore identified 

as unsuitable for use in this research. The eight mRNA markers which were undetected in this 

research have, however, been detected in previous research focussing on injury age estimation using 

similar or different methods of analysis (Betz et al., 1993; Dreβler et al., 1998, 1999; Guler et al., 

2011; Kagawa et al., 2009; Kainulainen et al., 1998; Pober & Cotran, 1990). The non-detection of 

these markers may be attributed to the non-invasive sample collection method (swabbing) that results 

in much lower RNA yield when compared to the invasive sample collection methods used in previous 

research, most of which involved the excision of whole pieces of post mortem animal (mice, rabbits 

and pigs) or human dermal tissue. In addition, it is also possible that these markers were present in 

the collected injury samples and not detected because they were present at quantities that fell below 

the detection threshold of the method of analysis used. 
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Table 5.1 Results of the marker expression detection using the duplex PCR assays for (A) 1 ng, (B) 
300 pg and (C) 30 pg 18S rRNA cDNA input at all the selected time points in all the injuries sampled. 
 
A) 
 

Marker name 

Time after injury 

Minutes Hours Day(s) 

0-2 10 30 12 1 2 3 4 5 6 

DUSP1 * * * * * * * * * * 

IL7 * * * * * * * * * * 

SELP
†
           

VCAM1           

TNC           

CD14           

SELE
†
           

IL6 2/5   3/5       

TNFα * * * * * * * * * * 

IL1β * * * *       

CMA1 *          

COL3A1        3/5 3/5  

LAMA5
†
           

IL2 3/5    3/5  3/5 2/5   

COL1A1           

COL1A2           

VEGFA * * * * * * * * * * 

18S rRNA * * * * * * * * * * 
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B) 
 

Marker name 

Time after injury 

Minutes Hours Day(s) 

0-2 10 30 12 1 2 3 4 5 6 

DUSP1 * * * * * * * * * * 

IL7 * * * * * * * * * * 

SELP
†
           

VCAM1           

TNC           

CD14           

SELE
†
           

IL6 1/5 2/5         

TNFα * * * * * * * * * * 

IL1β * * * *       

CMA1 *          

COL3A1         2/5  

LAMA5
†
           

IL2 3/5      3/5    

COL1A1           

COL1A2           

VEGFA * * * * * * * * * * 

18S rRNA * * * * * * * * * * 
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C) 
 

Marker name 

Time after injury 

Minutes Hours Day(s) 

0-2 10 30 12 1 2 3 4 5 6 

DUSP1           

IL7           

SELP
†
           

VCAM1           

TNC           

CD14           

SELE
†
           

IL6 2/5          

TNFα           

IL1β           

CMA1           

COL3A1         3/5  

LAMA5
†
           

IL2 3/5      3/5 2/5   

COL1A1           

COL1A2           

VEGFA           

18S rRNA           

– Marker expression detected in all samples  – Marker expression not detected 

– Marker expression detected in some samples; N = number of samples in which marker expression was detected 

* Duplex PCR assay amplification resulted in the observation of overamplification (marker peak height ≥ 7000 rfu). 

†
 Duplex PCR assays used for assessing SELE, SELP and LAMA5 were only used for the amplification of injury samples 

collected from two out of the five lacerations as a result of the limited amount of remaining sample available. 

N/5 
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The duplex PCR assay amplifications performed using the 18S rRNA cDNA input amounts of 1 ng, 

300 pg and 30 pg of the injury samples were all successful. Overamplified marker peaks (peak height 

≥ 7000 rfu) were observed in the case of the duplex PCR assay amplifications using 1 ng and 300 pg 

18S rRNA cDNA input, but not in the case of duplex PCR assay amplifications using 30 pg 18S rRNA 

cDNA input. As a result, 30 pg 18S rRNA cDNA was identified as the most suitable 18S rRNA cDNA 

input amount to use per duplex PCR reaction for the generation of statistically evaluable results 

(determinable peaks) and for the standardisation between assays and samples, respectively. 

 

5.3.2 Multiplex PCR assay 

5.3.2.1 Multiplex PCR assay development and optimisation 

The multiplex approach was selected for conducting this research as it enables the simultaneous 

detection of multiple markers in a single reaction, and in the process eliminates any inter-experimental 

variability that can occur when studying markers individually in separate reactions. In addition, 

multiplexing reduces the total amount of sample required for analysis, making it especially useful 

when the amount of sample available for testing is limited and resampling is not possible, which is the 

case in this research. 

 

DUSP1, IL7, IL6, TNFα, IL1β, CMA1, COL3A1, IL2 and VEGFA, the mRNA markers identified using 

the duplex PCR assay assessments, were successfully incorporated into the development of a 

multiplex PCR assay. 18S rRNA was also included as a part of the multiplex PCR assay, along with 

the selected mRNA markers, to function as an endogenous control and to use for performing the 

normalisations when evaluating the individual marker mRNA expressions. The main purpose of 

developing the assay was to use it to analyse and evaluate the mRNA expression of all the 

incorporated mRNA markers in intravital human dermal injuries through injury healing and identify 

those mRNA markers exhibiting potential for use in a method to estimate human dermal injury age. 

 

Prior to being utilised to determine the marker expressions for evaluation, the developed multiplex 

PCR assay was optimised specifically for this research. The multiplex PCR assay optimisation was 

performed by experimentally testing and identifying the most conducive and favourable 



112 
 

concentrations of the primers, annealing temperature, period of final elongation and 18S rRNA cDNA 

input amount per PCR reaction to use to perform the multiplex PCR assay amplifications. 

 

The performance of the multiplex PCR assay was experimentally tested for different concentrations of 

the primers and different annealing temperatures to identify the most optimum combination of primer 

concentrations and annealing temperature to use for performing the multiplex PCR assay 

amplification reactions. The results of the experimental testing identified the optimum final 

concentration of the primers (forward and reverse) for performing the multiplex PCR assay 

amplification reactions to be 0.15 μM for DUSP1, 0.15 μM for IL7, 0.8 μM for IL6, 0.3 μM for TNFα, 

0.6 μM for IL1β, 0.8 μM for CMA1, 1.0 μM for COL3A1, 0.8 μM for IL2, 0.6 μM for VEGFA and 0.05 

μM for 18S rRNA, and the optimum annealing temperature for performing the multiplex PCR assay 

amplification reactions to be 58˚C. The multiplex PCR assay amplifications performed using this 

combination of primer concentrations and annealing temperature resulted in the observation of 

cleaner electropherograms (smoother baseline), no significant non-specific peaks in the region of 

interest of the electropherogram (100 to 250 base pairs), fewer split peaks and better balanced peaks 

(Figure 5.2) when compared to the other combinations of primer concentration and annealing 

temperatures tested. 

 

Split peaks were observed in all the amplifications performed irrespective of the combination of primer 

concentrations and annealing temperatures employed. The occurrence of split peaks was identified 

as likely to be a result of the multiplexing involving a lot of markers, which requires some degree of 

compromise with respect to the choice of annealing temperature, and/or an insufficient period of final 

elongation. Split peaks were most commonly seen in the case of the DUSP1 and TNFα mRNA marker 

peaks. 
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Figure 5.2 Electropherograms showing the results of the concentration of primers and annealing 

temperature optimisations in a 12 hours after injury sample using 300 pg 18S rRNA cDNA input, final 

primer (forward and reverse) concentrations of 0.15 μM for DUSP1, 0.15 μM for IL7, 0.8 μM for IL6, 

0.3 μM for TNFα, 0.6 μM for IL1β, 0.8 μM for CMA1, 1.0 μM for COL3A1, 0.8 μM for IL2, 0.6 μM for 

VEGFA and 0.05 μM for 18S rRNA and annealing temperatures of (a) 58˚C, (b) 59˚C, (c) 60˚C, (d) 

61˚C or (e) 62˚C. 
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The final elongation step in PCR is essential to ensure the completion of the extension of any 

remaining single stranded DNA. Insufficient final elongation results in the incomplete extension of the 

remaining single stranded DNA leading to the occurrence of split peaks. Employing a sufficient period 

of final elongation is particularly important for performing multiplex PCR amplifications, because it 

helps counter factors such as competition for reagents and preferential extension that occur as a 

result of multiplexing and affect the completion of extension of the different PCR products. 

 

In an attempt to resolve the split peak occurrences that persisted even after the primer concentrations 

and annealing temperature optimisations, six final elongation periods, 10, 30, 45, 60, 75 and 90 

minutes, were trialled by experimental testing. Split peaks were observed in the case of multiplex 

PCR amplification reactions performed using final elongation periods of 10, 30, 45 or 60 minutes, but 

not in those using final elongation periods of 75 or 90 minutes. The final elongation period of 75 

minutes was selected for use in this research over the final elongation period of 90 minutes, as it 

achieved the desired result in the least amount of time, making it the more efficient of the two. Figure 

5.3 shows the results of the comparison between multiplex PCR amplifications performed using 60 

and 75 minutes of final elongation. 

 

 

 
Figure 5.3 Electropherograms showing the results of the final elongation period optimisations in a 1 
day after injury sample using 300 pg 18S rRNA cDNA input and final elongation periods of (a) 60 
minutes and (b) 75 minutes.  
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The multiplex PCR assay amplifications performed using the 18S rRNA cDNA input amounts of 300 

pg, 150 pg and 30 pg of the injury samples were all successful. Overamplified marker peaks (peak 

height ≥ 7000 rfu) were observed in the case of the multiplex PCR assay amplifications using 300 pg 

and 150 pg 18S rRNA cDNA input, but not in the case of multiplex PCR assay amplifications using 30 

pg 18S rRNA cDNA input (Figure 5.4). As statistically evaluable results (determinable peak heights) 

were obtained using the cDNA input amount of 30 pg 18S rRNA cDNA no other input amounts 

beyond 300 pg, 150 pg and 30 pg 18S rRNA cDNA were tested and 30 pg 18S rRNA cDNA was 

identified as a suitable input amount to use for multiplex PCR assay amplification reactions and 

standardisation between assays and samples, respectively. 

 

 

 
Figure 5.4 Electropherograms showing the results of the 18S rRNA cDNA input amount optimisations 
using 18S rRNA cDNA input amounts of (a) 300 pg, (b)150 pg and (c) 30 pg. 
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5.3.2.2 Samples for the multiplex PCR assay analysis 

Injury samples were collected from lacerations on volunteers at as many of the ten selected time 

points as possible, with the first injury sample collected at the earliest possible selected time point 

within 24 hours of injury infliction (Table G1, Appendix G). Injury samples were not collected at all the 

ten selected time points from all thirty-five lacerations sampled because of (a) the time between injury 

infliction and volunteer recruitment which prevented the collection of injury samples at some of the 

earlier time points, and (b) the employment of a volunteer dependent sample collection method (self-

sampling) which resulted in the non-collection of injury samples at some of the later time points. Table 

5.2 shows the different selected time point injury samples collected from each of the thirty-five 

lacerations. Injury samples were collected at all the ten selected time points from only six of the thirty-

five lacerations sampled. Figure 5.5 shows one of these six lacerations, at all the ten selected time 

points at which it was sampled. 

 

As in the case of the preliminary assessment performed using the duplex PCR assays, using the non-

invasive sample collection method sufficient concentrations of 18S rRNA cDNA were obtained from all 

the injury samples, but not all the uninjured intact skin samples. The 18S rRNA cDNA concentration 

detected in all the injury samples collected from the thirty-five lacerations, irrespective of the time 

point, ranged between approximately 60 pg/μL and 22.35 ng/μL. This wide range of 18S rRNA cDNA 

concentrations of the injury samples can be attributed to the sample collection (self-sampling), inter-

injury variation and the time point at which the injury sample were collected. The median 18S rRNA 

cDNA concentration for all the injury samples from all five lacerations was 7.98 ng/μL. Little or no 18S 

rRNA cDNA was detected in any of the uninjured intact skin samples and the maximum 18S rRNA 

cDNA concentration in any of these samples was approximately 45 pg/μL. The average real-time 

PCR efficiency for the 18S rRNA cDNA quantifications was 93.71 %, which lies well within the 

acceptable 90-100 % efficiency range suggested by Life Technologies
TM

 (“Real-time PCR: 

Understanding Ct,” 2011). 

 

The recovery of sufficient quantities of 18S rRNA cDNA to perform this research from only the injury 

samples further supports the conclusion made previously regarding the requirement of injuries with 

broken skin for the sample collection method employed. As a result of the limited amount and low 18S 
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rRNA cDNA concentration of the uninjured intact skin samples, amplifications involving these samples 

were performed employing a fixed input volume (1 μL) instead of a fixed 18S rRNA cDNA input 

amount. 

 

Table 5.2 The selected time points at which samples were collected from the thirty-five lacerations for 
the expression analysis using the multiplex PCR assay. 
 

Laceration 

Time after injury 

Minutes Hours Day(s) 

0-2 10 30 12 1 2 3 4 5 6 

1           

2           

3           

4           

5           

6           

7           

8           

9           

10           

11           

12           

13           

14           

15           

16           

17           

18           
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Laceration 

Time after injury 

Minutes Hours Day(s) 

0-2 10 30 12 1 2 3 4 5 6 

19           

20           

21           

22           

23           

24           

25           

26           

27           

28           

29           

30           

31           

32           

33           

34           

35           

Total number 
of injury 
samples 
collected at 
each selected 
time point 

14 21 26 27 31 28 27 28 25 22 

– Injury sample collected  – Injury sample not collected 
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Figure 5.5 A laceration at (a) 0-2 minutes, (b) 10 minutes, (c) 30 minutes, (d) 12 hours, (e) 1 day, (f) 2 
days, (g) 3 days, (h) 4 days, (i) 5 days and (j) 6 days after injury, the ten selected time points at which 
injury samples were collected; technical specifications: Canon EOS 550D + EF-S 18-55mm f/3.5-5.6 
IS; 1/50 sec; ISO-3200; AF- no flash, compulsory. 
 

a b 

c 

e 

g 

i j 
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1 cm 1 cm 

1 cm 1 cm 

1 cm 1 cm 

1 cm 1 cm 

1 cm 1 cm 
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5.3.2.3 Multiplex PCR assay amplifications and analysis 

The multiplex PCR assay amplifications were performed employing the optimised multiplex PCR 

assay to analyse the mRNA expression of all the incorporated markers in the injury samples. The 18S 

rRNA transcript expression was observed at all the selected time points in all the injury samples. The 

mRNA transcript expression of DUSP1, IL7, TNFα and VEGFA were also noted at all the time points 

in all the injury samples.  

 

IL1β mRNA transcript expression was detected in the injury samples only between 0-2 minutes and 

12 hours after injury, while CMA1 mRNA transcript expression was detected in injury samples only at 

0-2 minutes after injury. However, IL1β and CMA1 mRNA transcripts were not consistently detected in 

all the lacerations sampled at these time points. IL1β mRNA transcripts were not observed in one of 

the fourteen lacerations sampled at 0-2 minutes after injury, three of the twenty one lacerations 

sampled at 10 minutes after injury, four of the twenty six lacerations sampled at 30 minutes after 

injury and six of the twenty six lacerations sampled at 12 hours after injury. CMA1 mRNA transcripts 

were not seen in three of the fourteen lacerations sampled at 0-2 minutes after injury. The reason for 

the inconsistent detection of IL1β and CMA1 mRNA transcripts may be attributed to the approximation 

of the sample collection time points, inter-volunteer variation and dependence on volunteers for 

information regarding the timing of the injury and the proper collection of the injury samples.  

 

The mRNA transcripts of IL6, COL3A1 and IL2 were not detected in the majority of injury samples 

investigated. When detected, these markers showed contradictory expression between samples 

taken at the same time point but from lacerations on different volunteers; the marker peak height for 

these three markers was always lower than 300 rfu. The infrequent detection of IL6, COL3A1 and IL2 

is likely to be a result of their mRNA transcripts being expressed at levels that fall below the detection 

threshold of the analysis method employed. As in the case of the duplex PCR assays, none of the 

multiplex PCR assay mRNA marker transcripts were detected in the multiplex PCR assay 

amplifications of the uninjured intact skin, NTC and NRTC samples. Figure 5.6 shows the results of 

the marker expression detection in one laceration at selected time points during the injury healing 

process using the multiplex PCR assay. 
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Figure 5.6 Electropherograms showing the marker expression detection using the multiplex PCR 
assay in a laceration at selected time points during the injury healing process. (a) Uninjured intact 
skin, (b) 0-2 minutes, (c) 10 minutes, (d) 30 minutes, (e) 12 hours, (f) 1 day, (g) 2 days, (h) 3 days, (i) 
4 days, (j) 5 days and (k) 6 days after injury. 
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5.3.2.4 Evaluation of mRNA expression 

Using the results of the multiplex PCR assay amplification analysis, the individual mRNA expression 

level of each of the markers detected in each of the injury samples investigated was evaluated as a 

ratio of the mRNA marker peak height normalised to the 18S rRNA marker peak height. Following 

this, the mean individual mRNA expression level of each marker at each of the selected time points 

was calculated. Finally, the mean individual mRNA expression level of each marker at each of the 

different selected time points was collated to generate an individual mRNA expression pattern through 

the injury healing process. 

 

A normalisation strategy employing only a single endogenous reference gene was used as a 

consequence of the non- or irregular detection of the other common endogenous reference genes in 

all the injury samples (section 4.5.4.2.1). The non- or irregular detection of endogenous genes other 

than 18S rRNA could most probably be a result of the limited sample size, nature of the sample and 

the nature of the sample collection method. 

 

From the results of the multiplex PCR assay amplification analysis, individual mRNA expression 

evaluations were possible only for the mRNA markers DUSP1, IL7, TNFα, VEGFA, IL1β and CMA1 

(Figure 5.7). As IL1β and CMA1 mRNA transcripts were not detected at all the selected time points in 

all the injury samples, their individual mRNA expression evaluations were performed using only the 

results from the time points and injury samples in which their mRNA transcripts were detected.  

 

The mRNA expression pattern obtained for DUSP1 shows an initial decrease in mRNA expression 

until 1 day after injury. Following this, DUSP1 mRNA expression is seen to increase, peaking at 3 

days after injury. The initial decrease in DUSP1 mRNA expression until 1 day after injury observed in 

this research is found to be consistent with a previous study that studied dermal injuries using a 

murine model (Kagawa et al., 2009). The DUSP1 mRNA expression increase noted post 1 day after 

injury, however, differed from the DUSP1 mRNA expression observed in that same study (Kagawa et 

al., 2009). Given that DUSP1 activation is primarily induced as a result of external stress (infliction of 

injury), the observed increase in expression post 1 day after injury is not as expected (Carter et al., 

1999; Kagawa et al., 2009). 
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Figure 5.7 The mRNA expression patterns of (a) DUSP1, (b) IL7, (c) TNFα, (d) VEGFA, (e) IL1β and 
(f) CMA1 during injury healing, determined by evaluating the individual mRNA expression levels of 
each marker at selected time points after injury as the ratio of the peak height of the marker 
normalised to the peak height of the endogenous reference (18S rRNA). The results represent the 
means ± standard error per group. p < 0.05 indicated by (*) above the bar representing a group. 
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The IL7 mRNA expression pattern is found to be very similar to that of DUSP1. Peak IL7 mRNA 

expression is noted at 2 days after injury. A previous study on IL7 expression showed suppression of 

the protein during the early stages of injury healing (Takamiya et al., 2009). The pattern of 

suppression of the protein in that study is found to correlate with the pattern of IL7 mRNA expression 

in this research if it is taken into account that mRNA expression precedes protein synthesis 

(Takamiya et al., 2003).  

 

TNFα mRNA expression is seen to gradually decrease until 1 day after injury, with peak TNFα mRNA 

expression noted at 0-2 minutes after injury. Following this, TNFα mRNA expression is found to 

increase slightly at 2 days after injury and remain almost the same until 6 days after injury. The 

expression of TNFα mRNA observed in this research is as expected, as the elevated level of 

expression post 1 day after injury is in line with its role as a stimulator of the acute phase reaction 

(Sato & Ohshima, 2000). The TNFα mRNA expression seen in the early stages of injury healing in 

this research differs from that seen in two previous studies (Sato & Ohshima, 2000; Takamiya et al., 

2008). However, the TNFα mRNA expression observed post 1 day after injury is consistent with the 

expression observed in one of those two studies (Sato & Ohshima, 2000). The difference in the 

marker expression pattern between this and previous research during the early stages of injury 

healing could be the result of the use of an animal (murine) model in the previous research, signifying 

a possible difference in the mode of action of TNFα in humans and animals (Sato & Ohshima, 2000). 

 

The mRNA expression of VEGFA was found to decrease until 1 day after injury and then gradually 

increase, peaking at 5 days after injury. The VEGFA expression observed in this research is as 

anticipated given the role played by VEGFA in angiogenesis, which begins closer to the start of the 

maturation phase of injury healing (Clark, 1996; Ferrara & Henzel, 1989; Hayashi et al., 2004; Kondo, 

2007; Kondo & Ishida; 2010; Leung et al., 1989). Previous immunohistochemical studies on VEGFA 

show peak protein expression at approximately 7 days after injury (Hayashi et al., 2004). The pattern 

of VEGFA protein expression observed in these studies is found to correlate with the pattern of 

VEGFA mRNA expression observed in this research, as in the case of IL7 (Takamiya et al., 2003). 
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IL1β mRNA expression was detected only between 0-2 minutes and 12 hours after injury, with 

expression seen to gradually decrease during this period. This pattern of IL1β mRNA expression is 

not as expected and not in agreement with previous studies, which show IL1β mRNA expression 

peaking at 9 hours after injury and persisting at elevated levels until 4 days after injury (Sato & 

Ohshima, 2000; Takamiya et al., 2009). The difference in the IL1β mRNA expression pattern seen in 

this and previous research may be a result of using a non-invasive method of sample collection, as 

the access to the deeper parts of the injury become restricted as injury healing progresses. 

Additionally, as IL1β is produced by activated macrophages for inflammatory response mediation 

(Sato & Ohshima, 2000), it is possible that IL1β mRNA is expressed at levels detectable by the 

method of analysis employed in this research mainly during the inflammation phase. 

 

CMA1 mRNA expression was only observed at 0-2 minutes after injury in this research, making it 

completely inconsistent with observations made in previous studies, which show elevated CMA1 

mRNA expression post 1 day after injury with peak expression at approximately 7 days after injury 

(Kagawa et al., 2009). The reason for the non-detection of CMA1 mRNA expression in samples past 

0-2 minutes after injury in this research, as in the case of as IL1β mRNA expression, could be 

attributed to the non-invasive method of sample collection, given that CMA1 is produced and released 

from mast cells found in the connective tissue which lies deep inside the injury (Miller & Pemberton, 

2002; Pejler et al., 2007). 

 

Confident mRNA expression evaluations were not possible for the mRNA markers IL6, COL3A1 and 

IL2 as a result of their contradictory detection in injury samples taken at the same time point but from 

lacerations on different volunteers. The irregularity in the detection of these three mRNA markers in 

the injury samples could be a result of the approximation of the sample collection time points and 

dependence on volunteers for information regarding the timing of the injury. Additionally, it is also 

possible that these three mRNA markers were either completely absent or present at levels that fell 

below the detection threshold of the analysis method employed in the injury samples in which they 

were not detected. 
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The Games-Howell test was performed individually for each of the mRNA markers where possible, by 

comparing the average marker mRNA expression observed at each of the selected time points with 

the average marker mRNA expression at the 0-2 minutes after injury time point to identify time points 

showing significant changes in the marker mRNA expression (Field, 2009). The 0-2 minutes after 

injury time point was used as the control time point to perform the comparisons, as suitable and 

usable results could not be obtained from the uninjured intact skin samples due to the non-invasive 

nature of the sample collection method employed. The Games-Howell test was significant (p ≤ 0.05) 

for the individual mRNA expressions observed at 10, 30 minutes, 12 hours, 1 day, 4, 5 and 6 days for 

DUSP1; 12 hours for IL7; 10, 30 minutes, 12 hours, 1 day, 4 and 5 days for TNFα; 10, 30 minutes, 12 

hours, 1 day, 5 and 6 days VEGFA; and 10, 30 minutes and 12 hours for IL1β. 

 

Reproducible mRNA expression results were obtained for the markers DUSP1, IL7, TNFα, VEGFA, 

IL1β and CMA1 from the multiplex PCR assay analysis of intravital human dermal injury samples 

collected at selected time points during injury healing by non-invasive wet swabbing. The pattern of 

mRNA expression through injury healing observed for each of these six markers in this research, 

when considered individually, indicates their inability to be used for the estimation of human dermal 

injury age. However, when their individual patterns of mRNA expression are considered in 

combination with one another, the markers show potential to be used in the estimation of a human 

dermal injury age range (in days).  

 

5.4 Conclusion 

Seventeen mRNA markers, DUSP1, IL7, SELP, VCAM1, TNC, CD14, SELE, IL6, TNFα, IL1β, CMA1, 

COL3A1, LAMA5, IL2, COL1A1, COL1A2 and VEGFA, known to play a role in the dermal injury 

healing process were investigated for their suitability and potential to estimate human dermal injury 

age. The investigations were performed by evaluating the mRNA expression of these markers in 

human dermal injuries at selected time points during the injury healing process using the RT-PCR 

technique.  

 

As part of the investigation, a preliminary assessment of the seventeen chosen mRNA markers was 

conducted using duplex PCR assays, where the expression of each mRNA marker was studied along 
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with the expression of 18S rRNA. The assessment was performed to identify markers to use in the 

development of a multiplex PCR assay to study mRNA expression in intravital human dermal injuries 

for the purpose of injury age estimation. The identification of the markers for the multiplex PCR assay 

was based on the detection of their mRNA expression in the injury samples collected using the non-

invasive method of sample collection and analysed using the RT-PCR method of analysis. The 

preliminary assessment identified DUSP1, IL7, IL6, TNFα, IL1β, CMA1, COL3A1, IL2, and VEGFA 

mRNA as suitable markers to use in the development of the multiplex PCR assay. 

 

Based on the results of the preliminary assessment, a multiplex PCR assay to study the expression of 

DUSP1, IL7, IL6, TNFα, IL1β, CMA1, COL3A1, IL2, VEGFA mRNA and 18S rRNA in intravital human 

dermal injuries was developed. 18S rRNA was included along with the mRNA markers as part of the 

multiplex PCR assay as an endogenous control and for the purpose of normalisation when evaluating 

the individual marker mRNA expressions. The multiplex PCR assay was optimised specifically for this 

research prior to being utilized. The optimisation process focussed on identifying the most conducive 

and favourable concentrations of primers, annealing temperature, period of final elongation and 18S 

rRNA cDNA input amount per PCR reaction to use to perform the multiplex PCR assay amplifications 

in this research. 

 

Following the optimisation, the multiplex PCR assay was used to analyse and evaluate the mRNA 

expression of DUSP1, IL7, IL6, TNFα, IL1β, CMA1, COL3A1, IL2, and VEGFA in thirty-five intravital 

human dermal injuries at selected time points during injury healing. From the results of the multiplex 

PCR assay amplification analysis of the injuries, individual mRNA expression evaluations were 

possible only in the case of the markers DUSP1, IL7, TNFα, VEGFA, IL1β and CMA1. The individual 

mRNA expression of the markers IL6, COL3A1 and IL2 could not be confidently evaluated because of 

the irregularity in the detection of their expression in the injuries. The pattern of DUSP1, IL7, TNFα, 

VEGFA, IL1β and CMA1 mRNA expression observed during intravital human dermal injury healing in 

this research suggests that these markers have the potential to estimate a human dermal injury age 

range, especially during the initial stages of injury healing, but only if used in combination with each 

other. 
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Chapter 6. 

Development of a statistical model to estimate human 

dermal injury age 

 

This chapter describes the development of a statistical model that uses the mRNA expression levels 

of selected markers to estimate human dermal injury age. The markers used in the development of 

the model were selected based on their mRNA expression patterns and potential to estimate human 

dermal injury age as identified previously in this research (Chapter 5). The model was primarily 

developed using the marker mRNA expression level data (evaluated mRNA expression) (Table H1, 

Appendix H) obtained in Chapter 5 from the results of the multiplex PCR assay amplification analysis 

of injury samples collected from thirty-five different human dermal lacerations at selected time points 

during injury healing. 

 

Regression modelling, a powerful analytical technique that can identify the most effective combination 

of variables to use to predict (with statistical significance) an outcome, was chosen as the approach 

for the development of the statistical model to estimate human dermal injury age. Regression 

modelling in the simplest form fits a straight line to the set of observations, modelling the relationship 

between the variables using a linear function (Equation 6.1) (Bowerman & O’Conell, 1990; Field, 

2009; Miles & Shevlin, 2001). 

 

y = β0 + β1 (x) 

(Equation 6.1) 

Where, 
y = Dependent variable 
x = Independent variable 
β0  = Constant 
β1  = Regression coefficient for x 

 

If a simple linear regression model was to be used in the context of this research, y would represent 

the time after injury and x would represent the marker mRNA expression level. The constant and 
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coefficient in the regression model would be derived from and dependent on the data used in the 

development of the model (marker mRNA expression level data) (Field, 2009; Miles & Shevlin, 2001). 

 

In the case of the presence of multiple independent variables, as in this research, regression 

modelling can be expanded to include more than one independent variable (Field, 2009). An example 

of a multiple linear regression model is shown in Equation 6.2. 

 

y = β0 + β1 (x1) + β2 (x2) + β3 (x3) + … + βn (xn) 

(Equation 6.2) 

Where, 
y = Dependent variable 
x1 - n = Independent variables 
β0  = Constant 
β1 - n  = Regression coefficients for x1 - n 

 

In the context of this research, in the above multiple linear regression model y would represent the 

time after injury and x1 - n would represent the marker mRNA expression levels and other independent 

variables, such as gender, which are associated with the data. As in the case of simple linear 

regression the constant and coefficients in the regression model would be derived from and 

dependent on the data used in the development of the model. 

 

Regression modelling depends on four fundamental assumptions (1) assumption of normality – the 

variables are normally distributed; (2) assumption of linearity – the presence of a linear relationship 

between the dependent and independent variables; (3) assumption of multicollinearity – the absence 

of correlation between the independent variables; and (4) assumption of homoscedasticity – the 

presence of constant variance (Field, 2009; Miles & Shevlin, 2001). Violations of any of these 

assumptions lead to the development of a model which is less effective and has reduced predictive 

strength, as it is unable to use all the information available from the patterns in the data (Field, 2009). 

A regression model is found to be most effective when all the four fundamental assumptions are 

satisfied (Berry & Feldman, 1985; Cohen & Cohen, 1983; Field, 2009). 

 

The regression modelling in this research was performed using the marker mRNA expression level 

and associated data to identify the most effective combination of variables from the set of available 
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independent variable to estimate human dermal injury age. The regression modelling was carried out 

in eight steps (1) summarising the data (2) identification and elimination of outliers; (3) exploratory 

data analysis; (4) test for normality; (5) test for linearity; (6) regression model development; (7) test for 

multicollinearity; and (8) test for homoscedasticity. All the data analysis associated with the regression 

modelling was performed using IBM
®
 SPSS

®
 Statistics Version 21.0. 

 

6.1 Regression modelling 

6.1.1 Summarising the data 

The purpose of summarising the data is to understand and gain knowledge about its main 

characteristics. This step involved identifying and quantitatively describing the basic structure of the 

data and the information related to the samples from which the data was obtained. 

 

6.1.2 Identification and elimination of outliers 

Outliers can be described as observations within the data that are distant from other observations and 

fall significantly outside statistically defined acceptable ranges (Grubbs, 1969; Moore & McCabe, 

1999). Outliers can occur due to experimental error or variability in the measurement of observations 

(Field, 2009; Grubbs, 1969). The presence of outliers in the data can (a) bias estimates, (b) distort 

statistical tests, (c) increase errors and affect the fit of statistical models and (d) result in inaccurate 

conclusions (MacCallum, 1995). Outliers are found to specifically distort regression results (Barnett & 

Lewis, 1994; MacCallum, 1995). When included an outlier pulls the regression line towards itself 

which results in a solution that is more accurate for the outlier than for all the other observations in the 

data set (MacCallum, 1995). Therefore, identifying outliers, understanding how they affect the data 

analysis and dealing with them is extremely important to any statistical analysis. In this research box 

plots were used for the identification of outliers. Box plots divide the data into quartiles and establish 

statistically defined acceptable ranges for the data and identify any observations outside of this range 

as outliers (Martinez & Martinez, 2005). 
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6.1.3 Exploratory data analysis 

Exploratory data analysis is an approach for data analysis that employs a variety of techniques to 

maximise insight into a data set (Hartwig & Dearing, 1979). The main role of exploratory data analysis 

is to examine the data to reveal its structural secrets (Field, 2009; Hartwig & Dearing, 1979). In this 

step several statistical characteristics related to the dispersion of the data such as sample size, mean, 

median, variance, standard deviation, minimum value, maximum value, range, skewness and kurtosis 

were calculated. 

 

6.1.4 Test for normality 

The most commonly used distribution in statistical analysis is the normal distribution (Field, 2009). 

Normal distribution forms the basis of much of the parametric statistical analysis. When the 

assumption of normality of the data is met, the parametric tests become powerful tools that can detect 

even minor differences (Field, 2009). 

 

Normality is one of the assumptions required for regression modelling. The normality of the 

distribution of the dependent (time after injury) and independent variables (DUSP1, IL7, TNFα and 

VEGFA mRNA expression levels) was tested using the one-sample Kolmogorov-Smirnov (K-S) test. A 

significant K-S test (p ≤ 0.05) indicates that the scores deviate from a normal distribution (Field, 2009; 

Tabachnick & Fidell, 2006). While the K-S test is able to provide information regarding deviation of the 

distribution from normality, it is unable to provide information regarding the degree of deviation and if 

the deviation is sufficient to bias downstream statistical procedures applied to the variables (Field, 

2009). Furthermore, the K-S test is found to be affected by large sample sizes (N > 100), with a 

significant test resulting even in the case of small deviations of the distribution from normality that fall 

well within statistically acceptable ranges of deviation (Field, 2009). As a result, it is recommended to 

run other more specific tests in addition to the K-S test to check for the assumption of normality, 

especially in the case of a significant K-S test and a large sample size (N > 100) (Field, 2009). In 

keeping with the recommendation, a second tier statistical analysis that tests the distribution of the 

variables using the values of skewness and kurtosis (Curran, West & Finch, 1996), determined for the 

variables during the exploratory data analysis, was performed to test for normality. 

 



133 
 

6.1.5 Test for linearity 

Linearity is an important assumption required for regression modelling. Regression requires that there 

exist some degree of straight line relationship between the independent variables (DUSP1, IL7, TNFα 

and VEGFA mRNA expression levels) and the dependent variable (time after injury), as it only tests 

for such relationships between variables. The assumption of linearity was tested by calculating the 

Pearson correlation coefficient (R) for each independent variable (DUSP1, IL7, TNFα and VEGFA 

mRNA expression levels) with the dependent variable (time after injury). The value of R can only 

range between -1 and +1. An R value of +1 indicates that there is a perfect positive relationship 

between the two variables. Conversely, an R value of -1 indicates a perfect negative relationship 

between the two variables. An R value of 0 indicates no linear relationship at all between the two 

variables (Chen & Popovich, 2002; Field, 2009; Green & Salkind, 2010). The correlation coefficient is 

also commonly used to measure the strength of the relationship; R values of ±0.1 represent a weak 

relationship, ±0.3 represent a moderate relationship, and ±0.5 represent a strong relationship (Field, 

2009). 

 

In addition to the R value, SPSS
®
 Statistics (IBM

®
) also provides the significance value (p) of each of 

the correlations. A significance value less than or equal to 0.05 (p ≤ 0.05) is significant and indicates a 

linear relationship between the marker mRNA expression and the time after injury (Field, 2009). Small 

R values and insignificant significance values (p ≥ 0.05) indicate weak correlation and imply the 

removal of the independent variable from the regression model (Field, 2009). 

 

6.1.6 Regression model development 

Regression modelling is a statistical process to analyse the relationship between a dependent and 

one or more independent variables and understand which among the independent variables are 

related to the dependent variable (Miles & Shevlin, 2001). Regression modelling is widely used for 

prediction and forecasting as it is capable of estimating the conditional expectation of the dependent 

variable given the independent variables (Field, 2009; Miles & Shevlin, 2001). There are many 

techniques for performing regression modelling of which linear regression is the most common, and is 

the technique preferred in this research. 
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An initial standard multiple linear regression model for estimating human dermal injury age was 

developed using all the selected independent variables (including gender). The model was evaluated 

by calculating the R, R
2
 and adjusted R

2
 values. The R value is the multiple correlations coefficient 

and represents the multiple correlations between the dependent and independent variables (Field, 

2009; Miles & Shevlin, 2001). R can be considered to be one measure of the quality of the prediction 

of the dependent variable (Field, 2009). The R
2 

value is the coefficient of determination and 

represents the proportion of variance in the dependent variable that can be explained by the 

independent variables (Bowerman & O’Conell, 1990; Field, 2009). R
2 

indicates the goodness of fit of 

the statistical model (Miles & Shevlin, 2001). R
2 

values range from 0 to 1, where an R
2 

of 1 indicates 

that the regression line perfectly fits the data (Field, 2009; Miles & Shevlin, 2001). The adjusted R
2 

value is the estimated amount of variance in the outcome that the model explains in the population. 

Unlike the R
2 

value,
 
the adjusted R

2 
value increases when a new independent variable is added to the 

model only if the new independent variable improves the R
2 

value more than would be expected by 

chance (Field, 2009). 

 

Following the evaluation of the initial regression model, backward stepwise regression modelling was 

used to identify the most effective combination of independent variables (DUSP1, IL7, TNFα and 

VEGFA mRNA expression levels and gender) to use to estimate the time after injury (human dermal 

injury age). Backward stepwise regression modelling begins with a regression model in which all the 

candidate independent variables are included. At each step during modelling the significance value 

for each independent variable is calculated and the independent variable with the largest significance 

value greater than 0.1 is removed from the regression model. A new regression model is then 

generated with the remaining independent variables. The independent variable removal continues at 

every step during modelling until none of the remaining independent variables can be removed from 

the model without significantly decreasing the portion of variance explained by the regression model 

and the goodness of fit of the regression model (Field, 2009). The models generated by the backward 

stepwise regression modelling were then evaluated and compared using their R, R
2
 and adjusted R

2
 

values to identify the most effective and appropriate regression model for estimating human dermal 

injury age. 
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In addition to using the R, R
2
 and adjusted R

2
 values for the comparison of the different regression 

models generated using the backward stepwise regression, the analysis of variance (ANOVA) was 

also used. ANOVA uses an F-test to compare multiple group means to determine statistically 

significant (p ≤ 0.05) differences between them (Field, 2009; Miles & Shevlin, 2001). The result of the 

F-test is presented in terms of an F-ratio which is the ratio of variance between groups to the variance 

within groups. The F-ratios, which indicate whether the statistical model is a significant fit to the data, 

were used to compare the different regression models and evaluate the contribution of the 

independent variable removed at each step to the regression model (Field, 2009). The value of the F-

ratio is greater than 1 if the improvement due to fitting the regression model is much greater than the 

inaccuracy within the model. Therefore, the larger the F-ratio, the greater the predictive power of the 

regression model (Field, 2009; Miles & Shevlin, 2001). 

 

The hypotheses tested by the regression model are as follows: 

Null hypothesis (H0) - there is no relationship between all the marker mRNA expression levels and 

gender with the time after injury. 

 

H0: βDUSP1 = βIL7 = βTNFα = βVEGFA = βGender = 0 

 

Alternate hypothesis (H1) - there is a relationship between at least one of the marker mRNA 

expression levels or gender with the time after injury. 

 

H1: At least one βDUSP1 or βIL7 or βTNFα or βVEGFA or βGender ≠ 0 

 

Where, 
βDUSP1 = Regression coefficient for DUSP1 mRNA expression level 
βIL7  = Regression coefficient for IL7 mRNA expression  level 
βTNFα = Regression coefficient for TNFα mRNA expression level 
βVEGFA  = Regression coefficient for VEGFA mRNA expression level 
βGender  = Regression coefficient for gender 

 

6.1.7 Test for multicollinearity 

Multicollinearity is a condition which occurs when two or more independent variables in the regression 

model are highly correlated and provide redundant information regarding the response. 
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Multicollinearity poses a problem as it (a) increases the standard errors of the regression coefficients 

(β), (b) limits the size of R, the multiple correlation coefficient, and (c) makes it difficult to assess the 

importance of predictors (independent varibles) (Field, 2009). The multicollinearity of the independent 

variables included in the regression model was evaluated by calculating the variance inflation factor 

(VIF), which indicates strong linear relationships between independent variables. There are no 

specified acceptable VIF values to determine the presence of multicollinearity. However, VIF values of 

10 and above are regarded as good indicators of multicollinearity (Myers, 1990; O’Brien, 2007). In 

addition to the VIF, the tolerance statistic, which is the reciprocal of the VIF (1 / VIF), was also 

calculated and used for the identification of multicollinearity. The presence of multicollinearity is 

suggested by tolerance statistic values below 0.2 (Menard, 1995). Identifying multicollinearity is 

important for determining the most effective combination of independent variables for estimating 

human dermal injury age. 

 

6.1.8 Test for homoscedasticity 

Homoscedasticity is an assumption in regression analysis that the independent variables have similar 

or equal variances (Field, 2009; Miles & Shevlin, 2001). The homoscedasticity of the independent 

variables was tested using the Levene’s test. The test uses simple ANOVA to identify if the variances 

in different groups are equal. A significant significance value (p ≤ 0.05) for the test indicates that the 

variances between the groups are significantly different – therefore violating the assumption of 

homoscedasticity (Field, 2009). While the Levene’s test is able to provide information regarding 

differences in variance, it is unable to provide information regarding the degree of difference and if the 

difference is sufficient to bias statistical procedures applied to the variables (Field, 2009). 

Furthermore, the Levene’s test is found to be affected by large sample sizes (N > 100), with a 

significant test resulting even in the case of small differences in variance that fall well within 

statistically acceptable ranges of difference (Field, 2009). As a result, it is recommended to run other 

more specific tests in addition to the Levene’s test to check for the assumption of homoscedasticity, 

especially in the case of a significant Levene’s test and a large sample size (N > 100) (Field, 2009). In 

keeping with the recommendation, a second tier statistical analysis involving checking regression 

plots consisting of the standardised residuals plotted against standardised predicted values (Field, 

2009; Miles & Shevlin, 2001) was performed to test for homoscedasticity. 
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6.2 Results and discussion 

6.2.1 Summarising the data 

The injury samples from which the marker mRNA expression data was obtained were collected from 

thirty-five different intravital human lacerations. Out of the thirty-five lacerations sampled twenty-eight 

were observed in male volunteers and the remaining seven were observed in female volunteers 

(Figure 6.1). All the thrity-five lacerations were caused by one of the three following incidents: a fall, a 

collision, or a cut. Falls and cuts accounted for the infliction of fifteen lacerations each, while collisions 

accounted for the infliction of five lacerations (Figure 6.2). Eleven different surface types, metal, wood, 

concrete, glass, tile, plastic, brick, rock, gravel, mud and road, were found to be responsible for 

causing all the thirty-five lacerations. Lacerations caused by metal surfaces were the highest in 

number, with more than three times the number of lacerations caused by any other surface type. 

Figure 6.3 shows the number of lacerations caused by each surface type.  

 

 

Figure 6.1 Bar graph showing the frequency of male and female participants from whom injury 
samples were collected. 
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Figure 6.2 Bar graph showing the frequency of the cause of the injury (falls, collisions and cuts) for 
the lacerations sampled. 

 

 

Figure 6.3 Bar graph showing the frequency of the nature of the injury causing surface (metal, wood, 
concrete, glass, tile, plastic, brick, rock, gravel, mud and road) for the lacerations sampled.  
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Out of the thirty-five lacerations sampled, no immediate wound care was applied to fourteen of the 

thirty-five lacerations sampled, while fifteen were immediately rinsed with water and the remaining six 

were immediately cleaned with an antiseptic agent (soap). No further specific wound care was 

provided to any of the lacerations after the collection of the first injury sample. However, the 

lacerations were allowed to be exposed to daily ablutions. 

 

Injury samples were collected from each of the thirty-five lacerations at as many of the ten selected 

time points (0-2, 10, 30 minutes, 12 hours, 1 day, 2, 3, 4, 5, 6 days after injury) as possible. Injury 

samples were collected at all the ten selected time points from only six of the thirty-five lacerations. Of 

the total of three hundred and fifty possible samples that could be collected from all the thirty-five 

lacerations only two hundred and forty-nine injury samples were collected. The two hundred and forty-

nine injury samples collected included fourteen at 0-2 minutes, twenty-one at 10 minutes, twenty-six 

at 30 minutes, twenty-seven at 12 hours, thirty-one at 1 day, twenty-eight at 2 days, twenty-seven at 3 

days, twenty-eight at 4 days, twenty-five at 5 days and twenty-two at 6 days. Injury samples were not 

collected from every laceration at all the selected time points because of (a) the time between injury 

infliction and volunteer recruitment, which prevented the collection of injury samples at some of the 

earlier time points, and (b) the employment of a volunteer dependent sample collection method (self-

sampling) which resulted in the non-collection of injury samples at some of the later time points. 

 

6.2.1.1 Selection of mRNA markers for use in the development of the statistical model 

mRNA expression level evaluations were possible in all the two hundred and forty-nine injury samples 

collected, irrespective of the time point at which the samples were collected, for the markers DUSP1, 

IL7, TNFα and VEGFA. mRNA expression level evaluations for the markers IL1β and CMA1 were 

only possible in seventy-two and ten samples, respectively, as the detection of their expression was 

restricted to certain time points after injury in this research. Inclusion of the mRNA expression level 

data of the markers IL1β and CMA1 in the development of the statistical model was identified as a 

potential source of bias and error because of the incompleteness. As a result, only the mRNA 

expression level data for the markers DUSP1, IL7, TNFα and VEGFA were included for use in the 

development of the statistical model. Despite the exclusion of IL1β and CMA1 from the statistical 



140 
 

model, their detection in samples is helpful, given the pattern of their expression identified in this 

research, as it suggests that the injuries are less than one day old. 

 

6.2.2 Identification and elimination of outliers 

The mRNA expression level data for DUSP1, IL7, TNFα and VEGFA were separately analysed using 

box plots in all the two hundred and forty-nine samples to identify possible outliers. The results of the 

outlier analyses are shown in Figure 6.4. The box plot is a graphical depiction of the spread of the 

data which shows (a) the median represented by a black band inside the green box; (b) the middle 

50% of the data represented by the solid green box; (c) the top and bottom 25% of the data 

represented by black vertical lines (whiskers) above and below the box, respectively; (d) the 

maximum greatest and minimum least value, excluding the outliers, represented by the black 

horizontal lines at the outer ends of the top and bottom whiskers, respectively; and (e) mild and 

extreme outliers represented by a black open dots and stars, respectively (Frigge, Hoaglin & Iglewicz, 

1989; Tukey, 1977).  
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Figure 6.4 Box plots of the mRNA expression level distribution for (a) DUSP1, (b) IL7, (c) TNFα and 
(d) VEGFA. Numbers represent the corresponding samples that resulted in the observation. 
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The outliers are determined using the interquartile range (IQR) which is the difference between the 

upper and lower quartiles or the middle 50% of the data (Stapel, 2004; Tukey, 1977). Observations 

that are between 1.5X to 3.0X the IQR on either side are identified as mild outliers and those beyond 

3.0X the IQR on either side are identified as extreme outliers (Stapel, 2004; Tukey, 1977). The 

numbers present next to the outliers in each box plot represent the corresponding samples that 

resulted in the observation. 

 

One extreme outlier and four mild outliers were observed in the case of the DUSP1 mRNA expression 

level. The extreme outlier was identified as a 2 days after injury sample (sample number 180). The 

four mild outliers were identified as three 0-2 minutes after injury samples (sample numbers 8, 10 and 

11) and one 3 days after injury sample (sample number 239). 

 

No extreme outliers and ten mild outliers were observed in the case of the IL7 mRNA expression 

level. The ten mild outliers were identified as two 0-2 minutes after injury samples (sample numbers 3 

and 4), seven 2 day after injury samples (sample numbers 176, 180, 181, 183, 195, 202 and 209) and 

one 5 days after injury sample (sample number 283). 

 

One extreme outlier and four mild outliers were observed in the case of the TNFα mRNA expression 

level. The extreme outlier was identified as a 0-2 minutes after injury sample (sample number 5). The 

four mild outliers were identified as three 0-2 minutes after injury samples (sample numbers 4, 11 and 

13) and one 2 days after injury sample (sample number 180). 

 

No extreme outliers and three mild outliers were observed in the case of the VEGFA mRNA 

expression level. The three mild outliers were all identified as 5 days after injury samples (sample 

numbers 282, 285 and 303). 

 

In the case that a sample resulted in an observation considered as an extreme outlier, the cDNA 

quantification, post PCR fragment analysis and mRNA expression level evaluation data obtained from 

the sample was reviewed to identify errors (miscalculations) or abnormalities (pull up, non-specific 

peaks and artefacts), that could result in such observations. If such errors or abnormalities were found 
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and could not be corrected the samples were removed before proceeding with further analysis. If no 

errors or abnormalities were found the samples were removed before proceeding with further analysis 

on the assumption that their extreme observations resulted from discrepancies during amplification 

arising from either experimental error or low PCR efficiency. When a sample was removed from 

further analysis, the observations resulting from the sample were removed for all the markers as a 

result of their being obtained from the same reaction (multiplexing). Based on this, one 0-2 minutes 

after injury sample (sample number 5) and one 2 days after injury sample (sample number 180) were 

removed from further analysis. All the samples resulting in observations considered as mild outliers 

were retained for further analysis. 

 

6.2.3 Exploratory data analysis 

Exploratory data analysis was used to study the data to understand the variables and their underlying 

structures, gain an intuition about the data and decide on the formal statistical methods to use to 

investigate the data. Using exploratory data analysis several statistical characteristics related to the 

dispersion of the data such as sample size, mean, standard deviation, variance, skewness and 

kurtosis were calculated and summarised. The independent variable gender was excluded from the 

exploratory data analysis as a result of being dichotomous. The results of the exploratory data 

analysis are presented in Table 6.1. 
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Table 6.1 Results of the exploratory data analysis for the dependent (time after injury) and 
independent (DUSP1, IL7, TNFα and VEGFA mRNA expression levels) variables. 
 

Descriptive statistics
a 

Descriptive 
Time after 
injury 

DUSP1 mRNA 
expression 
level 

IL7 mRNA 
expression 
level 

TNFα mRNA 
expression 
level 

VEGFA mRNA 
expression 
level 

Sample size 350 247 247 247 247 

Mean 51.670 1.155 1.863 0.650 0.353 

Standard error 
(Mean) 

2.722 0.028 0.053 0.015 0.012 

Median 36.000 1.070 1.800 0.649 0.276 

Variance 2593.649 0.202 0.698 0.053 0.035 

Standard 
deviation 

50.928 0.449 0.835 0.231 0.187 

Minimum 0.033 0.372 0.571 0.100 0.061 

Maximum 144.000 2.415 4.843 1.569 1.009 

Range 143.967 2.043 4.272 1.469 0.948 

Skewness 0.542 0.829 1.413 0.603 0.895 

Standard error 
(Skewness) 

0.130 0.155 0.155 0.155 0.155 

Kurtosis -1.167 0.035 2.490 0.889 0.068 

Standard error 
(Kurtosis) 

0.260 0.309 0.309 0.309 0.309 

a
 The independent variable gender was excluded from the exploratory data analysis as a result of being dichotomous 

 

6.2.4 Test for normality 

The normality of the distribution of the variables is an important assumption required by many 

statistical methods including regression modelling. In this research the normality of the dependent 

(time after injury) and independent (DUSP1, IL7, TNFα and VEGFA mRNA expression levels) 

variables was tested using the one-sample K-S test. The results of the one sample K-S test were 

significant (p ≤ 0.05) for all the variables tested (Table 6.2). As a result of this, the null hypothesis of 

the K-S test that the variables are normally distributed was rejected. The independent variable gender 

was excluded from the test for normality given its nominal and dichotomous nature. 

 



146 
 

Table 6.2 Results of the one-sample K-S test for the dependent (time after injury) and independent 
(DUSP1, IL7, TNFα and VEGFA mRNA expression levels) variables. 
 

Test for normality
a 

Variable 

Kolmogorov-Smirnov
b 

Decision 

Statistic Sig.
c
 (p) 

Time after injury 0.207 0.000 Reject null hypothesis
d 

DUSP1 mRNA 
expression level 0.155 0.000 Reject null hypothesis

d
 

IL7 mRNA expression 
level 0.104 0.000 Reject null hypothesis

d
 

TNFα mRNA 
expression level 0.058 0.043 Reject null hypothesis

d
 

VEGFA mRNA 
expression level 0.166 0.000 Reject null hypothesis

d
 

a
 The independent variable gender was excluded from the test for normality as a result of being dichotomous 

b
 Lilliefors significance correction 

c
 The significance level for the K-S test is 0.05 

d 
The null hypothesis of the K-S test that the variable is normally distributed 

 

While the K-S test is a simple procedure to identify normal distribution, a significant K-S test does not, 

however, provide information regarding the degree of deviation of the distribution from normality and if 

the deviation of the distribution from normality is sufficient to bias downstream statistical procedures 

applied to the variables (Field, 2009). In addition, the K-S test is also known to be very sensitive to 

large sample sizes (N > 100), with even small deviations from normality that fall well within statistically 

acceptable ranges of deviation resulting in a significant test (Field, 2009). As a result, a second tier 

statistical analysis that focuses on the skewness and kurtosis of the variables was used to test the 

normality of their distribution. Skewness is the measure of asymmetry of the distribution, while the 

kurtosis is the measure of the similarity of the distribution to normal distribution (Field, 2009; Miles & 

Shevlin, 2001). A symmetrical or normal distribution has a skewness value of 0. An asymmetrical 

distribution has a positive skewness value if the long tail of the distribution is found to the right (higher 

values) and a negative skewness value if the long tail of the distribution is found to the left (lower 

values) (Brys, Hubert & Struyf, 2008, Field, 2009). As in the case of skewness a symmetrical or 

normal distribution has a kurtosis value of 0. An asymmetrical distribution has a positive kurtosis value 

if it is more peaked than a normal distribution and has a negative kurtosis value if it is flatter than a 

normal distribution (Field, 2009). 
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The testing of normality using skewness and kurtosis values is useful to test if the distribution of the 

variables approximate a normal distribution rather than exactly fit it. Normality testing using skewness 

and kurtosis values is useful in the case of large sample sizes (N > 100) as it is less sensitive to small 

deviations from normality unlike the K-S test (Field, 2009). The skewness and kurtosis values help 

identify departures from normality that could possibly bias downstream statistical procedures. 

 

Skewness values between -2 and +2 and kurtosis values between -7 and +7 are generally accepted 

for the distribution of the data to be considered to approximate a normal distribution (Curran et al., 

1996; West, Finch & Curran, 1995). However, in this research a more commonly used conservative 

arbitrary rule of thumb, that requires skewness values to fall between -1 and +1 and kurtosis values to 

fall between -3 and +3, for the data to be considered to approximate a normal distribution, was used. 

The variables are considered to have satisfied the assumption of normality if they pass the 

‘skewness-kurtosis’ test, even if they were previously identified to have not satisfied the assumption 

using the K-S test. 

 

The skewness and kurtosis statistics for the dependent (time after injury) and independent (DUSP1, 

IL7, TNFα and VEGFA mRNA expression levels) variables are shown in Table 6.3. The skewness 

and kurtosis values for the dependent variable (time after injury) and three dependent variables 

(DUSP1, TNFα and VEGFA) fell within the acceptable range indicating that the distribution of these 

four variables approximated a normal distribution satisfying the assumption of normality. However, in 

the case of the independent variable IL7 while the kurtosis value fell within the acceptable range, the 

skewness value, 1.413, fell outside the acceptable range indicating that its distribution deviated from 

normality to an extent that prevents its use in subsequent statistical analysis. 
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Table 6.3 The skewness and kurtosis statistics for the dependent (time after injury) and independent 
(DUSP1, IL7, TNFα and VEGFA mRNA expression levels) variables. 
 

Test for normality
a 

Variable 

Skewness
b 

Kurtosis
c 

Value Standard error  Value Standard error 

Time after injury (hours) 0.542 0.130 -1.167 0.260 

DUSP1 mRNA expression level 0.829 0.155 0.035 0.309 

IL7 mRNA expression level 1.413 0.155 2.490 0.309 

TNFα mRNA expression level 0.603 0.155 0.889 0.309 

VEGFA mRNA expression level 0.895 0.155 0.068 0.309 

a The independent variable gender was excluded from the test for normality as a result of being dichotomous 
b
 Skewness values between -1 and +1 indicate that the data approximates a normal distribution 

c 
Kurtosis values between -3 and +3 indicate that the data approximates a normal distribution 

 

In order to overcome the non-normal distribution observed for IL7 mRNA expression data, the 

variable was transformed using the natural logarithmic transformation and checked for normality. 

Transformations generate a new variable, expressed using a different scale of measurement, which is 

mathematically equivalent to the original variable and can help improve the distribution (Field, 2009; 

Tabachnick & Fidell, 2006). Natural logarithm, square root, inverse and square are some of the 

common transformations performed to handle non-normal variables. The results of the natural 

logarithmic transformation of IL7 mRNA expression level are presented in Table 6.4. The skewness 

and kurtosis values for the transformed independent variable LN_IL7, 0.143 and -0.024, respectively, 

fell within the acceptable ranges indicating that the distribution for the transformed variable 

approximated a normal distribution, thereby satisfying the assumption of normality. As the time after 

injury and DUSP1, LN_IL7, TNFα and VEGFA mRNA expression level data now satisfied the 

assumption of normality they were all included in the next step of the statistical analysis. 
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Table 6.4 Results of the natural logarithmic transformation of IL7 mRNA expression level. 
 

Transformation 

Descriptive IL7 mRNA expression level 
LN_IL7

a
 mRNA expression 

level 

Sample size 247 247 

Mean 1.863 0.533 

Standard error (Mean) 0.053 0.027 

Median 1.800 0.588 

Variance 0.698 0.175 

Standard deviation 0.835 .419 

Minimum 0.571 -0.560 

Maximum 4.843 1.580 

Range 4.272 2.140 

Skewness 1.413 0.143 

Standard error (Skewness) 0.155 0.155 

Kurtosis 2.490 -0.024 

Standard error (Kurtosis) 0.309 0.309 

a
 Natural logarithm transformed IL7 mRNA expression level 

 

6.2.5 Test for linearity 

One of the key assumptions for regression modelling is linearity. Linearity refers to the relationship 

between the dependent and independent variables of interest. A relationship between variables is 

said to be linear if the difference between the linear coefficient (r) and the non-linear correlation 

coefficient (eta) is small (Miles & Shevlin, 2001). If the relationship between two variables is linear it 

means that the rate of change between observations on the two variables is constant for the complete 

range of observations (Field, 2009). In this research the assumption of linearity was tested by 

calculating R (Pearson’s correlation coefficient), which is the measure of the degree to which 

variables are linearly related. The R and its significance were calculated for each of the independent 
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variables (DUSP1, LN_IL7, TNFα and VEGFA mRNA expression levels) with the dependent variable 

(time after injury). The results of the test for linearity are shown in Table 6.5. 

 

Table 6.5 Results of the test for linearity (correlations) between the dependent (time after injury) and 
independent (DUSP1, LN_IL7, TNFα and VEGFA mRNA expression levels) variables. 
 

Test for linearity (correlations) 

Variable 
Correlation 
attribute 

DUSP1 mRNA 
expression 
level 

LN_IL7
a
 mRNA 

expression 
level 

TNFα mRNA 
expression 
level 

VEGFA mRNA 
expression 
level 

Time after 
injury 

Pearson 
correlation 

0.052 0.186
**
 0.279

**
 0.512

**
 

Sig.  
(2-tailed) 

0.416 0.003 0.000 0.000 

Sample 
size 

247 247 247 247 

a 
Natural logarithm transformed IL7 mRNA expression level 

** Correlation is significant at the 0.01 level (2-tailed) 

 

The correlation between the dependent variable time after injury and the independent variable DUSP1 

mRNA expression level was found to be very weak (R value = 0.052) and statistically non-significant 

(p ≥ 0.05). In an attempt to overcome non-linearity and meet the assumption of linearity for the 

purpose of the regression modelling, common transformations (natural logarithm, square root, inverse 

and square) of the independent variable DUSP1 mRNA expression level were investigated to identify 

if its relationship with the dependent variable time after injury could be improved. The results of the 

correlations of the dependent variable time after injury with all the transformations of independent 

variable DUSP1 mRNA expression level are presented in Table 6.6. From the results of the 

correlation it is seen that relationships between the dependent and transformed independent variable 

in all the cases are very weak and statistically insignificant (p ≥ 0.05). As a result, the null hypothesis 

for the correlation test that no relationship exists between the dependent variable time after injury and 

the independent variable DUSP1 mRNA expression level was accepted and DUSP1 mRNA 

expression level was excluded from subsequent statistical analysis. 
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Table 6.6 Results of the test for linearity (correlations) between the dependent (time after injury) and 
transformations of the independent variable DUSP1 mRNA expression level 
 

Test for linearity (correlations) 

Variable 
Correlation 
attribute 

DUSP1
a
 

mRNA 
expression 
level 

LN_DUSP1
b
 

mRNA 
expression 
level 

SQRT_DUSP1
c
 

mRNA 
expression 
level 

INV_DUSP1
d
 

mRNA 
expression 
level 

SQ_DUSP1
e
 

mRNA 
expression 
level 

Time after 
injury 

Pearson 
correlation 

0.052 0.082 0.067 -0.102 0.023 

Sig.  
(2-tailed) 

0.416 0.201 0.292 0.111 0.719 

Sample 
size 

247 247 247 247 247 

a 
Untransformed 

b
 Natural logarithm transformed 

c
 Square root transformed 

d
 Inverse transformed 

e
 Square transformed 

** Correlation is significant at the 0.01 level (2-tailed) 

 

The independent variables LN_IL7, TNFα and VEGFA mRNA expression level were all found to have 

a positive relationship with the dependent variable time after injury. The correlation between the 

dependent variable time after injury and the independent variables LN_IL7, TNFα and VEGFA mRNA 

expression level was found to be weak (R value = 0.186), moderate (R value = 0.279), and strong (R 

value = 0.512), respectively. The probability associated with the R value in the above three cases was 

found to be 0.01, which is less than or equal to the level of significance for the correlation test (p ≤ 

0.05), thereby supporting the assumption of linearity. As a result, the LN_IL7, TNFα and VEGFA 

mRNA expression level data were included in the regression modelling. 

 

6.2.6 Regression model development 

An initial regression model to estimate the time after injury was developed employing standard 

multiple linear regression modelling using the independent variables LN_IL7, TNFα and VEGFA 

mRNA expression levels and gender. The variables used in the initial regression model were included 

based on their satisfying the assumptions of normality and linearity, where relevant and as 

determined by the previously conducted statistical analyses. The developed initial regression model is 

shown in equation 6.3. 
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Time after injury = β0 + βIL7 (LN_IL7) + βTNFα (TNFα) + βVEGFA (VEGFA) + βGender (Gender) 

(Equation 6.3) 

Where, 
LN_IL7 = Natural logarithm transformed IL7 mRNA expression level 
TNFα = TNFα mRNA expression level 
VEGFA = VEGFA mRNA expression level 
Gender = Gender (male / female) 
β0  = Constant 
βIL7 = Regression coefficient for natural logarithm transformed IL7 mRNA expression level 
βTNFα = Regression coefficient for TNFα mRNA expression level 
βVEGFA = Regression coefficient for VEGFA mRNA expression level 
βGender = Regression coefficient for Gender 

 

A summary of the developed initial regression model is shown in Table 6.7. The summary indicates 

that the combination of independent variables simultaneously included in the initial regression model 

were statistically significant at the 0.001 level (p ≤ 0.001), meaning the model is able to predict the 

outcome better than by just chance. The R and R
2
 values of the initial regression model were found to 

be 0.541 and 0.293, respectively, indicating that 29.3% of the variance in the dependent variable can 

be explained by the initial regression model. The estimated amount of variance in the dependent 

variable time after injury in the population explained by the four independent variables LN_IL7, TNFα 

and VEGFA mRNA expression levels and gender included in the initial regression model was found to 

be 28.1% (adjusted R
2
 value = 0.281). 

 

Table 6.7 A summary of the initial regression model with four independent variables (LN_IL7, TNFα 
and VEGFA mRNA expression levels and gender). 
 

Model summary
a 

Model R R square (R
2
) 

Adjusted R 
square (Adj. R

2
) 

Sig. (p) 

Initial
b 

0.541
 

0.293 0.281 0.000 

a 
Dependent variable: time after injury 

b 
Predictors: (Constant), Gender, TNFα mRNA expression, LN_IL7, VEGFA mRNA expression 

 

Following the development of the initial regression model using standard linear regression modelling, 

backward stepwise regression modelling was performed incorporating all the variables included in the 

initial model. Backward stepwise regression modelling was used to identify the most effective 

combination of independent variables, from the set of available independent variables, to use for the 
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estimation of the dependent variable (time after injury). In this approach the independent variables are 

removed from the model one at a time based on their lack of significance (p ≥ 0.1), until none of the 

remaining independent variables can be removed from the model without significantly affecting the 

portion of variance explained by the model. 

 

The backward stepwise regression modelling results in the generation of two models. Model 1 

generated by the backward stepwise regression modelling included the independent variables 

LN_IL7, TNFα and VEGFA mRNA expression levels and gender, and was the same as the initial 

regression model previously developed. Model 2 generated by the backward stepwise regression 

modelling included the independent variables LN_IL7, TNFα and VEGFA mRNA expression levels but 

excluded the independent variable gender. 

 

The results of the backward stepwise regression modelling showed a change of -0.001 for both the R 

and R
2
 values and 0.002 for the adjusted R

2
 value between Model 1 and Model 2 (Table 6.8). The 

negligible change seen in the R, R
2
 and adjusted R

2 
values between Model 1 and Model 2 is 

indicative of the lack of contribution of the independent variable gender to the estimation of time after 

injury. This lack of significant contribution is further supported by the insignificance of the F change 

(Sig. F change value = 0.629) between Model 1 and Model 2. 

 

Table 6.8 Backward stepwise regression modelling statistics. 
 

Model Summary
a
 

Model R 
R square 
(R

2
) 

Adjusted 
R square 
(Adj. R

2
) 

Standard 
error of the 
estimate 

Change statistics 

R square 
change 

F change df1 df2 
Sig. F 
change (p) 

1
b 

0.541 0.293 0.281 43.181 0.293 25.044 4 242 0.000** 

2
c 

0.540 0.292 0.283 43.113 -0.001 0.234 1 242 0.629 

a Dependent variable: time after injury 
b Predictors: (Constant), Gender, TNFα mRNA expression, LN_IL7, VEGFA mRNA expression 
c Predictors: (Constant), TNFα mRNA expression, LN_IL7, VEGFA mRNA expression 

** F change significant at 0.01 level 
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The ANOVA for the two models generated by the backward stepwise regression showed that both 

models have high predictive power (F statistic value > 1) (Table 6.9). An improvement was seen in the 

F statistic from 25.004 in Model 1 to 33.420 in Model 2. Despite the insignificance of the change in the 

F statistic (p ˃ 0.05), an improvement was seen in the predictive power with the removal of the 

independent variable gender. The ANOVA also found the combination of independent variables in 

both the models to be significant (p ≤ 0.05). 

 

Table 6.9 Analysis of variance (ANOVA) statistics for the backward stepwise regression modelling. 
 

ANOVA
a
 

Model Attribute 
Sum of 
squares 

df Mean square F Sig. (p) 

1
b 

Regression 186795.074 4 46698.769 25.044 0.000 

Residual 451242.684 242 1864.639   

Total 638037.758 246    

2
c 

Regression 186357.857 3  62119.286 33.420 0.000 

Residual 451679.902 243 1858.765   

Total 638037.758 246    

a 
Dependent variable: time after injury 

b 
Predictors: (Constant), Gender, TNFα mRNA expression, LN_IL7, VEGFA mRNA expression 

c
 Predictors: (Constant), TNFα mRNA expression, LN_IL7, VEGFA mRNA expression 

 

Using backward stepwise regression modelling none of the remaining independent variables could be 

removed from Model 2 without significantly reducing the fit and the predictive power of the regression 

model, measured using the R
2
 and F statistic, respectively. From the results of regression modelling 

Model 2 was identified to contain the most effective combination of independent variables to use to 

estimate time after injury. As a result, Model 2 comprising of the independent variables LN_IL7, TNFα 

and VEGFA mRNA expression levels, was selected for further statistical analysis. 
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6.2.7 Test for multicollinearity 

Multicollinearity is the situation in which two or more independent variables in the regression model 

provided redundant information about the response, as a result of being highly correlated. Identifying 

multicollinearity is important for determining the most effective combination of independent variables 

for estimating the time after injury. The VIF and tolerance statistic values, which indicate strong linear 

relationships between independent variables, were used to identify the presence of multicollinearity in 

this research. Table 6.10 shows the results of the multicollinearity test for the independent variables 

LN_IL7, TNFα and VEGFA mRNA expression levels. 

 

Table 6.10 Results of the test for multicollinearity between the independent variables (LN_IL7, TNFα 
and VEGFA mRNA expression levels). 
 

Test for multicollinearity
a 

Variable 

Collinearity statistics 

Tolerance statistic Variance inflation factor (VIF) 

LN_IL7
b
 mRNA expression level 0.690 1.449 

TNFα mRNA expression level 0.872 1.147 

VEGFA mRNA expression level 0.677 1.478 

a 
Dependent variable: time after injury 

b 
Natural logarithm transformed IL7 mRNA expression level 

 

The independent variables LN_IL7, TNFα and VEGFA mRNA expression levels were found to satisfy 

the assumption of multicollinearity, as no multicollinearity was noted between them. The VIF values 

for the independent variables ranged between 1.147 (TNFα mRNA expression level) to 1.478 

(VEGFA mRNA expression level) falling well below the threshold VIF value of 10 for determining 

multicollinearity. The tolerance statistic values for the three independent variables tested were all 

above 0.6 suggesting the absence of multicollinearity between them. As a result of satisfying the 

assumption of multicollinearity, Model 2, generated using the backward stepwise regression modelling 

and comprising of the independent variables LN_IL7, TNFα and VEGFA mRNA expression levels, 

was retained for the final statistical analysis influencing the determination of the final regression 

model. 
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6.2.8 Test for homoscedasticity 

Regression modelling requires that the independent variables (LN_IL7, TNFα and VEGFA mRNA 

expression levels) exhibit constant variance across the entire range of values of the dependent 

variable (Tuffery, 2011). The homoscedasticity of the independent variables in this research was 

investigated using the Levene’s test, which checks for equal variances between the different groups. 

A non-significant Levene’s test (p ˃ 0.05) is required for the independent variables to meet the 

assumption of homoscedasticity. The results of the Levene’s test are presented in Table 6.11. 

 

Table 6.11 Results of the Levene’s test for homoscedasticity. 
 

Test for homoscedasticity
a
 

Variable 
Levene 
statistic 

df1 df2 Sig.
 b

 (p) Decision 

LN_IL7
c
 mRNA 

expression level 8.975 9 237 0.000 Reject null hypothesis
d 

TNFα mRNA 
expression level 3.549 9 237 0.000 Reject null hypothesis

d
 

VEGFA mRNA 
expression level 8.084 9 237 0.000 Reject null hypothesis

d
 

a 
Dependent variable: time after injury 

b 
The significance level of the Levene’s test is 0.05 

c
 Natural logarithm transformed IL7 mRNA expression level 

d 
The null hypothesis of the Levene’s test that the variable has equal variances 

 

The Levene’s test was significant for all the three independent variables tested indicating that they 

exhibit unequal variances across different values for time after injury. As a result, the independent 

variables failed to meet the assumption of homoscedasticity. 

 

While the Levene’s test is a quick and easy procedure to check constant variance, in the case of a 

large sample sizes (N > 100) the test can be significant even for small deviations in variance (Field, 

2009). Therefore, in the case of larger sample sizes (N > 100) it is recommended to run additional 

tests along with the Levene’s test (Field, 2009). As a result, a second tier statistical analysis to test for 

homoscedasticity involving checking regression plots was also performed. Regression plots are 

graphical representations of the data (usually the residual values) that can help with establishing the 
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validity of certain assumptions of regression (Field, 2009; Miles and Shevlin, 2001). To check the 

homoscedasticity of the independent variables in this research a regression plot consisting of the 

standardised residuals plotted against the standardised predicted values was used (Figure 6.5). The 

observations in the regression plot do not show a curve or funnel pattern of distribution and appear to 

be randomly and evenly dispersed around zero (shown by the fit line). The observed pattern of 

distribution is indicative of a situation in which the assumption of homoscedasticity has been met 

(Field, 2009). As a result of the independent variables LN_IL7, TNFα and VEGFA mRNA expression 

levels satisfying the assumption of homoscedasticity, Model 2, generated using the backward 

stepwise regression modelling, was retained as the final regression model for estimating time after 

injury. 

 

 
 

Figure 6.5 Regression plot showing the standardised residuals plotted against the standardised 
predicted values. 
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6.2.9 Proposed regression model 

The final regression model to determine the age (time after injury) of intravital human dermal injuries 

(specifically lacerations 1.5 cm to 2.5 cm in length and 1 mm to 2mm in width at the thickest part), 

from which injury samples are collected and analysed using non-invasive wet swabbing and the 

previously developed multiplex PCR assay, respectively, is shown in equation 6.4. The R and R
2
 

values of the final regression model were found to be 0.540 and 0.292, respectively, implying that the 

model explains 29.2% of the variance in the dependent variable time after injury. The adjusted R
2
 

value for the final model was found to be 0.283 indicating that 28.3% of the variance in the dependent 

variable time after injury was accounted for by the three independent variables LN_IL7, TNFα and 

VEGFA mRNA expression levels. The combination of the independent variables LN_IL7, TNFα and 

VEGFA mRNA expression levels included in the final regression model was identified to be significant 

at the 0.001 level (p ≤ 0.001), meaning that the model is able to predict the outcome better than by 

just chance. The ANOVA for the final regression model resulted in an F statistic value of 33.420 which 

is greater than 1 indicating that the model has high predictive power. The model summary and results 

of the ANOVA for the final regression model are presented in Table 6.12 and 6.13, respectively. 

 

Time after injury = β0 + βiL7 (LN_IL7) + βTNFα (TNFα) + βVEGFA (VEGFA) 

(Equation 6.4) 

Where, 
LN_IL7 = Natural logarithm transformed IL7 mRNA expression level 
TNFα = TNFα mRNA expression level 
VEGFA = VEGFA mRNA expression level 
β0 =  Constant 
βiL7 = Regression coefficient for natural logarithm transformed IL7 mRNA expression level 
βTNFα = Regression coefficient for TNFα mRNA expression level 
βVEGFA = Regression coefficient for VEGFA mRNA expression level 

 

The value of the constant in the final regression model was found to be -12.013, and the values of the 

unstandardised regression coefficients for the independent variables LN_IL7, TNFα and VEGFA 

mRNA expression levels in the final regression model were found to be -18.684, 32.261 and 148.770, 

respectively. Based on the sign associated with the values of the regression coefficients 

(unstandardised or standardised) it is seen that independent variables VEGFA and TNFα mRNA 

expression levels have a positive relationship with the dependent variable time after injury while the 

independent variable LN_IL7 mRNA expression level has a negative relationship with the dependent 
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variable time after injury. The values of the standardised regression coefficients for the independent 

variable LN_IL7, TNFα and VEGFA mRNA expression levels in the final regression model, -0.154, 

0.146 and 0.547, respectively show that the strongest contribution towards the estimation of the time 

after injury is made by the VEGFA mRNA expression level. The contributions towards estimating the 

time after injury made by LN_IL7 and TNFα were found to be significant at the 0.05 level (p ≤ 0.05) 

and the contribution made by the VEGFA mRNA expression level was found to be significant at the 

0.001 level (p ≤ 0.001). The constant and regression coefficients statistics for the final regression 

model are shown in Table 6.14. 

 

Table 6.12 A summary of the final regression model with three independent variables (LN_IL7, TNFα 
and VEGFA mRNA expression levels). 
 

Model summary
a 

Model R R square (R
2
) 

Adjusted R 
square (Adj. R

2
) 

Standard error of 
the estimates 

Final
b 

0.540
 

0.292 0.283 43.113 

a Dependent variable: time after injury 
b Predictors: (Constant), TNFα mRNA expression, LN_IL7, VEGFA mRNA expression 

 

Table 6.13 Analysis of variance (ANOVA) statistics for the final regression model. 
 

ANOVA
a
 

Model Attribute 
Sum of 
squares 

df Mean square F Sig. (p) 

Final
b 

Regression 186357.857 3 62119.286  33.420 0.000 

Residual 451679.902 243 1858.765   

Total 638037.758 246    

a Dependent variable: time after injury 
b Predictors: (Constant), TNFα mRNA expression, LN_IL7, VEGFA mRNA expression 
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Table 6.14 The constant and regression coefficient statistics for the final regression model. 
 

Coefficients
a
 

Model 

Unstandardised 
coefficients 

Standardised 
coefficients  

t 
Sig. 
(p) 

95% confident 
interval 

β 
Standard 
error 

Sβ 
Lower 
bound 

Upper 
bound 

Constant 
-12.013 

(β0) 
8.682  -1.384 0.168 -29.115 5.089 

LN_IL7
b
 

mRNA 
expression 
level 

-18.684 

(βLN_IL7) 
7.904 -0.154 -2.364 0.019 -34.252 -3.115 

TNFα mRNA 
expression 
level 

32.261 

(βTNFα) 
12.735 0.146 2.533 0.012 7.176 57.347 

VEGFA 
mRNA 
expression 
level 

148.770 

(βVEGFA) 
17.849 0.547 8.335 0.000 113.612 183.929 

a 
Dependent variable: time after injury 

b 
Natural logarithm transformed IL7 mRNA expression level 

 

Since βIL7 and βTNFα and βVEGFA ≠ 0 in the final regression model, the null hypothesis (H0) that there is 

no relationship between all the marker mRNA expression levels and gender with the time after injury 

tested by the regression model was rejected. 

 

6.2.10 Injury age estimation 

In order to test the accuracy of the developed regression model, the developed regression model was 

applied to estimate the age of four blind injury samples, whose actual age was known only to a third 

party. The blind injury samples were collected, extracted, processed, prepared, amplified (multiplex 

PCR assay), analysed and evaluated according to the method described in sections 2.6, 2.7, 2.8, 2.9, 

2.10.3, 2.10.4 and 2.10.5, respectively. The evaluated IL7, TNFα and VEGFA mRNA expression level 

values obtained from each blind injury sample were substituted into the developed regression model, 

after performing the necessary natural logarithmic transformation to the obtained IL7 mRNA 

expression level values (Table 6.15). Following this, the age of each blind injury sample was 

calculated separately using the previously determined constant and unstandardised regression 



161 
 

coefficients associated with the model (Table 6.14). Once the injury age was estimated, the third party 

was consulted for the actual age to make a comparison. The results of the injury age estimation are 

presented in Table 6.16. 

 

Table 6.15 mRNA expression level data used for the injury age estimation of blind injury samples. 
 

Sample 
IL7 mRNA 
expression level 

LN_IL7
a
 mRNA 

expression level 
TNFα mRNA 
expression level 

VEGFA mRNA 
expression level 

A 1.069 0.029 0.148 0.121 

B 2.070 0.316 0.314 0.139 

C 3.185 0.503 1.017 0.100 

D 2.019 0.305 0.355 0.431 

a 
Natural logarithm transformed IL7 mRNA expression level 

 

Table 6.16 Results of the injury age estimation of blind injury samples. 
 

Sample 
Predicted age  
(hours) 

Actual age  
(hours) 

A 10 0.17 

B 13 5 

C 26 14 

D 58 48 

 

The results of the injury age estimation using the developed regression model indicate that the model 

overestimates the age of the injury. Despite the overestimation, the regression model was still found 

to be able to distinguish between injuries of different age. The overestimation of the age of the injuries 

is likely to be the result of the limited number of samples and time points used in the development of 
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the model. In addition, given that the selected time points at which the injury samples used to develop 

the regression model were collected were approximate and not specific, the age estimated by the 

developed regression model should not be viewed as an absolute value, rather the mid-point of a 24 

hour range within which the actual age of the injury is likely to lie. For example, in the case of the blind 

injury sample C, if we view the estimated injury age of approximately 26 hours as the mid-point of a 

24 hour range, then the actual injury age of approximately 14 hours lies within the 24 hours range 14 

to 38 hours, the range determined from the value estimated by the developed regression model. For 

the developed regression model to attain greater estimation power and better resolution, information 

from additional time points and lacerations need to be included. In addition, the estimation power of 

the regression model can also be improved by using the model in combination with the detection of 

CMA1 and IL1 β, mRNA markers indicative of the initial stages of injury healing. As a result, the 

regression model presented here should be viewed as a provisional model that requires improvement 

before it can be used to estimate injury age confidently. 

 

6.3 Conclusion 

Regression modelling was used to successfully develop a statistical model for the estimation of 

intravital human dermal injury age (time after injury) using marker mRNA expression levels and 

associated data. The final regression model developed using backward stepwise regression 

modelling identified LN_IL7, TNFα and VEGFA mRNA expression levels, from a set of four available 

independent variables, as statistically significant estimators of the dependent variable time after injury. 

Gender, which was the fourth available independent variable for the backward stepwise regression 

modelling, was removed from the final regression model generated by the backward stepwise 

regression modelling, as a result of making a very weak and statistically insignificant contribution 

towards explaining the variance in the dependent variable time after injury. The natural logarithmic 

transformation of the IL7 mRNA expression level (LN_IL7 mRNA expression level) was used for the 

development of the regression model in place of the untransformed IL7 mRNA expression level in 

order for the variable to satisfy the assumption of normality. The independent variable DUSP1 mRNA 

expression level which was initially available for the regression modelling was not included in the 

model development step as it failed to satisfy the assumption of linearity. 
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The regression model to estimate human dermal injury age (time after injury) presented in this 

research should be considered as a provisional model, as the model was developed based on mRNA 

expression level information obtained from a specific injury type (lacerations) fitting certain specific 

selection criteria (1.5 - 2.5 cm length, 1 – 2 mm maximum width etc.). In addition, information from 

only three mRNA markers, ten time points (0-2, 10, 30 minutes, 12 hours, 1 day, 2, 3, 4, 5 and 6 

days) and thirty-five injuries (lacerations) was used in its development. The robustness, estimation 

power and resolution of the regression model will need to be improved by including information from 

additional mRNA markers, time points and lacerations before it can be confidently used to estimate 

the age of lacerations fitting the current specific selection criteria. Further intensive analysis will be 

required before the model can be applied to injuries falling outside the current specific selection 

criteria (including larger lacerations). 
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Chapter 7. 

An analysis of mRNA expression in intravital human 

dermal injuries during injury healing using real-time PCR 

 

Real-time PCR, a variation of standard PCR, is one of the most powerful, sensitive and reliable 

methods in molecular biology, which provides a simple approach to detect and determine the quantity 

of a target marker (DNA, cDNA and RNA) (“Introduction to Quantitative PCR,” 2012; “Real-time PCR 

handbook,” 2012). The method is based on the detection and quantification of fluorescence emitted 

from specific reporter molecules throughout the PCR process (“Introduction to Quantitative PCR,” 

2012; Nolan, Hands & Bustin, 2006; “Real-time PCR handbook,” 2012). In addition to the fluorescent 

reporter molecules (probes or dyes), real-time PCR also requires target marker-specific primers and 

instruments that detect and measure fluorescence while performing the thermal cycling required for 

the PCR reaction (“Introduction to Real-Time Quantitative PCR (qPCR),” 2012). The real-time PCR 

reactions are defined by the moment in time during the PCR cycle at which the amplification of the 

target marker is first detected (Ct), rather than by the final accumulated amount of the target marker 

synthesised as in the case of standard PCR (“Introduction to Real-Time Quantitative PCR (qPCR),” 

2012; Nolan et al., 2006; “Real-time PCR handbook,” 2012; Wong & Medrano, 2005). The data 

collection in real-time PCR occurs throughout the PCR process as the target marker accumulates with 

each amplification cycle, allowing the monitoring of the initial phases of the PCR reaction where the 

first significant increase in the amount of target marker corresponds to the initial amount of target 

marker template (Nolan et al., 2006; “Real-time PCR handbook,” 2012; Wong & Medrano, 2005). 

Amplification of the target marker is first detected in the earlier PCR cycles if the amount of the target 

marker template in the sample is abundant and in the later PCR cycles if the amount of the target 

template in the sample is scarce (Heid, Stevens, Livak & Williams, 1996; “Introduction to Real-Time 

Quantitative PCR (qPCR),” 2012).  

 

Using real-time PCR, the quantity of the target marker template can be determined in two ways, (a) 

absolute quantification, which is used to determine the absolute number of copies of the marker of 

interest and (b) relative quantification, which is used to determine the relative abundance of the 



165 
 

marker of interest (“Introduction to Quantitative PCR,” 2012; Livak & Schmittgen, 2001; “Real-time 

PCR handbook,” 2012). Relative quantification was selected as the preferred method to perform the 

quantifications in this research, as it is the method of choice for gene expression studies and unlike 

absolute quantification, does not require target marker template solutions of known concentrations 

(Livak & Schmittgen, 2001; “Real-time PCR handbook,” 2012). In relative quantification, the 

expression level of the target marker is assessed for upregulation or downregulation in experimental 

samples after adjusting in relation to a normaliser marker (endogenous reference gene) (“Introduction 

to Quantitative PCR,” 2012; Livak & Schmittgen, 2001; “Real-time PCR handbook,” 2012). The 

method focuses on determining fold difference in comparison to a control sample, rather than on 

determining the absolute target marker copy numbers (“Introduction to Real-Time Quantitative PCR 

(qPCR),” 2012; Livak & Schmittgen, 2001; “Real-time PCR handbook,” 2012). 

 

In this research, the relative quantification method was employed to study the mRNA expression of 

DUSP1, IL6, CMA1, COL3A1 and VEGFA, five mRNA markers previously studied using traditional 

end point PCR method (multiplex PCR assay), in intravital human dermal injuries during the injury 

healing process. The five target markers chosen for this study were not only selected to broadly 

represent the three phases of injury healing, but were also selected to represent consistently, 

inconsistently and infrequently detected markers from the set of nine mRNA markers previously 

studied using traditional end point PCR method (multiplex PCR assay) (section 5.3.2.3). The main 

purpose of this study was to perform a basic comparison of the results of the mRNA expression 

detection and evaluation obtained for the five selected mRNA markers using the two PCR methods. 

 

Duplex real-time PCR assays, capable of simultaneously analysing the mRNA expression of a target 

marker along with the expression of a normaliser marker in a single reaction, were employed to 

perform the relative quantification. The endogenous reference gene 18S rRNA was included as the 

normaliser marker along with each target marker in all the five duplex real-time PCR assays. The 

assays were used to detect the target (DUSP1, IL6, CMA1, COL3A or VEGFA mRNA) and the 

normaliser (18S rRNA) markers in injury samples and determine their respective Ct values (relative 

measure of concentration), required for evaluating expression (“Real-time PCR handbook,” 2012). 

Following the duplex real-time PCR analysis, the mRNA expression pattern of the target markers was 
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evaluated using the comparative Ct method, where possible. The results for the mRNA expression 

detection and evaluation obtained using the real-time PCR method were compared at each stage with 

the corresponding results obtained using the traditional end point PCR method (multiplex PCR 

assay). 

 

7.1 Duplex real-time PCR assays 

The real-time PCR analysis of intravital human dermal injuries during injury healing was performed 

using duplex real-time PCR assays, which simultaneously analyse the expressions of a target and a 

normaliser marker in a single reaction. Five duplex real-time PCR assays, one for each of the target 

markers DUSP1, IL6, CMA1, COL3A1 and VEGFA mRNA, were used to detect the target markers 

and the normaliser marker in the samples and determine their respective Ct values for the purpose of 

evaluating the target marker mRNA expression patterns using the comparative Ct method. The 

endogenous reference gene 18S rRNA was selected as the normaliser marker for performing the 

relative quantification based on the results of a previously conducted screening of endogenous 

reference genes (section 4.5.4.2). 

 

7.1.1 Validation for comparative Ct 

An important requirement for a meaningful relative quantification using the comparative Ct method is 

for the target markers and endogenous reference marker to have approximately equal amplification 

efficiencies (“Real-time PCR handbook,” 2012). A validation experiment was performed using each of 

the five duplex real-time PCR assays to identify if the markers selected for this study met the 

condition of equal amplification efficiency. 

 

To perform the validation, cDNA (100 ng/µL) was synthesised from control skin RNA (BioChain®) 

using the High Capacity RNA-to-cDNA Master Mix (Applied Biosystems® by Life Technologies
TM

) 

according to the method described in section 4.4.2.3. After cDNA synthesis, a set of five cDNA 

standards were prepared from the synthesised control skin RNA cDNA. The first cDNA standard with 

an approximate concentration of 50 ng/µL was prepared by diluting the synthesised control skin RNA 

cDNA (100 ng/µL) by half using nuclease-free water. The remaining four cDNA standards with 

approximate concentrations of 16.7, 5.7, 1.9 and 0.6 ng/µL were prepared by serially diluting the first 
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cDNA standard by one-third using nuclease-free water. In addition to the five cDNA standards, a NTC 

containing only nuclease-free water was also included. The control skin RNA (BioChain®) was used 

for the validation experiment as it was found to express all the markers (targets and normaliser) used 

in this study. 

 

Following the preparation of the cDNA standards and NTC, standard curves were generated for 

DUSP1, IL6, CMA1, COL3A1, VEGFA mRNA and 18S rRNA by running each of the five duplex real-

time PCR assays individually and separately with the set cDNA standards and NTC. For the 

generation of the standard curve, each of the five cDNA standards and one NTC were run in duplicate 

with each of the duplex real-time PCR assays. As a result of having a very limited amount of 

TaqMan® Gene Expression Assays (Applied Biosystems® by Life Technologies
TM

) only two sets of 

standard curves were generated for each of the mRNA markers by running each duplex real-time 

PCR assay twice, with the set of cDNA standards and NTC. The reactions for the generation of the 

standard curve were setup on MicroAmp® Optical 96-Well Reaction Plates (Applied Biosystems® by 

Life Technologies
TM

) in 20 μL volumes, with each reaction consisting of 0.125 μL 10 µM ribosomal 

RNA forward primer, 0.125 μL 10 µM ribosomal RNA reverse primer, and 0.125 μL 40 µM ribosomal 

RNA probe (VIC
TM

) from the TaqMan® Ribosomal Control Reagents, VIC
TM

 Probe kit (Applied 

Biosystems® by Life Technologies
TM

); 1 μL of 20x TaqMan® Gene Expression Assay, FAM
TM

 Probe 

(Applied Biosystems® by Life Technologies
TM

); 10 μL of TaqMan® Gene Expression Master Mix 

(Applied Biosystems® by Life Technologies
TM

); 9.625 μL of nuclease-free water and 1 μL of cDNA 

standard or NTC. The duplex real-time assays were setup to run on the 7500 Real-Time PCR System 

(Applied Biosystems® by Life Technologies
TM

) at the following cycling conditions: 1 cycle of DNA 

polymerase activation at 95˚C for 10 minutes followed by 40 cycles of, denaturation at 95˚C for 15 

seconds and annealing and extension at 60˚C for 1 minute.  

 

The results of the standard curve generation were analysed using the 7500 SDS software v.1.2.3. 

The amplification efficiency for each mRNA marker was determined by calculating the mean 

amplification efficiency obtained for the marker from the two standard curves generated using the 

corresponding duplex real-time PCR assay. In the case of 18S rRNA, the amplification efficiency was 

determined separately for each of the five duplex real-time PCR assays by calculating the mean 
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amplification efficiency for 18S rRNA obtained from the two standard curves generated using each 

duplex real-time PCR assay. The mean amplification efficiencies obtained for the mRNA marker and 

18S rRNA using the same duplex real-time PCR assay were then compared to determine if the 

requirement of approximately equal efficiencies between the target marker and endogenous reference 

was met. 

 

7.1.2 Samples for the duplex real-time PCR assay analysis 

Injury and uninjured intact skin samples were collected from five different human volunteers 

presenting with lacerations. Ten injury samples were collected from each laceration at 0-2, 10, 30 

minutes, 12 hours, 1 day, 2, 3, 4, 5, 6 days after injury and one uninjured intact skin sample was 

collected from each volunteer at the time of collection of the 0-2 minutes after injury sample. The 

samples were collected according to the sample collection method detailed in section 2.6. The 

collected samples were extracted, processed and prepared for amplification as described in sections 

2.7 to 2.9. 

 

7.1.3 Duplex real-time PCR assay amplifications and analysis 

The duplex real-time PCR assays were used to amplify 500 pg of 18S rRNA cDNA input amount per 

reaction from each of the injury samples. The 500 pg 18S rRNA cDNA input amount per reaction was 

used instead of the 1 ng of cDNA input amount per reaction recommended for use with the human 

specific TaqMan® Gene Expression Assays (Applied Biosystems® by Life Technologies
TM

) for 

performing the amplifications in this study because of the limited amount and varying concentrations 

of the injury samples collected. Amplifications of the uninjured intact skin cDNA, NTC and NRTC 

samples were performed using a fixed input volume of 1 µL for each of the duplex real-time PCR 

assay reactions, as a result of the limited amount and very little or no 18S rRNA cDNA detected in 

these samples. 

 

The duplex real-time PCR assays were setup and performed according to the methods described in 

section 2.11.2.2. All of the injury samples collected from the five lacerations were amplified separately 

using each of the five different duplex real-time PCR assays. All of the duplex real-time PCR assay 

amplifications involving injury samples were performed in triplicate, while those involving uninjured 
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intact skin cDNA, NTC and NRTC samples were performed in duplicate. Post amplification, the 

samples were analysed for marker detection and corresponding Ct values using the analysis method 

stated in section 2.11.3. 

 

7.1.4 Evaluation of the mRNA expression 

The individual mRNA expression pattern for each of the five target markers (DUSP1, IL6, CMA1, 

COL3A1 and VEGFA mRNA) was determined from the results of the duplex real-time PCR assay 

analysis, where possible, using the comparative Ct method described in section 2.11.4. 

 

7.2 Results and discussion 

7.2.1 Duplex real-time PCR assays 

7.2.1.1 Validation for comparative Ct 

The validation experiment was performed to determine if the condition of approximately equal 

amplification efficiencies between the target markers and the normaliser marker required for 

performing meaningful relative quantification using comparative Ct was met. As a rule of thumb, target 

and normaliser marker amplification efficiency within 5% of each other are considered to be 

approximately equal (“Introduction to Quantitative PCR,” 2012). The amplification efficiencies for the 

target and normaliser markers in this research were determined from standard curves generated 

using each of the duplex real-time PCR assays (Figure 7.1). The results of the validation experiment 

are shown in Table 7.1. 

 

All of the amplification efficiencies (mRNA marker and 18S rRNA) were found to lie within the 

acceptable 90-110 % amplification efficiency range suggested by Life Technologies
TM

 (“Real-time 

PCR: Understanding Ct,” 2011). The mean 18S rRNA amplification efficiency across all the five 

duplex real-time PCR assays was found to range between 92.54% (COL3A1 duplex real-time PCR 

assay) and 95.14% (VEGFA duplex real-time PCR assay). The smallest and largest difference in 

mean amplification efficiency between 18S rRNA and the mRNA markers across all the five duplex 

real-time PCR assays were found to be -0.17% (COL3A1 duplex real-time PCR assay) and 1.52% 

(VEGFA duplex real-time PCR assay), respectively. The results of the validation experiment show the 

presence of approximately equal amplification efficiencies (within 5% of each other) between each of 
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the five selected target markers (DUSP1, IL6, CMA1, COL3A1 and VEGFA mRNA) and the 

normaliser marker (18S rRNA). As a result of satisfying the requirement for performing meaningful 

relative quantification using the comparative Ct method, all the five mRNA markers were used in the 

subsequent expression analysis. 

 

 

Figure 7.1 The standard curves for VEGFA mRNA and 18S rRNA generated using the duplex PCR 
assay that detects VEGFA mRNA and 18S rRNA transcripts and cDNA standard prepared from 
control skin RNA. 
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Table 7.1 Results of the validation for comparative Ct. 
 

Duplex real-time PCR assay markers Mean amplification efficiencies (%) 

Target Normaliser Target Normaliser 

DUSP1 mRNA 18S rRNA 92.53 92.71 

IL6 mRNA 18S rRNA 93.44 93.87 

CMA1 mRNA 18S rRNA 93.44 94.03 

COL3A1 mRNA 18S rRNA 92.71 92.54 

VEGFA mRNA 18S rRNA 93.62 95.14 

 

7.2.1.2 Samples for the duplex real-time PCR assay analysis 

Injury samples were collected at all the ten selected time points from all five lacerations sampled. All 

the uninjured intact skin samples were collected from the volunteers at the time of collection of the 0-2 

minutes after injury sample. 

 

Using the non-invasive sample collection method considerable concentrations of 18S rRNA cDNA 

were obtained from all the injury samples, but not from all the uninjured intact skin samples. The 18S 

rRNA cDNA concentration detected in all the injury samples ranged between 0.49 ng/µL and 9.31 

ng/µL. The median 18s rRNA cDNA concentration for all the injury samples from all five lacerations 

was 4.35 ng/µL. Little or no 18S rRNA cDNA was detected in any of the uninjured intact skin samples 

and the maximum 18S rRNA cDNA concentration in any of these samples was 12 pg/µL. The average 

real-time PCR efficiency for the 18S rRNA cDNA quantifications was 96.72%, which lies well within 

the acceptable 90-110% efficiency range suggested by Life Technologies
TM

 (“Real-time PCR: 

Understanding Ct,” 2011). 

 

Despite the considerable concentrations of 18S rRNA cDNA obtained from the all the injury samples, 

the concentrations were insufficient in certain cases to be able to perform all the duplex real-time PCR 

assay amplifications using the 1 ng of cDNA input amount per reaction recommended for use with the 

human specific TaqMan® Gene Expression Assays (Applied Biosystems® by Life Technologies
TM

). 

As a result, an input amount of 500 pg of 18S rRNA cDNA per reaction, the highest possible cDNA 
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input amount available per reaction given the concentrations of 18S rRNA cDNA recovered from all 

the injury samples and number of reactions to be performed, was used as the cDNA input amount for 

performing all the duplex real-time PCR assay amplifications of the injury samples in this research. In 

addition, because of the limited amount and low 18S rRNA cDNA concentration of the uninjured intact 

skin samples, duplex real-time PCR assay amplifications involving these samples were performed 

using a fixed input volume per reaction (1 µL) instead of a fixed 18S rRNA cDNA input amount per 

reaction. 

 

7.2.1.3 Duplex real-time PCR assay amplifications and analysis 

The duplex real-time PCR assay amplifications were performed to analyse the expression of DUSP1, 

IL6, CMA1, COL3A1, VEGFA mRNA and 18S rRNA at selected time points in lacerations during the 

injury healing process. The main purpose of the duplex real-time PCR assays was to determine the 

target makers and normaliser marker Ct values in the different injury samples for the purpose of 

evaluating the target marker mRNA expression patterns using the comparative Ct method. 

 

All the five duplex real-time PCR assays detected 18S rRNA transcripts in all the injury samples, 

irrespective of the selected time point at which the samples were collected from the laceration. The 

DUSP1 mRNA transcript detection was found to be similar to 18S rRNA, with DUSP1 transcripts 

detected at all of the ten selected time points in all five lacerations. The duplex real-time PCR assays 

were also able to detect the mRNA transcripts of IL6, COL3A1 and VEGFA. However, the detection of 

the mRNA transcripts of these three mRNA markers was infrequent and limited to certain selected 

time points in only a few of the lacerations. IL6 mRNA transcripts were detected at 0-2 minutes after 

injury in two lacerations; at 30 minutes after injury in one laceration; and at 5 days after injury in one 

laceration. The mRNA transcripts of COL3A1 were detected at 0-2 minutes after injury in two 

lacerations; at 10 minutes after injury in two lacerations; and at 1 day after injury in one laceration. 

The VEGFA mRNA transcripts were detected at 0-2 minutes after injury in two lacerations; at 10 

minutes after injury in one laceration; at 30 minutes after injury in one laceration; at 1 day after injury 

in one laceration; at 5 days after injury in one laceration; and at 6 days after injury in one laceration. In 

contrast, the CMA1 mRNA transcripts were not detected at any of the ten selected time points in any 
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of the five lacerations using the duplex real-time PCR assay. The results of the marker expression 

detection using the duplex real-time PCR assays are shown in Table 7.2. 

 

None of the target marker mRNA transcripts were detected in the duplex real-time PCR amplifications 

of the uninjured intact skin, NTC and NRTC samples. This result is as expected given that these 

samples were found to have very little or no 18S rRNA cDNA.  

 

Table 7.2 Results of the marker expression detection using the duplex real-time PCR assays for 500 
pg 18S rRNA cDNA input at all the selected time points in all the injuries sampled. 
 

Marker name 

Time after injury 

Minutes Hours Day(s) 

0-2 10 30 12 1 2 3 4 5 6 

DUSP1           

IL6 2/5  1/5      1/5  

CMA1           

COL3A1 2/5 2/5   1/5      

VEGFA 2/5 1/5 1/5  1/5    1/5 1/5 

18S rRNA           

– Marker expression detected in all samples  – Marker expression not detected 

– Marker expression detected in some samples; N = number of samples in which marker expression was detected 

 

The results of the transcript detection in injury samples for three of the target markers (DUSP1, IL6 

and COL3A1 mRNA) and the normaliser marker (18S rRNA) using real-time PCR was found to be 

very similar to the corresponding results of the transcript detection previously achieved using 

traditional end point PCR (multiplex PCR assay) (section 5.3.2.3). The transcripts for 18S rRNA and 

DUSP1 mRNA were consistently detected and for IL6 and COL3A1 mRNA were infrequently detected 

using both PCR methods. Differences in detection between the two PCR methods were observed in 

the case of the two remaining target markers CMA1 and VEGFA mRNA. CMA1 mRNA was detected 

inconsistently at only 0-2 minutes after injury in all the lacerations using traditional end point PCR 

N/5 
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(multiplex PCR assay) (section 5.3.2.3), but was undetected at all the selected time points in all the 

lacerations using real-time PCR. VEFGA mRNA was consistently detected at all the selected time 

points in all the lacerations using traditional end point PCR (multiplex PCR assay) (section 5.3.2.3), 

but was only infrequently detected at certain selected time points in only a few of the lacerations using 

real-time PCR method. For both methods, none of the target marker mRNA transcripts were detected 

in any of the uninjured intact skin, NTC and NRTC samples. 

 

The overall results of the detection of the target and normaliser markers using the real-time PCR 

method compared to the traditional end point PCR method is not as expected given that it used a 

larger sample 18S rRNA cDNA input amount per reaction and is a more powerful and sensitive 

method. An important reason for the differences in the target transcript detection between the two 

methods could be the use of a less than optimal or recommended sample cDNA input amount per 

real-time amplification reaction as a result of the limited amounts and concentrations of the collected 

injury samples. The observed differences in detection between the two methods could also be 

attributed to differences in the reagents, target and normaliser marker specific-primers and PCR 

cycling conditions used in each method.  

 

The non-detection of some of the target marker mRNA transcripts in the injury samples using the real-

time PCR method, as in the case of the traditional PCR method, could be attributed to either the 

absence of the investigated mRNA transcript in the samples or the presence of the investigated 

mRNA transcript in the samples at quantities that fall below the detection threshold of analysis 

method (real-time PCR). An additional possibility for the non-detection of target marker mRNA 

transcripts in the injury samples specific to the duplex real-time PCR assay amplifications performed 

in this study, is that the non-detection could be a consequence of using a less than optimal or 

recommended cDNA input amount for performing the amplification reactions. The non-detection of the 

target marker mRNA transcripts in the uninjured intact skin samples provides additional support to the 

previously identified condition of injuries with broken skin for the non-invasive sample collection 

method employed (section 5.3.1.1). 
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The Ct values for the target and normaliser markers were obtained from the results of the duplex real-

time PCR assay amplification analysis using the 7500 SDS software v.1.2.3, for performing the 

relative quantification using comparative Ct. As a result of the scheme of expression detection using 

the duplex real-time PCR assays, Ct values to perform a meaningful relative quantification using 

comparative Ct were obtained only in the case of the target marker DUSP1 mRNA. 

 

7.2.1.4 Evaluations of the mRNA expression 

The comparative Ct method, which compares the results of both the target marker and the normaliser 

marker from experimental samples, was used to perform the mRNA expression evaluation of the 

target markers in intravital human dermal injuries during injury healing. In this method, the Ct values 

obtained for the target marker in the test and the control samples are adjusted in relation to the Ct 

values obtained for a normaliser marker in the respective samples (Livak & Schmittgen, 2001). The 

resulting adjusted value (ΔΔCt) is then incorporated in the determination of the fold difference in 

expression between the compared test and control samples (Livak & Schmittgen, 2001). As a rule of 

thumb, fold difference values of 0.5 or lesser and 2.0 or greater are generally considered to indicate a 

significant change in the level of expression of the target marker (“Introduction to Quantitative PCR,” 

2012; “Real-time PCR handbook,” 2012). 

 

From the results of the detection using the duplex real-time PCR assays, Ct values for performing 

meaningful relative quantification using the comparative Ct were only obtained in the case of the 

target marker DUSP1 mRNA and the normaliser 18S mRNA, as a result of their being detected in all 

the injury samples investigated (Table 7.3). The 0-2 minutes after injury time point was selected as 

the control time point for performing the relative quantification using comparative Ct, as no DUSP1 

mRNA transcripts were detected in any of the uninjured intact skin samples, the intended controls. 

The results of the comparative Ct evaluation for the target marker DUSP1 mRNA is presented in 

Figure 7.2. 
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Table 7.3 Relative quantification using comparative Ct for DUSP1 mRNA expression at the ten 
selected time points (0-2, 10, 30 minutes, 12 hours, 1 day, 2, 3, 4, 5 and 6 days after injury). 
 

Time point 
after injury 

Mean Target Ct 

(DUSP1 
mRNA) 

Mean 
Normaliser Ct 

(18S rRNA) 
Mean ΔCt  ΔΔCt 2 

-ΔΔCt 

0-2 minutes 
(control) 

33.27 22.68 10.59 0 1.00 

10 minutes 33.68 22.65 11.03 0.44 0.74 

30 minutes 33.29 22.88 10.41 -0.18 1.14 

12 hours 33.24 22.58 10.66 0.07 0.95 

1 day 35.20 23.95 11.25 0.66 0.63 

2 days 35.17 24.02 11.15 0.56 0.68 

3 days 34.72 23.62 11.36 0.77 0.59 

4 days 35.38 23.79 11.60 1.01 0.50 

5 days 34.71 23.31 11.40 0.81 0.57 

6 days 35.21 23.91 11.29 0.70 0.62 

 
 

 

Figure 7.2 The mRNA expression pattern of DUSP1 (in terms of fold difference) determined by 
relative quantification using the comparative Ct method. (*) above the bar represents a significant fold 
difference. 
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The mRNA expression pattern obtained for DUSP1 using the comparative Ct method showed an 

initial decrease in expression at 10 minutes after injury, followed by an increase in and peak 

expression at 30 minutes after injury. Following this, DUSP1 mRNA expression is seen to decrease 

gradually until 4 days after injury, where it is at its lowest. Post 4 days after injury, DUSP1 mRNA 

expression shows a marginal but gradual increase until 6 days after injury. A significant difference in 

the mRNA expression of DUSP1, when compared to the control (0-2 minutes after injury), was noted 

only in the case of the 4 days after injury sample (fold difference = 0.49). The pattern of DUSP1 

mRNA expression seen in this study was found to be similar to a previous study by Kagawa and 

colleagues (2009), which shows peak DUSP1 mRNA expression within the first hour after injury and a 

decrease in expression thereafter.  

 

While the pattern of mRNA expression obtained using the real-time and traditional end point PCR 

(multiplex PCR assay) methods cannot be directly compared, as a result of their using different 

parameters to perform the mRNA expression evaluations, obvious differences were noted in the 

levels of DUSP1 mRNA expression obtained using the two methods. For example, maximum and 

minimum DUSP1 mRNA expression was noted at 30 minutes after injury and 4 days after injury, 

respectively, in the case of evaluations using real-time PCR, but at 3 days after injury and 1 day after 

injury, respectively, in the case of evaluations using traditional end point PCR. In spite of the 

differences in the DUSP1 mRNA expression level evaluations noted between the two methods, 

similarities in expression were seen with respect to the pattern of change in expression between 

subsequent time points. The differences in the pattern of DUSP1 mRNA expression obtained using 

real-time and traditional end point PCR methods is most likely to be a result of the use of different 

parameters (Ct and mRNA expression from peak heights, respectively) and normalisation strategies 

to perform the evaluations. The differences in expression evaluation using these two methods could 

also be attributed, to some extent, to differences in the sample size, reagents, target and normaliser 

marker specific-primers and PCR cycles (40 cycles for real-time PCR vs 35 cycles for traditional end 

point PCR) and cycling conditions used in each method. 
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7.3 Conclusion 

Real-time PCR, particularly relative quantification using comparative Ct, was used to investigate and 

evaluate the mRNA expression of DUSP1, IL6, CMA1, COL3A1 and VEGFA in intravital human 

dermal injuries during injury healing. Duplex real-time PCR assays, capable of simultaneously 

analysing the expressions of a target marker and a normaliser marker (18S rRNA) in a single 

reaction, were employed to perform the real-time PCR analysis. The duplex real-time PCR assays 

were used to detect target and normaliser markers in injury samples and determine their respective Ct 

values, required for the purpose of expression evaluation using the comparative C t method. Using the 

duplex real-time PCR assays, Ct values to perform a meaningful relative quantification using 

comparative Ct were obtained only for the target marker DUSP1 mRNA. As a result, the mRNA 

expression evaluation using comparative Ct was only successfully possible in the case of the target 

marker DUSP1 mRNA.  

 

The results of the detection and evaluation obtained using real-time PCR were found to show some 

degree of similarity to the results of the detection and evaluation previously obtained using traditional 

end point PCR (multiplex PCR assay). The scheme of detection using the two methods was found to 

be similar in the case of the target markers DUSP1, IL6 and COL3A1 mRNA, but not in the case of 

the target markers CMA1 and VEGFA mRNA. With respect to the DUSP1 mRNA expression 

evaluation, despite differences in the overall pattern of expression obtained using the two methods, 

similarities were noted in the pattern of change in expression between subsequent time points.  
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Chapter 8. 

Final conclusion 

 

Injuries are routinely encountered during forensic investigations, especially in cases involving abuse 

and violence (Takamiya et al., 2008). In most instances when injuries are encountered in an 

investigation, forensic pathologists are asked to examine and correctly evaluate the relationship 

between the injuries and the incident under investigation (Bauer, 2007). Injury examination is one of 

the most critical aspects of human forensic investigation, as it provides valuable information that aids 

in the reconstruction of a crime (Bauer, 2007; Kondo, 2007; Takamiya et al., 2009; Takamiya et al., 

2008). Identifying the time at which an injury was sustained, that is, the age of the injury, is important 

as it helps answer questions crucial to the investigation such as the order of infliction (where there is 

more than one injury), the relation of the injury to the incident and the survival time after injury (post 

infliction interval) (Bauer, 2007; Kondo, 2007). Despite the undeniable importance of injury age 

estimation to forensic practice, there are currently no methods available for the reliable estimation of 

dermal injury age. 

 

The overall aim of this research was to determine whether the changes in mRNA expression, which 

occur during injury healing, could be used in the reliable estimation of human dermal injury age. The 

scientific basis of the research was that normal healing involves a methodical and temporal series of 

healing events that are brought about by timely changes in the expression of genes (mRNA) involved 

in injury healing and understanding the timely changes in the expression of these genes could provide 

valuable information regarding the injury age.  

 

This research focussed on investigating injury age estimation using injury samples from intravital 

human dermal injuries (injuries on live human subjects), specifically lacerations, obtained employing a 

non-invasive method (swabbing) of sample collection. The research was conducted in an actively 

functioning forensic laboratory using the specific range of available techniques. The method used in 

this research was designed and developed such that its implementation into the routine running of the 

laboratory would require very little or no change in terms of the equipment or the consumables. 
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8.1 Research summary 

The overall aim of this research was achieved, guided by five main objectives:  

(1) Identify and select injury healing markers from existing literature that exhibit potential and are 

suitable for use in the development of a method to estimate human dermal injury age. 

(2) Develop an optimised experimental procedure for the collection, recovery and examination of 

injury samples from intravital human dermal injuries. 

(3) Test the suitability of the selected markers and develop a traditional end point PCR based 

multiplex PCR assay using the suitable markers to analyse and evaluate their mRNA 

expression in intravital human dermal injuries during injury healing. 

(4) Utilise statistical analyses to develop a model to estimate human dermal injury age based on 

the pattern of mRNA expression. 

(5) Compare the results of the mRNA expression detection and evaluation using real-time PCR 

with the corresponding traditional end point PCR (multiplex PCR assay) results. 

 

First, a thorough search of both injury healing and injury age determination literature was conducted 

to identify potential markers to estimate human dermal injury age. Seventeen mRNA markers, 

DUSP1, IL7, SELP, VCAM1, TNC, CD14, SELE, IL6, TNFα, IL1β, CMA1, COL3A1, LAMA5, IL2, 

COL1A1, COL1A2 and VEGFA, known to play a part in the dermal injury healing process were 

identified and selected based on their role and most significant phase of action during injury healing, 

and their potential to be used as a marker for the estimation of injury age. The markers were also 

selected such that all three phases of the injury healing process, inflammation, proliferation and 

maturation, were sufficiently represented. 

 

Next, the experimental procedure to perform this research was developed. The developed 

experimental procedure included all the general steps essential to studying mRNA expression: 

sample collection, extraction, processing, preparation, amplification and analysis. The methods 

involved in these different steps were specifically selected, designed, modified, or optimised (as 

required) for studying the mRNA expression in intravital human dermal injuries. 
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Then, the suitability of the seventeen selected mRNA markers for use in the estimation of human 

dermal injury age was assessed using duplex PCR assays. The assessment identified DUSP1, IL7, 

IL6, TNFα, IL1β, CMA1, COL3A1, IL2 and VEGFA as the suitable markers. Based on this result, a 

traditional end point PCR based multiplex PCR assay incorporating the suitable markers was 

developed to analyse and evaluate their mRNA expression patterns in intravital human dermal injuries 

at selected time points during injury healing for the purpose of injury age estimation. Using the 

multiplex PCR assay, successful evaluations of the mRNA expression pattern was only possible in 

the case of DUSP1, IL7, TNFα, IL1β, CMA1 and VEGFA. The pattern of mRNA expression obtained 

for these six markers showed potential for use in the estimation of human dermal injury age. 

 

After that, statistical analyses were completed on the mRNA expression pattern evaluations obtained 

using the multiplex PCR assay. The analyses involved testing the assumptions of the data, 

determining the correlations between injury age and mRNA expression pattern, and developing a 

predictive regression model for injury age estimation using the mRNA expression pattern data. The 

final model developed to estimate intravital human dermal injury age was based on the pattern of IL7, 

TNFα and VEGFA mRNA expression during injury healing.  

 

Finally, the mRNA expression of DUSP1, IL6, CMA1, COL3A1 and VEGFA in intravital human dermal 

injuries during injury healing were detected and evaluated using real-time PCR and the results were 

compared to the corresponding results obtained using traditional end point PCR (multiplex PCR 

assay). The mRNA expression detection using the two PCR methods was found to be similar for 

DUSP1, IL6 and COL3A1, but not for CMA1 and VEGFA. Using real-time PCR, mRNA expression 

evaluation was possible only in the case of DUSP1. The patterns of DUSP1 mRNA expression 

obtained using the two PCR methods were different, but showed some degree of similarity, especially 

with respect to the pattern of change in expression between subsequent time points. 

 

8.2 Contribution to the field of forensic science 

Previous injury age estimation research has investigated different techniques in an attempt to develop 

a method for the reliable estimation of injury age (Betz, 1995). While a lot of these techniques have 

been successful at detecting changes in the biological, chemical and physical properties of the 
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injuries that provide an indication of its age, the techniques use qualitative analyses which do not 

show the degree of precision required for forensic practice (Bauer, 2007; Betz, 1995). As a result, 

there are currently no methods available for the reliable estimation of injury age. The preliminary 

model for the estimation of human dermal injury age presented in this research shows potential with 

respect to the degree of precision required for forensic practice as a result of being developed using 

quantitative analyses. Although the practical applicability of the preliminary model is restricted at this 

stage, owing to limitations with samples encountered during its development, the model provides the 

foundation and direction for the development of a method for the reliable estimation of injury age. In 

addition, this research also makes a broader contribution to increasing knowledge related to both 

injury healing and the estimation of injury age, especially with respect to intravital human dermal 

injuries. 

 

8.3 Recommendations for future work 

This research describes the initial stage in the development of a model ambitiously tasked with the 

reliable estimation of injury age. The model presented for the estimation of injury age in this research 

is a preliminary model with a lot of promise and potential, but with restrictions to its use, owing to 

limitations with respect to its robustness, estimation power and resolution. For the model to attain 

practical applicability improvements will need to be made. This could be achieved in a number of 

ways.  

(a) Increasing the sample size – one of the major factors limiting the model is the small number of 

samples used in its development. The inclusion of more samples will provide the model with 

more information to perform the estimations, thereby improving its robustness. 

(b) Including additional markers – although the mRNA markers currently included in the preliminary 

model make significant contributions to the estimation of injury age, the markers are found to 

explain only a small percentage of the variance in injury age, around 28%. The estimation power 

of the model can be improved by identifying and including other mRNA markers that can 

significantly contribute to explaining more of the variance. 

(c) Including additional time points – the preliminary model was developed based on mRNA 

expression information from injuries at only ten selected time points (0-2, 10, 30 minutes, 12 

hours, 1 day, 2, 3, 4, 5 and 6 days). Reanalysing the model with additional time points that lie 
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between existing time points will greatly increase the distinguishing ability of the model and 

improve the resolution. 

(d) Including additional factors – factors such as age, gender, general health, alcohol consumption 

and smoking are known to affect injury healing. The inclusion of these factors can greatly help 

with improving both the robustness and estimation power of the model. An estimation model 

capable of considering these factors is likely to provide a more accurate estimation of injury age 

than a model that does not. 

(e) Extending the model to different injury types – extending the model to different injury types 

increases the scope of its practical applicability. A lot of intensive analysis is required before the 

current preliminary model can be extended to other injury types, but extending the model to 

different injury types contributes to an improvement in both its robustness and versatility. 

  

In addition to specific improvements to the model, improvements can also be made to the 

experimental procedure to improve the model.  

(a) Refinements to the multiplex PCR assay – modifications can be made to the multiplex PCR 

assay for it to only include the markers that are a part of the prediction model. An internal 

standard could be developed and incorporated into the multiplex PCR assay to detect and 

eliminate variability arising during analysis. 

(b) Changes to the normalisation strategy - a more robust normalisation strategy employing more 

than just the one endogenous reference gene used for the development of the preliminary model 

could be used. 

 

The recommendations for future work presented here form the steps for the next stage in the 

development of a model for the reliable estimation of injury age. 
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Appendices 

Appendix A. 

Ethics approval – University of Auckland Human Participants Ethics 
Committee (UAHPEC) 
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Appendix B. 

Ethics approval – Health and Disability Ethics Committee (HDEC)
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Appendix C. 

Participant information sheet guide and consent form for adults 
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Appendix D. 

Participant information sheet guide and consent form for parents 
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Appendix E. 

Participant information sheet guide and assent form for children 
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Appendix F. 

Duplex PCR assay amplifications 
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Figure F1 Electropherograms showing the results of amplifications performed using duplex PCR 
assays that detect 18S rRNA in combination with (a) DUSP1, (b) IL7, (c) IL6, (d) TNFα, (e) IL1β, (f) 
CMA1, (g) COL3A1, (h) IL2 or (i) VEGFA mRNA and a cDNA input amount of 30 pg 18S rRNA cDNA 
from injury samples collected at different time points. 
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Appendix G. 

Laceration details 

 
Table G1 Details of the lacerations used for the duplex and multiplex PCR assay analysis. 
 

Laceration 

number 

Donor information Laceration information Approximate time of 

collection of the first 

injury sample Sex Age Ethnicity Location Cause 

1 F 27y 7m German Right hand Cut 0-2 minutes after injury 

2 M 33y 5m 
New Zealand 

European 
Right shin Collision 0-2 minutes after injury 

3 M 27y 5m South African Right wrist Cut 0-2 minutes after injury 

4 M 26y 3m 
New Zealand 

European 
Left foot Cut 0-2 minutes after injury 

5 F 26y 2m Indian Right thumb Cut 0-2 minutes after injury 

6* F 29y 2m 
New Zealand 

European / Russian 
Right arm Collision 0-2 minutes after injury 

7* M 25y 3m 
New Zealand 

European 
Right wrist Cut 0-2 minutes after injury 

8* M 27y 3m 
New Zealand 

European 
Chin Fall 0-2 minutes after injury 

9* M 27y 11m Brazilian Left knee Fall 0-2 minutes after injury 

10* M 36y 1m 
New Zealand 

European 
Left calf Cut 0-2 minutes after injury 

11* M 28y 4m 
New Zealand 

European / Chinese 
Chin Fall 0-2 minutes after injury 

12* M 35y 7m Sri Lankan Left ankle Collision 0-2 minutes after injury 

13* M 30y 10m Chinese Left shin Fall 0-2 minutes after injury 

14* M 31y 3m Indian 
Right 

forearm 
Cut 0-2 minutes after injury 

15* M 26y 5m 
New Zealand 

European 
Left knee Fall 10 minutes after injury 

16* M 51y 8m 
New Zealand 

European / Maori  
Left forearm Fall 10 minutes after injury 

17* M 4y 2m 
New Zealand 

European 

Left 

forehead 
Fall 10 minutes after injury 

18* F 7y 6m European Left Ankle Fall 10 minutes after injury 

19* M 26y 8m 
New Zealand 

European 
Left knee Cut 10 minutes after injury 
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Laceration 

number 

Donor information Laceration information Approximate time of 

collection of the first 

injury sample Sex Age Ethnicity Location Cause 

20* M 26y 0m European Right knee Fall 10 minutes after injury 

21* M 31y 1m Bangladesh 
Right little 

finger 
Fall 10 minutes after injury 

22* M 46y 3m 
New Zealand 

European 

Right middle 

finger 
Fall 30 minutes after injury 

23* M 28y 9m 
New Zealand 

European 

Left little 

finger 
Cut 30 minutes after injury 

24* M 75y 0m 
New Zealand 

European 
Left elbow Fall 30 minutes after injury 

25* M 61y 11m 
New Zealand 

European 
Left wrist Cut 30 minutes after injury 

26* F 57y 1m Cook Island Maori Left hand Cut 30 minutes after injury 

27* F 37y 4m 
New Zealand 

European 
Left elbow Fall 30 minutes after injury 

28* M 29y 1m 
New Zealand 

European 

Left 

forehead 
Fall 12 hours after injury 

29* M 26y 2m 
New Zealand 

European 
Right palm Cut 12 hours after injury 

30* F 28y 8m German Left hand Cut 12 hours after injury 

31* M 19y 7m 
New Zealand 

European / Tongan 
Left foot Fall 12 hours after injury 

32* M 24y 5m Samoan Right palm Collision 12 hours after injury 

33* M 27y 4m 
New Zealand 

European / Samoan 
Left arm Cut 12 hours after injury 

34* M 23y 2m Korean Right foot Collision 1 day after injury 

35* M 22y 4m Indian Left calf  Cut 1 day after injury 

M - Male     F - Female 
y - Years     m - Months 

* Lacerations used only for the multiplex PCR assay analysis 
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Appendix H. 

mRNA expression level data  

 
Table H1 The marker mRNA expression level data (evaluated mRNA expression) obtained from the 
results of the multiplex PCR assay amplification analysis of injury samples collected from thirty-five 
different intravital human dermal lacerations at selected time points during injury healing. 
 

Participant 
number 

Time 
mRNA expression level 

DUSP1 IL7 TNFa VEGFA IL1B CMA1 

1 0-2 minutes 2.088932 0.610365 1.104926 0.28087 1.365323 0.845809 

2 0-2 minutes 1.994595 0.965541 0.648649 0.511486 1.516892 0.072297 

3 0-2 minutes 0.610025 4.779949 0.39932 0.652506 1.71028 0.412914 

4 0-2 minutes 1.613907 4.158278 1.425828 0.245695 1.311258 0.355629 

5 0-2 minutes 1.359171 1.488104 2.315426 0.292402 1.623177 0.633154 

6 0-2 minutes 1.834247 2.534247 1.2 0.289726 
  

7 0-2 minutes 2.415488 2.379002 1.189873 0.425912 1.473567 0.470588 

8 0-2 minutes 2.214049 2.50497 0.901922 0.445328 1.495693 0.458582 

9 0-2 minutes 1.167433 3.199606 1.204202 0.238345 1.401182 0.478661 

10 0-2 minutes 2.295118 1.799556 1.139793 0.517012 1.676775 
 

11 0-2 minutes 2.392172 1.040675 1.568688 0.284728 1.530315 0.56485 

12 0-2 minutes 1.9259 2.560942 1.134349 0.592798 1.545014 
 

13 0-2 minutes 1.496256 2.624915 1.289993 0.493533 1.544588 0.536419 

14 0-2 minutes 0.933025 2.292533 1.221709 0.535797 1.581216 0.482679 

15 0-2 minutes 
      

16 0-2 minutes 
      

17 0-2 minutes 
      

18 0-2 minutes 
      

19 0-2 minutes 
      

20 0-2 minutes 
      

21 0-2 minutes 
      

22 0-2 minutes 
      

23 0-2 minutes 
      

24 0-2 minutes 
      

25 0-2 minutes 
      

26 0-2 minutes 
      

27 0-2 minutes 
      

28 0-2 minutes 
      

29 0-2 minutes 
      

30 0-2 minutes 
      

31 0-2 minutes 
      

32 0-2 minutes 
      

33 0-2 minutes 
      

34 0-2 minutes 
      

35 0-2 minutes 
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Participant 
number 

Time 
mRNA expression level 

DUSP1 IL7 TNFa VEGFA IL1B CMA1 

1 10 minutes 0.905913 2.590182 1.027148 0.143176 1.074005 
 

2 10 minutes 0.579205 0.967141 0.46052 0.19078 1.215302 
 

3 10 minutes 1.511467 1.504 0.8512 0.142933 1.298667 
 

4 10 minutes 1.340711 1.790074 0.337357 0.405097 1.594903 
 

5 10 minutes 0.650025 0.787939 0.44439 0.146812 1.37914 
 

6 10 minutes 0.920613 1.797586 0.681058 0.13324 
  

7 10 minutes 0.987668 1.473995 0.640214 0.291153 1.129223 
 

8 10 minutes 1.029261 1.687885 0.60883 0.166324 1.226386 
 

9 10 minutes 0.98752 1.636505 0.658866 0.236089 1.343214 
 

10 10 minutes 1.094118 1.666106 0.99888 0.19888 
  

11 10 minutes 1.008138 1.293489 0.509664 0.191251 1.343845 
 

12 10 minutes 0.974926 1.610128 0.439528 0.266962 1.303343 
 

13 10 minutes 0.907478 1.656759 0.597795 0.25743 1.358581 
 

14 10 minutes 1.083135 1.589667 0.619359 0.230998 1.444181 
 

15 10 minutes 0.932577 1.573431 0.648865 0.230307 
  

16 10 minutes 0.95831 1.438021 0.637576 0.227349 1.527515 
 

17 10 minutes 1.216163 1.696083 0.638076 0.226078 1.379772 
 

18 10 minutes 0.927816 1.670345 0.627586 0.194483 1.128736 
 

19 10 minutes 1.032923 1.281838 0.729016 0.15521 1.164616 
 

20 10 minutes 1.043945 1.526827 0.62698 0.185999 1.358712 
 

21 10 minutes 1.021594 1.231362 0.610283 0.182005 1.330077 
 

22 10 minutes 
      

23 10 minutes 
      

24 10 minutes 
      

25 10 minutes 
      

26 10 minutes 
      

27 10 minutes 
      

28 10 minutes 
      

29 10 minutes 
      

30 10 minutes 
      

31 10 minutes 
      

32 10 minutes 
      

33 10 minutes 
      

34 10 minutes 
      

35 10 minutes 
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Participant 
number 

Time 
mRNA expression level 

DUSP1 IL7 TNFa VEGFA IL1B CMA1 

1 30 minutes 0.889706 1.047126 0.533422 0.061163 0.59492 
 

2 30 minutes 0.980939 0.571477 0.201498 0.081688 0.544248 
 

3 30 minutes 1.515789 3.323684 0.295614 0.120175 0.715789 
 

4 30 minutes 1.447689 2.67056 0.46618 0.252555 0.815085 
 

5 30 minutes 0.743959 1.866719 0.293063 0.395557 0.595479 
 

6 30 minutes 1.095801 1.845903 0.278435 0.194863 
  

7 30 minutes 1.123437 1.847116 0.397338 0.186769 0.711174 
 

8 30 minutes 0.968847 1.896807 0.348131 0.202882 0.617991 
 

9 30 minutes 1.11063 2.373737 0.419913 0.191438 0.700818 
 

10 30 minutes 1.089263 2.032 0.397895 0.194947 
  

11 30 minutes 1.138256 1.839356 0.380204 0.209741 0.643755 
 

12 30 minutes 0.973956 1.919571 0.333972 0.171582 0.486021 
 

13 30 minutes 1.147732 2.058747 0.376242 0.182289 0.734773 
 

14 30 minutes 
      

15 30 minutes 1.135359 1.453828 0.359905 0.180347 
  

16 30 minutes 1.110531 1.820338 0.347267 0.168408 0.696141 
 

17 30 minutes 1.088979 1.726997 0.326087 0.191608 0.789181 
 

18 30 minutes 1.08786 1.867663 0.250456 0.209624 0.453883 
 

19 30 minutes 1.300226 1.910459 0.275395 0.165162 0.51091 
 

20 30 minutes 1.126656 1.938426 0.295791 0.187451 0.618472 
 

21 30 minutes 1.107796 1.896579 0.312251 0.211615 0.747414 
 

22 30 minutes 1.099891 1.836675 0.371491 0.172439 0.717098 
 

23 30 minutes 1.093861 2.127669 0.393238 0.217527 0.661032 
 

24 30 minutes 1.225114 2.373516 0.426484 0.155708 0.602283 
 

25 30 minutes 1.145979 1.801023 0.357508 0.157136 0.691306 
 

26 30 minutes 1.036617 1.741935 0.342197 0.16347 0.67306 
 

27 30 minutes 1.146916 1.8614 0.322938 0.132363 
  

28 30 minutes 
      

29 30 minutes 
      

30 30 minutes 
      

31 30 minutes 
      

32 30 minutes 
      

33 30 minutes 
      

34 30 minutes 
      

35 30 minutes 
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Participant 
number 

Time 
mRNA expression level 

DUSP1 IL7 TNFa VEGFA IL1B CMA1 

1 12 hours 0.775869 0.909833 0.206741 0.068484 0.393517 
 

2 12 hours 0.940654 0.943951 0.675628 0.191479 0.437231 
 

3 12 hours 1.21365 1.796241 0.585559 0.346192 0.617211 
 

4 12 hours 0.990842 1.173469 0.553637 0.119571 0.456306 
 

5 12 hours 0.738037 0.678834 0.352454 0.230061 0.417485 
 

6 12 hours 0.968385 0.975558 0.47423 0.197131 
  

7 12 hours 0.932735 1.005325 0.469451 0.221693 0.545123 
 

8 12 hours 0.934542 1.098045 0.544914 0.216492 0.475205 
 

9 12 hours 0.917347 1.015004 0.506186 0.172151 0.416689 
 

10 12 hours 0.901412 0.971483 0.454916 0.189842 
  

11 12 hours 
      

12 12 hours 
      

13 12 hours 
      

14 12 hours 
      

15 12 hours 0.949938 1.015858 0.452425 0.213308 
  

16 12 hours 
      

17 12 hours 0.928551 1.013273 0.454391 0.209828 0.451285 
 

18 12 hours 0.936721 1.030237 0.482544 0.170823 0.463529 
 

19 12 hours 
      

20 12 hours 0.910742 1.154713 0.462261 0.18384 0.447541 
 

21 12 hours 0.947223 1.019024 0.474379 0.207119 0.498006 
 

22 12 hours 0.962608 1.132217 0.479509 0.185761 0.593479 
 

23 12 hours 0.895252 0.969857 0.527003 0.157247 0.470987 
 

24 12 hours 0.955018 1.00286 0.515861 0.196048 0.435257 
 

25 12 hours 0.918938 0.97132 0.46812 0.209765 0.489927 
 

26 12 hours 0.961583 1.033507 0.445696 0.216638 
  

27 12 hours 0.920079 1.061694 0.4341 0.177229 
  

28 12 hours 0.964492 1.055235 0.480728 0.198483 
  

29 12 hours 0.957766 1.248866 0.577661 0.244677 0.453403 
 

30 12 hours 0.922657 1.113859 0.37004 0.204428 0.453134 
 

31 12 hours 0.950704 1.021855 0.483001 0.187712 0.455075 
 

32 12 hours 0.905851 1.091123 0.488568 0.189644 
  

33 12 hours 
      

34 12 hours 0.869395 1.064462 0.428531 0.179933 0.505325 
 

35 12 hours 
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Participant 
number 

Time 
mRNA expression level 

DUSP1 IL7 TNFa VEGFA IL1B CMA1 

1 1 day 0.699235 1.302039 0.691164 0.226848 
  

2 1 day 0.576118 1.466223 0.603711 0.212179 
  

3 1 day 0.733092 0.774758 0.333333 0.226449 
  

4 1 day 0.402041 1.544218 0.186395 0.228571 
  

5 1 day 0.508511 0.995745 0.609574 0.403723 
  

6 1 day 0.608802 1.152078 0.481174 0.241076 
  

7 1 day 0.576871 1.154191 0.463469 0.391753 
  

8 1 day 0.588496 1.318092 0.479843 0.174041 
  

9 1 day 0.543055 1.101688 0.559931 0.16746 
  

10 1 day 
      

11 1 day 
      

12 1 day 
      

13 1 day 0.70533 1.226013 0.334755 0.201706 
  

14 1 day 
      

15 1 day 0.45098 1.25645 0.517028 0.217234 
  

16 1 day 0.533439 1.192675 0.449045 0.233015 
  

17 1 day 0.621767 1.285022 0.47306 0.268319 
  

18 1 day 0.689042 1.320138 0.477338 0.258749 
  

19 1 day 0.703188 1.22087 0.329275 0.276522 
  

20 1 day 0.579767 1.160089 0.486937 0.257365 
  

21 1 day 0.616802 1.157182 0.522493 0.275881 
  

22 1 day 0.50879 1.18666 0.458118 0.264219 
  

23 1 day 0.588175 1.213558 0.476555 0.248216 
  

24 1 day 0.631477 1.248057 0.507124 0.250648 
  

25 1 day 0.534105 1.213764 0.484166 0.248477 
  

26 1 day 0.603662 1.22091 0.481394 0.223863 
  

27 1 day 0.533106 1.214438 0.531824 0.246049 
  

28 1 day 0.591855 1.123949 0.455511 0.386897 
  

29 1 day 0.624267 1.194858 0.447452 0.195309 
  

30 1 day 0.634718 1.227478 0.487865 0.204443 
  

31 1 day 0.540412 1.284733 0.478077 0.234548 
  

32 1 day 0.544743 1.192953 0.474832 0.261745 
  

33 1 day 0.63714 1.300961 0.482924 0.259338 
  

34 1 day 0.666491 1.355076 0.506049 0.21515 
  

35 1 day 0.513574 1.279039 0.478861 0.256342 
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Participant 
number 

Time 
mRNA expression level 

DUSP1 IL7 TNFa VEGFA IL1B CMA1 

1 2 days 1.166543 4.762825 0.57026 0.336803 
  

2 2 days 1.128904 0.757475 0.736213 0.358804 
  

3 2 days 0.740927 1.061418 0.59464 0.543272 
  

4 2 days 0.882649 2.508801 0.645432 0.259011 
  

5 2 days 4.450438 5.21915 1.569791 0.759946 
  

6 2 days 1.267423 4.764182 0.889789 0.322528 
  

7 2 days 1.473645 3.405345 0.825538 0.36971 
  

8 2 days 1.45582 4.198457 0.946003 0.550491 
  

9 2 days 1.450112 3.547646 0.866592 0.376682 
  

10 2 days 
      

11 2 days 
      

12 2 days 
      

13 2 days 
      

14 2 days 
      

15 2 days 1.652933 3.482542 0.688547 0.687849 
  

16 2 days 
      

17 2 days 1.496251 1.947512 0.802999 0.339468 
  

18 2 days 1.215895 1.242178 0.792866 0.411139 
  

19 2 days 1.10424 1.824499 0.857479 0.382214 
  

20 2 days 2.083536 4.758313 0.871857 0.709651 
  

21 2 days 1.551847 1.397497 0.766985 0.225268 
  

22 2 days 1.507293 2.024311 0.726904 0.475689 
  

23 2 days 1.631491 4.843384 0.741206 0.565327 
  

24 2 days 
      

25 2 days 1.509584 3.730337 0.945803 0.461335 
  

26 2 days 1.401725 3.071473 0.847197 0.538509 
  

27 2 days 1.746118 4.222826 0.871894 0.601708 
  

28 2 days 2.142169 1.506024 0.820884 0.433735 
  

29 2 days 1.628466 1.222428 0.89772 0.332101 
  

30 2 days 1.263526 1.877785 0.845321 0.373647 
  

31 2 days 1.185813 2.502197 1.107972 0.409291 
  

32 2 days 1.557357 2.491272 0.919576 0.545511 
  

33 2 days 1.444924 3.445644 0.790497 0.641469 
  

34 2 days 1.639939 4.301815 0.875189 0.660363 
  

35 2 days 1.763764 2.46927 1.058899 0.434059 
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Participant 
number 

Time 
mRNA expression level 

DUSP1 IL7 TNFa VEGFA IL1B CMA1 

1 3 days 1.588208 3.55592 0.928404 0.398222 
  

2 3 days 1.601705 0.577273 0.800568 0.222159 
  

3 3 days 2.151777 2.445725 0.315082 0.45245 
  

4 3 days 2.087762 1.731079 0.911433 0.306763 
  

5 3 days 2.114839 2.308387 0.874194 0.337419 
  

6 3 days 1.957602 2.101608 0.910088 0.282895 
  

7 3 days 1.914409 2.312808 0.765394 0.471059 
  

8 3 days 
      

9 3 days 1.807964 1.965726 0.68498 0.217742 
  

10 3 days 
      

11 3 days 
      

12 3 days 
      

13 3 days 
      

14 3 days 
      

15 3 days 1.838968 2.157593 0.77192 0.314613 
  

16 3 days 2.145147 2.555654 1.016919 0.464826 
  

17 3 days 2.002909 2.080727 0.716364 0.490182 
  

18 3 days 1.935917 2.128912 0.747392 0.257079 
  

19 3 days 1.907123 2.043875 0.623362 0.498575 
  

20 3 days 2.071257 2.213771 0.668535 0.449159 
  

21 3 days 2.015825 2.332329 0.84627 0.339111 
  

22 3 days 1.929057 2.194363 0.81827 0.473275 
  

23 3 days 1.842568 1.98241 0.961302 0.595427 
  

24 3 days 
      

25 3 days 1.872093 2.146802 0.53343 0.452762 
  

26 3 days 1.917502 2.308404 0.887433 0.541249 
  

27 3 days 
      

28 3 days 1.95098 2.325792 0.778281 0.515837 
  

29 3 days 2.273518 2.177866 0.869565 0.53913 
  

30 3 days 1.897251 1.95288 0.881545 0.457461 
  

31 3 days 2.136447 2.199754 0.880762 0.337431 
  

32 3 days 1.896188 2.079765 0.742522 0.304985 
  

33 3 days 1.993992 2.328438 0.905207 0.345794 
  

34 3 days 1.932203 1.633101 0.881356 0.24327 
  

35 3 days 1.834791 1.83295 0.825587 0.225495 
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Participant 
number 

Time 
mRNA expression level 

DUSP1 IL7 TNFa VEGFA IL1B CMA1 

1 4 days 0.498751 1.052474 0.50025 0.275362 
  

2 4 days 1.04634 2.538178 0.517641 0.428647 
  

3 4 days 1.176089 1.012048 0.939759 0.464782 
  

4 4 days 1.716207 2.58 0.614828 0.540345 
  

5 4 days 1.145974 2.344996 0.862302 0.482694 
  

6 4 days 1.086017 2.115868 0.688924 0.494894 
  

7 4 days 
      

8 4 days 1.089218 1.859619 0.651163 0.481607 
  

9 4 days 0.995313 1.935721 0.627051 0.342149 
  

10 4 days 
      

11 4 days 
      

12 4 days 
      

13 4 days 
      

14 4 days 
      

15 4 days 1.106391 1.977372 0.699484 0.470028 
  

16 4 days 1.155765 1.879529 0.726118 0.462588 
  

17 4 days 1.091101 1.901729 0.691691 0.474905 
  

18 4 days 1.199665 1.892842 0.713269 0.60946 
  

19 4 days 1.218546 1.635212 0.699346 0.5 
  

20 4 days 1.06468 1.997456 0.728198 0.471294 
  

21 4 days 1.089949 1.946468 0.70539 0.460306 
  

22 4 days 1.235383 1.951613 0.624496 0.741935 
  

23 4 days 1.208147 1.941381 0.71386 0.650273 
  

24 4 days 1.12601 1.887722 0.712036 0.501212 
  

25 4 days 1.153117 1.942643 0.618953 0.43591 
  

26 4 days 1.204126 1.983758 0.677788 0.431958 
  

27 4 days 
      

28 4 days 1.220906 1.789674 0.746085 0.42446 
  

29 4 days 1.035479 1.864667 0.511339 0.463424 
  

30 4 days 1.225881 1.8641 0.745362 0.556586 
  

31 4 days 1.08391 1.939715 0.76334 0.486354 
  

32 4 days 1.102437 1.776952 0.779017 0.470054 
  

33 4 days 1.167993 1.957269 0.824466 0.466695 
  

34 4 days 0.915318 1.719985 0.544976 0.441099 
  

35 4 days 1.404977 1.946628 0.513884 0.636495 
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Participant 
number 

Time 
mRNA expression level 

DUSP1 IL7 TNFa VEGFA IL1B CMA1 

1 5 days 1.575427 1.408874 0.878498 0.849829 
  

2 5 days 0.372449 2.442177 0.30017 1.009354 
  

3 5 days 0.726293 4.405891 0.571121 0.471264 
  

4 5 days 1.046964 2.075601 0.571019 0.556128 
  

5 5 days 0.626838 2.084559 0.963848 0.882353 
  

6 5 days 0.841921 2.262009 0.5869 0.684716 
  

7 5 days 
      

8 5 days 0.802092 2.399839 0.715205 0.758648 
  

9 5 days 
      

10 5 days 
      

11 5 days 
      

12 5 days 
      

13 5 days 
      

14 5 days 
      

15 5 days 0.82467 2.40031 0.692785 0.717611 
  

16 5 days 0.866768 2.145344 0.744133 0.774413 
  

17 5 days 0.94025 1.827315 0.671701 0.70847 
  

18 5 days 
      

19 5 days 0.77717 2.856919 0.667709 0.740422 
  

20 5 days 0.816441 2.731045 0.672785 0.743815 
  

21 5 days 
      

22 5 days 0.871235 2.584337 0.681476 0.677711 
  

23 5 days 0.927843 2.512941 0.771765 0.878431 
  

24 5 days 0.826923 2.686813 0.820742 0.634615 
  

25 5 days 0.854077 2.625179 0.550072 0.610873 
  

26 5 days 
      

27 5 days 0.933434 2.596067 0.570348 0.677005 
  

28 5 days 0.921788 2.248603 0.561453 0.624302 
  

29 5 days 0.694368 2.197115 0.682692 0.760989 
  

30 5 days 0.807229 3.370052 0.707975 0.771084 
  

31 5 days 0.789809 3.441879 0.588376 0.672771 
  

32 5 days 0.786332 2.517675 0.660644 0.669285 
  

33 5 days 0.824207 2.623199 0.588617 0.630403 
  

34 5 days 0.860644 1.998599 0.654062 0.666667 
  

35 5 days 0.91524 2.306438 0.704971 0.642217 
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Participant 
number 

Time 
mRNA expression level 

DUSP1 IL7 TNFa VEGFA IL1B CMA1 

1 6 days 1.285114 1.429773 0.100084 0.142977 
  

2 6 days 0.971093 1.171975 0.815777 0.174424 
  

3 6 days 0.768997 0.843465 1.072948 0.355623 
  

4 6 days 1.210277 0.867194 1.116206 0.16996 
  

5 6 days 0.92987 2.321429 0.647403 0.197403 
  

6 6 days 1.294976 1.324149 0.799838 0.270665 
  

7 6 days 
      

8 6 days 1.146625 1.239721 0.770365 0.306439 
  

9 6 days 
      

10 6 days 
      

11 6 days 
      

12 6 days 
      

13 6 days 
      

14 6 days 
      

15 6 days 
      

16 6 days 1.041541 1.347432 0.756798 0.231118 
  

17 6 days 1.121283 1.293427 0.761346 0.340376 
  

18 6 days 
      

19 6 days 1.082969 1.252183 0.675764 0.246725 
  

20 6 days 1.070256 1.415627 0.817466 0.188444 
  

21 6 days 1.062578 1.366083 0.703379 0.211514 
  

22 6 days 1.034504 1.475662 0.797905 0.198398 
  

23 6 days 1.003023 1.60399 0.726119 0.192866 
  

24 6 days 
      

25 6 days 1.095156 1.238178 0.758939 0.181084 
  

26 6 days 
      

27 6 days 1.057408 1.095681 0.810279 0.240022 
  

28 6 days 1.413027 1.344061 0.761686 0.310345 
  

29 6 days 1.02454 1.321745 0.764145 0.271302 
  

30 6 days 
      

31 6 days 
      

32 6 days 1.492462 1.291457 0.735343 0.547739 
  

33 6 days 0.949923 0.758089 0.724961 0.248074 
  

34 6 days 1.125457 1.59866 0.697929 0.24056 
  

35 6 days 1.085153 1.574236 0.804585 0.085153 
  

– Marker expression not detected 

– Injury sample not collected 
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