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ABSTRACT 

Evidence of physical abuse can often be found on the skin of victims, with bruising 

being the most common symptom. Bruises are also the most frequent injury sustained 

in sports and everyday accidents, affecting both males and females of all ages. The 

widespread occurrence of bruises sometimes leads to abusive or accidental bruises 

being misdiagnosed.  

In cases where multiple bruises are found on the skin of a potential abuse victim, 

determining that these are of different ages, and were therefore inflicted on different 

occasions, could provide significant evidence to medico-legal cases concerning 

physical abuse. This would be particularly valuable in situations involving vulnerable 

individuals, such as children or elderly people, who may be unable, or unwilling, to 

provide an accurate account of the circumstances, or timing, of an assault. 

Here, we describe the proteomic analysis of proteins present in interstitial fluid, 

collected from under the surface of the skin, in an attempt to identify candidate 

protein biomarkers specific to bruising in living individuals. 

Samples were collected using a minimally invasive, ultrasonic skin permeation device 

in combination with an interstitial fluid collection system. Samples were compared 

with differential in-gel electrophoresis, which allowed the detection and mass 

spectrometric identification of proteins specific to bruising.  

The expression of the protein markers identified changed significantly in bruised skin 

compared to unbruised skin, as well as over time as the injury healed. Markers were 

validated with western blots and tested with enzyme-linked immunosorbent assays to 

assess their expression in bruised skin over time.  
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This analysis is the first of its kind to employ interstitial fluid for the search of 

biomarkers specific to bruising, providing the first steps towards a technique that 

could allow medical practitioners and police investigators to estimate when a bruise 

was inflicted on a living individual. In addition, this work provides new insight into 

how the skin heals and reveals protein level changes following blunt force trauma to 

the skin.  

This work could include clinical research into skin physiology and infection, and the 

mechanisms of healing; sports medicine could also benefit from this work. 
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1.1. DOMESTIC ABUSE 

Domestic abuse can be defined as a conscious and deliberate physical, emotional or 

sexual act perpetrated on a partner, spouse, child or elderly individual (Oranje & Bilo, 

2011; Steyn, 2011). Committed by a parent, caregiver, family member or 

acquaintance, this results in the risk of temporary or permanent injury to the victim 

(Oranje & Bilo, 2011). It is a very real global problem that is more prevalent than is 

generally recognised (Dubowitz & Bennett, 2007; Mok, 2008; Ribeiro, Rodrigues, 

Ribeiro, & Magalhães, 2010); so much so that some authors have described physical 

abuse as having reached epidemic and universal proportions (Cook & Dickens, 2009).  

1.1.1. CHILD ABUSE  

The term child abuse can be employed to describe circumstances where a caregiver 

threatens the physical or mental well-being of a child by means of physical, emotional 

or sexual abuse, neglect and/or exploitation (World Health Organisation, 2013).  

The rate of child abuse has dramatically increased worldwide over the last fifty years. 

In 1974, the global number of reported child abuse cases was approximately 60,000. 

By the 1980s, the number of reported cases had increased to 1.1 million and almost 

tripled to 2.9 million cases in the early 1990s (US Advisory Board on Child Abuse 

and Neglect, 1990). It is suspected that the increasing trend seen in the numbers of 

reported child abuse cases are partially due to the growing awareness and recognition 

of child abuse as a social issue and a corresponding rise in the numbers of reported 

complaints.  
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In the past decade, reported estimates of fatal child abuse cases in the United States 

seem to have reached a plateau with 1,740 reported cases of children having died from 

abuse in 2008, 1,770 cases in 2009 and 1,570 cases in 2011 (U.S. Department of 

Health & Human Services, 2009; U.S. Department of Health & Human Services, 

2010; U.S. Department of Health & Human Services, 2012).  

Nevertheless, estimates suggest that for every child victim identified, two cases are 

still unreported or go unnoticed (Kos & Shwayder, 2006).   

1.1.2. ELDERLY ABUSE 

First mentioned in the scientific literature in 1975 (Burston, 1975), the abuse and 

neglect of an elderly individual has been defined as a single or repeated act leading to 

the harm or distress of the individual (Wolf, Daichman, & Bennett, 2002).  

The World Health Organisation (WHO) state that, in developing countries, between 

4 % – 6 % of elderly individuals are abused, with higher rates (7 %) present in other 

developed countries such as Finland and Canada (Wolf et al., 2002). Similarly to child 

abuse, estimates can only be formulated based on reported cases, and it is thought that 

only 1 in 14 cases of domestic elder abuse incidents are reported to the authorities 

(Pillemer & Finkelhor, 1988). Despite this, the abuse and neglect of elderly 

individuals is known to be a widespread and growing social issue (Akaza et al., 2003; 

Ortmann, Fechner, Bajanowski, & Brinkmann, 2001). 

It has been suggested that by the year 2025, just under one fifth of the global 

population (1.2 billion individuals) will be above the age of 60, tripling the estimates 

calculated in 2005 for the same fraction of the population (Wolf et al., 2002). 

Increasing global numbers of elderly individuals will result in a corresponding rise in 
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the numbers of cases of abuse, neglect and exploitation against this portion of the 

population (Wolf et al., 2002).  

1.1.3. INTIMATE PARTNER ABUSE 

Intimate partner abuse has been described as any act of physical, sexual, or emotional 

abuse by a current or past partner (Antai, 2011). This type of violence is an important 

cause of mortality and morbidity in women with serious consequences to the physical, 

sexual, reproductive and mental well-being of the victims (Antai, 2011).  

In a study by the WHO, in which 48 populations were selected to investigate the 

incidence of intimate partner abuse, between 10 % and 69 % of surveyed women were 

reported to have been physically abused by a partner at some point in their lives 

(Caldas, Grams, Afonso, & Magalhães, 2012). Intimate partner abuse is another major 

social problem whose incidence is under-reported (Watts & Zimmerman, 2002). 

1.2. BATTLING ABUSE 

The high prevalence of abuse worldwide, affecting all ages and social, economical, 

cultural, ethical, and religious groups (Cook & Dickens, 2009; Dubowitz & Bennett, 

2007; Wolf et al., 2002) is a strong motivator for funding research towards the 

development of new quantitative, objective diagnostic tools that could aid in the 

identification, characterisation, evaluation and possibly, in the determination of the 

age of injuries in living individuals. 

The skin is the most vulnerable and most easily damaged organ when faced with 

physical trauma, be it accidental, resulting from sports, play or traffic injuries, or non-

accidental, resulting from abuse  (Gondim, Muñoz, & Petri, 2011; Mimasaka, 
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Oshima, & Ohtani, 2012; Oranje & Bilo, 2011; Takamiya, Fujita, Saigusa, & Aoki, 

2008). The ease of visualisation of signs of trauma on the skin have made it a critical 

link in the early warning and diagnosis of physical abuse (Ellerstein, 1978; Gondim et 

al., 2011). 

However, acts of physical violence may not necessarily cause visible damage to the 

skin (Sommers et al., 2012). The presence of injuries on the skin can therefore not be 

considered as determining factors in concluding whether or not an act of physical 

abuse has occurred.  

Nevertheless, it has been reported that up to 90 % of victims of physical abuse will 

display externally visible injuries on their skin (Stephenson, 1995), with bruising 

being the most common symptom of physical abuse (Johnson & Showers, 1985; 

Kaczor, Pierce, Makoroff, & Corey, 2006; Lynch, 1975; McMahon, Grossman, 

Gaffney, & Stanitski, 1995a; Mok, 2008; Smith & Hanson, 1974; Worlock, Stower, & 

Barbor, 1986). There is therefore a solid basis for considering bruises when 

researching tools capable of providing evidence in suspected cases of physical abuse.  

In a forensic context, bruises could provide information to assist in determining 

whether an injury was accidental, pathological or deliberate in nature (Ingham, 

Langlois, & Byard, 2011; Minford & Richards, 2010). Other evidence, such as the 

identification of the object used to cause injury, an estimation of the force employed, 

determining the minimum number of blows inflicted and an estimate of the age of the 

bruise could also be determined. In cases of multiple injuries, the determination of 

whether the bruises were the result of one attack, or repeated attacks having occurred 

at different times, would have important medico-legal significance (Bariciak, Plint, 

Gaboury, & Bennett, 2003; Dye, Peretti, & Kokes, 2008). In the case of death, bruises 
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could allow forensic pathologists to reconstruct the events leading up to the death of a 

victim and possibly to determine the injuries responsible for the cause of death 

(Bariciak et al., 2003; Takamiya et al., 2008).  

If interpreted correctly, signs of physical abuse, such as bruises, could provide 

evidence in legal cases concerned with suspected abuse, aid in the identification of 

possible perpetrators and in validating whether injuries are consistent with an alleged 

account. This could be particularly valuable in cases involving vulnerable individuals, 

such as children or elderly people, who may be unable, or unwilling, to provide an 

accurate account of the circumstances, or the timing, of an assault.  

Despite being the most common sign of physical abuse, bruises of an accidental 

nature are also frequently found in active children (Gondim et al., 2011). According to 

the Ministry of Health, 2,000 children between the age of zero and six were found to 

be victims of household accidents each day in France. In addition, accidents in the 

home were responsible for the death of 308 children between the age of 0 and 15, with 

64 % of cases reported in children less than 4 years old (Scolan, Stahl, Eysseric, 

Peoc’h, & Barret, 2011). It is therefore of paramount importance for accidental 

bruises to be accurately distinguished from abusive ones (Adamsbaum & Husson, 

2012; Maguire, Mann, Sibert, & Kemp, 2005a). An error in diagnosis leading to the 

confusion of an accidental, or pathological, bruise as a sign of physical abuse would 

not only result in an enquiry that was unnecessary but would also cause distress to the 

family and possibly the child to be distanced from its parents. In situations where the 

bruises were pathological in nature, this could also delay treatment being administered 

to the child (Asati, Singh, Sharma, & Tiwari, 2012; Minford & Richards, 2010). 
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Conversely, wrongly diagnosing an abusive bruise as an accidental one could have 

graver consequences. This would result in the victim being sent home, putting them at 

risk of future abuse, that could ultimately lead to the death of the victim (Harris, 2010; 

Jenny, Hymel, Ritzen, Reinert, & Hay, 1999; McMahon, Gaffney, & Stanitski, 1995b; 

Sege et al., 2011). In a paper by Jenny et al., the authors investigated cases of abusive 

head trauma that were not immediately diagnosed as resulting from physical abuse. It 

was found that 28 % of children suffered from further physical abuse, 9 % died, and 

41 % suffered from medical complications as a result of the injury having been 

missed by the physician (Jenny et al., 1999). In a study by Pierce et al., the use of 

bruises as a screening tool for the identification of children potentially at risk of abuse 

was investigated. The authors reported that in 44 % of fatal and near-fatal cases, 

bruises were missed or unreported (Pierce, Kaczor, Aldridge, O'Flynn, & Lorenz, 

2010). A study by Sege et al. examined the assessment of primary health care 

providers into whether an injury had been caused by abuse or not. Despite being the 

most common injury leading to the suspicion of physical abuse, bruises were also the 

most common injury not to be reported (Sege et al., 2011). Even in cases where 

children had bruising to the face, these were found not to be reported as suspicious of 

physical abuse (Cairns, Mok, & Welbury, 2005; Maguire et al., 2005a; McMahon et 

al., 1995b; Sege et al., 2011). The reluctance to report suspicion of abuse amongst 

health care providers was attributed to the fact that bruises are considered clinically 

insignificant due to their commonness in both accidental and abusive situations (Sege 

et al., 2011). This reinforces the importance of developing reliable methods to 

distinguish the two types of injuries. 
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1.3. BRUISES AND PATTERNS OF BRUISING 

A bruise may be defined as damage to the skin, important enough to cause the 

capillaries underlying the surface of the skin to rupture at the site of trauma, without 

loss of the integrity of the skin itself (Kaczor et al., 2006). The difference in pressure 

inside blood vessels and the surrounding tissue causes blood to leak from the ruptured 

capillaries into the adjacent epithelial tissues (Langlois & Gresham, 1991; Stam, van 

Gemert, van Leeuwen, & Aalders, 2010). As blood seeps from the damaged blood 

vessels it is pushed up through the dermal layers of the skin, gradually becoming 

visible on the surface of the skin (Langlois & Gresham, 1991; Stam et al., 2011). The 

extravasated blood forms an area of discolouration, initially blue or red, depending on 

the amount of blood leakage, the depth of the injury in the skin, the amount of oxy- 

and deoxygenation of the blood, as well as the melanin content of the skin (Hughes & 

Langlois, 2010; Stam et al., 2011). As the bruise evolves with time, additional colours 

appear on the skin as erythrocytes are phagocytised and the haemoglobin (Hb) they 

contain is broken down. The haem component of Hb, consisting of an iron atom and a 

porphyrin ring, is enzymatically broken down into its catabolism by-products, 

biliverdin and bilirubin (Figure 1) (Tenhunen, 1972). 
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Figure 1 Haem catabolism. Initially appearing red and/or blue as arterial and venous blood is 
extravasated from damaged capillaries, other colours then become visible in a bruise. 
Haem oxygenase is responsible for converting haem into biliverdin, a green pigment, 
which in turn is converted to bilirubin, giving the bruise its yellow hue, characteristic 
of an older injury. 

Haem oxygenase is responsible for breaking the porphyrin ring of the haem 

converting haem to biliverdin, a green chromophore (Tenhunen, 1972). This is 

quickly converted to bilirubin, a yellow chromophore known to appear in older 

bruises (Hughes, Ellis, Burt, & Langlois, 2004a; Pimstone, Tenhunen, Seitz, Marver, 
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& Schmid, 1971; Randeberg, Skallerud, Langlois, Haugen, & Svaasand, 2011). The 

transformation of biliverdin into bilirubin is so rapid that some authors believe the 

green chromophore is rarely seen in a bruise (Randeberg et al., 2011). When 

visualised on the skin, the presence of green colouration is thought to be the result of 

optical properties influenced by the colour of the tissue surrounding the bruise, and 

not truly a representation of biliverdin present in the bruised skin (Randeberg et al., 

2011). The brown/ochre colour later seen in bruises is caused by the formation of 

haemosiderin (Thornton & Jolly, 1986; Vanezis, 2001) or methaemoglobin 

(Randeberg, Winnem, Blindheim, Haugen, & Svaasand, 2004). 

Investigations into the use of haem oxygenase and biliverdin reductase as possible 

makers for bruising in living individuals were undertaken; however, due to 

preliminary results not being of sufficient quality (data not shown), these were not 

investigated further. 

A number of studies have been undertaken to classify the patterns of accidental 

bruising to allow these to be differentiated from bruises caused pathologically or as a 

result of physical abuse. It is important to note that some medical conditions can cause 

bleeding under an intact surface of skin, resulting in the visualisation of what could be 

mistaken for an abusive bruise. In addition, the absence of bruising should not exclude 

the possibility of physical abuse (Kaczor et al., 2006). 

1.3.1. ACCIDENTAL VS. ABUSIVE BRUISING 

Physicians and paediatricians are frequently asked to offer an opinion regarding when 

an injury was sustained, as well as the nature of an injury. Although the majority of 

victims of physical abuse will sustain injuries visible on the skin, it is also not 
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uncommon for injuries seen on children to result from accidental, non-inflicted, 

activities (Ingham et al., 2011).  

When investigating accidental bruising in children, an increase in the number of 

bruises sustained was recorded in the summer months, most likely due to children 

playing outdoors more often than in colder months. In addition, less clothing is worn 

during this time of the year providing less protection to the skin. Increased numbers of 

bruises were also noted in families with larger numbers of siblings, probably resulting 

from increased interaction and play compared to families bearing fewer children 

(Maguire et al., 2005a).  

Studies investigating bruises, both accidental and abusive in nature, found that gender 

was not an influential factor (Carpenter, 1999; Dunstan, Guildea, Kontos, Kemp, & 

Sibert, 2002; Johnson & Showers, 1985; Maguire et al., 2005a; Sugar, Taylor, & 

Feldman, 1999; Tush, 1982). It was also noted that, the size and shape of accidental 

bruises in children were generally small and round (Carpenter, 1999; Mortimer & 

Freeman, 1983). The size of bruises seen on children who had suffered from physical 

abuse were generally larger than their accidental counterparts (Dunstan et al., 2002).  

In accidental bruising, researchers found that the occurrence of bruising on 

individuals depended on that person’s motor skills, with the frequency, number and 

location of bruises observed on a child being clearly linked with the child's motor 

development, mobility and age (Adamsbaum & Husson, 2012; Carpenter, 1999; 

Dubowitz & Bennett, 2007; Gondim et al., 2011; Harris, 2009; Ingham et al., 2011; 

Kaczor et al., 2006; Maguire et al., 2005a; Mok, 2008; Mortimer & Freeman, 1983; 

Sugar et al., 1999; Tush, 1982). Bruising in infants younger than six months with 

limited or no independent mobility was not common (Carpenter, 1999; Maguire et al., 



Part One | Background 
 

12 | Page 

2005a; Pierce et al., 2010; Sugar et al., 1999), with the likelihood of accidental bruises 

occurring to a child with no independent mobility estimated at < 1 % (Ingham et al., 

2011). As independent mobility was acquired, bruising became more common; 

however the numbers of accidental bruises remained low and confined to bony, 

prominent areas, with certain areas of the body rarely, or never bruising (Carpenter, 

1999; Mortimer & Freeman, 1983).  

When the anatomical distribution of bruises was investigated, the lower legs were 

found to be the most common site of accidental bruising as the mobility of a child 

increased (Kaczor et al., 2006; Maguire et al., 2005a; Sugar et al., 1999; Tush, 1982). 

Bruises were most frequently recorded on the front of the body and on bony 

prominences, such as the knees and shins, consistent with falls. Other sites of the 

body, including the chest, abdomen, back, hips, buttocks, upper arms, forearms, feet, 

hands, ears, soft tissues of the face and protected areas such as the neck, genital area 

and the inner thigh were noted to be highly uncommon anatomical areas for 

accidental bruising (Carpenter, 1999; Harris, 2009; Ingham et al., 2011; Kaczor et al., 

2006; Maguire et al., 2005a; Minford & Richards, 2010; Mok, 2008; Mortimer & 

Freeman, 1983; Sugar et al., 1999; Tush, 1982). 

Conversely, studies investigating the anatomical distribution of abusive bruises found 

that all of the body seemed vulnerable to bruising, with the head being the most 

common site (Atwal, Rutty, Carter, & Green, 1998; de Silva & Oates, 1993; Dunstan 

et al., 2002; Fakunmoju, 2009; Maguire et al., 2005a; Smith & Hanson, 1974; 

Worlock et al., 1986). De Silva and Oates reported that in over half of the cases where 

physical abuse had resulted in the death of the child, bruises were present on the face 

and the head. In addition, multiple bruises on the trunk and limbs were also present in 
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the majority of cases investigated (de Silva & Oates, 1993). In agreement with studies 

investigating the anatomical distribution of accidental bruises, bruising to the ear, 

neck, hands, arms, chest, buttocks, back, abdomen and the genitourinary area were 

found to be specific to abuse (Dunstan et al., 2002; Minford & Richards, 2010; Pierce 

et al., 2010). Dunstan and colleagues also noted that most bruises were generally 

present on the left ear of children, consistent with the greater number of right-handed 

individuals (Dunstan et al., 2002). 

Ramirez et al. investigated accidental bruising in children with disabilities, who may 

have reduced mobility and whose handicap may have affected their physical 

development. The authors found that these children displayed different patterns of 

bruising compared to children with normal developmental rates (Ramirez, Peek-Asa, 

& Kraus, 2004). In a study investigating school-related injuries in over 6,000 disabled 

children, results indicated that bruises accounted for 28 % of injuries, with 

approximately half (48 %) occurring to the face. Unlike children who were not 

affected by disabilities, but common to cases of physical abuse, the head and neck 

were also common areas of bruising (Ramirez et al., 2004).  

The medical history of the child, as well as the account of how an injury took place, 

were found to be of crucial importance in cases where physical abuse was suspected 

(Adamsbaum & Husson, 2012). In general, the discovery of suspicious bruising was 

coincidental, with bruising not being the reason why the patient was presented for 

medical care (Kaczor et al., 2006). This was usually combined with the explanations 

regarding how the injury had occurred being inconsistent with the injury itself or with 

the child’s developmental stage, no explanation being given at all or with the injury 

being blamed on another child or sibling. In addition, the search for medical attention 
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may have been delayed compared to the occurrence of the injury (Gondim et al., 

2011; Harris, 2009).  

Finally, multiple injuries were often recorded on physically abused victims, with 

abusive bruises appearing clustered, and sometimes representative of the implement 

used to carry out the assault (Harris, 2009; Johnson & Showers, 1985; Maguire et al., 

2005a; Minford & Richards, 2010; Pierce et al., 2010; Sussman, 1968). In a scenario 

where a victim has multiple bruises, the ability to assess the age of each bruise would 

assist in determining whether or not these had been inflicted at the same time. 

Evidence of the presence of multiple bruises, of different ages, on a victim would 

have important medico-legal significance in a case of suspected physical abuse. 

1.3.2. POST MORTEM BRUISING 

Determining whether an injury was inflicted prior to or after death, as well as whether 

or not a particular injury was the cause of death, could have important medico-legal 

significance. It is important to note that the visual aspect of a bruise after death will 

vary as the components present beneath the skin will not undergo the same enzymatic 

breakdown processes as they would have ante mortem. The appearance of a brown 

hue, possibly due to the presence of methaemoglobin has previously been observed in 

bruised skin following death (Randeberg et al., 2011). The effect of refrigerated 

storage of a body post mortem has also been reported to result in the altered 

appearance of bruises, possible due to the re-oxygenation of Hb as a result of the low 

temperatures (Bohnert, Baumgartner, & Pollak, 2000; Bohnert, Schulz, Belenkaia, & 

Liehr, 2008). Finally, the mechanical disruption of blood as the body is transported 

could affect the chemical environment of the bruise. Hypostasis or the pooling of 

blood due to gravity following death is known to give the skin shades of purple and/or 
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red. This is not usually confused with bruises except in cases where the injuries are 

present on the back of the body, consistent with the positioning of the body in the 

mortuary (Vanezis, 2001). Discolourations of the skin as a result of natural post 

mortem processes could render the identification of bruises, and the determination of 

when these were inflicted, more difficult (Bohnert et al., 2000). 

A number of studies have investigated markers that could be used to distinguish 

bruises inflicted prior to or after the death of the victim (He & Zhu, 1996; Hernández-

Cueto, Luna, Lorente, & Villanueva, 1987; Oehmichen & Lagodka, 1991; 

Oehmichen, Lagodka, & Cröpelin, 1997). In a study by He and Zhu, the authors 

investigated leukotriene-β4 in human wounds ante mortem. Leukotriene-β4 was found 

to always be present in wounds inflicted ante mortem but absent in injuries inflicted 

post mortem (He & Zhu, 1996). Studies investigating RNA synthesis of leukotriene-

β4 in living rats revealed that RNA was incorporated into keratinocytes present in the 

basal layer of the skin between 10 – 24 hours after the occurrence of a wound. No 

RNA synthesis was found to occur in post mortem injuries (Oehmichen & Lagodka, 

1991; Oehmichen et al., 1997). In a study using pigs, Hernández-Cueto and 

colleagues investigated the presence of cathepsin A and D in the edges of wounds in 

an attempt to determine whether these markers could be used to distinguish ante 

mortem wounds from post mortem ones. Both markers were found to be expressed at 

significantly different levels when comparing skin biopsies taken from the edges of 

wounds in living and dead animals. The authors concluded that cathepsin D, and to a 

lesser degree cathepsin A, were valuable markers for the discrimination of ante 

mortem injuries in skin from post mortem ones (Hernández-Cueto et al., 1987). 

Ultimately any protein that is present in low levels or completely absent in post 

mortem wounds but whose expression is strong in vital wounds, or vice versa, will 
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provide information for assessing the vitality of a wound and could therefore be used 

as a diagnostic tool to distinguish between ante mortem and post mortem wounds. 

1.3.3. CONDITIONS THAT COULD BE MISTAKEN FOR BRUISING 

As previously described, correctly distinguishing between abusive and accidental 

injuries could guarantee the safety of a potential victim and lead to the arrest of an 

attacker. However, various conditions present characteristic symptoms that mimic 

bruising, and in some cases could raise suspicion of physical abuse, resulting in 

misdiagnosis.  

Jackson et al. undertook a study in which children with bleeding disorders were 

examined for signs that could be misinterpreted as symptoms of physical abuse. The 

authors showed that some bleeding disorders could lead to clinical symptoms 

indistinguishable from abuse, with the most common cases of ambiguity occurring in 

children with haemophilia or von Willebrand disease (Jackson, Carpenter, & Anderst, 

2012). 

Medical conditions which cause areas of discolouration on the skin, the use of 

folklore medical treatments, or bleeding disorders all result in symptoms that could be 

misinterpreted with bruises of an abusive nature (Asati et al., 2012). It is important to 

note that the presence of any of these conditions does not exclude the possibility of 

physical abuse. 

Mongolian spots, also known as congenital dermal melanocytosis, are areas of the 

skin bearing blue or blue/black discolourations that could be mistaken for bruises. 

Misdiagnosis could be reinforced if these marks appear on atypical sites on the body, 

such as the back, shoulders, the dorsa of the hands and feet, the face or the scalp 
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(Asati et al., 2012). Most frequently seen in young African-American and Asian 

children, Mongolian spots are usually present at birth and tend to fade during early 

childhood, although some individuals bear them into adulthood (Dubowitz & Bennett, 

2007; Harris, 2009; Kaczor et al., 2006). 

Phytophotodermatitis (also known as Berloque dermatitis) is a type of inflammation 

and hyper-pigmentation of the skin. The condition arises from the contact of the skin 

with certain types of fruits and vegetables that contain psoralens, a photosensitizing 

compound, and subsequent exposure of the skin to sunlight (AlJasser & Al-

Khenaizan, 2008). The resulting lesions resemble bruises, or partial thickness burns. 

Furthermore, these usually occur in the shape of fingers or hands reinforcing the 

belief that these could be the result of a physical act (Asati et al., 2012; Hill, Pickford, 

& Parkhouse, 1997; Kaczor et al., 2006). 

Henoch-Schönlein purpura, also known as anaphylactoid purpura or allergic 

vasculitis, is the most common form of vasculitis in young children usually occurring 

after an upper-respiratory tract infection (Dubowitz & Bennett, 2007; Harris, 2009; 

Kaczor et al., 2006). This results in a purple rash occurring around the buttocks and 

lower limbs, although any area of the body may be involved, including the face 

(AlJasser & Al-Khenaizan, 2008). 

Cao Gio, commonly known as “coining” is a Southeast Asian form of alternative 

medicine. This practice is commonly used as it is thought to rid the body of “bad 

winds” by forcing bad blood to the surface of the skin (Harris, 2009).  The process 

involves firmly rubbing a coin or spoon on the oiled skin of the individual bearing the 

condition until blood reaches the surface of the skin. The result is a distinct, 
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symmetrical pattern of bruising that could be misinterpreted as abuse (Dubowitz & 

Bennett, 2007; Harris, 2009; Kaczor et al., 2006).  

“Cupping” is another type of folklore medicine practiced more frequently in Russia, 

Asia and Mexico. In this practice, a heated cup is applied to the skin creating suction 

on the skin. This causes the extravasation of blood towards the surface of the skin and 

the formation of circular bruises (Dubowitz & Bennett, 2007; Harris, 2009; Kaczor et 

al., 2006).  

Tui Na is a recognised Chinese medical technique used to treat a wide range of health 

problems in which the skin is squeezed, pulled, pushed, rubbed and grasped to 

stimulate the area of the body being treated (Ribeiro et al., 2010). If enough force is 

applied this results in the formation of bruises (Covington, 2001; da Silva, Lorenzi-

Filho, & Lage, 2007; Ribeiro et al., 2010). 

Increased global population movements result in the parallel transfer of cultures, 

beliefs and practices for the treatment of illnesses. Being aware of these customs, 

having an understanding of the people populating an area, as well as a thorough 

history of the patient’s background will all aid in making an adequate diagnosis 

(Ribeiro et al., 2010). 

Medical conditions such as collagenopathies, thrombocytopathies, coagulation 

abnormalities, such as haemophilia or von Willebrand disease, and connective tissue 

disorders, such as Ehlers-Danlos syndrome and osteogenesis imperfecta may cause a 

patient to bleed abnormally and therefore to bruise more easily.  

Individuals taking medication that affect their bleeding and clotting patterns, such as 

antithrombotic or anticoagulant drugs, corticosteroids or non-steroidal anti-
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inflammatory drugs, may also be more prone to bruising. The accidental or prescribed 

use of drugs such as warfarin, heparin, aspirin and other non-steroidal anti-

inflammatory drugs may also cause bleeding under the skin resulting in the 

appearance of bruises (Figure 2) (Minford & Richards, 2010). These conditions as 

well as the use of these types of medications can result in individuals with unusual or 

numerous bruises and little explanation for how they occurred (Dubowitz & Bennett, 

2007; Harris, 2009; Kaczor et al., 2006; Lee, 2008; Mok, 2008).  

 
Figure 2 Extreme bruising in a patient taking prescribed warfarin. Our sincere thanks to 

Mike Newton for allowing us to reproduce the photograph.  

The existence of pathological lesions that visually mimic bruises can lead to these 

injuries being misinterpreted as accidental or abusive in nature. One of the main 

applications of proteomics at this time is the identification of differences in protein 

composition between healthy and diseased states (Ahn & Simpson, 2007; Ferguson, 

Hochstrasser, & Banks, 2007; Tarran et al., 2007). A protein assay, employing 

markers specific to bruising, capable of distinguishing pathological lesions from 

bruises resulting from blunt force trauma could aid medical practitioners in providing 

correct diagnoses.  
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1.3.4. BRUISING IN SPORTS 

In addition to being the most common sign of physical abuse, bruises are the most 

frequent type of injury sustained during sports, with participation at both amateur and 

professional levels involving the risk of injury (Garrido Chamorro et al., 2009; Zafra, 

Laguna, & Redondo, 2011). Research is frequently undertaken to identify the factors 

responsible for the occurrence of injuries in sports and how these can be prevented 

(Zafra et al., 2011). In addition, there is particular interest in determining a time frame 

for the recovery of a player that has sustained injury. 

Rugby is New Zealand's national sport (Bird et al., 1998). It is a full-body contact 

sport with impacts, collisions and tackling at high speed being an inherent part of the 

game. Although a minor injury, bruising is a commonly sustained one with studies 

showing rugby to have the highest rate of injury compared to all other major sports 

(Bird et al., 1998). In addition, tackling has been identified as the phase of the game 

during which participants are most likely to be injured (Bird et al., 1998; Garraway & 

Macleod, 1995; Hughes & Fricker, 1994). 

Bird et al. conducted a study to investigate the incidence, nature and circumstances of 

injuries sustained by rugby players during the course of one season. The authors 

found injuries were most often sustained during games rather than practice sessions 

(Bird et al., 1998), with bruises accounting for 23.9 % of all injuries sustained during 

a game compared to 11 % during practice. The majority of bruises sustained during 

games were recorded on the lower (14.1 %) and upper limbs (4.3 %). In practice 

sessions, the upper limbs were more susceptible to bruising (5.3 %), with 1.8 % of 

bruises recorded on the lower limbs. Males sustained a higher rate of injury compared 
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with females probably due to their larger body masses, resulting in more force arising 

during impacts, increasing the possibility of injury (Bird et al., 1998).  

Football is the world’s most popular sport, with over 220 million registered FIFA1 

players worldwide (Giza, Mithöfer, Farrell, Zarins, & Gill, 2005). Giza et al. 

conducted a study to investigate the occurrence of injuries in women who played 

football at a professional level. The authors reported that over 16 % of injuries were 

bruises with the majority of these occurring on the lower limbs, and the knee being 

the most common site of injury (Giza et al., 2005). In accordance with the injuries 

found in rugby, higher injury rates were recorded during football games compared to 

practice sessions (Giza et al., 2005).  

In a study by Kordi et al., differences in the incidence, nature, cause and severity of 

injuries sustained by male amateur football players practicing on dirt fields compared 

with artificial turf fields was investigated (Kordi, Hemmati, Heidarian, & Ziaee, 

2011). The most common injury type recorded from players using dirt fields were 

abrasions and laceration, while players using artificial turf covered fields first reported 

sprains and ligament injuries, followed by bruising (Kordi et al., 2011).  

A study investigating injuries sustained by professional motor car racing drivers 

reported neck sprains and bruising as the most common injury type, with bruising 

making up 58 % of the injuries in single seat car racing (Minoyama & Tsuchida, 

2004). Investigating the anatomical location where bruises were most frequently 

sustained revealed that the majority of the bruises were present on the lower limbs, 

consistent with the restricted leg space in these types of cars (Minoyama & Tsuchida, 

2004).  

                                                        
1 FIFA: Fédération Internationale de Football Association (International Federation of Association 

Football) 
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Garrido Chamorro et al. conducted a study to investigate the treatment of injuries 

sustained during sports (Garrido Chamorro et al., 2009). The authors found the 

majority of injuries they investigated were sustained from participation in soccer 

(49.5 %), cycling (9.5 %) and basketball (8.7 %), with bruises accounting for 33.8 % 

of all injuries (Garrido Chamorro et al., 2009).  

Sport injuries reflect the customs and habits of a population. It was found that in 

Spain, 50 % of all sporting injuries resulted from participation in football (Garrido 

Chamorro et al., 2009). In Canada,  25.6 % of sports injuries arose from skiing 

accidents (Bridges, Rouah, & Johnston, 2003), while the most common sports injuries 

sustained in Australia were found to be the result of cycling (26.6 %), Australian 

football (11.3 %) and skating (6.5 %) (Finch, Valuri, & Ozanne-Smith, 1998).  

In conclusion, no sport is fully immune to injury, with bruises representing a minor 

but very common injury. This was not only found to be true of full-body contact 

sports such as rugby and football, but also solo sports such as motor car racing, skiing 

and cycling (Figure 3). It is the high prevalence and commonness of bruising in sports 

that leads to abusive bruises sometimes being misdiagnosed as accidental ones. 

Determining when and how an injury occurred during a sporting event will aid the 

medical practitioner in providing a correct diagnosis in a situation where physical 

abuse may be suspected. In addition, furthering our understanding of the development 

and healing patterns of sporting injuries, as well as further characterising bruises 

resulting from participation in different sports, will be important in this field of study.  
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Figure 3 Bruising resulting from a cycling accident. Our sincere thanks to Darren Snaith for 

allowing us to reproduce the photograph. 

1.3.5. FACTORS THAT AFFECT BRUISING 

Confounding factors introduced from the examination of living individuals, such as 

their age, sex, ethnicity, the colour of their skin, their physical activity level as well as 

their smoking status, alcohol intake and current medical condition will all affect an 

individual’s tendency to bruise and to respond to injury (Bouchard, Pickett, & 

Janssen, 2010; Byard, Wick, Gilbert, & Donald, 2008).  

Compared to adults, a prevalent tendency to bruise was suggested in children and 

elderly individuals (Langlois & Gresham, 1991; Randeberg et al., 2011). The 

development and resolution of bruises appears to be faster in children, with bruises 

fading at an increased rate compared to adults. With thinner and more fragile skin, 

children could be more susceptible to injury. In addition, following rupture of blood 

vessels, this would result in the faster diffusion of blood throughout the thinner layers 

of skin and the earlier visualisation of the extravasated blood under the skin 
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(Randeberg et al., 2011). Finally, it is expected for children to have an increased 

healing rate when compared to adults (Randeberg et al., 2011).  

In older individuals, healing and the recovery capabilities of the skin have been shown 

to be delayed as an individual grows older (Randeberg et al., 2011). In addition, many 

elderly individuals will suffer from diseases which could either cause them to bruise 

more easily or will lead them to take medication, such as anticoagulants, resulting in 

altered bruising patterns (Randeberg et al., 2011). 

As can be expected, bruises are more visible on lighter skin compared to dark skin 

(Harris, 2009; Hughes & Langlois, 2010; Kumar, Chaitanya, Agarwal, & Bastia, 

2011; Stephenson & Bialas, 1996). Redheads have been claimed to bruise more easily 

than blonde-haired individuals or people with darker hair(Randeberg et al., 2011). 

This could be due to the fact that the skin of individuals with red hair often contains 

less skin pigments leading to bruises being visualised more easily; and not necessarily 

the result of individuals with red hair being more prone to bruising (Randeberg et al., 

2011). Other physical factors such as increased levels of subcutaneous fat, and less 

muscular tissue, are thought to be responsible for women bruising more easily than 

men (Randeberg et al., 2011; Vanezis, 2001).   

External factors such as treatment of the skin following injury, sun exposure, 

smoking, poor sleep and appetite, and stress can also have an effect on bruising. 

Massaging or rubbing a bruise has been suggested to accelerate the rate of healing 

(Langlois, 2007). High exposure to sun is known to damage the skin, making it 

thinner, less elastic and more easily damaged, while smoking is also known to 

adversely affect the skin (Sandby-Møller, Poulsen, & Wulf, 2003). Exposure to the 

sun will also result in increased pigmentation in the skin facilitating the concealment 
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of bruises compared to unexposed skin (Sandby-Møller et al., 2003). Finally, 

exposing a bruise to sunlight has also been shown to increase the rate of healing by 

accelerating the removal of bilirubin. It has been suggested that sunlight could induce 

a conformational change in the bilirubin molecule converting it into lumirubin and 

other more water-soluble compounds (McDonagh & Lightner, 1985; Randeberg et al., 

2011). 

Some researchers have established a negative link between psychological factors and 

wound healing (Cole-King & Harding, 2001; Ebrecht et al., 2004; Kiecolt-Glaser, 

Marucha, Malarkey, Mercado, & Glaser, 1995; Marucha, Kiecolt-Glaser, & Favagehi, 

1998; Padgett, Marucha, & Sheridan, 1998; Stotts & Wipke-Tevis, 1996). Kiecolt-

Glaser et al. found that patients with dementia took significantly longer to heal from 

punch biopsy wounds (Kiecolt-Glaser et al., 1995), while Marucha et al. found 

delayed healing in punch biopsy wounds in students who suffered from examination 

stress (Marucha et al., 1998).  

In addition to the factors introduced by the individual sustaining the injury, the 

anatomical location of the bruise, the tightness of the skin at the site of injury and the 

presence or absence of underlying bone will all have an effect on the formation and 

extent of bruising (Harris, 2009; Kaczor et al., 2006; Langlois & Gresham, 1991; 

Stephenson & Bialas, 1996). Tissue composition, as well as the thickness of the skin 

varies around the body depending on the functional requirements of the body 

(Sandby-Møller et al., 2003). As a result, some areas of the body will bruise more 

easily than others (Vanezis, 2001). The visualisation of extravasated blood under the 

skin will vary with a superficial injury discolouring the skin immediately while a 

deeper injury may take days, or never become visible (Bariciak et al., 2003; Kaczor et 
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al., 2006; Langlois & Gresham, 1991; Randeberg et al., 2011; Wilson, 1977). Stam et 

al. reported that damage to less dense tissue, such as the skin around the eyes, resulted 

in the formation of larger bruises (Stam et al., 2010). Gravity will also play a role in 

the extent of bruising visualised on the skin (Stam et al., 2010). 

The force employed to damage the tissue, the depth and size of the injury, the 

amounts of subcutaneous blood extravasation, and diffusion of blood into surrounding 

tissues will all influence the formation and healing pattern of a bruise (Bariciak et al., 

2003; Dubowitz & Bennett, 2007; Harris, 2009; Kaczor et al., 2006; Maguire, Mann, 

Sibert, & Kemp, 2005b; Stam, van Gemert, van Leeuwen, & Aalders, 2012; 

Stephenson & Bialas, 1996; Wilson, 1977). The size of the injury was found to 

influence the rate of healing with small bruises healing faster than larger bruises 

(Stam et al., 2010). Bohnert et al. describe the relationship between the colours seen 

in a bruise and the depth of the injury with deeper bruises appearing more blue 

compared to more superficial bruises of the same age (Bohnert et al., 2000). The 

presence of older bruising has been shown to result in the faster resolution of 

subsequent bruises inflicted in the same area, although the same chronology in 

colours present on the skin was noted (Langlois, 2007; Langlois & Gresham, 1991; 

Stam et al., 2010). It is currently unclear as to how long haemosiderin, the last product 

of Hb breakdown, persists in the skin raising the possibility that its presence in a 

bruise could provide evidence of previous injuries (Langlois, 2007).  

With so many factors influencing the development and healing response of a bruise, it 

is not surprising that the search for an accurate and reproducible technique capable of 

determining the age of a bruise in living individuals has proved difficult. 
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1.4. DETERMINING THE AGE OF A BRUISE 

Currently, the age of a bruise is estimated by noting which colours can be visualised 

on the skin. Both the individual response to the bruise under investigation as well as 

the expertise of the observer are known to influence this opinion (Bariciak et al., 

2003; Byard et al., 2008; Munang, Leonard, & Mok, 2002). Photographs taken at the 

time a patient is examined allow for an image of the visual appearance of the bruise to 

be recorded. This can subsequently be used as evidence to demonstrate the severity of 

the injury if a case goes to trial (Pilling, Vanezis, Perrett, & Johnston, 2010). 

However, previous studies have identified that determining the age of a bruise cannot 

be accurately achieved from the clinical assessment of bruises in vivo or from 

photographs (Bariciak et al., 2003; Grossman, Johnston, Vanezis, & Perrett, 2011; 

Langlois & Gresham, 1991; Stephenson & Bialas, 1996). This is due to these 

techniques relying on presumed colour changes taking place within the bruise as it 

evolves. It has been shown that the chronology of the colours present in the bruise 

cannot be accurately predicted across different individuals (Bariciak et al., 2003; 

Grossman et al., 2011; Langlois & Gresham, 1991; Stephenson & Bialas, 1996). As a 

result, a number of different techniques have been tested ranging from visual 

observation to spectrophotometry, and proteomics. 

1.4.1. PREVIOUS TECHNIQUES USED TO INVESTIGATE BRUISING 

Despite its frequency, and as stated by Sir Bernard Spilsbury already in 1938, bruising 

remains a much neglected field of study (Eckert, 1984). There is understandable 

reluctance to cause further damage to individuals with bruises in an effort to 

understand the processes involved in bruise formation and healing. Hence most of our 
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knowledge to date derives from animal studies (Davidson, 1998; Hernández-Cueto et 

al., 1987; Mann, Breuhahn, Schirmacher, & Blessing, 2001; Oveland et al., 2012; 

Semaeva, Tenstad, Bletsa, Gjerde, & Wiig, 2008; Sun, Jiang, & He, 2011; Takamiya, 

Saigusa, Kumagai, Nakayashiki, & Aoki, 2005; Wagener, van Beurden, von den Hoff, 

Adema, & Figdor, 2003) and human post mortem studies (Bacci, Romagnoli, Norelli, 

Forestieri, & Bonelli, 2006; Bardale, Tumram, Dixit, & Deshmukh, 2011; Bernstein, 

Nichols, & Blair, 2013; Byard et al., 2008; Dye et al., 2008; Guler, Aktas, Karali, & 

Aktas, 2011; Hughes & Langlois, 2011; Kondo, Ohshima, & Eisenmenger, 1999; 

Kondo et al., 2002; Kumar et al., 2011; Molina, Clarkson, Farley, & Farley, 2012; 

Oehmichen, Gronki, Meissner, Anlauf, & Schwark, 2009; Rohayu et al., 2008; Sato, 

Kita, Tanaka, Kasai, & Tanaka, 2009; Takamiya, Biwasaka, Saigusa, Nakayashiki, & 

Aoki, 2009; Takamiya et al., 2008).  

Animal models are useful as they allow for the induction of standardised injuries on 

the animal and a biopsy of bruised tissue as the injury heals to be collected providing 

a view of the processes taking place at the cellular level (Davidson, 1998). There are, 

however, significant differences in tissue repair strategies across different species. For 

example, the regenerative properties of amphibians cannot be compared to wound 

repair in mammals, and therefore humans (Lange-Asschenfeldt et al., 2012). 

Similarly, post mortem bruises will not undergo the same biological processes as ante 

mortem wounds. Ultimately, human skin from living individuals represents the best 

model for investigating bruising and repair.  

Despite living individuals being the best model for investigating the response to 

bruising, the tendency to bruise will vary throughout the human population 

(Randeberg et al., 2011). Nevertheless, bruising is a spatially and temporally 
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controlled biological response with a variety of chemical factors such as enzymes, 

growth factors and cytokines all being closely related to the healing response 

(Randeberg et al., 2011). It is the study of the expression of these molecules in a 

bruise as it heals, that will allow for the age of a bruise to be determined (Betz, 1994; 

Betz et al., 1993a; Betz et al., 1993b; Betz et al., 1992; Dreßler, Bachmann, Koch, & 

Müller, 1999; Kondo et al., 1999; Kondo et al., 2002; Ohshima, 2000).  

1.4.2. HISTOLOGY AND HISTOCHEMISTRY 

Histological methods allow the age of a wound to be estimated by investigating the 

morphology of the tissue and the chronological order in which cellular elements 

appear and disappear inside an injured tissue (Panuncialman, Hammerman, Carson, & 

Falanga, 2010). Different tissues have unique characteristics that enable them to 

perform their particular functions. These features are what allow different tissues to 

be differentiated, as well as healthy and diseased tissues to be distinguished from one 

another. Sections under investigation must be stained in order for the different 

structures present in a tissue to be visualised. Despite allowing for the visualisation of 

what is happening inside the tissue, histology has a number of drawbacks including 

the invasive nature of biopsies. With limited possibilities in a living human setting, 

even animal biopsies have limitations including the fact that biopsies do not allow the 

tissue to be studied over time with the inability to study an area again once a biopsy is 

taken. In addition, taking a biopsy will introduce alterations to the healing response of 

the tissue under investigation (Lange-Asschenfeldt et al., 2012; Panuncialman et al., 

2010).  

Histochemistry combines histology and biochemistry to look at the chemical 

constituents and enzyme activity taking place in a tissue rather than the physical 
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structures making up a tissue. This allows for changes in enzyme activity in the 

wounded tissue to be investigated (Guler et al., 2011).  

Raekallio conducted a study on rats using histochemistry to investigate whether it was 

possible to differentiate between injuries inflicted ante mortem or post mortem. The 

author reported changes in the levels of free histamine and serotonin within one hour 

of injury, with serotonin peaking as early as 10 minutes after wounding, and the level 

of histamine rising to its maximum 20 – 30 minutes after wounding (Raekallio, 1972). 

Differences in serotonin and histamine levels were also investigated in young and old 

rats. The same enzyme trends were recorded for both groups; however, a delayed 

response was noted in the older rats. Younger rats showed a more intensified reaction 

compared to older rats, but not an earlier reaction (Raekallio, 1972). 

Thornton and Jolly investigated bruising in sheep. Although the authors recognised 

the need for caution when performing animal studies with the intention of 

subsequently extrapolating data onto humans, they also pointed out the practicalities 

of using animal models in terms of the large amount of data that could be generated 

and obvious ethical issues concerning human studies (Thornton & Jolly, 1986). In 

their study, Thornton and Jolly bruised lambs by dropping 1.5 kilo lead weights onto 

the forelimbs and hind limbs of the lamb through a one-meter tube (Thornton & Jolly, 

1986). Following bruising, the lambs were euthanized and exsanguinated to allow for 

biopsies of the bruised skin to be taken and stained. The muscle and adipose tissue 

sections were then examined for histopathological features of degeneration, 

inflammation and repair. Using Bayesian analysis, the authors managed to accurately 

divide the bruises in two groups: ‘young bruises’ between 1 – 20 hours old and ‘old’ 

bruises sustained 24 – 72 hours prior to analysis. The authors concluded that the 
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healing process could be divided into a number of stages, namely, degeneration, 

necrosis, repair and regeneration, and that chemical and morphological changes 

associated with each stage could be used to determine the age of an injury. However, 

both the timing and magnitude of each stage was variable demanding care when using 

this technique to determine the age of an injury (Thornton & Jolly, 1986).  

1.4.3. VISUAL OBSERVATION 

The visual assessment of the colours present in a human bruise has been repeatedly 

tested as a method to determine the age of bruises; however, this technique remains 

notoriously inexact (Bariciak et al., 2003; Grossman et al., 2011; Hughes, Ellis, & 

Langlois, 2004b; Munang et al., 2002). Although there is a general consensus within 

the scientific community regarding the evolution of colours within a bruise reflecting 

the different stages of Hb breakdown, the timing, duration and exact sequence of 

appearance of each colour is known to be highly variable (Langlois & Gresham, 1991; 

Stephenson & Bialas, 1996). A number of researchers found that bruises of identical 

age and aetiology present on the same individual did not necessarily display the same 

colours or undergo the same changes at the same rate (Langlois & Gresham, 1991; 

Stephenson & Bialas, 1996).  

Bariciak et al. investigated whether it was possible to estimate the age of a bruise by 

direct clinical observation of the injury, as factors such as swelling and any tenderness 

of the skin might aid in the determination of the age of the bruise (Bariciak et al., 

2003). The authors reported a lack of accuracy from the part of the observers, with 

estimates of the age of bruises within 24 hour of their occurrence being correct in less 

than 50 % of cases, and therefore no better than chance alone (Bariciak et al., 2003). 

In addition, and in accordance with other groups, they found that extra physical 
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characteristics present on the injuries were not generally used by the observers, with 

colours remaining the main variable employed to provide estimates (Bariciak et al., 

2003; Grossman et al., 2011). In conclusion, the authors urged extreme caution in 

estimating the age of bruises using visual examination (Bariciak et al., 2003). 

The inter-observer variation in the accuracy of providing estimates based on the level 

of clinical training and experience received by observers has also been investigated 

(Bariciak et al., 2003; Grossman et al., 2011; Munang et al., 2002; Pilling et al., 

2010). Munang et al. described the use of colour to determine the age of bruises as 

imprecise due to the large intra- and inter-observer variation in describing what 

colours were present in a bruise (Munang et al., 2002). In fact, only one bruise out of 

the 58 examined in vivo during their study resulted in three observers agreeing on the 

predominant colours seen in the bruise (Munang et al., 2002). Results from Bariciak 

et al. showed that experience did not correlate with providing accurate estimates of the 

age of a bruise with poor intra-observer reliability (Bariciak et al., 2003). Grossman et 

al. showed that individuals with forensic experience (qualified clinicians, nurses and 

paramedics; forensic medical examiners and police involved in forensic work; and 

members of an organisation providing medical and clinical forensic services to the 

police) also had low accuracy in determining when a bruise had been inflicted. 

However, participants showed a greater level of reluctance in providing estimates 

based on their previous knowledge that the visual assessment of injuries was an 

imprecise and inaccurate science (Grossman et al., 2011).  

Hughes et al. conducted a study to investigate whether or not there was any variation 

in how individuals perceived the colour yellow and, if so, whether there was a 

threshold in the perception of yellow colour amongst individuals. In agreement with 
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others, the authors reported variation within the general population as to how yellow 

was perceived, possibly due to differences in people’s visual system, such as genetic 

variations in the photoreceptor genes. A decline in perceived yellow with increasing 

age was also noted. This trend was not affected by gender (Hughes et al., 2004b).  

It was concluded that determining when a bruise had been inflicted using a method 

based solely on the visible colours present in the injury would depend on a number of 

factors, including the ability of individuals to perceive colours in the same way. Due 

to these limitations, determining the age of a bruise visually was deemed unreliable 

and imprecise and great caution was urged if making use of this technique to provide 

an opinion regarding when a bruise was inflicted (Bariciak et al., 2003; Grossman et 

al., 2011; Hughes et al., 2004b; Langlois & Gresham, 1991; Munang et al., 2002; 

Stephenson & Bialas, 1996).  

1.4.4. PHOTOGRAPHY 

Photographs represent a visual record of bruising that can be used for evidential 

purposes. Langlois and Gresham conducted a study in which photographs of bruises 

were taken and assessed for colour composition in an attempt to investigate whether 

the age of the bruises could be better-determined using photographs compared with 

the direct visual examination of the injuries. The authors concluded that the colours 

seen in bruises were dynamic, with these appearing, disappearing and possibly 

reappearing in the same bruise at different rates as the bruise healed (Langlois & 

Gresham, 1991). It was noted that red, blue, purple, and black colourations could 

appear within a bruise at any point from one hour following injury until the bruise had 

fully healed, and that yellow colourations would not necessarily ever become visible 

in the bruise. Most importantly the authors noted that bruises of identical age present 
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on the same patient did not display the same colours or follow the same sequence of 

change in colour during the healing process (Langlois & Gresham, 1991). In 

conclusion, the authors suggested it would be unlikely that the age of a bruise could 

be reliably determined solely from the appearance of a bruise in a photograph. 

Stephenson and Bialas performed a similar experiment and presented photographs of 

bruises to observers who were unaware of the age of the bruises. The observers were 

asked to record what colours were present in the bruise and give an opinion as to the 

age of the injury. Age estimates were correct in approximately 50 % of cases 

(Stephenson & Bialas, 1996). The authors reported that multiple colours could be 

present within a single bruise. In addition, not all colours appeared in all bruises and 

the colours could change at varying rates. This made it impossible to attribute colours 

to a stage of bruising (Stephenson & Bialas, 1996). Finally, photographs of bruises 

could be misleading as characteristics such as swelling and tenderness were lost 

(Munang et al., 2002). In addition, the colours present in the bruise are not reliably 

reproduced on a photograph (Pilling et al., 2010). The authors concluded that 

determining the age of bruises through photographs was imprecise (Stephenson & 

Bialas, 1996).  

Ultraviolet and infrared photography were also investigated in an attempt to capture 

details of injury patterns present underneath the surface of the skin invisible to the 

naked eye (Wright & Golden, 2010). Limitations arising from the use of this type of 

technology in a clinical setting included cost, the need for specialised equipment and 

for the patient to remain still as photographs required long exposure times (Kaczor et 

al., 2006). In addition, the techniques still faced the same challenges as standard 

photography. Stephenson and Bialas reported ultraviolet photography could not be 
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employed to determine the age of older bruises which had faded and were no longer 

visible to the naked eye as this could not be done precisely (Hempling, 1981; 

Stephenson & Bialas, 1996). Ultraviolet and infrared photography are therefore not 

routinely used to document bruises. This evidence type is not presently admissible in 

court as it is currently not scientifically recognised and clinically accepted (Kaczor et 

al., 2006).  

1.4.5. COLORIMETRY 

Sight is the perception of light reflected from a surface. The colours of an object are 

detected by receptors in the retina of the eye called cones (Hughes & Langlois, 2011). 

The human eye is made up of three types of cone cells which respond to different 

wavelengths present in different regions of the visible light spectrum, red (558 nm), 

green (530 nm) and blue (426 nm) (Langlois, 2007). When a person sees a colour, this 

perception can be broken down into a ratio of the red, green and blue components 

(Hughes & Langlois, 2011; Langlois, 2007; Thavarajah, Vanezis, & Perrett, 2012).  

Colorimetry can be employed to measure the colour of a surface (Hughes & Langlois, 

2010). A quantitative technique, a source of white light and three receptors tuned to 

the green, red and blue regions of the spectrum are employed to break down the 

colour in a ratio of red, blue and green components. In theory, this technique could 

allow for the quantitation of the colours present in a bruise, while avoiding variation 

introduced by human colour interpretation (Langlois, 2007). A number of groups 

attempted to use colorimetry to categorise the colours found in both ante mortem and 

post mortem bruises into their red, blue and green components (Bohnert et al., 2000; 

Hughes et al., 2004a; Trujillo, Vanezis, & Cermignani, 1996; Yajima & Funayama, 

2006). Although a good technique to quantitatively describe the colours present in a 



Part One | Background 
 

36 | Page 

bruise and to investigate changes in colour, the only usable outcome of this technique 

was to differentiate shallow bruises from deeper ones, with varying ratios of the red 

and blue components depending on the depth of the bruise (Bohnert et al., 2000). The 

use of colorimetry to test bruises of known age revealed that the background colour of 

the skin was a confounding variable when using this technique (Hughes & Langlois, 

2010). In addition, this system was based on representing colours using only three 

values, thus limiting the results (Bohnert et al., 2000; Yajima & Funayama, 2006).  

1.4.6. SPECTROPHOTOMETRY 

Unlike colorimetry, which bases its analysis on only three colours, spectrophotometry 

allows for the description of colours based on numerous points by generating spectra 

at regular intervals throughout the range of wavelengths of interest, most commonly 

within the visible spectrum. This allows for an accurate and objective quantitative 

system of analysing the colours present in a bruise (Langlois, 2007; Payne, Langlois, 

Lennard, & Roux, 2007).  

However, according to Randeberg et al., the technique is based on the same principles 

as visual examination, therefore providing only slightly better results than assessing 

the colours present in a bruise visually (Randeberg et al., 2011).  

A number of studies attempted to determine the age of bruises using this technique 

(Bohnert et al., 2000; Hughes et al., 2004a; Randeberg et al., 2004; Trujillo et al., 

1996; Yajima & Funayama, 2006). Although excellent reproducibility was reported 

when scanning the same area of a bruise multiple times, a greater degree of variability 

was also found when scanning different areas of the same bruise, rendering 

comparison of different readings difficult (Hughes et al., 2004a).  
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1.4.7. IMMUNOASSAYS 

Takamiya et al. employed a multiplex bead-based immunoassay to investigate the 

action of a number of cytokines involved with signalling in response to skin injury in 

an attempt to determine the age of a wound, including bruises (Takamiya et al., 2009; 

Takamiya et al., 2008). Biopsies of the injured site were taken from human skin at the 

post mortem state. The skin samples were ground and the proteins recovered tested 

with the immunoassay. 

The authors reported neutrophil and macrophage infiltration at the wounded site 

2 hours after injury, with an increase in infiltration again between 33 – 49 hours. T-

 and B-lymphocytes were recorded to infiltrate the damaged site simultaneously at 

approximately 71 hours, followed by fibroblasts at 246 hours. Interleukin (IL)-10, 

granulocyte-macrophage colony-stimulating factor, interferon-γ and tumour necrosis 

factor-α all increased in the early stages of wound healing. IL-6 appeared in the 

intermediate stage and IL-2, IL-4 and IL-8 were found to appear during the medium-

late stage of wound healing (Takamiya et al., 2008).  One advantage of a multiplex-

based assay is that data for different markers can be accessed from one sample. 

However, the authors reported they were unable to take into account differences in 

sex, age and the type of wound and that these variables could have had an effect on 

the recorded patterns and levels of cytokines, underlying the need for further analysis 

in this area (Takamiya et al., 2008).  

Employing this type of assay in an attempt to determine the age of wounds, including 

bruises, from post mortem human skin is limited. Still in its infancy, employing new 

techniques to determine the age of human bruises could aid in furthering our 

understanding and providing answers to this question.   
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1.4.8. PROTEOMICS 

Tarran et al. investigated whether proteomics could be employed to determine the age 

of a wound. Incised wounds were created on the backs of rats and sutured. The 

wounds were created at specific times before the animals were euthanized. The 

wounds were then excised, frozen and ground. The tissue was solubilised and proteins 

separated using two dimensional polyacrylamide gel electrophoresis (PAGE) and 

identified using MALDI-TOF2 mass spectrometry analysis (Tarran et al., 2007). 

Preliminary studies proved that the extraction and identification of proteins from 

excised skin wounds could be achieved and that differences between wound samples 

of various ages could be detected; the most obvious being differences in the levels of 

Hb present in the wounds (Tarran et al., 2007). The authors found that the detection of 

Hb alone would not be sufficient to determine the age of a wound as this was found to 

be too abundant. The need to identify proteins specific to certain times in the healing 

pattern of wounds was suggested in order for the age of a wound to be accurately 

determined (Tarran et al., 2007). Finally, in this animal study the authors investigated 

incised wounds. There is a scarcity of published material employing proteomic 

techniques to investigate bruising in humans, reinforcing the need for research in this 

area. 

1.5. RESEARCH OBJECTIVES 

The main objective of this research project was to employ proteomics in an attempt to 

develop a system capable of determining the age of bruises in living individuals. The 

SonoPrep® ultrasonic skin permeation system, in combination with a pulsed vacuum 
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interstitial fluid (ISF) collection device, were employed to induce micropores in the 

surface of the skin and allow ISF to be collected. The ISF was investigated to identify 

differentially expressed proteins in bruised skin compared to unbruised skin and 

candidate proteins were tested as biomarkers for determining the age of a bruise in 

living individuals.  

1.5.1. BLOOD VS. INTERSTITIAL FLUID  

Approximately 60 % of the human body is fluid (Ahn & Simpson, 2007). This can be 

divided into intra- and extracellular fluid, the latter of which includes blood and ISF. 

Blood is continuously flowing and exchanging molecules with tissues throughout the 

body (Ahn & Simpson, 2007). The proteome of blood may therefore be considered as 

a collection of all the proteins found in every cell of the whole body (Ahn & Simpson, 

2007; Fredolini et al., 2010; Meng & Veenstra, 2007).  

The vast majority of blood that enters the capillaries returns to the circulation, with 

approximately ten percent being transformed into ISF (Meng & Veenstra, 2007). ISF 

surrounds and interacts with the cells with which it is in contact (Meng & Veenstra, 

2007). It can therefore be thought of as the microenvironment of those cells, 

constantly being renewed and providing up to date protein information specific to 

those cells. 

It was initially believed that the ease and generally accepted procedure of drawing 

blood, as well as its high protein content would make blood a good biological fluid on 

which to carry out human proteomic analyses. It was later understood that 99 % of the 

proteins found in plasma and serum originated from 22 high abundance proteins 

(Meng & Veenstra, 2007) and that biomarkers for disease would most likely be 
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present at very low concentrations (Gromov et al., 2010; Meng & Veenstra, 2007; Sun 

et al., 2010). This launched an investigation into other potential body fluids as sources 

of proteins for human proteomic investigations.  

In addition to providing information on the proteins being expressed and secreted in a 

particular tissue at the time of sampling, ISF allows for the identification of proteins 

while reducing the issue of high abundance protein levels seen in plasma or serum 

(Gromov et al., 2010). This seems to be due to the inability of larger proteins to cross 

through the capillary walls from the circulation into the ISF. One of the benefits of 

ISF as a source of proteins is that it allows for the detection and identification of less 

abundant proteins, thereby focusing analysis towards the finer details of the ISF 

proteome (Meng & Veenstra, 2007; Nindl et al., 2006; Sun et al., 2010). Nevertheless, 

albumin is still found in abundance in this body fluid and its depletion could aid to 

further focus the analysis on the proteins present in lower abundance.  

1.5.2. MINIMALLY INVASIVE SAMPLING 

A number of techniques capable of recovering ISF have been tested, each with their 

advantages, limitations and extent of invasiveness. Techniques including tissue 

biopsies (Celis et al., 2006; Cortesi et al., 2011; Gromov et al., 2010; Haslene-Hox et 

al., 2011; Huttunen, Aalto, Harvima, Horsmanheimo, & Harvima, 2000; Sun et al., 

2010; Teng, Hood, Sun, Dhir, & Conrads, 2011), cell culture models (Gunawardana et 

al., 2009), microdialysis (Clough, 2005; Gill et al., 2011; Olausson, Gerdle, Ghafouri, 

Larsson, & Ghafouri, 2012; Xu et al., 2010), laser microporation (Nindl et al., 2006; 

Scofield et al., 2011), suction blisters (Kiistala & Mustakallio, 1967; Kool et al., 

2007; Mansbridge & Knapp, 1987; Thavarajah et al., 2012; Xu et al., 1995), and 

sonophoresis (Mitragotri, 2005) have all been previously employed.  
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The SonoPrep® ultrasonic skin permeation technique is based on minimally invasive 

technology that delivers ultrasound waves at a frequency of 55 kHz to the skin 

(Farinha, Kellogg, Dickinson, & Davison, 2006). This causes the perforation of the 

stratum corneum and the creation of micropores in the skin, increasing its 

permeability (Farinha et al., 2006). The application of a continuous vacuum to the 

disrupted skin allows for the collection of the ISF present below the surface of the 

skin (Lecomte, Atkinson, Kay, Simons, & Ingram, 2013). The procedure is safe, 

reasonable in cost, practically painless and does not involve needles or incising the 

skin. No reports of infection or long term effects from this procedure have been 

reported and the micropores formed using this system are reversible, with the skin 

going back to normal 24 hours after perforation (Farinha et al., 2006). 

1.6. SCIENTIFIC CONTRIBUTION OF THIS RESEARCH 

As previously described, a number of techniques have been tested for their efficacy in 

determining the age of bruises in living individuals. To date, no technique has been 

shown to have the level of accuracy and reliability required by child protection 

agencies, or for use in a clinical, or legal, setting. Furthermore, evidence-based 

guidelines required for providing this information are still currently lacking.  

Despite differences in bruising tendencies and response to injury across individuals, 

the development of a bruise over time, as well as the changes occurring within the 

bruised tissue, is more similar across different people than is generally believed  

(Randeberg et al., 2011).  

In this research, proteomic techniques were used to analyse ISF recovered with the 

SonoPrep® system in combination with a pulsed vacuum collection device from the 
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bruised and unbruised skin of living individuals. Candidate bruise age dependent 

protein markers were then evaluated with regards to their suitability as markers for 

determining the age of a bruise in living individuals. The non-invasive collection of 

ISF from bruised skin and subsequent proteomic analysis of the ISF is a novel 

approach to the study of bruises. The findings from this research contribute to the 

body of knowledge relating to determining the age of a bruise as well as furthering 

our understanding of the characteristics of human ISF.  
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Units used throughout this work will be annotated according to the Guide for the Use 

of the International System of units (Libraty & Barman, 2005). Exceptions, 

commonly used as established practices in molecular biology, include the use of litre 

(L) to define volume rather than m3 and the units employed to define molar 

concentrations (M) rather than mol/L.  

2.1. ETHICS APPROVAL 

This work was approved by the University of Auckland Human Participant Ethics 

Committee (Reference Numbers 2010/139, 2010/605 and 6554). Written informed 

consent was obtained from all participants.  

Further information regarding the ethics application is presented in the experimental 

design chapter (section 3.1, pages 72 – 73). Copies of the approval forms for all 

submitted applications can be found in Appendix A (pages 226 – 228).  

2.2. PARTICIPANTS 

Samples were collected from 50 adult participants, 37 females and 13 males, ranging 

in age from 20 to 49 years, with a mean age of 32 years and a median age of 28 years. 

Further relevant details regarding the participants are provided in the experimental 

design chapter (section 3.2, pages 73 – 77). 

2.3. SAMPLING SITES 

Samples were collected predominantly from the upper arms and forearms of 

participants. Other sampling sites included the thigh, the shin, the side of the rib cage 
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and the shoulder blade. Further information regarding the sampling sites can be found 

in the experimental design chapter (section 3.3, pages 77 – 79). 

2.4. INDUCTION OF BRUISES 

To simulate blunt force injury, a 454 g (16 ounce) round-ended lead weight, with a 

semi-spherical impact surface of 1.77 cm2, was dropped down a fixed vertical one-

meter polyvinyl chloride tube onto the participant’s skin, which was resting on a solid 

surface. The pressure applied to the skin as a result of the weight drop was 1.36 MPa. 

The size of the weight and amount of pressure applied to the skin were determined 

from past bruising experiments (Barer et al., 1986; Thornton & Jolly, 1986). Detailed 

information regarding how this was calculated can be found in Appendix B (pages 

229 – 231).   

This bruising technique allowed standardised injuries to be created on different 

individuals while controlling a number of variables during the bruising event, 

including the shape of the weight, the force applied to inflict the injury, the location of 

the injury, and the time at which the injury was induced. 

2.5. PHOTOGRAPHY OF BRUISES 

All bruises were photographed immediately prior to sample collection.  

Photographs from the differential in-gel electrophoresis (DIGE) study were taken with 

a tripod-mounted Canon S90 digital high-end compact camera using the following 

settings: ISO3 (International Standards Organisations) speed: ISO-100 and aperture: 

f/8. Focal length and exposure time could not be kept constant. As a result these 

                                                        
3 ISO is used to describe the sensitivity of the digital sensor to light. 



Part Two | Methodology 

46 | Page 

varied based on the lighting at the time the photograph was taken. The flash was 

manually deactivated for all photographs. Participants were asked to hold a colour 

scale QPcard (QPC201, QPcard AB, Helsingborg, Sweden) next to the bruise. This 

was used as a colour and scale reference. The images were captured as JPEG files. 

Photographs of the bruises from the DIGE study, captured with the setup described 

above, can be found in chapter 2 of the results (section 4.2.1, pages 120 – 121). 

Due to the lighting inconsistencies present when employing this setup, an alternative 

method described below was put in place to allow more reproducible photographs to 

be captured.  

Photographs for the remaining studies (photography (section 4.2.2, pages 124 – 126), 

paintball (section 4.3.1, pages 138 – 140) and blind testing studies (section 4.3.2, page 

146)) were taken with a Nikon D90 digital SLR camera and a Micro AF-S DX lens 

using the following settings; ISO speed: ISO-200, aperture: f/16, exposure time: 

1/125th seconds and focal length: 40 mm. The camera was mounted on a Kaiser copy 

stand. A grey scale QPcard (QPC101) was placed on the baseboard of the copy stand 

in all photographs and used as a colour and scale reference. A Multiblitz Profilite 400 

strobe unit, set at a constant one quarter of its full strength, with either a softbox 

attachment (photography study) or a white umbrella (paintball and blind testing 

studies) were used to provide consistent lighting. Images were captured as raw image 

files. 

Each photograph was captured with a standard grey scale colour chart and a scale in 

order photographs to be processed consistently. The neutral grey patch on the QPcard 

was used as a reference to eliminate colour cast and provide consistency in 

photographs taken from the same participants over different days. This was performed 
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by opening the raw (.nef) files in Adobe Camera Raw. In order to eliminate any 

colour cast, the white balance tool was used on the neutral grey patch of the colour 

scale to ensure the values of the Red, Green and Blue channels were identical. 

Brightness of the images was standardised using a value of 95 (range 0 – 255) for all 

three channels to provide the best match to the visual representation of bruises. 

Images from the photography study taken with this alternative setup can be found in 

chapter 2 of the results (section 4.2.2, pages 124 – 126). Photographs from the 

paintball and the blind testing studies can be found in chapter 3 of the results (section 

4.3.1, pages 138 – 140 and section 4.3.2, page 146, respectively). 

2.6. SCORING OF BRUISES 

An arbitrary scoring scale was created to categorise the visual aspect of the bruises 

taken in the photography study (Table 1). Five independent observers were given 

photographs and asked to score these for bruise intensity. In addition, the evolution of 

the bruises over time was evaluated.  
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Scoring scale 
0 No Discernible Bruise 

1 Faint Bruising - some discolouration of the skin, one visible colour, small size with 
no clear edges 

2 Light Bruising - change in appearance over time, mainly one visible colour, small 
bruises with no clear edges 

3 Medium Bruising - evolution of colours over time, multiple colours although faint and 
difficult to annotate,  medium damage size with clearer outlines  

4 
Heavy Bruising - clear evolution of colours over time, multiple colours and easily 
described, large bruise area with clear edges, no bruising at site of impact at later 
stages 

5 
Acute Bruising ‒ clear evolution of colours over time, multiple colours, large bruise 
area with clearly delineated boundaries, no bruising at the site of impact at later 
stages with only peripheral bruising remaining 

Table 1 Bruise scoring scale. A scale was created to score the intensity of bruises from 
photographs. The scores represent the degree and intensity of colouration, appearance 
and relative size of the injuries. Scores between 2 – 5 also take into account the 
evolution of the appearance of the bruise when a photograph of a bruise was 
compared to other photographs of the same bruise taken on different days. 

2.7. SKIN PREPARATION FOR ISF COLLECTION 

The skin at the sampling site was scrubbed with a 70 % ethanol wipe (Mediwipes 

Disinfectant, Fine Touch Disposables, Christchurch, New Zealand) to disinfect and 

remove any loose cells and other contaminants present on the skin. An alcohol-free 

cleansing skin wipe (Select Fragrance Free Wipes, Countdown, Auckland, New 

Zealand) was then used to further clean and moisten the skin. In cases where the 

hand-held reference electrode was used, the palm of the participant’s hand was also 

moistened with the cleansing wipe to improve conductivity whilst holding the 

reference electrode. If the flat reference electrode was used, a flat area of skin, in close 

proximity to the sampling site, was moistened with the cleansing wipe.  

2.8. MICROPORE INDUCTION USING THE SONOPREP® SYSTEM 

The SonoPrep® ultrasonic skin permeation system (Echo Therapeutics, Philadelphia, 

PA, USA) (Figure 4 left) delivers ultrasound waves at a frequency of 55 kHz to the 
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stratum corneum layer of the skin. The ultrasonic waves, transmitted to the skin 

through a liquid coupling medium (100 mM sodium phosphate (Invitrogen, Carlsbad, 

CA, USA), 9 % (w/v) sodium chloride (Merck KgaA, Darmstadt, Germany), 1 % 

(w/v) sodium dodecyl sulphate (SDS), (AppliChem GmbH, Darmstadt, Germany)), 

induce the formation of small, vacuum, cavitation bubbles on the surface of the skin. 

The bubbles move through the skin’s lipid bilayer, disrupting its structure and creating 

reversible microchannels. The reference electrode, which is either held in the 

participant’s hand or laid flat on the skin in proximity to the site being sampled, 

measures a specific reduction in the skin impedance, calculated by the current moving 

from the site where the ultrasound waves are being delivered, through the skin, to the 

reference electrode. The SonoPrep® system is automatically shut off once an optimal 

level of permeation in the skin is reached (Farinha et al., 2006). 

Micropores were induced in the outermost layer of participants’ skin using the 

SonoPrep® system according to the manufacturer’s instructions, described briefly as 

follows. A cartridge containing coupling medium was inserted into the hand piece 

containing the ultrasonic probe, and the nozzle placed onto the participants’ clean skin 

(Figure 4 right). Squeezing the lever on the hand piece releases the coupling medium 

onto the surface of the skin and activates the probe, initialising sonication. As 

previously mentioned, sonication is stopped automatically once the optimal level of 

skin permeation is reached. The minor effects caused to the skin as a result of 

treatment with the SonoPrep® system remain for approximately 24 hours (Farinha et 

al., 2006).  
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Figure 4 The SonoPrep® ultrasonic skin permeation system. The console (left) with the two 
types of reference electrodes, flat (left) or hand-held (right), and the hand piece 
(right). Squeezing the lever of the hand piece as shown releases the coupling medium 
stored in the cartridge and initialises the delivery of ultrasonic energy to the skin 
inducing the formation of reversible micropores in the skin. 

2.9. ISF COLLECTION 

Immediately following sonication, a harvesting chamber was fastened over the 8 mm 

diameter region of permeated skin using a piece of double-sided tape into which a 

circular hole, 12 mm in diameter, had been punched out. The vacuum harvesting 

chamber was manufactured in-house at The New Zealand Institute for Plant and Food 

Research (Auckland, New Zealand). This comprised a solid Perspex disk (diameter: 

25.4 mm, height: 4 mm) with a fluid channel (width: 0.5 mm, depth: 0.5 mm, length: 

100 mm, volume capacity: 25 µL) milled into the centre of the contact surface in a 

saw-toothed pattern that allowed for maximum coverage of the permeated skin region 

(Figure 5 right). The fluid channel terminates in entry and exit ports (0.8 mm in 

diameter) drilled through the Perspex disk, and press fitted with stainless steel 



Part Two | Methodology 

51 | Page 

hypodermic tubing (diameter: 0.9 mm, length: 10 mm). The hypodermic tubing acted 

as a connector for the fluid circuit tubing linking the harvesting chamber to the rest of 

the system. 

Fused silica tubing (Upchurch Scientific, IDEX Health & Science LLC, Oak Harbor, 

WA, USA), cleaned sequentially with a solution of 75 % ethanol, distilled H2O, and a 

commercial 0.9 % saline solution (ProPharma, Auckland, New Zealand), connected 

the harvesting chamber to a battery-operated, vacuum device (width: 70 mm, depth: 

30 mm, length: 90 mm, weight: 231 g) developed to enhance ISF collection. The 

vacuum device comprised: (i) a dual peristaltic pump (P625/900.133, Instech 

Laboratories, Plymouth Meeting, PA, USA) to provide the vacuum and draw the 

0.9 % saline solution through the fluidic setup, (ii) miniature solenoid valves 

(LFAA1207018H, The Lee Company, Westbrook, CT, USA) to regulate the vacuum 

by controlling entry of the saline solution into the fluidic circuit, and (iii) pressure 

sensors (26PCBFA6D, Honeywell, MN, USA). These components were controlled by 

a microprocessor that monitored system variables such as vacuum pressure and 

battery level. These were also displayed on a LCD display on the device. Power was 

supplied by three Lithium ion batteries (3.7 V, 740 mA · h, #553048CC, Varta 

Batteries PTE, Seoul, South Korea) run in parallel providing a voltage of 11.1 V.  

Prior to sample collection, when a vacuum was not required, the pump was operated 

on “Fast” mode. In this mode, the valves were always open and no resistance was 

provided to the liquid travelling though the tubing, allowing saline to be drawn 

through the circuit, including the harvesting chamber, which was securely fastened to 

the skin. 
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During sample collection, the pump was switched to “Slow” mode. In this mode, the 

valves were closed impeding entry of fresh saline into the fluidic circuit. The 

peristaltic pump ran at a constant 4 rpm (revolutions per minute), drawing a small 

amount of saline out of the tubing at each revolution creating a depression across the 

whole system. The creation of a vacuum resulted in ISF being drawn out of the skin 

through the micropores and into the saline solution present within the channels of the 

harvesting chamber. Upon reaching a minimum pressure at -15.3 kPa, the valves 

opened releasing the vacuum and resulting in fresh saline entering the tubes. The 

saline solution present within the harvesting chamber and now containing ISF was 

drawn out for collection and replaced with fresh saline (Figure 5). Upon reaching 

maximum pressure at -11.8 kPa, the valves closed, allowing the vacuum to be slowly 

restored and more ISF fluid to be collected from beneath the skin. The saline flow rate 

was approximately 33 µL/min and the vacuum produced exhibited a saw-tooth pattern 

with a minimum of -15.3 kPa and a maximum of -11.8 kPa (Lecomte et al., 2013). 
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Figure 5 Sampling setup for the collection of interstitial fluid (ISF). Following the 
induction of the micropores in the skin with the SonoPrep® system, the harvesting 
chamber (right) was secured onto the skin. Saline was continuously pumped through 
the tubing (left). As it reached the harvesting chamber, the saline flowed over the 
permeated skin allowing collection of ISF through the induced micropores. The saw-
tooth pattern milled in the harvesting chamber has been highlighted in red to facilitate 
its visualisation. 

 

 

 

 

 

 

 

 

 

2.10. BUFFERS AND SOLUTIONS 

A list of all of the buffers and solutions prepared throughout this work (Table 2). 

Solution Preparation 

Coupling medium 100 mM sodium phosphate, 9 % sodium chloride, 1 % 
SDS* 

Protease Inhibitor Cocktail 
solution (PIC) 1 tablet dissolved in 10 mL distilled H2O 

Resolubilisation buffer 7 M urea, 2 M thiourea, 40 mM Tris, 4 % CHAPS** 

2x Sample buffer 7 M urea, 2 M thiourea, 130 mM DTT***, 4 % CHAPS, 2 % 
IPG**** buffer (pH 3-10) 

Rehydration buffer 7 M urea, 2 M thiourea, 65 mM DTT, 4 % CHAPS, 2 % IPG 
buffer (pH 3-10), a few grains of bromophenol blue 

Equilibration buffer 6 M urea, 50 mM Tris, 30 % glycerol, 2 % SDS, a few 
grains of bromophenol blue 

Laboratory hand-made gels 
13.9 % acrylamide solution, 1.24 % piperazine di-
acrylamide, 0.52 M Tris, 0.8 M sucrose, 10 % ammonium 
persulfate, 1 % TEMED*****  

Tank buffer 25 mM Tris, 192 mM glycine, 0.1 % SDS 
Modified colloidal Coomassie 
stain 

17 % ammonium sulfate, 34 % methanol, 3 % ortho-
phosphoric acid, 0.1 % Coomassie G-250  

Transfer buffer 0.192 M glycine, 0.025 M Tris, 0.1% SDS, 20% methanol 
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Tris-buffered saline ‒ 
Tween® 20 solution (TBS-T20) 10 mM Tris, 150 mM sodium chloride, 0.05% Tween

® 20 

Blocking solution TBS-T20 solution with 5 % non-fat milk powder 
Digestion buffer 25 mM ammonium bicarbonate, 5 % acetonitrile  
Nuclear Fast Red 5 % aluminium sulfate, 0.1 % Nuclear Fast Red solution  
Picroindigocarmine 2.1 mM indigo carmine in picric acid saturated solution 

Haemotoxylin 
 

1.7 mM haematoxylin, 0.2 mM sodium iodate, 19.4 mM 
potassium aluminium sulfate, 29 % glycerol, 2 % glacial 
acetic acid 

Eosin 1 % eosin solution 

Table 2 Buffers and solutions. The suppliers from whom chemicals were purchased will be 
addressed as required within the body of the text.  
*SDS = sodium dodecyl sulfate 
**CHAPS = 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate  
***DTT = dithiothreitol 
****IPG = immobilized pH gradient 
*****TEMED = tetramethylethylenediamine 

2.11. SAMPLE PREPARATION 

The saline solution containing ISF was collected in Eppendorf® Protein LoBind 

microcentrifuge tubes (Eppendorf, Hamburg, Germany) with each tube containing 

200 µL of dissolved cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (PIC) 

(Roche Holding AG, Basel, Switzerland). Six ISF fractions (A – F) of approximately 

500 µL each were collected over the course of 1.5 hours, each fraction representing a 

15-minute time interval. Tubes were stored on ice during collection, and at -80 °C 

upon completion of sample collection.   

Fractions were processed with the 2-D Clean-Up kit (GE Healthcare, Uppsala, 

Sweden) according to the manufacturer’s instructions. This enabled proteins to be 

concentrated and, simultaneously, for the salts from the saline solution and other 

contaminants to be removed. Following treatment with the 2-D Clean-Up kit, samples 

were resuspended in resolubilisation buffer (7 M urea (Sigma-Aldrich, St Louis, MO, 

USA), 2 M thiourea (Sigma-Aldrich), 40 mM Tris (Invitrogen) and 4 % (v/v) 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) (Sigma-Aldrich)). 
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Protein concentrations were determined with the Bradford assay (Bradford, 1976) 

using Bio-Rad protein assay concentrate in the microplate method as instructed by the 

manufacturer (Bio-Rad, Hercules, CA, USA). Bovine serum albumin was used as a 

calibrant (Thermo Fisher Scientific, Scoresby, VIC, Australia). Following 

quantitation, the six fractions were pooled and analysed as one sample.  

2.12. STATISTICAL ANALYSIS OF QUANTITATION DATA 

Protein concentrations of the ISF samples were analysed using multiple regression 

analysis. All of the tests were performed in Microsoft Excel. 

2.13. DIFFERENTIAL IN-GEL ELECTROPHORESIS  

ISF samples to be analysed with DIGE were labelled with each of the three CyDye 

minimal dyes (GE Healthcare) following the manufacturer’s instructions. Briefly, 

200 pmol of CyDye, reconstituted in dimethylformamide (Thermo Fisher Scientific), 

was added to each sample and incubated on ice, in the dark, for 30 minutes, for 

labelling. The reaction was quenched with 10 mM lysine (Sigma-Aldrich) and the 

samples were incubated for 10 minutes on ice, in the dark. Tubes were wrapped in foil 

throughout this procedure.  

An internal standard, combining equal amounts of all of the proteins analysed, was 

created and labelled with Cy2. ISF samples collected from unbruised and bruised skin 

were labelled with either Cy3 or Cy5, to ensure dye-balance. More information on the 

distribution of each dye across the labelled samples to avoid dye bias is provided in 

the experimental design chapter (section 3.4, pages 79 – 80). 
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Following labelling and quenching, samples were mixed with an equal volume of 

2x sample buffer (7 M urea, 2 M thiourea, 130 mM dithiothreitol (DTT) (Sigma-

Aldrich), 4 % (v/v) CHAPS, 2 % (v/v) immobilized pH gradient (IPG) buffer (pH 3-

10 NL) (Bio-Rad)). Samples labelled with Cy2, Cy3 and Cy5 that were to be 

separated on the same 1st and 2nd dimension gels were pooled. 

ReadyStrip™ IPG strips (17 cm, pH 3-10, NL) (Bio-Rad) were rehydrated in 

rehydration buffer (7 M urea, 2 M thiourea, 65 mM DTT, 4 % (v/v) CHAPS, 2 % 

(v/v) IPG buffer pH 3-10 NL, a few grains of bromophenol blue (Bio-Rad)). Strips 

were rehydrated overnight at room temperature, under paraffin oil, in the Amersham 

Pharmacia Biotech drystrip reswelling tray, as instructed by the manufacturer. Upon 

rehydration, the strips were arranged on a LKB Multiphor II electrophoresis unit and 

MultiTemp thermostatic circulator (both GE Healthcare) and 100 µg of labelled ISF 

protein sample was loaded onto the cathodic end of each strip using the sample-cup 

loading method. The samples were loaded in aliquots of 100 µL, run at a constant 

20 °C, using the following program on a programmable power supply (EPS 3,500 XL, 

GE Healthcare):  

- linear gradient from zero to 200 V over one minute; 

- run at 200 V for 20 minutes; 

- linear gradient increase to 3,500 V over one hour. 

At the end of the run, another 100 µL aliquot of sample was loaded into the cups and 

the run repeated, as described above, until the entire samples had been loaded into the 

cups. The following program was then run to focus the strips overnight: 

- linear gradient from zero to 200 V over one minute; 

- run at 200 V for one hour; 
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- linear gradient increase to 3,500 V over one hour; 

- run at 3,500 V for a total of 35 kV · h. 

Once focused, the strips were equilibrated for 12 minutes at room temperature on a 

rocking platform mixer (Ratek, Thermo Fisher Scientific) set at 300 rpm in 10 mL 

equilibration buffer (6 M urea, 50 mM Tris, 30 % (v/v) glycerol (Merck KgaA), 2 % 

(w/v) SDS, a few grains of bromophenol blue) to which 100 mg of DTT had been 

added. Strips were then alkylated for 6 minutes at room temperature on a rocker 

shaker set at 300 rpm in 10 mL equilibration buffer to which 400 mg of 

iodoacetamide (Sigma-Aldrich) had been added.  

The strips were then run in the second dimension on a SDS-PAGE Protean II unit 

(Bio-Rad) using 10 % laboratory hand-made gels (30 % (v/v) acrylamide solution 

(using a 40 % acrylamide solution base)  (Bio-Rad), 2.67 %  (w/v) piperazine di-

acrylamide (Bio-Rad), 1.5 M Tris, 80 % sucrose (Merck KgaA), 0.07 % (w/v) 

ammonium persulphate (Bio-Rad), 0.07 % (v/v) tetramethylethylenediamine 

(TEMED) (Bio-Rad)). Gels were poured and covered with a 50 % isopropanol 

overlay. This was replaced with distilled H2O after approximately 1 hour. Gels were 

poured a day in advance and kept humidified in order for polymerisation to complete 

overnight. 

Precision Plus Protein™ Standard Plugs (Bio-Rad) were loaded onto the side of the 

gel where the cathodic end of the strip would be positioned. Hot agarose (2.5 % (w/v) 

(Bio-Rad)) was pipetted onto the surface of the gels and the IPG strips loaded through 

the agarose onto the gels. The strips were gently pressed down onto the gels to ensure 

good contact was made across the entire length of the strips and the gels. Tank buffer 

(25 mM Tris, 192 mM glycine (Bio-Rad), 0.1 % (w/v) SDS) was poured into the 
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Protean II tank. Gels were run at 125 V, 24 mA per gel, for two hours and at 900 V, 

24 mA per gel, for three hours. Water was continuously run through the Protean II 

cooling core to avoid overheating. 

Following separation, two 10-minute washes in distilled H2O were performed before 

the gels were scanned at a 200 µm resolution using a Typhoon™ scanner 9400 

Variable Mode Imager (GE Healthcare) with the following settings: 

- Cy2: 488 nm laser, 520 nm filter 

- Cy3: 633 nm laser, 670 nm filter 

- Cy5: 532 nm laser, 580 nm filter. 

The photomultiplier tube was set at 600 V for all of the lasers. Images were visualised 

on ImageQuant™ TL software, version 5.0 (GE Healthcare) and saved as 16 bit TIFF 

files. After the images were recorded, the gels were stained overnight in a modified 

colloidal Coomassie stain (Neuhoff, Arold, Taube, & Ehrhardt, 1988) (17 % (w/v) 

ammonium sulphate (Labserv Technologies, Vancouver, Canada), 34 % (v/v) 

methanol (Merck KgaA), 3 % (v/v) ortho-phosphoric acid (Ajax Finechem Pty Ltd, 

Taren Point, Australia), 0.1 % (w/v) Coomassie G-250 (Sigma-Aldrich)). Gels were 

destained in multiple washes of distilled H2O and air-dried under cellophane (Cello 

wrap® gift wrap, Countdown) on glass-plates at room temperature. 

2.14. DELTA2D ANALYSIS 

Images acquired through the scanning process were saved as gel image files and the 

spot patterns analysed using the Delta2D 4.3.2 software as described by the 

manufacturers (Decodon GmbH, Greifswald, Germany) (Berth, Moser, Kolbe, & 

Bernhardt, 2007). Protein spots were detected automatically using the following 
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software settings; sensitivity: 20 %, average spot size (radius of an average spot): 

10 pixels.  

The position of a protein spot on a gel fluctuates between different gel separation runs 

(Berth et al., 2007). Gels were warped to eliminate positional variation in protein 

spots. Once all of the gel images had been warped, these were combined into one 

fusion image, representing a compilation of all of the gel images and therefore 

proteins present in the experiment. 

Proteins were selected and their boundaries adjusted in preparation for protein 

quantity determination. The protein spots were normalised with respect to the internal 

standard (Cy2) and were included in the statistical analysis. The Wilcoxon-Mann-

Whitney test (Mann & Whitney, 1947) and Kruskal-Wallis test (Kruskal & Wallis, 

1952) were used to identify spots of interest (p-values > 0.5, fold changes > 1.5). 

This allowed for the identification of protein spots that displayed significant changes 

in protein expression when comparing samples collected from unbruised skin with 

samples collected from bruised skin. These protein spots were retained as markers. In 

addition, the identification of proteins whose pattern changed significantly in samples 

collected from bruised skin over time as a bruise healed were also retained as markers 

for protein identification.  

2.15. TRYPTIC IN-GEL DIGESTION 

Protein spots of interest were excised from the stained gels with a scalpel, rehydrated 

and digested with trypsin (Roche) to enable identification, as previously described in 

the literature (Hardt et al., 2005). Briefly, excised spots were incubated in water in 

order to rehydrate the protein spots as well as remove the cellophane coating. Two or 
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three washes, depending on the intensity of the spot, were performed in 25 mM 

ammonium bicarbonate (Sigma-Aldrich) in 50 % acetonitrile (Bio-Rad) for 

10 minutes at room temperature. The gel particles were dried in a vacuum centrifuge 

set at a relative centrifugal force of 1,700 x g. Following drying, these were 

rehydrated and the proteins digested in four volumes of digestion buffer (25 mM 

ammonium bicarbonate in 5 % acetonitrile) and a 0.02 mg/mL modified trypsin 

solution (8.7 % (v/v) 0.02 mg/mL trypsin in HCl (Merck KgaA), 87 % (v/v) 25 mM 

ammonium bicarbonate, 4.3 % (v/v) acetonitrile) and incubated overnight at 37 °C. 

The digests were extracted in 5 % formic acid (Thermo Fisher Scientific) in 50 % 

acetonitrile and the final protein extracts concentrated to approximately 20 µL in a 

vacuum centrifuge set at 1,700 x g for several hours, depending on the starting 

volume of the samples. Protein extracts were stored at -20 °C until identification with 

mass spectrometry was performed.  

2.16. LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY 

Analysis by liquid chromatography-mass spectrometry (LC-MS) was performed with 

a linear quadrupole ion trap mass spectrometer fitted with a nano-electrospray 

ionization interface (ThermoQuest, Finnigan, San Jose, CA, USA) and coupled to an 

Ettan
TM

 multidimensional liquid chromatograph (MDLC) (GE Healthcare). The 

MDLC was used in the high-throughput configuration with two reverse phase 

chromatography (RPC) trap columns (300 µm internal diameter and 5 mm in length; 

Zorbax 300-SB C18; Phenomenex, Torrance, CA, USA), for in-line desalting and 

sample clean-up, followed by two nanoscale RPC analytical columns (75 µm internal 

diameter and 150 mm in length; LC Packings, San Francisco, CA, USA), for high-

resolution separation. The mobile phases were A: 0.1 % aqueous formic acid, and B: 



Part Two | Methodology 

61 | Page 

84 % acetonitrile in 0.1 % formic acid. A 2 µL aliquot of digested protein sample was 

injected and tryptic peptides separated at a flow rate of 280 nL/min, with a linear 

gradient from 0 % to 60 % B mobile phase over 50 minutes. The nanospray interface 

was used with a fused-silica standard coated PicoTipTM (internal diameter: 30 µm; 

New Objective, Woburn, MA, USA) and 1.6 kV was applied via a liquid-liquid 

junction at the base of the spray needle. The mass spectrometer was operated in the 

positive ion mode and the mass range acquired was a mass-to-charge ratio of
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m/z 300 – 1800. The heated capillary temperature was set at 170 °C. Data was 

acquired using a top three experiment in data-dependent mode with dynamic 

exclusion enabled. 

2.17. DATABASE SEARCHING AND DATA INTERPRETATION 

MS/MS data was analysed using TurboSEQUEST protein identification software, a 

computer programme that allows the correlation of experimental data with theoretical 

spectra generated from known protein sequences (Eng, McCormack, & Yates III, 

1994; Yates III, Eng, McConnack, & Schieltz, 1995). Spectra were searched against 

the latest version of the human international protein index of the European Molecular 

Biology Laboratory-European Bioinformatics Institute. In these searches, differential 

methylation modification of 15 Da to methionine was selected, and a static 

carboxyamidomethylation modification of 57 Da to cysteine was selected. The criteria 

used for a positive peptide identification for a doubly-charged peptide were a 

correlation factor (XCorr) greater than 2.0, a delta cross-correlation factor greater than 

0.1 (indicating a significant difference between the best match reported and the next 

best match), and a high preliminary score. For triply charged peptides, the XCorr 

threshold was set at 2.5. All matched peptides were confirmed by visual examination 

of the spectra. 

2.18. WESTERN BLOTS 

Western blots (WBs; westerns) were performed according to the manufacturer’s 

instructions. Briefly, proteins were separated on 4 % – 12 % NuPAGE® Novex® Bis-

Tris Mini Gels (Invitrogen, Carlsbad, CA, USA). The SeeBlue® Plus 2 ladder 

(Invitrogen) was used as the molecular marker in all gels. Proteins were transferred 
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onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA) on the 

Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad) at 5 V overnight. Following 

transfer, proteins were blocked for 2 hours at room temperature in Tris-buffered saline 

– Tween® 20 (TBS-T20) solution (10 mM Tris, 150 mM sodium chloride, 0.05 % 

Tween® 20 (Sigma-Aldrich)) containing 5 % non-fat milk powder. Four 5-minute 

washes in TBS-T20 solution were performed prior to incubating the membranes with 

one of the monoclonal primary antibodies listed in Table 3. All antibodies were raised 

against whole proteins. Incubations with primary antibodies were carried out for one 

hour, at room temperature, on an orbital mixer (Ratek, Thermo Fisher Scientific) set 

at 300 rpm. Six 5-minute washes were performed in TBS-T20 solution. Membranes 

were incubated with polyclonal goat anti-mouse immunoglobulins / horseradish 

peroxidase conjugated secondary antibody (Dako, Campbellfield, Australia) at a 

1:250,000 dilution for one hour at room temperature on an orbital shaker set at 300 

rpm. Six 5-minute washes in TBS-T20 were performed before membranes were 

incubated in a solution of Amersham Enhanced Chemiluminescence (ECL) Select 

Western blotting detection reagent (GE Healthcare). Blots were exposed to Amersham 

Hyper film ECL (GE Healthcare) before being developed on an AC 002 Film 

Developer Agfa Curix (Mortsel, Belgium).  

Protein Target Supplier & product code Source Dilut ion 
Alpha-2-Macroglobulin Abcam # AB36995 Mouse 1:1,000 
Hemopexin Abcam # AB27710 Mouse 1:1,000 
Haptoglobin Abcam # AB13429 Mouse 1:1,000 
Apolipoprotein A1 Abcam # AB58924 Mouse 1:2,000 
Transferrin Abcam # AB10208 Mouse 1:10,000 

Table 3 Antibodies used to validate differences in protein expression seen in unbruised 
ISF and ISF from bruised skin using Western blot analysis. All antibodies were 
mouse monoclonal and raised against whole proteins. Each was tested independently. 
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2.19. ENZYME-LINKED IMMUNOSORBENT ASSAYS 

Enzyme-linked immunosorbent assay (ELISA) kits were purchased from Genway 

Biotech (San Diego, CA, USA) and the assays performed according to the 

manufacturer’s instructions, with the exception that a fixed concentration of protein 

was used rather than a fixed volume, as recommended. The standards were made up 

to the correct concentrations in diluent as instructed by the manufacturer. Ten µg of 

total protein from each sample was diluted in diluent. The standards and the samples 

were loaded onto the plates in duplicate and incubated at room temperature. 

Incubation times varied depending on the protein under investigation and are detailed 

in Table 4. The wells were emptied and four 2-minute washes with 1x wash solution 

were performed. A solution of enzyme-antibody conjugate was added to each well 

and the plates incubated at room temperature in the dark. Again, the wells were 

emptied and four 2-minute washes were performed with 1x wash solution. Aliquots of 

100 µL of chromogen-substrate solution was added to each well and incubated at 

room temperature in the dark for 10 minutes. Next, 100 µL of stop solution was added 

to each well. Absorbance values for each well were determined on a VICTOR3 multi-

label plate reader (PerkinElmer, Waltham, MA, USA) at 450 nm.  

Protein Target Standards & 
Sample 

Enzyme-Antibody 
Conjugate  Stop 

Alpha-2-Macroglobulin 60 min 10 min 10 min 
Hemopexin 30 min 30 min 10 min 
Haptoglobin 15 min 15 min 5 min 
Apolipoprotein A1 60 min 30 min 10 min 
Transferrin 30 min 30 min 10 min 

Table 4 Incubation times for the different ELISA kits tested. 
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2.20. NANOTRAP® ENHANCED SAMPLE PREPARATION PARTICLES 

Nanotrap® Enhanced Sample Preparation (ESP) particles (CeresNano, Manassas, VA, 

USA) were tested on ISF samples to remove the high abundance, high molecular 

weight proteins and concentrate smaller proteins present in lesser amounts. A 

modified protocol from that provided by the manufacturer was developed while 

testing the Nanotrap® ESP particles on ISF samples. 

Six ISF samples were collected from unbruised skin in Eppendorf® Protein LoBind 

microcentrifuge tubes, each containing 200 µL of dissolved PIC. All of the fractions 

from one sampling event (A – F) were pooled into one. A representative 20 µL aliquot 

from one of the six ISF samples was collected and stored at -20 °C for subsequent gel 

separation. The six ISF samples were processed with the 2-D Clean-Up kit and 

proteins resuspended in resolubilisation buffer. A representative 20 µL aliquot from 

one of the six ISF samples following treatment with the 2-D Clean-Up kit was 

collected and stored at -20 °C for gel separation. Samples were pooled into two tubes, 

each containing three ISF samples. One pool would act as a positive control, while the 

other would be treated with the Nanotrap® ESP particles.  

A 1 mL aliquot of Nanotrap® ESP particles was centrifuged to remove the supernatant 

and allow the particles to be resuspended in 750 µL of distilled H2O. The pool of three 

ISF samples prepared for treatment with the Nanotrap® ESP particles was diluted in 

an equal volume of 50 mM Tris solution before being added to the Nanotrap® ESP 

particles and incubated overnight at 4 °C on an orbital shaker set at 300 rpm. 

Following the overnight incubation, the particles were centrifuged at 16,800 x g for 

10 minutes at 4 °C and the supernatant removed. Two sodium thiocyanate washes 
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were performed, followed by two washes with distilled H2O. Representative 20 µL 

aliquots of the supernatant, as well as of the sodium thiocyanate and water washes 

were collected and stored at - 20 °C for subsequent gel separation. An elution buffer 

(70 % acetonitrile, 10 % ammonium hydroxide (Sigma-Aldrich)) was prepared and 

200 µL added to the particles before incubating at room temperature for 15 minutes. 

The particles were centrifuged at 16,800 x g for 15 minutes at 4 °C and a second 

elution performed. The eluate fractions were pooled and a representative 20 µL 

aliquot collected and stored at - 20 °C for gel separation. 

The aliquots collected at each stage of the process (untreated ISF, ISF following 

treatment with the 2-D Clean-Up kit, supernatant, sodium thiocyanate wash, water 

wash, and eluate) were separated on 4 % – 12 % NuPAGE® Novex® Bis-Tris Mini 

Gels (Invitrogen, Carlsbad, CA, USA). The Precision Plus Protein™ Dual Colour 

Standards (Bio-Rad) was used as the molecular marker. Following separation, gels 

were stained overnight with SYPRO® Ruby Protein Gel Stain (Invitrogen) according 

to the manufacturer’s instructions. The gel was scanned using a Typhoon™ scanner 

9400 Variable Mode Imager using the following settings: 488 nm laser, 610 nm filter. 

The pool of ISF samples acting as a positive control and the elution sample following 

treatment with the Nanotrap® ESP particles were prepared for LC-MS analysis by 

concentrating the samples in a vacuum centrifuge set at 1,700 x g for 3 hours. 

Samples were incubated with a 10 mM DTT solution for one hour at 37 °C. Samples 

were then incubated with a 10 mM iodoacetamide solution for 30 minutes at room 

temperature. Four volumes of digestion buffer and a 0.02 mg/mL trypsin solution 

were added to the samples and incubated overnight at 37 °C. Samples were 
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concentrated to 20 µL in a vacuum centrifuge set at 1,700 x g. Protein extracts were 

stored at -20 °C until identification with mass spectrometry was performed.  

2.21. MICROSCOPIC ANALYSIS OF ISF SAMPLES 

To investigate whether sampling ISF with the SonoPrep® system and the pulsed 

vacuum ISF collection device also recovered intact cells, slides were prepared with 

untreated ISF and histologically stained for visualisation under the microscope.  

ISF samples were collected from unbruised skin in Eppendorf® Protein LoBind 

microcentrifuge tubes containing 200 µL of dissolved PIC. All of the fractions from 

one sampling event (A – F) were pooled into one and pipetted onto a slide, 40 µL at a 

time. The slide was placed on a heat block set at 45 °C to allow for the 40 µL aliquot 

of ISF to dry before more sample was pipetted on the surface of the slide. Two slides 

were prepared, each containing an entire ISF sample. 

One slide was stained with Christmas Tree stain. Sufficient Nuclear Fast Red (5 % 

(w/v) aluminium sulphate (Global Science), 0.1 % (v/v) Nuclear Fast Red solution 

(Sigma-Aldrich)) was applied to the slide to cover the area onto which the ISF sample 

had been deposited and incubated for 12 minutes at room temperature. The slide was 

rinsed with distilled H2O and a few drops of picroindigocarmine (2.1 mM indigo 

carmine (Sigma-Aldrich) in picric acid saturated solution (Sigma-Aldrich)) pipetted 

onto the slide before incubating the slide for 5 minutes at room temperature. The slide 

was rinsed with 100 % ethanol and allowed to dry at room temperature.  

The second slide was stained with Haematoxylin and Eosin (H & E). A few drops of 

Haematoxylin (1.7 mM haematoxylin (Merck KgaA), 0.2 mM sodium iodate (Sigma-

Aldrich), 19.4 mM potassium aluminium sulphate (Merck KgaA), 29 % (v/v) 
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glycerol, 2 % (v/v) glacial acetic acid (Merck KgaA)) were pipetted onto the area of 

the slide where the ISF had been deposited and incubated at room temperature for 

5 minutes. The slide was rinsed with tap water. A few drops of Eosin (1 % eosin (w/v) 

in water (Merck KgaA)) was pipetted onto the slide and incubated at room 

temperature for 2.5 minutes. The slide was rinsed with tap water and allowed to dry at 

room temperature. 

Once dry, the slides were transferred to a fume hood and a drop of DPX-Mountant 

(Sigma-Aldrich) was pipetted onto the slide prior to covering the mountant with a 

cover slip. Slides were left to dry at room temperature in the fume hood.  

Slides were examined on a Leica DM1000 light emitting diode upright microscope 

(Wetzlar, Germany) which was connected to a PC computer. The magnification was 

increased 10x, 20x and 40x to search the slides for cells. Pictures were taken with the 

in-built camera and loaded onto the PC with the Leica EZ microscope software 

(version 1.5.0). 

2.22. TRIZOL® LS REAGENT TREATMENT 

To investigate whether sampling ISF with the SonoPrep® system and the pulsed 

vacuum ISF collection device allowed for the recovery of DNA and RNA, as well as 

protein, ISF samples collected from unbruised skin were processed with TRIZOL® LS 

Reagent (Invitrogen) according to the manufacturer’s instructions. The experiment 

was performed in triplicate. Briefly, three ISF samples from unbruised skin were 

collected in Eppendorf® Protein LoBind microcentrifuge tubes containing 200 µL of 

dissolved PIC. Upon completing sample collection, all fractions from one sampling 

event (A – F) were pooled into a 50 mL falcon tube. Three volumes of TRIZOL® LS 
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Reagent, per one volume of sample, was added to each tube. Following a 5-minute 

incubation at room temperature, 0.2 mL of chloroform (Sigma-Aldrich) per 1 mL of 

TRIZOL® LS Reagent (Sigma-Aldrich) was added to each tube. Tubes were mixed 

vigorously and centrifuged at 12,000 x g for 15 minutes at 4 °C to allow for phase 

separation. The RNA fraction, present in the aqueous phase, was recovered and 

precipitated by adding isopropyl alcohol (Merck KgaA). Samples were centrifuged at 

12,000 x g for 10 minutes at room temperature, the supernatant discarded, and the 

pellets washed with 75 % ethanol (Merck KgaA). The pellets were air-dried for 

5 minutes, resuspended in RNase-free water (Invitrogen), and stored on ice until 

further analysis. 

Ethanol (100 %) was added to the 50 mL falcon tube to precipitate the DNA from the 

original interphase and organic phase. Tubes were spun at 2,000 x g at 4 °C for 

5 minutes. The supernatant was removed and kept on ice for protein recovery while 

the DNA pellet was washed twice in 0.1 M sodium citrate (Global Science, Auckland, 

New Zealand) and once in 75 % ethanol. The supernatant was discarded, the pellets 

were air-dried for 5 minutes and resuspended in 8 mM sodium hydroxide (Labserv 

Technologies) and kept on ice until further analysis. 

Isopropyl alcohol was added to the phenol / ethanol supernatant in order to precipitate 

the proteins. Tubes were spun at 12,000 x g for 10 minutes. The protein pellets were 

washed three times with 0.3 M guanidine hydrochloride (Invitrogen) in 95 % ethanol. 

Following the last wash, the pellets were air-dried for 5 minutes before being 

resuspended in a 1 % SDS solution. 

The DNA, RNA and protein fractions were concentrated to approximately 20 µL 

using a vacuum centrifuge set at 1,700 x g. The concentration of DNA, RNA and 
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protein was measured using a NanoDrop™ 1000 spectrophotometer (Thermo Fisher 

Scientific) following the manufacturer’s instructions. 

Briefly, the upper and lower pedestals of the spectrophotometer were wiped clean. 

Distilled H2O was pipetted onto the lower measurement pedestal, the sampling arm 

closed and a blank for water taken. The sampling arm was opened and the upper and 

lower pedestals wiped clean. A blank of the solution used to resuspend the fraction 

under investigation was taken. Finally, 2 µL of the fraction in question was measured. 

The process was repeated to collect measurements for each of the DNA, RNA and 

protein fractions recovered from the three ISF samples analysed. 
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3.1. ETHICS APPLICATIONS AND APPROVAL 

An initial application (Reference Number 2010/139) was prepared, and approved, to 

sample ISF from accidental bruises. Refer to Appendix A (page 226) for the approval 

form from the University of Auckland Human Participants Ethics Committee 

regarding this application.  

When collecting ISF samples from accidental bruises, participants often did not 

remember specific details regarding the circumstances of the injury. Participants did 

not remember exactly when or how the bruise had occurred, with the injury often 

being noticed a few days after the trauma had taken place, once the colours of the 

bruise became more apparent on the skin.  

The lack of detail regarding bruise age made it difficult to attribute variation seen in 

the results to a difference in the individual under study or to a difference in the bruise 

under study. In addition, as our aim was to develop an assay capable of determining 

the age of a bruise, it was necessary to have precise information regarding the age of 

test bruises.  

A second ethics application (Reference Number 2010/605) was therefore prepared, 

and approved by the Ethics Committee, to induce bruises on living individuals. The 

approval form regarding this application can be found in Appendix A (page 227). 

Bruises were created by dropping a 454 g round-ended lead weight, through a fixed 

vertical one-meter polyvinyl chloride tube, onto the skin of participants. In this way, 

the blunt force trauma induced was standardised, and controlled injuries were inflicted 

on individuals at a pre-selected area on the body. Any variation seen in the results 
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could now be attributed to biological differences across individuals, rather than the 

event leading to the creation of the bruise. 

Ethical approval to induce bruises on living individuals with the weight drop 

mechanism was granted by the Ethics Committee after committee members were 

satisfied that the technique would not put the participants at risk of breaking bones. 

The application submitted to the Ethics Committee included a document (Appendix 

B, pages 229 – 231) which detailed why the force resulting from dropping a 0.454 kg 

weight onto the skin of participants, was too small to cause the bones underlying the 

skin to break. 

Finally, an amendment (Reference Number 6554) was submitted for the collection of 

ISF samples from volunteers after participating in a paintball game. The approval 

form regarding this amendment can be found in Appendix A (page 228). This event 

not only allowed for a more realistic situation for bruises to be induced, but it also 

enabled comparable bruises to be created. Although the bruises were present on 

different areas of the body, and were inflicted with a range of force affected by 

distance, all were induced in a similar manner and within a known time frame. 

3.2. PARTICIPANTS 

Results presented in this study were obtained from ISF samples collected from a total 

of 50 participants, of which there were 37 females and 13 males. The age of 

individuals ranged from 20 to 49 years, with a mean age of 32 years and a median age 

of 28 years. 

Samples collected for the paintball study were taken from both male and female 

volunteers after participating in the paintball game. In addition, the microscopy study 
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and the TRIZOL® LS Reagent study included samples collected from male 

participants. Female participants were exclusively used for all other studies (the DIGE 

study, the photography study, the blind testing study and the Nanotrap® ESP particles 

study). This sexual bias was deliberate in an attempt to limit the variation introduced 

from analysing samples from individuals of different sexes in these studies.  

In order to limit variability from age, only adult participants whose age ranged from 

20 to 50 were included in our studies. In addition, each participant completed a self-

declared questionnaire. This allowed for the collection of further information such as 

whether or not the individual smoked. Female participants were asked if they were 

pregnant at the time of sampling and whether they had children. Participants were 

asked if they were taking any medication at the time of sampling and whether they 

had taken any analgesics (paracetamol or aspirin), or any other type of blood thinning 

medication on the day bruises were induced or ISF samples were collected. In 

addition, participants were asked whether they had a family history of clotting or 

bleeding disorders. Finally, in an attempt to classify skin colour, participants were 

asked what ethnicity they considered themselves to be. Participation was not biased 

on the colour of a participant’s skin. Table 5 provides some of the information relating 

to the participants who took part in the different studies. 

 

 Sex Age Ethnicity Smoker Children Medication Analgesics 
DIGE study ‒ 7 female participants 
1 ♀ 28 Caucasian Y N N N 
2 ♀ 28 Caucasian N N N N 
3 ♀ 30 Caucasian N N N N 
4 ♀ 31 Chinese N N N N 
5 ♀ 35 Caucasian N N N N 
6 ♀ 36 Caucasian N N N N 
7 ♀ 37 Caucasian N N N N 
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 Sex Age Ethnicity Smoker Children Medication Analgesics 
Photography study ‒ 12 female participants 
8 ♀ 24 Caucasian N N N N 

9 ♀ 24 Caucasian N N 
anti-histamine 
and anti-
inflammatory 

N 

10 ♀ 24 Caucasian N N N N 

11 ♀ 25 Caucasian N N N 
1 g paracetamol 
1 hour before 
bruise induction 

12 ♀ 25 Filipino / 
Caucasian N N N N 

13 ♀ 28 Indian N N N N 
14 ♀ 28 Caucasian N N N N 
15 ♀ 30 Caucasian N N N N 

 ♀ 30 Caucasian N N N N 

16 ♀ 32 Caucasian N N anti-depressant, 
anti-convulsant N 

17 ♀ 38 Caucasian N N N N 
18 ♀ 41 Caucasian N Y N N 
Paintball study ‒ 11 male and 19 female participants 
19 ♂ 20 Caucasian N - N N 

20 ♀ 22 Caucasian N N iron 
supplements N 

21 ♀ 24 Sri Lankan N N N N 
22 ♀ 24 Caucasian N N N N 

 ♀ 24 Caucasian N N N N 
23 ♀ 25 Chinese N N N N 

 ♀ 25 Filipino / 
Caucasian N N N N 

24 ♂ 25 Caucasian N - corticosteroid N 
25 ♂ 26 Caucasian N - N N 
26 ♀ 26 Chinese N N N N 
27 ♀ 27 Caucasian N N N N 

28 ♀ 28 Latino N N 
androgen 
antagonists; 
anti-depressant 

N 

29 ♀ 28 Caucasian N N N N 

 ♀ 28 Caucasian Y N N N 

 ♀ 28 Caucasian N N N N 

 ♀ 28 Indian N N N N 
30 ♂ 29 Indian N - N N 
31 ♂ 30 Caucasian N - N N 
32 ♂ 32 Caucasian Y - N N 
33 ♀ 34 Caucasian N N N N 
34 ♀ 35 Caucasian N N N N 
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 Sex Age Ethnicity Smoker Children Medication Analgesics 

 ♀ 35 Caucasian N N N N 

 ♀ 36 Caucasian N N N N 

 ♀ 37 Caucasian N N N N 
35 ♂ 39 Caucasian N - N N 
36 ♂ 39 Caucasian Y - N N 
37 ♂ 42 Chinese N - N N 

38 ♂ 43 Caucasian N - Asthma 
medication N 

39 ♂ 47 Caucasian N - N N 

40 ♀ 49 Caucasian N Y ACE inhibitor for 
hypertension N 

Blind testing study ‒ 10 female participants 

 ♀ 24 Caucasian N N N N 
41* ♀ 25 Caucasian N N thyroid hormone N 
* Heterozygous mutation of factor V Leiden 
42 ♀ 29 Caucasian N N N N 

 ♀ 30 Caucasian N N N N 

 ♀ 32 Caucasian N N anti-depressant, 
anti-convulsant N 

43 ♀ 38 Latin 
American N N anti-histamine N 

44 ♀ 39 Caucasian N Y N N 
45 ♀ 40 Caucasian Y N N N 
46 ♀ 42 Caucasian N Y N N 

47 ♀ 45 Caucasian N Y 
thyroid 

hormone, anti-
depressant 

N 

Nanotrap® ESP Particles study ‒ 6 female participants 

 ♀ 28 Caucasian N N N N 

 ♀ 28 Caucasian N N N N 

 ♀ 28 Caucasian N N N N 

 ♀ 28 Caucasian N N N N 

 ♀ 28 Caucasian N N N N 

 ♀ 28 Caucasian N N N N 
TRIZOL® LS Reagent study - 3 male participants 
48 ♂ 30 Caucasian N - N N 

49 ♂ 31 South 
African N - N N 

 ♂ 31 South 
African N - N N 

Microscopic study ‒ 1 male and 1 female participants 

 ♂ 31 South 
African N - N N 

50 ♀ 26 Caucasian N N N 1 gram 
paracetamol 1 
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 Sex Age Ethnicity Smoker Children Medication Analgesics 
hour before 
sampling 

Table 5 Participant information. The sex, age and ethnicity of participants were recorded. 
In addition, participants were asked if they smoked, whether they had any children 
and whether they had taken medication or analgesics on the day ISF samples were 
collected. A star (*) is used to represent a participant who had a heterozygous 
mutation in factor V Leiden. Participants with no number indicate individuals who 
were previously accounted for as they took part in more than one study. 

3.3. SAMPLING SITES 

Samples were predominantly collected from participants’ upper arms and forearms. 

These sites were selected purposely to limit the variation from sampling different sites 

on the body. Other sampling sites, introduced following participation in the paintball 

game, included the thigh, the shin, the side of the rib cage and the shoulder blade. 

Table 6 provides more information regarding where on the body samples were 

collected from for each of the studies undertaken. 

DIGE study  

1 - 7 All unbruised ISF samples collected from left forearm.  
All bruise ISF samples collected from left bicep.  

Photography study  
8 - 18 No ISF samples collected. 
Paintball study  
19 Bruise ISF sample collected from right upper arm 
20 Bruise ISF sample collected from left upper arm 
21 Bruise ISF sample collected from right bicep 
22 Bruise ISF sample collected from left thigh 

 Bruise ISF sample collected from right bicep 
23 Bruise ISF sample collected from left thigh 

 Bruise ISF sample collected from left shin 
24 Bruise ISF sample collected from right triceps 
25 Bruise ISF sample collected from left thigh 
26 Bruise ISF sample collected from the side of the lower left leg  
27 Bruise ISF sample collected from the bottom of the inner left thigh 
28 Bruise ISF sample collected from left bicep 
29 Bruise ISF sample collected from left thigh 

 Bruise ISF sample collected from right bicep 
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 Bruise ISF sample collected from right thigh 

 Bruise ISF sample collected from right triceps 
30 Bruise ISF sample collected from right bicep 
31 Bruise ISF sample collected from right thigh 
32 Bruise ISF sample collected from left triceps 
33 Bruise ISF sample collected from right triceps 
34 Bruise ISF sample collected from left thigh 

 Unbruised ISF sample collected from right forearm 

 Unbruised ISF sample collected from right forearm 

 Unbruised ISF sample collected from right forearm 
35 Bruise ISF sample collected from left side of the rib cage 
36 Bruise ISF sample collected from bottom of the inner left thigh 
37 Bruise ISF sample collected from left shoulder blade 
38 Bruise ISF sample collected from left bicep 
39 Bruise ISF sample collected from right inner thigh 
40 Bruise ISF sample collected from left shoulder blade 

Blind testing study  

41 - 47 Bruise ISF samples collected from left bicep; except for participant 43, bruise ISF sample was collected from right bicep. 
Nanotrap® ESP Particles study  
 Unbruised ISF samples collected from left forearm (x3) and right forearm (x3). 
 

TRIZOL® treatment study 
48 Unbruised ISF sample collected from right forearm. 
49 Unbruised ISF sample collected from right forearm. 
 Unbruised ISF sample collected from left forearm. 

Microscopic study  

 Unbruised sample collected from left forearm 
50 Unbruised sample collected from left forearm 

Table 6 Sampling sites. The location on the body from which unbruised and bruised ISF 
samples were collected are recorded. Participants with no number indicate 
individuals who were previously accounted for as they had taken part in more than 
one study.  

3.4. DYE SWAPPING TO REDUCE CYDYE BIAS 

CyDyes allow multiple samples to be separated on the same gel, exposing different 

samples to exactly the same conditions in the gel and in the separation run and 

therefore resulting in exactly superimposed protein patterns on a gel. 



Part Three | Experimental design 
 

79 | Page 

In an attempt to reduce any dye-bias and to balance the variation introduced by 

running multiple gels, samples collected from the same individuals, as well as 

samples representing the same time points were evenly distributed over the total 

number of gels.  

To achieve this, samples collected from the same person as well as samples 

representing the same time point were loaded onto different strips. In addition, Cy3- 

and Cy5-labelling were evenly distributed across all of the samples collected from 

each participant at each time point. Half of the samples from each participant, as well 

as half of the samples collected at each time point, were therefore evenly labelled with 

Cy3 and Cy5 (Table 7). 

 

Strip 
No. Cy5 Cy3 Cy2 

1 Participant 1 - Unbruised Participant 3 - BD1 

Equal mixture 
of all of the 
samples tested 

2 Participant 5 - BD6 Participant 2 - Unbruised 

3 Participant 4 - BD1 Participant 5 - BD11 

4 Participant 6 - BD11 Participant 1 - BD6 

5 Participant 3 - Unbruised Participant 1 - BD11 

6 Participant 6 - BD1 Participant 4 - Unbruised 

7 Participant 4 - BD6 Participant 2 - BD1 

8 Participant 2 - BD11 Participant 6 - BD6 

9 Participant 5 - Unbruised Participant 3 - BD6 

10 Participant 3 - BD11 Participant 6 - Unbruised 

11 Participant 2 - BD6 Participant 5 - BD1 

12 Participant 1 - BD1 Participant 4 - BD11 

Table 7 CyDye-bias design. In order to reduce the effect of dye bias as well as variability 
introduced from running a large number of gels, samples collected from the same 
participant and samples representing the same time point were loaded onto different 
strips. In addition, labelling with Cy3 and Cy5 was evenly distributed across samples 
collected from each participant and samples collected at each time point. Control 
represents ISF samples collected from unbruised skin. BD indicates bruise day. 
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ISF samples collected from living individuals at sites of unbruised skin as well as 

from bruised skin were investigated using proteomic techniques.  

Technical developments in the field of proteomics are enabling the analysis of 

increasingly complex biological samples. This has led to the identification of disease 

specific protein biomarkers which help clinicians to provide earlier diagnoses (Cortesi 

et al., 2011; Gromov et al., 2010; Magistroni et al., 2011; Stone et al., 2010). The 

analysis of ISF from bruised skin using these techniques is of value as it could provide 

insight into the proteins being expressed specifically at the site of bruising.  

Information on protein recovery from ISF using the SonoPrep® system in combination 

with the pulsed vacuum ISF collection device is scarce (Lecomte et al., 2013). The 

concentrations of protein recovered using this system were investigated to further our 

understanding of the efficiency of this system for the recovery of protein from skin. 

DIGE was then employed to investigate changes in the patterns of expression of 

solubilised proteins present in bruised skin in response to a standardised injury 

inflicted with the weight drop mechanism. Protein expression in bruised skin was 

compared to those found in ISF collected from unbruised skin. In addition, analysis of 

samples collected from bruised skin over time, as the injury evolved, were also 

investigated. Proteins that displayed significant changes in expression from bruised to 

unbruised skin, as well as over time as the bruise healed, were identified by LC-MS. 

Validation studies of the proteins selected as potential biomarkers were performed 

using western blots. 

 Comparing the proteome of bruised skin with that of healthy skin, and in particular of 

those proteins whose levels of expression were found to change significantly as a 
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result of the bruising event, could allow for the identification of potential markers 

capable of determining the age of a bruise in living individuals. 

4.1.1. PROTEIN RECOVERY FROM ISF 

All ISF samples were collected with the SonoPrep® system in combination with a 

pulsed vacuum ISF collection device. As previously described (section 2.1, pages 44), 

six ISF fractions, labelled A – F, were collected over the course of a sampling event. 

The protein content of each of these fractions was determined using the Bradford 

assay. The six fractions were then pooled and analysed as one. The protein 

concentrations, averaged across the six fractions, are presented for each ISF sample.  

The average protein concentrations recovered from all of the ISF samples analysed 

throughout this work are discussed. 

Average protein concentrations from ISF samples collected from all of the individuals 

who took part in this work (n = 64) ranged from 0.066 µg/µL to 1.173 µg/µL (mean 

0.471 µg/µL) (Table 8). Analysis of these quantitation results using multiple 

regression analysis indicated that no significant variation was observed in the 

concentration of proteins collected across all of the participants (p = 0.14). 
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Table 8  Protein concentrations of all of the ISF samples analysed. Results are split across the 
three studies in which ISF samples were quantitated: the DIGE, paintball and blind 
studies. P indicates participant; C indicates ISF samples collected from unbruised skin; 
BD indicates bruise day, followed by the age of the bruise, in days, at the time of 
sampling. The age of the bruise was unknown for samples collected in the blind study; 
these were denoted with an X. 
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In general, the levels of protein recovered from ISF were low compared to other 

commonly studied biological fluids, such as plasma (Laub, Baurin, Timmerman, 

Branckaert, & Strengers, 2010). This was not unexpected as other groups undertaking 

work with ISF also reported low protein recovery (Gill et al., 2011). In addition to 

these reports confirming the low rates of protein recovery when working with ISF, the 

use of the SonoPrep® system in combination with the pulsed vacuum ISF collection 

device to collect ISF and recover protein from underneath the surface of the skin 

could also have contributed to the relatively low concentrations of proteins recovered. 

Factors such as the sex of the participant, the anatomical location of sampling, the use 

of medication at the time of sampling and whether or not physical damage, such as 

bruising, was present at the sampling site, could all have affected the efficiency of 

protein recovery using this technique. 

When comparing protein recovery from male and female participants, it is important 

to note that the majority of the participants were female (53 participants) with only 11 

male participants. The average protein recovery from female participants was 

0.505 µg/µL, while the average protein concentration recovered in males was 

0.307 µg/µL. Using multiple regression analysis, gender was found to have a 

significant effect on protein recovery (p = 0.02). Increased protein recovery in females 

could be due to the differences in anatomy and tissue composition at the site of 

sampling between males and females. A more representative view of this trend could 

be achieved if a greater number of participants, more equally distributed across both 

males and females, were tested. 

Using multiple regression analysis, the location on the body from which samples were 

collected was found to have a significant effect on protein recovery (p = 0.0006). Of 
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the total 64 samples, the majority (n = 40) were collected from the upper arm of 

participants. This included samples collected from the bicep and tricep muscles and 

from any anatomical region above the elbow and below the shoulder. The average 

protein concentration recovered from these samples was 0.549 µg/µL. The next most 

frequently sampled anatomical sites were the upper leg (n = 10) and the lower arm 

(n = 9). Samples from the upper leg area were collected from the front of the inner 

and outer thigh. Samples collected from the lower arm were all taken from the inner 

forearm, halfway between the wrist and the elbow. The average protein concentrations 

recovered from samples collected in these regions were 0.182 µg/µL and 

0.524 µg/µL, respectively. Finally, a smaller number of samples were collected from 

the lower leg area, on the shin (n = 2), and from other areas of the body (n = 3). Other 

areas comprised two samples collected from the shoulder blade and one from the side 

of the rib cage. Average protein concentrations recovered from samples collected 

from the lower leg were 0.120 µg/µL. The protein concentrations collected from the 

other areas of the body averaged 0.464 µg/µL. 

Protein concentrations from samples collected at the same sites as those tested in this 

work, as well as from other areas of the body, not tested in this work, would need to 

be investigated. This would allow the determination of whether or not the sampling 

site on the body has an effect on protein recovery using the SonoPrep® system and the 

pulsed vacuum ISF collection device. Nevertheless, this preliminary study reveals that 

sampling ISF from the upper and lower arm, as well as from the shoulder blades and 

the rib cage resulted in significantly higher protein recovery (average protein 

concentration 0.540 µg/µL, p = 0.0006) than samples collected from the upper and 

lower legs (average protein concentration 0.172 µg/µL). Variation in tissue 
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compositions at these sites could be responsible for the observed differences in 

protein recovery.  

As shown in Table 5 of the experimental design chapter (section 3.2, pages 73 – 77), 

participants were surveyed prior to sampling for medication use, specifically 

analgesics, and family history of diseases which could affect clotting or bleeding. 

None of the participants had taken any analgesics immediately prior to the sampling 

of ISF. Of the 64 participants sampled, 9 were on medication at the time they were 

sampled for ISF. The types of medication included iron supplements, corticosteroids, 

androgen antagonists, anti-depressants, asthma medication, hypertension medication, 

thyroid hormone, anti-convulsants and anti-histamines. Finally, only one participant 

was aware of having a heterozygous mutation of factor V Leiden.  

Average protein concentrations recovered from all of the participants who were on 

medication at the time of sampling was 0.557 µg/µL, compared to 0.457 µg/µL 

collected from participants who were not on medication at the time the studies were 

undertaken. Results will be skewed by the small number of samples collected from 

individuals who had taken medication in comparison to those who had not, however, 

analysis of these preliminary results with multiple regression analysis suggests that 

sampling ISF from the skin of participants on medication did not have a significant 

effect on protein recovery (p = 0.27).  

The protein concentration recovered from the participant with a heterozygous 

mutation at the factor V Leiden was 1.173 µg/µL. Compared to all other ISF samples, 

this ISF sample had the highest protein concentration. A heterozygous mutation in 

factor V Leiden has implications into how the blood clots. Factor V Leiden is 

responsible for inactivating factor V in the clotting cascade. The lack of inhibition 
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when the mutation is present results in the overproduction of thrombin and the 

excessive production of fibrin, resulting in excessive clotting (Ornstein & Cushman, 

2003). Whether or not this mutation has an effect on the increased recovery of 

proteins in ISF is currently unknown. 

Care must be taken when comparing protein recovery in ISF samples collected from 

bruised skin with those collected from unbruised skin, as more samples were collected 

from bruised skin. A better understanding of the impact of bruising on the recovery of 

protein in ISF would be achieved by examining larger and more equal numbers, of 

both types of samples.  

In the DIGE experiment, the area of skin where the bruise was inflicted was sampled 

three times. The protein concentrations from the second and third sampling events 

were excluded from the comparison analysis of quantitation results between bruised 

and unbruised skin to remove the effect that repeatedly sampling the same area of skin 

could have on protein recovery. 

Of the 52 samples collected, 9 were taken from unbruised skin. The remaining 43 

samples were collected from bruised skin. In all cases, samples were collected from 

an area of skin that had not been previously sampled. The average protein 

concentration recovered from unbruised skin was 0.524 µg/µL, while 0.449 µg/µL of 

protein was collected from samples taken from bruised skin. The presence of a bruise 

on the skin at the sampling site did not have a significant influence on protein 

recovery (p = 0.46). 

The DIGE experiment allowed for the investigation into whether or not repeatedly 

sampling from the same area of skin had an effect on protein recovery.  
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Overall, protein recovery from participants who took part in the DIGE study ranged 

from 0.302 µg/µL to 1.033 µg/µL (mean 0.599 µg/µL) (Table 8, page 85). Each 

participant was sampled on four separate occasions; one sample was collected from a 

site of unbruised skin. A bruise was then induced with the weight drop mechanism 

and three ISF samples were collected from the same site of bruised skin on days 1, 6 

and 11 following the induction of the bruise on day 0. The range of protein 

concentrations recovered from the participants who took part in the DIGE study is 

illustrated in Figure 6.  

Taking into account the different types of samples collected from each individual (a 

sample from unbruised skin, a sample from bruised skin at a previously unsampled 

site and two samples from bruised skin at a previously sampled site), it is not 

surprising to find variation in the range of protein concentrations recovered across the 

different participants (p = 0.09) as well as within the samples collected from one 

individual (p = 0.04). A closed circle is used to denote the samples collected from 

unbruised skin; the pattern of which visually reinforces this variation. 
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Figure 6 Inter- and intra-individual variation in protein concentrations recovered from 

participants who took part in the DIGE study. ISF samples were collected from 
six female participants. Four samples were collected, one from unbruised skin (closed 
circles) and three from the same site of bruised skin on days 1, 6 and 11 following the 
bruising event on day 0 (open circles). Protein concentrations, determined with the 
Bradford assay, illustrate the variation in protein recovery across the different 
participants. 

Excluding the quantitation results from samples collected from unbruised skin, shifts 

the focus of the analysis to the ISF samples collected from the same area of bruised 

skin and removes the variable of whether skin is injured or not. The concentrations of 

proteins recovered from bruised skin ranged from 0.302 µg/µL to 1.033 µg/µL (mean 

0.601 µg/µL). An average protein concentration of 0.788 µg/µL was recovered from 

all of the participants who took part in the DIGE study at bruise day 1, while average 

protein concentrations of 0.529 µg/µL and 0.486 µg/µL were collected from all of the 

participants on bruise day 6 and 11, respectively. When taking into account the order 

in which these samples were collected, it was found that the concentration of protein 

recovered within the same individual decreased significantly over the course of the 

three sampling events (p = 0.003) (Figure 7). When comparing protein concentrations 

recovered from samples collected on bruise day 1 with those collected from the 

bruised skin on later days, a significant decrease in protein recovery was noted in 

samples collected at bruise day 6 (p = 0.008) as well as in those collected at bruise 
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day 11 (p = 0.007). However, when comparing samples collected at bruise day 6 with 

those collected at bruise day 11, no significant variation in the levels of protein 

recovered was noted (p = 0.63).  

 
Figure 7 Effect of repeated sampling on protein concentration in DIGE participants. ISF 

samples collected from the same area of bruised skin and quantified using the 
Bradford assay illustrate the reduction in protein recovered on bruise days 6 and 11 
compared to those found in samples collected on bruise day 1. Open circles indicate 
the concentration of proteins recovered from each participant at the given time point. 
Closed squares indicate the average protein concentration recovered from all samples 
collected at that time point. 

The results suggest that the SonoPrep® system and the pulsed vacuum ISF collection 

device may lead to lower concentrations of protein being recovered when used to 

repeatedly sample the same site of skin. The results presented here were taken from 

samples collected from bruised skin; repeatedly sampling the same site of unbruised 

skin may further assist in the interpretation of these results. 

The range of protein concentration recovered from individuals who took part in the 

paintball study was between 0.066 µg/µL and 0.711 µg/µL (mean 0.311 µg/µL) 

(Table 8, page 85, and Figure 8 below). ISF samples from unbruised skin were 

collected from three individuals who did not participate in the paintball game. 

Samples collected from unbruised skin will be shown to have been collected on day 0. 
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Following the paintball game, ISF samples were collected from any area of bruised 

skin from 27 different individuals. On each day following the paintball game, three 

ISF samples were collected from a site of bruised skin from three separate individuals; 

each participant being sampled on one occasion. Samples were collected from day 1 

to day 6, and day 9 to day 11 inclusive, following the paintball game on day 0. 

Compared to the DIGE and blind studies, the lowest concentrations of protein were 

recovered from the paintball study. Nevertheless, these low concentrations remained 

constant across all of the individuals who had taken part in the paintball game, with 

little inter-variability (p = 0.13). Unlike the DIGE study, none of the participants were 

sampled on more than one occasion, intra-variability was therefore not calculated. 

When taking the age of the bruise at the time of sampling into consideration, it was 

not found to have a significant impact on the levels of protein recovered (p = 0.15). 

 
Figure 8 Inter-individual variation in protein concentrations recovered from participants 

who took part in the paintball study. ISF samples were collected from 30 
participants. Three samples were collected from a site of unbruised skin from three 
separate individuals (one sample per individual) on day 0. Three ISF samples were 
collected from bruised skin from three separate participants (one sample per 
individual) on each day following the paintball game, except days 7 and 8. Protein 
concentrations, determined with the Bradford assay, illustrate the variation in protein 
recovery across the different participants. Open circles indicate the concentration of 
proteins recovered from each of the participants at the given time point.  
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Protein concentrations of the samples collected for the blind testing study ranged from 

0.296 µg/µL to 1.173 µg/µL (mean 0.640 µg/µL) (Table 8, page 85, and Figure 9 

below). One ISF sample, taken from each of the participants, was collected from 

bruised skin following bruise infliction with the weight mechanism. As in the DIGE 

and paintball studies, it was arranged for the samples to be collected within a period 

of 11 days from the time the bruises were inflicted. The principal researcher was 

unaware of the age of the bruise at the time of sample collection. Although some 

variation in the levels of protein recovery from the blind samples can be seen across 

the different participants, protein concentrations showed no significant inter-

variability (p = 0.29). 

 
Figure 9 Inter-individual variation in protein concentrations recovered from participants 

who took part in the blind study. ISF samples were collected from 10 participants 
(one sample per individual). Samples were collected over the course of 11 days. The 
principal researcher was unaware of the age of the bruises at the time of sampling. 
Open circles indicate the concentration of proteins recovered from the bruised skin of 
each participant at the given time point.  
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4.1.2. DIGE ANALYSIS OF ISF FOR THE IDENTIFICATION OF 

POTENTIAL PROTEIN BIOMARKERS FOR DETERMINING THE 

AGE OF HUMAN BRUISES 

Proteins in the ISF samples collected from six female participants who took part in the 

DIGE study (n = 24) were analysed for the presence of significant changes (p-

values > 0.5; fold change > 1.5) in protein expression in samples collected from 

bruised skin compared to samples collected from unbruised skin. In addition, the ISF 

samples collected from bruised skin on days 1, 6 and 11 following the induction of the 

bruise on day 0 allowed the patterns of protein expression to be investigated over 

time. A sample of ISF was collected from unbruised skin on the left forearm of each 

participant. Bruises were induced on the left bicep with the weight drop mechanism 

on day 0. Photographs of the resulting bruises were taken immediately prior to sample 

collection (reported in section 4.2.1, pages 120 – 121) with ISF samples collected 

from bruised skin on days 1, 6 and 11. 

Samples were labelled with CyDyes as previously described (section 2.13, page 56 – 

59). Following protein separation, the gels were scanned and gel images acquired. A 

complete set of all of the gel images collected can be seen in Appendix E (pages 235 – 

237). The protein spot patterns were analysed using the Delta2D software, version 

4.3.2.  The internal standard images, labelled with Cy2, were warped against one 

another in order to eliminate the positional fluctuations in protein spots introduced 

from the different gel separation runs (Berth et al., 2007). Upon warping all of the gel 

images, these were combined into one fusion image, representing a master image of 

all of the proteins present in the experiment. 
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The density of all of the protein spots identified in the fused image were normalised 

with respect to the internal standards. The Wilcoxon-Mann-Whitney test (Mann & 

Whitney, 1947) and the Kruskal-Wallis test (Kruskal & Wallis, 1952) were used to 

investigate changes in pixel density in the protein spots across all of the samples 

investigated; the p-values were set at 0.5.  

The statistical analysis, provided by the Delta2D software, revealed 18 protein spots 

whose normalised volume changed significantly (fold change > 1.5) when comparing 

ISF samples collected from bruised skin to samples collected from unbruised skin. In 

addition, the expression profiles of the 18 protein spots were found to change 

significantly over the 11 days the bruises were analysed (Table 9). These spots were 

picked from the gels, digested with trypsin, and identified using LC-MS (Table 10). 
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Table 9 Protein fold change. A heat map showing the changes in expression levels of the 18 

proteins that were identified as being differentially expressed when comparing ISF 
samples collected from bruised skin with those collected from unbruised skin. 
Expression of the 18 proteins was also found to change significantly over time as the 
bruise healed. Protein spots are represented with numbers (1 – 18); BD represents 
bruise day indicating when samples were collected. The gene and protein description 
were obtained as a result of the LC-MS analysis. 
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Table 10 Protein spots displaying significant change in expression when comparing ISF 
samples collected from bruised skin with those collected from unbruised skin. 
Protein spots are represented with numbers (1 – 18). Details regarding the identity 
and nature of the proteins as well as the number of unique peptide matches obtained 
and the percentage of sequence coverage were obtained following the identification 
of proteins with LC-MS. 
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Following LC-MS identification of the proteins whose expression changed 

significantly between unbruised and bruised ISF, 10 spots were identified as multiple 

isoforms of four proteins. The changes in expression levels of each isoform indicated 

that they could be potential biomarkers for determining the age of a bruise in living 

individuals. The four protein markers selected for further investigation were alpha-2-

macroglobulin (A2M), protein spots 1 – 4; hemopexin (Hpx), protein spot 5; 

haptoglobin (Hap), protein spots 6 and 7; and apolipoprotein A-1 (Apo A1), protein 

spots 8 – 10 (Figure 10). 

 
Figure 10 Significant protein spots selected as candidate biomarkers for bruising. A 

representative CyDye-labelled two-dimensional gel (n = 12) with protein spots (1 - 
10) identified as having significantly different expression levels between unbruised 
and bruised ISF. 
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The remaining eight spots were removed from the final analysis. Of these, seven were 

identified as albumin precursor fragments, and one as a light chain immunoglobulin 

protein. The high abundance of both of these proteins in ISF is well documented, 

therefore reducing their strength as a candidate marker (Ahn & Simpson, 2007; 

Anderson & Anderson, 2002; Celis et al., 2004; Kool et al., 2007). In addition, 

judging from the position on the gel from where the albumin spots were excised, it 

appeared that these were also degraded fragments of the protein identified (Figure 11).  

 
Figure 11  Protein spots removed from analysis. A representative CyDye-labelled two-

dimensional gel (n = 12) with protein spots (11 – 18) identified as having 
significantly different expression levels between unbruised and bruised ISF but that 
were excluded from further analysis after having been identified as albumin and a 
light chain immunoglobulin. These were excluded based on the known abundance of 
these proteins and their location on the gel. The red circle indicates the area where 
albumin is expected to be found. 
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Due to its high abundance, it was initially envisaged that albumin would be used as a 

positive control for the DIGE analysis, and as a loading control for the western blot 

validation. However, as demonstrated by the LC-MS analysis, the albumin spots 

identified were detected at significantly different amounts over the 11 days the bruises 

were analysed. It was therefore decided not to use albumin as a control protein for 

either of these analyses. 

A second analysis of the gel data was performed to identify proteins whose expression 

levels were not significantly affected by the presence of a bruise in the skin, or, the 

evolution of the injury over time. Nine protein spots were identified (Figure 12), of 

which three were identified as transferrin (TF); protein spots 22 – 24. Other identified 

proteins included albumin precursor, immunoglobulins, fibrinogen, complement 3 and 

serine proteinase inhibitor (Table 11). TF was chosen as the control protein for 

subsequent analyses.  

Some albumin and immunoglobulin spots had been previously identified as having 

significantly different expression profiles between unbruised and bruised skin. The 

identification of both of these proteins again in this second analysis, which targeted 

protein spots whose expression were not significantly altered between unbruised and 

bruised ISF, confirms the decision of excluding these proteins as potential markers for 

bruising in living individuals.  
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Figure 12  Protein spots identified in the search for a loading control, including 
Transferrin (TF). A representative CyDye-labelled two-dimensional gel (n = 12) 
with protein spots (19 – 27) that were identified as not showing significantly different 
expression levels between unbruised and bruised ISF. A label for the spots identified 
as TF is presented in the figure; identification of all of the other spots is shown in 
Table 11.  
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Table 11  Protein spots displaying no significant change in protein expression when 
comparing ISF samples collected from bruised skin with those collected from 
unbruised skin. Protein spots are represented as with numbers (19 – 27). Details 
regarding the identity and nature of the proteins as well as the number of unique 
peptide matches obtained and the percentage of sequence coverage were obtained 
following the identification of the proteins with LC-MS.   
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As illustrated in the table of identified peptides (Table 10), as well as on the gel image 

of significant spots (Figure 10), more than one protein isoform was identified for each 

of the candidate protein markers. Four protein isoforms were identified as A2M 

(protein spots 1 – 4). Only one protein isoform was identified as Hpx (protein spot 5). 

Two protein isoforms were identified as Hap (protein spots 6 and 7) and three protein 

isoforms were identified for both Apo A1 (protein spots 8 – 10) and TF (protein spots 

22 – 24). The normalised protein spot volume collected from all of the participants at 

the different time points was plotted for each of the protein isoforms identified 

(coloured circles). In addition, the average protein spot density for each of the protein 

isoforms was plotted at each time point (Figures 13 – 17).  

Changes in the normalised protein spot volume for all of the protein isoforms 

identified in ISF samples collected from unbruised skin compared to samples collected 

from bruised skin over time are presented in Appendix F. 
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Figure 13 Changes in levels of A2M isoforms over time in unbruised and bruised ISF. ISF 

samples were collected from six female participants on four separate occasions (days 
0, 1, 6 and 11). ISF collected on day 0 was sampled from unbruised skin; all other 
samples were collected from bruised skin. The circles represent the protein spot 
density recovered from each participant at the given time point. The average protein 
spot density across all of the participants is also plotted across the different time 
points investigated. A dashed line is used to connect day 1 to day 6 and day 6 to 
day 11 as no samples were collected in between these time points. 

The four isoforms identified as A2M followed the same general trend over the course 

of the 11 days the bruises were investigated. Compared to unbruised ISF, an increase 

in the normalised spot volume of A2M was initially recorded at bruise day 1. This was 

followed by a gradual decrease in samples collected at bruise day 6 and bruise day 11. 

However, the spread of the results observed in samples collected from unbruised skin 

as well as those taken at bruise day 1 and bruise day 6 make it difficult to tell whether 

the general observed trend is in fact accurate. The most significant, and similar result, 

seen across all of the participants is the tight decrease observed at bruise day 11.   
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Figure 14 Changes in levels of Hpx isoforms over time in unbruised and bruised ISF. ISF 

samples were collected from six female participants on four separate occasions (days 
0, 1, 6 and 11). ISF collected on day 0 was sampled from unbruised skin; all other 
samples were collected from bruised skin. The circles represent the protein spot 
density recovered from each participant at the given time point. The average protein 
spot density across all of the participants is also plotted across the different time 
points investigated. A dashed line is used to connect day 1 to day 6 and day 6 to 
day 11 as no samples were collected in between these time points. 

Only one protein isoform was identified as Hpx. Throughout the 11 days investigated, 

no increase was recorded in the average normalised spot volume for Hpx. A decrease 

was observed in ISF collected from unbruised skin compared to all subsequent 

samples collected from bruised skin. Again the data for samples collected from 

unbruised skin as well as at bruise day 1 and 6, are spread out making it difficult to tell 

how accurate this trend is for these time points. The most significant, and comparable 

result, remains the decrease seen at bruise day 11 across all participants. 
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Figure 15 Changes in levels of Hap isoforms over time in unbruised and bruised ISF. ISF 

samples were collected from six female participants on four separate occasions (days 
0, 1, 6 and 11). ISF collected on day 0 was sampled from unbruised skin; all other 
samples were collected from bruised skin. The circles represent the protein spot 
density recovered from each participant at the given time point. The average protein 
spot density across all of the participants is also plotted across the different time 
points investigated. A dashed line is used to connect day 1 to day 6 and day 6 to 
day 11 as no samples were collected in between these time points. 

Two isoforms were identified as Hap. In both cases, a decrease in the average 

normalised spots volumes was recorded when comparing ISF collected from 

unbruised skin with that collected at bruise day 1. This was followed by a marked 

decreased observed at bruise day 6 and a slight increase in samples collected at bruise 

day 11. The results collected from unbruised skin, as well as at bruise day 1, remain 

quite spread out making it difficult to know whether the trend attributed over time is 

accurate. However, in the case of Hap, the data collected at bruise day 6 and at bruise 

day 11 is tight and therefore suggestive of the average normalised spot volume 

reaching a low at bruise day 6 and starting to increase again at bruise day 11. 
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Figure 16 Changes in levels of Apo A1 isoforms over time in unbruised and bruised ISF. 
ISF samples were collected from six female participants on four separate occasions 
(days 0, 1, 6 and 11). ISF collected on day 0 was sampled from unbruised skin; all 
other samples were collected from bruised skin. The circles represent the protein spot 
density recovered from each participant at the given time point. The average protein 
spot density across all of the participants is also plotted across the different time 
points investigated. A dashed line is used to connect day 1 to day 6 and day 6 to 
day 11 as no samples were collected in between these time points. 

Although a similar trend in the average normalised spot volumes was observed for the 

three isoforms identified as Apo A1, Apo A1 spot 10 was found to be more than twice 

as abundant compared to the other Apo A1 protein isoforms.  A slight increase was 

observed in the average normalised spot volumes recorded from ISF samples collected 

at bruise day 1 compared to samples collected from unbruised skin. In all three 

isoforms, the normalised spot volumes decreased slightly in samples collected at 

bruise day 6. Apo A1 spot 8 was the only isoform for which a further decrease was 



Part Four | Results 
Chapter One | Identifying protein biomarkers in bruised skin 

 

108 | Page 

noted in average normalised spot volume at bruise day 11. An increase in average 

normalised spot volume was observed for both Apo A1 spot 9 and Apo A1 spot 10.  

 

Figure 17 Changes in levels of TF isoforms over time in unbruised and bruised ISF. ISF 
samples were collected from six female participants on four separate occasions (days 
0, 1, 6 and 11). ISF collected on day 0 was sampled from unbruised skin; all other 
samples were collected from bruised skin. The circles represent the protein spot 
density recovered from each participant at the given time point. The average protein 
spot density across all of the participants is also plotted across the different time 
points investigated. A dashed line is used to connect day 1 to day 6 and day 6 to 
day 11 as no samples were collected in between these time points. 

The average normalised spot volumes for all three protein isoforms identified as TF 

increased when comparing ISF collected from unbruised skin with samples collected 

at bruise day 1. The normalised spot volumes then remained relatively linear across 

the three days samples collected from bruised skin.  

To better represent the changes in expression seen across all of the protein markers, 

the average normalised spot volumes for all of the isoforms identified for each of the 

proteins of interest were plotted together. As the different proteins displayed various 
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ranges of average normalised spot volumes, the average normalised spot volumes 

recovered from unbruised skin were normalised to 1.0. The ratios of the average 

normalised spot volumes recorded from ISF collected from bruised skin were 

compared to those recovered from unbruised skin (Figure 18). With the exception of 

TF that remains relatively constant, a general decreasing trend can be observed in the 

expression of A2M, Hpx, Hap and Apo A1 over the 11 days the experiment was 

carried out, with Hap demonstrating the greatest decrease in expression at day 6, and 

A2M and Hpx at day 11.  

 
Figure 18 Changes in the levels of protein expression over time in unbruised and bruised 

ISF for A2M, Hpx, Hap, Apo A1 and TF. Four proteins whose expression levels 
changed significantly between unbruised and bruised ISF (A2M, Hpx, Hap, and Apo 
A1) and one control protein whose expression remained unaffected by the bruising 
event (TF) were identified with LC-MS. The graph shows the average ratio of change 
from each bruise time points (bruise day 1, 6 and 11) compared to unbruised ISF. 
Dashed lines are used to connect day 1 to day 6 and day 6 to day 11 as no samples 
were collected in between these time points. 
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4.1.3. WESTERN BLOTS  

Western blots were performed to validate the changes in protein expression observed 

in the DIGE study. Westerns provide an alternative method of measuring the presence 

of each of the markers independently as part of a whole ISF sample. 

Commercial antibodies raised against whole proteins for A2M, Hpx, Hap, Apo A1 and 

TF were probed against the unbruised and bruised ISF samples remaining after the 

DIGE study. 

Westerns were used as a comparative tool. When using this technique in this way, it is 

important that the same total amount of protein from all of the different samples 

analysed is loaded into each well at the protein separation step of the process 

(Welinder & Ekblad, 2011). The level of expression of TF, which was shown not to 

change significantly in the presence of a bruise and over the days the bruises were 

analysed, was expected to be relatively constant across all of the samples analysed. Its 

consistent presence is important as it allows potential differences in the amounts of 

protein loaded onto the gels to be identified. The loading control also allows for data 

from the contour band density analysis to be compared and to confirm that a change in 

band density is due to more, or less, protein of interest being present in a particular 

sample and not to differences in how much total protein was initially loaded onto the 

gel.  

Three samples were unavailable for western analysis due to too little solubilised 

protein remaining after the DIGE study. The following samples could therefore not be 

validated: participant 1 at bruise day 11, unbruised ISF from participant 3 and 
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participant 4 at bruise day 11. The lanes where these samples should have been 

present are marked with an X in the following figures.  

The manufacturer from whom the antibodies were purchased provides the following 

molecular weights for the proteins investigated: A2M: 163 kDa, Hpx: 80 – 85 kDa, 

Hap: 45 kDa, Apo A1: 31 kDa and TF: 77 kDa. Blots from samples collected from all 

of the participants showed distinct bands corresponding to the correct molecular 

weight for Hpx (Figure 19), Apo A1 (Figure 20) and TF (Figure 21). A2M was not 

detected in any of the participants’ samples and bands for Hap were only detected in 

the optimisation experiments leading up to the validation study (data not shown). No 

bands were detected for Hap when the validation study was performed. The 

methodology for these antibodies needs further optimisation, and possibly purchasing 

of different antibodies against the markers to enable the validation of these markers 

with westerns. 

The developed film was scanned using the Typhoon™ scanner and images saved as 

16-bit TIFF files. ImageJ was used to calculate the contour density band for all bands 

detected and the results presented as bar charts (Figures 19 – 21). For each participant, 

the band with the highest density was normalised to 1.0. The ratios of the fainter bands 

were then calculated against the band with the greatest density.  
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Figure 19 Hpx western blot. ISF samples were collected from six female participants on four 
separate occasions. One control ISF sample (C) and three samples collected from 
bruised skin on bruise days 1 (BD1), 6 (BD6) and 11 (BD11). Due to limited sample, 
analysis could not be performed on samples from participant 1 at BD11, participant 3 
control and participant 4 at BD11. These lanes are marked with X. L: Invitrogen 
SeeBlue® Plus 2 standard. 

Unlike the results from the DIGE study where the protein expression of Hpx was seen 

to sequentially decrease in samples collected from bruised skin compared to that 

collected from unbruised skin, an increase in the band density of Hpx was seen at 

bruise day 1 compared to unbruised ISF. A gradual decline was then seen at bruise 

day 6 and bruise day 11. This trend was seen across all of the participants, except for 

participant 3 whose band with the highest density was seen at bruise day 6. The 
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missing results from ISF collected from unbruised skin for this participant may have 

affected this result. 

 

Figure 20 Apo A1 western blot. ISF samples were collected from six female participants on 
four separate occasions. One control ISF sample (C) and three samples collected from 
bruised skin on bruise days 1 (BD1), 6 (BD6) and 11 (BD11). Due to limited sample, 
analysis could not be performed on samples from participant 1 at BD11, participant 3 
control and participant 4 at BD11. These lanes are marked with X. L: Invitrogen 
SeeBlue® Plus 2 standard. 

The results from Apo A1 were found to be inconsistent across the six participants or 

with the results obtained from the DIGE study. In half of the participants (participants 

3, 4 and 5), an increase in band density was seen in samples collected at bruise day 1 

compared to unbruised skin, followed by a decrease at bruise day 6 and 11. It is likely 

that the missing results, one from unbruised ISF and the others at bruise day 11, have 
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an effect on the observed trends. The results from the remaining three participants are 

relatively linear, consistent with the trends seen across the Apo A1 isoforms in the 

DIGE study. 

 

Figure 21 TF western blot. ISF samples were collected from six female participants on four 
separate occasions. One control ISF sample (C) and three samples collected from 
bruised skin on bruise days 1 (BD1), 6 (BD6) and 11 (BD11). Due to limited sample, 
analysis could not be performed on samples from participant 1 at BD11, participant 3 
control and participant 4 at BD11. These lanes are marked with X. L: Invitrogen 
SeeBlue® Plus 2 standard. 

Compared to the DIGE results, the expression of TF observed in the western blots was 

not constant. The LC-MS analysis identified three isoforms of TF that were shown to 

be constant when comparing ISF from bruised skin with that from unbruised skin. 

However, TF is known to be part of a family of proteins (Lambert, Perri, & Meehan, 
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2005). The validation study, undertaken using whole ISF, could therefore have 

resulted in the binding of more TF proteins than the three protein isoforms identified 

with LC-MS. This could explain the lack of consistency in the expression of TF over 

the course of the bruising experiment.  

As previously mentioned the loading control was expected to remain constant across 

all of the samples, regardless of whether these were collected from unbruised or 

bruised skin. Due to the lack of consistency in the expression of TF, it is not possible 

to say with certainty whether the trends seen for Hpx and Apo A1 are due to changes 

in the expression of these proteins or to inconsistent loading of proteins on the gel. 

Due to insufficient solubilised protein remaining following the DIGE study and the 

validation with westerns, it was not possible to test for other potential loading 

controls. 
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Photographs allow for a visual record of injuries to be created. In turn, these could be 

used for evidential purposes to illustrate the injuries inflicted on a victim and, to 

provide an understanding of the degree of severity of an attack. For these to be of use, 

it is necessary for the photographs to accurately represent the visual aspect of the 

injury, providing confidence in the evidence provided for cases where physical abuse 

is suspected. 

Compared to the photographs of bruises taken prior to sampling for the DIGE study, 

the images created from the photography study were more reproducible, improving 

the visual reference of the bruises as seen through photographs. This illustrates the 

importance of having a reproducible photographic setup.  

Both the photographs from the DIGE and photography study illustrate the large 

biological variation in bruising response across living individuals. This is particularly 

relevant, considering that photographs captured in this body of work were taken from 

individuals who had been inflicted with the same injury using a standardised bruising 

technique. These images illustrate how, even with a controlled setup, photography is 

not sufficiently robust to be used on its own as a technique when estimating the age of 

a bruise and therefore determining when an injury was inflicted on a living individual.  

4.2.1. PHOTOGRAPHS OF BRUISES IN THE DIGE STUDY 

Photographs of all of the bruises investigated in the DIGE study were taken prior to 

sample collection. Photographs were taken with a Canon S90 digital high-end 

compact camera. Set on Manual mode, it was possible to adjust some (ISO speed 

(ISO-200) and aperture (f/8)) but not all of the settings (exposure time and focal 

length). Despite including a colour QP card and a scale (Figure 22) in all of the 
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photographs, inconsistencies, especially in lighting, were clearly visible across the 

images. These limitations not only hindered the visual representation of bruises from 

photographs taken from several individuals but also across the sets of photographs 

taken from the same person over several days.  

Illustrations of the photographs taken with this setup are shown in Figure 23.  

 
Figure 22 QPcards.  A grey scale QPcard (left) and a coloured QPcard (right) were included in 

all of the photographs as colour and scale references. 



Part Four | Results 
Chapter Two | Investigating photographs of bruises 

119 | Page 

 
Figure 23 Visual record of bruises from the DIGE study. 
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Figure 23 Visual record of bruises from the DIGE study. Bruises were induced on six female 
participants (A – F) in a controlled manner using the weight drop mechanism. 
Photographs were taken prior to sample collection on days 1, 6 and 11 following the 
bruising event on day 0. All photographs were taken with a Canon S90 digital high-
end compact camera with the following settings: ISO-200, f/8. Focal length and 
exposure time could not be fixed. A colour scale QP card and a scale were included 
in all photographs as references. Images were saved as image JPEG files. 

Although it is still possible to see the evolution of the bruise within each individual 

over time, the sets of photographs from the DIGE study clearly illustrate that the 

limitations of the photographic setup employed in this experiment resulted in 

photographs of comparatively poor quality. This would greatly reduce their usefulness 

as evidence in a court of law. 

Despite inconsistencies in lighting between the different photographs, these still allow 

the observer to note the progression in the appearance of the bruises over time; both 

across the different participants as well as within the sets of photographs recorded 
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from each individual. In addition, the variation in bruising response across the 

different participants is reinforced by the fact that the injuries were inflicted in a 

standardised manner, with the weight drop mechanism. Some participants developed 

large areas of bruising (participants A and F), with bruising still clearly visible on day 

11, compared to others (participants B – E) who displayed less bruising, only faintly 

visible by day 11. 

Due to the photographic inconsistencies introduced when using this setup, a more 

robust and consistent photographic setup was employed in later studies to allow for 

the capture of photographs that were more reproducible.  

4.2.2. PHOTOGRAPHS OF BRUISES IN THE PHOTOGRAPHY STUDY 

The main objective of the DIGE study was to collect ISF from unbruised and bruised 

skin for DIGE analysis. The biological variation in bruising response across different 

participants was noted when images were recorded prior to sampling.  

A photography study was then undertaken to investigate the extent of the biological 

variation in response to the same injury across different individuals. Standardised 

injuries were induced with the weight drop mechanism. A time series set of 

photographs of the resulting bruises were taken under controlled conditions, from 12 

participants on days 3, 5 and 7 following the bruising event on day 0 (Figure 24). 

Photographs were captured with a Nikon D90 digital SLR camera and a 40mm Micro 

AF-S DX lens. Unlike the setup employed in the DIGE study, this equipment allowed 

for all of the camera settings to be controlled, including ISO speed (ISO-200), 

aperture (f/16), exposure time (1/125th). In addition, soft and even illumination of the 

skin was provided with a Multiblitz Profilite 400 stobe unit, set at a constant quarter 
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of its full strength, with a softbox attachement. All photographs were recorded as 

RAW files and cropped from originals that included a greyscale QP card that was 

used to eliminate any colour cast and ensure consistency in exposure. 
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Figure 24 Visual records of bruises from the photography study. 
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Figure 24 Visual records of bruises from the photography study. 
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Figure 24 Visual record of bruises from the photography study. Bruises were induced on 12 
female participants (A – L) in a controlled manner using the weight drop mechanism. 
Photographs were taken on days 3, 5 and 7 following the bruising event on day 0. All 
photographs were taken with a Nikon D90 digital SLR camera and a Micro AF-S DX 
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lens with the following settings: ISO-200, f/16, exposure time: 1/125th seconds, 40 
mm focal length. Even lighting was provided with a Multiblitz Profilite 400 strobe 
unit with a softbox attachment. A grey scale QPcard and a scale were included in all 
photographs as references. Images were saved as image RAW files. 

When compared to the setup employed to record injuries in the DIGE study 

(Figure 23), the photographic setup employed in the photography study (Figure 24) 

had more consistent specifications, including lighting, producing images that are more 

reproducible. 

A qualitative measure of 20 representative photographs was undertaken to investigate 

consistency across different images (Appendix C). Each photograph was opened in 

Photoshop using the “As shot” white balance setting. A sample of approximately 

40,000 pixels near the centre of the mid-grey patch was selected. Variation across the 

different channels, obtained by measuring the red, green and blue channels 

independently, was 7 %. This provides an indication of the consistency in brightness 

across the different photographs. The relative standard deviation of the Red/Green or 

Blue/Green ratios was 1.4 %, suggesting consistency in white balance. Changes in 

brightness across different photographs would therefore introduce more variation than 

a change in manual white balance.  

Digital cameras contain device-dependent RGB colour coordinate systems (Galdino, 

Vogel, & Vander Kolk, 2001; Van Poucke, Vander Haeghen, Vissers, Meert, & 

Jorens, 2010; Vander Haeghen & Naeyaert, 2006; Vander Haeghen, Naeyaert, 

Lemahieu, & Philips, 2000; Wannous, Lucas, Treuillet, Mansouri, & Voisin, 2012; 

Wee, Lindsey, Kuo, & Johnston, 2006). Differences in these systems would result in 

two different photographs of the same object, or bruise. This is not crucial if 

photographs are being taken for documentation purposes (Van Poucke et al., 2010), as 

was the case in this body of work. However, if one were to attempt to set up a 
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reference system to record bruises on living individuals, it would be important to 

consider an approach for the acquisition of images with reference to a well defined 

colour space, as described for example by Vander Haeghen and colleagues (Vander 

Haeghen et al., 2000). 

Despite producing reproducible photographs, a high degree of biological variation and 

largely different visual responses were still seen in response to the same injury across 

all of the participants who took part in the photography study (Figure 24). Some of the 

volunteers displayed very little to no bruising (participants D, G, H, K and L), while 

others responded quite extremely, developing substantial bruising over large areas of 

skin (participants E, F and J).  

Bruises were induced on all of the participants on day 0; photographs of the resulting 

bruises were then taken on days 3, 5 and 7 following the bruising event. No visual 

record of the skin was taken prior to the bruising event or in the days immediately 

following the induction of the bruises. The days on which photographs were taken 

were chosen to better highlight the variation that would appear across the different 

volunteers. In addition, this would allow for later days in the development of a bruise 

to be investigated. More days, at both earlier and later times in the development of a 

bruise, would need to be documented to show the full extent of biological variation in 

bruising response across different individuals.  

Using the scale described in section 2.6 (pages 47 - 48) of the methodology chapter 

(Table 1), and reproduced below as an aid to the reader, five independent observers 

were asked to score each photograph from the photography study independently for 

bruising intensity. The scores represent the degree and intensity of colouration, 
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appearance and relative size of the injuries. In addition, the evolution of the bruise, 

within each participant, represented over the three photographs, was also examined. 

Scoring scale 
0 No Discernible Bruise 

1 Faint Bruising - some discolouration of the skin, one visible colour, small size with 
no clear edges 

2 Light Bruising - change in appearance over time, mainly one visible colour, small 
bruises with no clear edges 

3 Medium Bruising - evolution of colours over time, multiple colours although faint and 
difficult to annotate,  medium damage size with clearer outlines  

4 
Heavy Bruising - clear evolution of colours over time, multiple colours and easily 
described, large bruise area with clear edges, no bruising at site of impact at later 
stages 

5 
Acute Bruising ‒ clear evolution of colours over time, multiple colours, large bruise 
area with clearly delineated boundaries, no bruising at the site of impact at later 
stages with only peripheral bruising remaining 

Reproduction of Table 1  - Bruise scoring scale. A scale was created to score the intensity of bruises 
from photographs. The scores represent the degree and intensity of colouration, 
appearance and relative size of the injuries. Scores between 2 – 5 also take into 
account the evolution of the appearance of the bruise when a photograph of a bruise 
was compared to other photograph of the same bruise on different days. 

Each observer was presented with the set of three photographs from each participant 

(A – L) and the scoring table (Table 1). The observers were asked to score each 

photograph independently. In addition, the set of three photographs from one 

participant were examined together in order for the evolution of the bruises over time 

to be examined. A complete set of scores obtained from each of the five observers for 

the 12 bruises examined over time can be found in Appendix D (pages 233 – 234). In 

cases of disagreement between the observers, the majority score was chosen 

(Table 12).  
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Photo Day 3 Day 5 Day 7 

A 1 1 1 

B 3 3 3 

C 2 3 2 

D 0 0 0 

E 4 4 5 

F 4 3 4 

G 1 1 1 

H 0 1 1 

I 2 2 0 

J 5 4 5 

K 2 1 1 

L 1 1 0 

Table 12 Bruise scoring. Compilation of scores obtained from five independent observers. 
The observers were presented with the sets of three photographs for each participant 
as well as the scoring scale and asked to provide their opinion on the intensity of the 
bruise in each of the photographs. In addition, the evolution of the bruises over time 
was examined. Injuries were photographed on days 3, 5 and 7 following the bruising 
event, on day 0. Participants were labelled A – L. 

Although the scores provided by the five independent observers were fairly consistent 

when scoring the same bruises (Appendix D; pages 233 – 234), simply looking at the 

range of scores provided across the 12 participants for photographs taken at day 3 is 

enough to illustrate the variation in bruising response present across different 

individuals.  

Despite feeling discomfort at the site where the weight impacted with the skin, 

individual D was given a score of zero as no discernible bruise ever became visible 

across the seven days the experiment took place. Photographs taken on bruise day 3, 

from participants A, G and L revealed small bruises that were given a majority score 

of one. The appearance of the bruises was faint and the shape of the injuries could not 

be clearly delineated. When the sets of three photographs were examined for these 

participants, no colour evolution was seen in the bruises over time. A majority score 
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of two was allocated to bruises photographed on bruise day 3 from participants C, I 

and K. These revealed slightly larger bruises whose boundaries were more clearly 

outlined. Over time, changes in the appearance of these bruises could be seen. 

Participant B was given a majority score of three for the bruise photographed on 

bruise day 3. This bruise was again larger compared to those previously described. 

Although the contours of the injury were not clear, the observers saw the presence of 

a number of colours in the injury. Despite the individual colours being faint and 

difficult to describe, the injury was seen to evolve over the course of the seven days. 

Bruises photographed at bruise day 3 from participants E and F received a majority 

score of four. These represented large bruises, with clearly defined boundaries. In 

addition, multiple colours were seen to be present in the bruises and a clear evolution 

of the injury was seen with time. Participant J was the only one to be allocated a score 

of five for the bruise photograph taken at bruise day 3. Although not the largest 

bruise, the injury displayed the most dramatic bruising response. With a clear contour, 

different colours present within the injury could be described and a clear evolution in 

the injury over time was seen.   

The bruises observed in participants E, F and J, who were allocated scores of four and 

five for photographs taken at bruise day 3, also displayed a resolution in the colours 

present at the site of impact over time, with an area of pallor, surrounded with a ring 

of peripheral bruising, becoming visible. The formation of this ring-shaped bruise did 

not result from the bruise being induced with a ring-shaped object but rather was the 

result of blood displacement in response to the force of the impact. The impact of the 

skin with the semi-spherical weight would cause the blood present in the capillaries at 

the site of impact to be pushed towards the edges of the impact site. This movement of 

blood towards the margins of the impact site would cause the tissue along the edges of 
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the impact site to become deformed and ultimately rupture (Kaczor et al., 2006). This 

would lead to more extravasated blood being present at the periphery of the injury. 

Nevertheless, the majority of the trauma would have occurred at the site of impact. 

Any substantial localised damage would be immediately followed by an immune 

reaction to the trauma. If large vessels were damaged and ruptured, the number of 

neutrophils and macrophages would rapidly increase at the damaged site (Randeberg 

et al., 2011). Together, these effects would have caused the chromophores within the 

bruised skin to be removed at a faster rate than those present in the margins of the 

impact site, resulting in an area of skin where the bruise had resolved but a peripheral 

ring of bruising remained.  

The large amount of biological variation observed in the bruising response across the 

12 participants following the induction of standardised injuries demonstrates the 

limitation of using visual techniques, such as photography, to accurately provide an 

estimate of the age of a bruise. In addition, the photographs presented in this study 

were recorded in a professional photography studio, representing a “best case 

scenario” for capturing images. The standard employed to capture these images might 

not represent the equipment and setup readily available at routine medical 

examinations. 

The wide range of scores presented by the five independent observers and presented 

in Appendix D (pages 233 – 234) illustrates the variation in opinion that can arise 

when providing an opinion on the characteristics of a bruise based solely on the visual 

assessment of an injury.  

The aim of the photography study was to investigate the biological variation in 

bruising response across different participants in response to the same injury. 
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Although not investigated in detail, the results from the different observer presented in 

Appendix D allows for inter-observer variation for scoring bruise intensity to be 

determined. From the results at day 3, we see that bruises from participant A and D (2 

bruises out of the 12 investigated) were given the same scores across all five 

observers. Bruises from participants E, G, H, I, J, K and L (7 bruises out of the 12 

investigated) were given scores where these were different across the observers by 1 

score value. Finally, differences in the scores attributed for bruises from participants 

B, C and F (3 bruises out of the 12 investigated) were greater than one score value 

apart. In many cases, the same observer introduced these larger scoring differences. 

The absence of bruising in participant D (Figure 24) highlights that lack of visual 

evidence is not proof that a potential victim was not physically abused. Conversely, a 

number of medical conditions, may display characteristic symptoms that could be 

confused with bruises, resulting in misdiagnosis (Asati et al., 2012; Oranje & Bilo, 

2011). It is important to note that the presence of these conditions does not exclude 

the possibility of physical abuse either.  

Even when using the reproducible photography setup employed as part of the 

photography study, it is apparent that photography and the visual assessment of 

photographs should not be solely used to provide an opinion of when a bruise was 

inflicted. The significant variation in the visual response to bruising across 

individuals, combined with the potential for this individual biological response to be 

unknown by an independent observer when constructing an opinion of the age of a 

bruise from a photograph, introduces a real risk of providing a wrong outcome, 

resulting in misdiagnosis. 
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The DIGE and LC-MS analyses led to the identification of four potential protein 

biomarkers specific for estimating when a bruise was inflicted in a living individual; 

A2M, Hpx, Hap and Apo A1. In addition, one control protein (TF) whose expression 

remained unchanged in the presence of a bruise and as the injury evolved was also 

identified. The expression of each marker collected from bruised and unbruised skin 

was subsequently validated with western blots. In addition, the use of photography to 

record the visual aspect of a bruise, and the ability of independent observers to score 

the intensity and evolution of bruises over time was investigated.  

A paintball game was organised to allow for standardised bruises on a large group of 

volunteers to be obtained. Over the course of the game, the same method of bruising 

was employed, via paintball impacts, which randomly occurred on different areas of 

the body in different participants. Samples from one bruise formed during the game 

were collected from each volunteer over the days following the game. The expression 

levels of all of the markers identified in the DIGE study were investigated with 

ELISAs.  

ELISAs have the advantage of measuring the levels of functional protein rather than 

the quantity of a protein in a particular sample (Anderson & Anderson, 2002; 

Surinova et al., 2011).  

A blind study was also carried out on standardised injuries inflicted on the skin of 

participants with the weight drop mechanism. The principal researcher did not know 

when the injury had been inflicted relative to sampling. This blind testing study, 

containing 10 ISF samples each collected from a different individual over the course 

of 11 days, allowed to investigate the accuracy of the proteins identified as potential 
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diagnostic biomarkers to determine the age of bruises in living individuals without 

bias.  

ELISA assays for TF were carried out on both the ISF samples collected following the 

paintball game as well as on those collected as part of the blind testing study. TF was 

originally selected as a control marker in the DIGE study because its expression was 

found not to be affected by the presence of a bruise in the skin, or its evolution with 

time. However, as shown in the western blot validation, and possibly due to the trends 

seen in the DIGE study for this marker being based on three protein isoforms, the 

expression of TF was not found to be constant in ISF samples collected from 

unbruised and bruised skin. The ELISA results for TF following analysis of the ISF 

samples collected from the paintball and blind testing studies were therefore not 

included in this body of work, but also proved to be variable.  

4.3.1. PAINTBALL STUDY 

ISF samples were collected from 30 individuals after participating in a paintball game. 

Bruises were not present on the same location on the body across all of the 

participants depending on where paintballs had impacted the skin. In addition, the 

force applied to inflict the injury will have varied depending on the distances between 

people at the time the paintballs were shot. Despite these variables, this event allowed 

for the induction of comparable bruises created in the same manner on many 

individuals within a known time frame. Photographs of the bruises were taken 

immediately prior to sampling with the reproducible setup previously described 

(section 2.5, pages 45 – 47) (Figure 25). Despite being labelled A – C each day, each 

row of photographs, collected on separate days, represent seperate individuals.  
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Figure 25  Visual record of bruises from the paintball study. 
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Figure 25  Visual record of bruises from the paintball study. 
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Figure 25 Visual record of bruises from the paintball study. Bruises resulting from 

participating in a paintball game were photographed prior to ISF sample collection. 
Three different participants (A – C) were photographed every day following the 
paintball game (days 1 – 6, and days 9 – 11, inclusive). Each row of photographs, 
collected on different days, represent three separate participants. No photographs 
were taken on day 7 or day 8. All photographs were taken with a Nikon D90 digital 
SLR camera and a Micro AF-S DX lens with reproducible settings. Even lighting was 
provided with a Multiblitz Profilite 400 strobe unit with a white umbrella. A grey 
scale QPcard and a scale were included in all photographs as references. Uncropped 
photographs were kept for participant A on day 4 and participant A on day 10 as the 
bruises were too large to crop to the same scale. For all other photographs, the 1 cm 
scale is the appropriate reference. Images were saved as image RAW files. 

One ISF sample was collected from each of the 30 participants over the course of the 

11-day study. Samples from three separate individuals (A – C in Figure 25), were 

taken on each day following the paintball game. Each individual participant was 

sampled once. Samples were collected on days 1 – 6 and 9 – 11, inclusive. No 

samples were collected on days 7 and 8, due to these days falling on a public holiday. 

Three ISF samples were collected from the unbruised skin of three individuals who 

did not partake in the paintball game, one sample from each participant. The protein 

concentrations of all of the samples were determined with the Bradford protein assay 

and the changes in expression levels for A2M, Hpx, Hap and Apo A1 were 

investigated in all of the samples using ELISAs. ELISAs were carried out as 

described in section 2.19 (page 64). 
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The individual concentrations of protein collected from the ELISA trial for each 

participant were plotted (open circles) as well as the interquartile range of the 

expression (boxes), the minimum and maximum values (error bars). The interquartile 

ranges were calculated across the three participants sampled at each time point. 

Finally, the average change in expression, calculated across the three samples at each 

time point, was plotted over the course of the 11 days (line) (Figure 26 – 27). 

 

 
Figure 26 ELISA results for A2M and Hpx. ISF samples were collected from 30 participants 

on 11 separate occasions following participation in a paintball game (days 1 – 6 and 9 
– 11, inclusive). Open circles indicate the individual concentration of protein 
recovered from each participant at the time point indicated. The interquartile range, 
minimum, and maximum values calculated at each time point, indicate the range of 
protein expression observed between the three participants sampled at each time 
point. The average protein concentration recovered across the three participants 
sampled at each time point was calculated and plotted to allow for the visualisation of 
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the general trend over time. A dashed line is used to connect day 6 and day 9 as no 
samples were collected in between these time points. 

 

 
 

Figure 27 ELISA results for Hap and Apo A1. ISF samples were collected from 30 
participants on 11 separate occasions following participation in a paintball game 
(days 1 – 6 and 9 – 11, inclusive). Open circles indicate the individual concentration 
of protein recovered from each participant at the time point indicated. The 
interquartile range, minimum, and maximum values calculated at each time point, 
indicate the range of protein expression observed between the three participants 
sampled at each time point. The average protein concentration recovered across the 
three participants sampled at each time point was calculated and plotted to allow for 
the visualisation of the general trend over time. A dashed line is used to connect day 
6 and day 9 as no samples were collected in between these time points. 

The ELISA results for all of the protein biomarkers follow a similar trend over time. 

The average protein expression increases significantly in samples recovered 

immediately following the paintball game at bruise day 1 (A2M: p = 0.01; Hpx: 
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p = 0.002; Hap: p = 0.004; Apo A1: p = 0.0001) when compared to samples collected 

from unbruised skin. The induction of the bruises on the skin on the previous day 

during the paintball game could be responsible for this peak in activity seen across all 

of the biomarkers investigated. This is followed by a drop in protein expression over 

days 2 and 3 of analysis, except for Apo A1 where day 5 is found to be the low point 

in expression. Following the minimum expression levels observed at bruise day 3, or 

bruise day 5 in the case of Apo A1, a general increasing trend is seen for all of the 

markers over the remaining days analysed. This rising trend possibly represents the 

protein markers being restored to the levels seen in unbruised skin as the bruise 

evolves and heals. 

A significant difference in the ELISA results observed across the four markers is the 

range of protein concentrations seen for each of the markers. When calculating the 

average protein concentration recovered for the three participants sampled at each 

time point, A2M showed the lowest abundance and its expression ranged from 

0.004 µg/mL at its lowest (bruise day 3) and 0.185 µg/mL at its highest (bruise day 1). 

The lowest concentration recorded for Hpx was 0.185 µg/mL, found in bruise samples 

collected at bruise day 3. As with A2M, the highest protein concentration recovered in 

Hpx samples was at bruise day 1, 4.969 µg/mL. In the case of Hap, 0.070 µg/mL, 

recorded at bruise day 3 was found to be the lowest protein concentration, while 

3.211 µg/mL (bruise day 1) was the highest recorded. As previously described, Apo 

A1 reaches its minimum later than the other markers, at day 5, with a protein 

concentration of 0.018 µg/mL. However, it maximum (0.659 µg/mL) is consistent 

with the other markers and appears at bruise day 1.  
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The paintball study described above was a pilot study undertaken to evaluate the 

potential of this technique as a diagnostic tool for determining the age of human 

bruises. More work is required with an initial need for the study to be repeated, in 

order to validate the results. A greater number of data points at each time point could 

clarify whether the larger ranges of protein expression at some time points are natural 

or influenced by outliers. 

The differences in the ranges of protein expression seen across the different markers 

make it difficult to plot all of the markers onto one graph without using a logarithmic 

scale. The log scale enables the protein expression of each of the markers at the 

different times in the bruising response to be plotted side by side thus creating a visual 

representation of how the markers evolve with time, as well as their evolution in 

comparison to each other (Figure 28). It is the combination of expression of each of 

the proteins at a given time point, along with other available information regarding the 

bruises, such as its visual aspect provided by photographs, which could form the basis 

of an expert opinion with regards to when a bruise was induced on a living individual. 
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Figure 28 Combined expression of A2M, Hpx, Hap and Apo A1. ISF samples were collected 

from 30 participants over the course of 11 days following participation in a paintball 
game (days 1 – 6, and 9 – 11, inclusive). Each bar, colour-coded to correspond to a 
particular marker, represents the range of expression across three participants 
sampled at the given time point. The log scale allows the range of expression of all of 
the markers to be plotted together. A2M = blue, Hpx = red, Hap = green, Apo A1 = 
purple. 

4.3.2. BLIND TESTING STUDY 

Testing the expression of A2M, Hpx, Hap and Apo A1 in bruised skin with ELISAs 

over the course of 11 days following a paintball game allowed for the range of 

expression of each of the markers to be plotted. It was investigated whether or not the 

age of an unknown bruise could be determined using this information. “Blind” bruises 

were induced on 10 female participants (A – J) without the researcher’s knowledge of 

when the injuries had been inflicted. The bruises were induced with the weight drop 

mechanism as previously described. Bruises were photographed with the reproducible 

photographic setup previously described (section 2.5, pages 45 – 47) prior to ISF 

sample collection. One ISF sample was collected from the bruise of each participant. 
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A collection of the photographs illustrating the “blind” bruises is shown in Figure 29.  

 

Figure 29 Visual record of bruises from the blind study. Bruises were induced on 10 female 
participants (A – J) using the weight drop mechanism. Photographs were taken prior 
to ISF sample collection. All photographs were taken with a Nikon D90 digital SLR 
camera and a Micro AF-S DX lens with reprodicble settings. Even lighting was 
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provided with a Multiblitz Profilite 400 strobe unit with a white umbrella. A grey 
scale QPcard and a scale were included in all photographs as references. Images were 
saved as image RAW files. 

ISF samples were collected from the bruised skin of participants and the total protein 

concentrations determined with the Bradford assay. The samples were analysed with 

ELISAs for each of the four protein biomarkers: A2M, Hpx, Hap and Apo A1. The 

results obtained from all of the protein biomarkers for each participant are presented 

in Table 13. 

 

Table 13  ELISA results of the expression of A2M, Hpx, Hap and Apo A1 recorded from 
“blind” bruises. ELISAs for A2M, Hpx, Hap and Apo A1 were performed to 
investigate the levels of expression of each of the markers at the time of sampling in 
10 female participants (Blind A – Blind J). Bruises were induced with the weight 
drop mechanism without the researcher’s knowledge of when the injury took place. 
ELISAs were run in duplicate. 

The results collected from the paintball study, together with the visual aid of the 

photographs of the bruised skin prior to sampling (Figure 29) were employed as 

diagnostic tools in an attempt to determine when the bruises in the blind study had 

been inflicted (Figures 30 – 39). 
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From the photograph of the bruise taken from participant A, very little bruising can be 

seen on the skin. The skin does however appear to be flushed and reddened at the site 

where the injury was sustained.  

The ELISA results from the “blind” bruise from participant A are presented in Figure 

30. 



Part Four | Results 
Chapter Three | Determining the age of human bruises 

 

147 | Page 

Fi
gu

re
 3

0 
“B

lin
d”

 b
ru

is
e 

A
. T

he
 v

is
ua

l a
sp

ec
t o

f t
he

 b
ru

is
e 

pr
ov

id
ed

 fr
om

 th
e 

ph
ot

og
ra

ph
 c

ap
tu

re
d 

pr
io

r t
o 

sa
m

pl
in

g,
 a

lo
ng

 w
ith

 th
e 

EL
IS

A
 re

su
lts

 fo
llo

w
in

g 
IS

F 
sa

m
pl

e 
co

lle
ct

io
n 

at
 th

e 
br

ui
se

d 
si

te
. T

he
 re

su
lts

 o
bt

ai
ne

d 
fr

om
 th

e 
“b

lin
d”

 b
ru

is
e 

ar
e 

pl
ot

te
d 

ho
riz

on
ta

lly
 (d

as
he

d 
lin

es
) o

ve
r t

he
 c

om
bi

ne
d 

ra
ng

es
 

of
 r

es
ul

ts
 o

bt
ai

ne
d 

fr
om

 th
e 

pa
in

tb
al

l s
tu

dy
. T

hi
s 

al
lo

w
s 

th
e 

re
su

lts
 o

bt
ai

ne
d 

fr
om

 th
e 

pa
in

tb
al

l s
tu

dy
 to

 b
e 

co
m

bi
ne

d 
w

ith
 th

os
e 

ob
ta

in
ed

 f
ro

m
 th

e 
bl

in
d 

st
ud

y 
to

 p
ro

vi
de

 a
n 

es
tim

at
e 

of
 w

he
n 

th
e 

“b
lin

d”
 b

ru
is

e 
w

as
 in

fli
ct

ed
. T

he
 d

ay
s 

w
he

re
 th

e 
ho

riz
on

ta
l l

in
es

 in
te

rs
ec

t t
he

 ra
ng

es
 o

f e
xp

re
ss

io
n 

se
en

 
in

 th
e 

pa
in

tb
al

l s
tu

dy
 a

re
 in

di
ca

te
d 

fo
r e

ac
h 

m
ar

ke
r i

n 
th

e 
co

lu
m

ns
 o

n 
th

e 
rig

ht
. 



Part Four | Results 
Chapter Three | Determining the age of human bruises 

 

148 | Page 

The results for A2M suggest a bruise inflicted one day or two days prior to the 

sampling event. Results from Hpx suggest a bruise inflicted one day prior to 

sampling. Hap results suggest both a recent bruise, inflicted on the same day or one 

day prior to sampling, as well as an older bruise inflicted 11 days prior to the 

sampling event. Results from Apo A1 indicate an early bruise inflicted on either the 

same day or one day prior to the sampling event.  

In addition to suggesting an older bruise inflicted 11 days prior to the sampling event, 

Hap, along with the rest of the markers, indicated a recent bruise. Estimates from all 

of the markers indicated a recent bruise inflicted on either the same day as the 

sampling event, 1 or 2 days prior to the sampling event. Due to the inconsistency of 

the results obtained, the results are inconclusive; however, the majority of the results 

tend towards a recent bruise.  

Shades of red and blue could be seen appearing on the skin at the site of impact in the 

photograph taken from participant B.  

The ELISA results obtained from “blind” bruise from participant B are presented in 

Figure 31. 
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The ELISA results obtained from “blind” bruise B were much higher than the ELISA 

results recorded from the paintball study. The differences were so large that the results 

for A2M, Hpx and Hap did not match any of the ranges of expression observed from 

the paintball study at any of the time points investigated. The results obtained for Apo 

A1 suggested a bruise induced one day prior to the sampling event. The high values 

obtained from the ELISA results for all of the markers, could correspond to the 

significant spike in expression seen at bruise day 1, immediately following the 

induction of the bruise. In addition, the ELISA results obtained from Apo A1 suggest 

a bruise inflicted on this day. 

The combination of the high ELISA results and the result obtained from Apo A1 

suggest that the “blind” bruise from participant B was induced one day prior to the 

sampling event. 

The photograph taken from participant C shows a large area of bruising with very 

dark shades of purple. The top right side of the bruise contains red and yellow, which 

suggests some leakage of blood towards the bottom of the injury due to gravity. From 

the photograph, the high levels of Hb, responsible for the blue and purple colours seen 

in a bruise, are still abundant indicating a bruise that is recent, but also that enough 

time has passed for large quantities of blood to become extravasated, pool under the 

skin, and be pushed towards the surface of the skin to become visualised.  

The ELISA results from “blind” bruise from participant C are presented in Figure 32. 
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The A2M ELISA results obtained from “blind” bruise C did not match any of the 

results obtained in the paintball study. As previously seen, this could correspond to 

the spike in protein function seen immediately in response to the bruising event on 

bruise day 1. The ELISA results for Hpx and Hap suggested a number of days when 

the bruise could have been induced, namely, bruise day 2, 4, 5, 9 and 11 for Hpx, and 

bruise day 2, 4, 5, 6, 9, 10 and 11 for Hap. The results for Apo A1 indicated an early 

bruise, induced on either the same day or the day prior to the sampling event.  

Due to this disparity seen across the ELISA results for most of the markers, the results 

were deemed inconclusive. 

The photograph taken from participant D shows no area of bruising and no indication 

that a bruise was ever present on the skin. This reinforces the idea that lack of visual 

evidence is not proof that a potential victim was not physically abused.  

The ELISA results obtained for the “blind” bruise from participant D are shown in 

Figure 33. 
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The results obtained for A2M from “blind” bruise D were not present in any of the 

ranges previously observed with the paintball study. The ELISA results for Hpx and 

Hap both suggested a recent bruise, induced on either the same day, or two days prior 

to the sampling event. The Hap results also suggested an older bruise that could have 

been induced 11 days prior to the sampling event. The results for Apo A1 spanned the 

length of the days analysed with the results suggesting a recent bruise induced on the 

same day, or a bruise induced 1, 2, 3, 6, 9 or 11 days prior to the sampling event.  

Due to the range of results observed, the results for the “blind” bruise from participant 

D were deemed inconclusive. 

The photograph taken from participant E shows an oval area of bruising. Shades of 

purple and red are present around the bottom on the injury, possibly due to blood 

leakage due to gravity. A yellow hue is present around the whole area of bruising. 

Finally, an area of discoloration in the centre of the bruise, where the injury has 

already resolved, is also visible.  

The ELISA results obtained for the “blind” bruise from participant E are presented in 

Figure 34. 
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Results obtained from “blind” bruise E from all of the markers suggested estimates 

that spanned the entire length of the days investigated. All of the markers indicated a 

recent bruise induced on the same day as sampling. In addition, results from A2M and 

Hpx suggested a bruise that could have been induced 2 or 5 days prior to the sampling 

event with bruise day 9 also being a possibility in the case of A2M, and bruise day 11 

in the case of Hpx. The results from Hap indicated a bruise which could have been 

induced on a number of days prior to the sampling event, namely days 2, 4, 5, 6 and 

11. In addition to a recent bruise inflicted on the same day as sampling, the results for 

Apo A1 indicated a recent bruise inflicted one day prior to the sampling event.  

Due to the wide range of results obtained from all of the markers, the results for 

“blind” bruise from participant E were deemed inconclusive. 

The photograph taken from participant F shows a large circular bruise. Shades of 

purple and red are present around the bottom on the injury, possibly due to blood 

leakage due to gravity. Shades of red and yellow can be seen at the top of the injury 

where the bruising appears to be already resolving. In addition, an area of 

discoloration is present in the centre of the bruise.  

The ELISA results obtained for the “blind” bruise from participant F are presented in 

Figure 35. 
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The ELISA results for A2M in “blind” bruise F suggested a range of results from a 

recent bruise induced on the same day as sampling as well as a bruise induced 2, 5 or 

9 days prior to the sampling event. Hpx ELISA results indicated a recent bruise; 

induced 1 day prior to the sampling event. Similarly to Hpx, the ELISA results for 

Apo A1 indicated a recent bruise inflicted either 1 or 2 days prior to the sampling 

event. Finally, the ELISA results for Apo A1 indicated a recent bruise that could have 

been induced on either the same day as sampling or 1 day prior to the sampling event. 

With no results from one of the markers and a range of possible estimates from the 

remainder of the markers, the results for the “blind” bruise from participant F were 

deemed inconclusive. 

The photograph taken from participant G shows a large area of bruising. The bruise is 

circular and a ring of bruising around the whole area of impact is visible. Darker 

shades of purple and red are present on the outside of the injury. Shades of yellow can 

be seen around the whole area of bruising with an area of discoloration present in the 

centre of the bruise where the injury has resolved. The site of impact is still visible.  

The ELISA results obtained for the “blind” bruise from participant G are presented in 

Figure 36. 
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In the case of “blind” bruise B discussed previously, the results from one of the 

markers pointed towards a bruise inflicted the day prior to the sampling event and 

therefore a hypothesis that the high levels of expression seen in the remainder of the 

markers could be attributed to the spike in expression seen at bruise day 1. Here, for 

“blind” bruise G, none of the results from any of the markers obtained from the blind 

bruise matched any of the ranges observed in the paintball study. No estimate can 

therefore be given towards when the bruise was inflicted and the results are therefore 

inconclusive. 

It is possible that the sample collected from participant G was collected on bruise day 

7 or 8 following the bruising event for which there is no ELISA data from the 

paintball study with which to match the results from this blind sample. 

The photograph taken from participant H shows very little bruising. A faint yellow 

patch can be seen on the skin. No discernible edges of the injuries can be seen or a 

definite shape given to the injury.  

The ELISA results obtained for the “blind” bruise from participant H are presented in 

Figure 37. 
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No results were obtained for A2M following the analysis of “blind” bruise H as the 

results for this marker lay outside the ranges observed during the paintball study. The 

ELISA results for both Hpx and Apo A1 indicated a recent bruise that could have 

been induced one day prior to the sampling event. The ELISA results from Hap 

however indicated a range of results, from a recent bruise induced on the same day as 

sampling, a bruise inflicted 2 days prior to sampling, or an older bruise inflicted 11 

days prior to sampling. 

As no results were available for some of the markers, and the remaining results 

obtained were inconsistent, the ELISA results collected from the “blind” bruise from 

participant H were deemed inconclusive. 

The photograph taken from participant I showed a faint smear, possibly at the site of 

impact, but with no discernible bruise shape or colour.  

The ELISA results obtained for the “blind” bruise from participant I are presented in 

Figure 38. 
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The ELISA results from “blind” bruise I sample are varied, with some markers 

indicating a recent bruise inflicted on the same day as sampling, and other markers 

indicating samples collected from bruised skin at a selection of times: bruise day 1, 2, 

4, 5, 6, 9, 10 or 11.  

The ELISA result from A2M indicated either a recent bruise inflicted on the same day 

as sampling or a bruise induced 2, 5 or 9 days prior to sampling. Hpx indicated a 

bruise induced 2, 4, 5, 6, 9 or 11 days prior to sampling. Hap ELISA results also 

indicated variation, with possibilities for when the bruise could have been induced 

including 2, 4, 5, 6, 10 and 11 days prior to sampling. Estimates changed again with 

Apo A1 results indicating a recent bruise inflicted on the same day or 1 day following 

the bruising event. 

With such a wide range of estimates, the results for the “blind” bruise from participant 

I were deemed inconclusive. 

The photograph taken from participant J revealed small batches of darker skin where 

bruising could still be visualised, but overall the majority of the bruise had clearly 

resolved.   

The ELISA results for the “blind” bruise from participant J are presented in Figure 39. 
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The ELISA results for A2M from “blind” bruise J indicated a range of estimates, 

including a recent bruise induced on the same day as sample collection, or a bruise 

inflicted 2, 5 or 9 days prior to the sampling event. The results for Hpx also included a 

range of estimates, from a recent bruise inflicted on the same day as sampling, or 2 or 

5 days prior to sampling, or an older bruise inflicted 11 days prior to the sampling 

event. Hap  indicated a range of estimates for bruise infliction including 0, 2, 4, 6 and 

11 days prior to the sampling event. Apo A1 was the only marker to provide one 

estimate that indicated a recent bruise inflicted 1 day prior to the sampling event. 

The array of estimates presented from all of the markers led to inconclusive results. 

 A table of the principal researcher’s estimates of the age for the blind bruises created 

with the help of the photographs and the data collected from the ELISA assays was 

prepared. Only then were the days at which the bruises has been induced revealed to 

the researcher and included in the table (Table 14).  

At this stage, the majority of the results were deemed inconclusive. This was partly 

due to the expression patterns of each of the markers not being specific enough at 

each time point. The fact that one marker provided multiple possibilities for when an 

injury could have been induced made it difficult to isolate the actual estimates. This 

was seen across all of the markers. In some cases where the results were deemed 

inconclusive due to too many choices being present for each marker, the correct 

estimate was also present. At this stage, one of the limitations of this technique is not 

recording the change in protein expression to determine the age of the bruise, but 

distinguishing the correct data from noise. Further investigations of this nature would 

allow to better distinguish the correct estimate when faced with multiple options. 

Testing more samples would also be required to better refine biomarker ranges at the 



Part Four | Results 
Chapter Three | Determining the age of human bruises 

 

167 | Page 

different time points. The identification of further markers to use in combination with 

the biomarkers identified in this study could also improve the resolution of this test. 

Only one sample (Blind bruise B) was correctly estimated due to the distinctive 

increase in protein expression seen across all of the markers immediately following 

the bruising event. 

Although the results from the blind study indicate promise for A2M, Hpx, Hap and 

Apo A1 to be used as markers for determining the age of bruise in living individuals, 

the significant increase in function in all of the markers at bruise day 1 in immediate 

response to the bruising event is currently the strength of the assay. This distinctive 

change allows an easier and more accurate diagnosis to be formulated. The collection 

of samples at days 7 and 8 following the bruising event would greatly assist in 

determining the age of a bruise at later time points. 

Although using the photographs was helpful in judging whether a bruise was recent or 

older during the blind study, the photographs taken as part of the DIGE study (section 

4.2.1, pages 120 – 121) as well as those taken in the photography study (section 4.2.2, 

pages 124 – 126), have shown how unreliable using visualisation methods could be.  

In conclusion, this assay is still in its infancy and more work needs to be undertaken 

to allow for a better understanding of how the protein biomarkers change as a bruise 

evolves with time. A strong response is seen in the few days immediately following 

the bruising event, which allows estimates to be provided in these days. However, 

more work needs to focus on the later days of bruise evolution to understand how the 

markers evolve with time for better estimates to be obtained when determining the age 

of later bruises. Finally, more work needs to be undertaken to understand which 

estimate is the most accurate when faced with more than one option. The 
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identification of additional markers to add to the ELISA assay could help solve some 

of these complications. 

 Suggested bruise age Actual bruise age 
Blind A Inconclusive; recent BD0 
Blind B BD1 BD1 
Blind C Inconclusive; recent BD3 

Blind D Inconclusive; correct estimates present in ranges 
detected across all markers BD2 

Blind E Inconclusive; no ELISA data from paintball study to 
match BD7* 

Blind F Inconclusive BD5 

Blind G Inconclusive; no ELISA data from paintball study to 
match BD8* 

Blind H Inconclusive BD10 
Blind I Inconclusive BD3 
Blind J Inconclusive BD10 

Table 14 Estimated and actual age for the bruises in the blind study. ISF samples were 
collected from the bruised skin of 10 participants following the induction of bruises 
with the weight drop mechanism. The bruises were inflicted without the researcher’s 
knowledge of when the injuries took place. ELISAs for A2M, Hpx, Hap and Apo A1 
were carried out to investigate the level of expression of these proteins at the time the 
ISF samples were collected. Estimates of the age of the “blind” bruises were created 
based on the ELISA results obtained from the paintball study. These were compared 
to the actual times the bruises were inflicted. Stars (*) indicate days for which no 
ELISA data from the paintball study was available. 



Part Four | Results 

169 | Page 

 

 

 

 

 

 
CHAPTER FOUR 

 
ADDITIONAL INVESTIGATIONS INTO ISF  

 
 



Part Four | Results 
Chapter Four | Additional investigations into ISF 

170 | Page 

In addition to the search for protein markers to determine the age of bruises, a number 

of supplementary experiments were carried out to further our understanding of the 

composition of the ISF recovered with the SonoPrep® system and the pulsed vacuum 

ISF collection pump. 

Due to the wide range in concentration between high abundant proteins and those 

present in lower abundance (approximately 1010 – 1012 magnitude difference in 

plasma) (Ahn & Simpson, 2007; Fang & Zhang, 2008; Haslene-Hox et al., 2011; 

Polaskova, Kapur, Khan, Molloy, & Baker, 2010), techniques capable of targeting and 

concentrating protein populations of interest have been introduced as a routine step in 

sample preparation (Ahn & Simpson, 2007; Hoskins et al., 2011; Sun et al., 2010). A 

number of depletion kits were tested on ISF including the ProteoPrep® 

Immunoaffinity Albumin & IgG depletion kit (Sigma-Aldrich), the ProteoMiner™ 

Protein Enrichment kit (Bio-Rad) and the Nanotrap® ESP particles (CeresNano). Due 

to preliminary results not being of sufficient quality (data not shown), the ProteoPrep 

and ProteoMiner kits were not investigated further. However, the compatibility and 

effectiveness of the Nanotrap® ESP particles in removing the high molecular weight, 

high abundance, proteins present in ISF was further investigated. Removal of the high 

molecular weight proteins should allow the low molecular weight proteins to be 

concentrated. In addition, the removal of the fraction of proteins present in high 

abundance should increase the visibility of proteins present at lower concentrations. 

Together this could facilitate the search and visualisation of potential protein 

biomarkers present in the ISF at a lower abundance (Luchini et al., 2008).  

Investigations to establish whether intact cells as well as whether or not DNA and/or 

RNA could be detected in ISF samples recovered from skin were also undertaken. 
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Positive findings would enable further studies, including genomic analysis, to 

complement the proteomic research work performed to date. 

To determine whether the sampling method employed to collect ISF included the 

recovery of intact cells, untreated ISF was aliquoted onto slides and stained with 

histological dyes. The TRIZOL® LS Reagent was employed to extract DNA and RNA 

together with proteins from ISF.  

4.4.1. NANOTRAP® ESP PARTICLES 

ISF samples treated with Nanotrap® ESP particles were tested to determine the 

effectiveness of this product in depletion of the high abundance proteins found in ISF, 

particularly albumin.  

As previously described (section 2.20, pages 65 – 67), six ISF samples from unbruised 

skin were collected. A representative aliquot of the untreated ISF from one of the ISF 

samples was collected and stored for gel separation. Samples were then processed 

with the 2-D Clean-Up kit and a representative aliquot of ISF following treatment with 

the 2-D Clean-Up kit was collected and stored for gel separation. Three ISF samples 

were then pooled and kept as an untreated positive control sample. The remaining 

three ISF samples were pooled and processed with the Nanotrap® ESP particles.  

Following incubation with the Nanotrap® ESP particles, the pooled sample was 

centrifuged and the supernatant removed. An aliquot of the supernatant, containing the 

high molecular weight, high abundance, protein fraction was taken to determine what 

proteins of interest might have been removed in conjunction with the commonly 

occurring proteins. In addition, aliquots from the sodium thiocyanate and water 

washes performed as part of the Nanotrap® ESP particles treatment were collected. 
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Finally, an aliquot of the eluate sample was collected. The aliquots collected at each 

step of ISF treatment with the Nanotrap® ESP particles were separated on a one 

dimensional acrylamide gel (Figure 40). 

 

Figure 40 Treatment of ISF with Nanotrap® ESP particles. Six ISF samples from unbruised 
skin were collected and processed with the 2-D Clean-Up kit. Three ISF samples 
were pooled and kept aside as a positive control while the other three ISF samples 
were pooled and treated with the Nanotrap® ESP particles. Proteins present in the 
aliquots collected throughout the depletion experiment were separated on a gel. This 
was stained with SYPRO® Ruby protein gel stain. L (lanes 1 and 8): Bio-Rad 
Precision Plus Protein™ Dual Colour Standards; UISF (lane 2): untreated ISF; 2DCU 
(lane 3): ISF following treatment with the 2-D Clean-Up kit; S (lane 4): supernatant; 
NaSCN (lane 5): sodium thiocyanate wash; H2O (lane 6): water wash; E (lane 7): 
eluate fraction. Albumin bands are highlighted in red. 

When compared to the untreated ISF (UISF – lane two), which was heavily diluted in 

saline solution introduced during sampling, the ISF sample following treatment with 

the 2-D Clean-Up kit (2DCU – lane three), shows significant protein enrichment. This 

visibly demonstrates the effectiveness of the 2-D Clean-Up kit for concentrating and 

preparing the ISF samples prior to analysis.  
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Albumin (~ 69 kDa; highlighted in red boxes in Figure 40) is known to be one of the 

major high abundant protein present in several body fluids, including plasma and 

serum (Ahn & Simpson, 2007; Zolg & Langen, 2004). As a result of ISF treatment 

with the Nanotrap® ESP particles, albumin was removed with the supernatant, as well 

as with the subsequent sodium thiocyanate and water washes. A faint albumin band is 

still visible in the eluate, however; this is very weak compared to the dense band seen 

in lane three following treatment of ISF with the 2-D Clean-Up kit. Even compared to 

the untreated ISF sample (UISF in lane two) where the ISF sample is heavily diluted 

in saline, the albumin band is a lot denser in this lane that the one present in the 

elution lane.  

The manufacturer recommends using the Nanotrap® ESP particles for the removal of 

proteins in the high molecular weight fraction; above 60 kDa (Luchini et al., 2008). 

Comparing the visible bands in untreated ISF (lane 2) with those in the elution 

following treatment with the Nanotrap® ESP particles (lane 7), suggests that proteins 

in both the high molecular weight region (~ 80 kDa and ~ 130 kDa), as well as in the 

low molecular weight region (~ 55 kDa and ~ 25 kDa) were concentrated. Bands that 

correspond to both of these molecular weights are clearly visible in the eluate lane. 

The presence of bands above the 60 kDa cut-off point in the eluate fraction shows that 

the removal of high molecular weight proteins has not been fully achieved. One 

explanation for this finding could be non-specific binding of high molecular weight 

proteins to the outside of the beads, resulting in their co-elution alongside the proteins 

of interest (Capriotti et al., 2012; Luchini et al., 2008). Despite the presence of these 

high molecular weight protein bands in the eluate fraction, their intensity is reduced 

compared with those present in the 2DCU lane, suggesting that treatment with the 
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Nanotrap® ESP particles has removed the majority of the high molecular weight 

proteins.  

In addition, comparison of the low molecular bands present in the 2DCU lane to those 

in the eluate lane, indicate that a large majority of the bands clearly visible in the low 

molecular weight region (~ 20 kDa and below) are lost in the eluate lane. These 

proteins are likely to have been have been co-depleted with other unwanted proteins 

(Ahn & Simpson, 2007; Kool et al., 2007; Meng & Veenstra, 2007; Polaskova et al., 

2010).  

To further investigate which proteins were bound to the beads and which were 

removed, the proteins in the eluate samples, along with the pooled untreated ISF kept 

aside as a positive control, were digested with trypsin to allow for LC-MS analysis 

and peptide/protein identification. A direct comparison of the peptides and proteins 

present in the untreated positive control ISF sample with those present in the eluate 

following treatment with the Nanotrap® ESP particles was carried out. In addition, this 

provides insight into which proteins may have been originally present in the untreated 

ISF samples at too low a concentration for identification by LC-MS, but have been 

concentrated to detectable levels following treatment with the Nanotrap® ESP 

particles. It is important to note that downstream mass spectrometry analysis will 

likely identify some larger proteins, expected to be removed from the sample in the 

eluate samples. This results from the Nanotrap® ESP particles capturing circulating 

protein fragments from larger proteins that have been degraded. 

Peptide matches from the LC-MS results, which indicated that the protein reported 

was not the best match for the peptide, were removed from the summary table. In 
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addition, low confidence protein identifications with a correlation factor score of 10 or 

below were also removed from the analysis. 

A summary of the proteins identified in the untreated positive control sample only, 

present in both the untreated positive control and the elution samples following 

treatment with the Nanotrap® ESP particles, and proteins solely found in the elution 

sample are presented in Table 15. In addition, detailed information collected for the 

proteins identified as markers of bruising in the DIGE experiment are displayed in 

Table 16. Information regarding the molecular weight of the proteins, the percent area 

of the peptide/protein peak (protein area of identified protein as a percentage of the 

area of all proteins identified), the sequence coverage as well as the unique peptide 

hits for proteins present in both the untreated ISF sample as well as those in the eluate 

is presented. 

The LC-MS data for all the proteins identified in this experiment can be found in 

Appendix G. 
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The proteins identified in both the untreated ISF sample and the eluate fraction 

following treatment with the Nanotrap® ESP particles included the five proteins 

selected as bruise biomarkers from the DIGE experiment. These were identified using 

TurboSEQUEST as: A2MG_HUMAN Alpha-2-macroglobulin precursor (Alpha-2-

M), hemopexin, haptoglobin, apolipoprotein A-1 preproprotein and transferrin (Table 

15 and 16). This finding further confirms the presence of these proteins in ISF and 

verifies their recovery using the sampling technique described. 

A2M was identified in both the untreated ISF sample as well as the eluate fraction. An 

increase from 1.09 to 5.08 was noted in the relative percentage area of the protein 

peak from the untreated ISF sample to the elution sample. In addition, the sequence 

coverage was found to increase from 2.7 % in the untreated ISF sample to 15.9 % in 

the elution sample, consistent with an increase in the number of unique peptide 

sequences identified (3 in the untreated ISF and 18 in the elution fraction). No peptide 

sequences were found to overlap in both samples indicating that different areas of the 

protein were identified in each sample. An increase in the relative percentage area of 

the protein would suggest the protein was concentrated in the elution sample, 

compared with the untreated ISF. This finding is consistent with the increase in 

sequence coverage also recorded for this protein. This is unexpected as A2M is a large 

protein, at 163 kDa. Following treatment with the Nanotrap® ESP particles, one would 

expect the majority, if not all, of this high-molecular weight protein to have been 

removed. Peptide fragments from the original protein molecules could however have 

been captured by the particles or the protein may have been bound to the outside of 

the particles and subsequently transferred to the eluate fraction. 
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A decrease from 2.86 to 0.58 was recorded when comparing the relative percentage 

area of Hpx in the untreated ISF with that in the eluate fraction. Three unique peptide 

sequences for Hpx were identified in the untreated ISF sample and two different 

unique peptide sequences were identified in the eluate fraction. The same peptide 

sequences were not identified in both samples. Similar percentage sequence coverage 

values were found for the untreated ISF (8.0 %) compared to the elution fraction 

(8.7 %). The relative percentage area results suggest that the concentration of Hpx 

decreased from the untreated ISF sample compared to the elution sample, however, 

the peptide coverage remained similar. The results are therefore inconclusive 

regarding the effect of the Nanotrap® ESP particles on the concentration of Hpx. 

The relative percentage area of Hap was also found to decrease from 0.51 to 0.18 

when comparing samples from the untreated ISF with the elution sample. In addition, 

three unique peptide sequences were identified for Hap in the untreated ISF sample 

compared to only one sequence in the eluate fraction. No sequences were identified in 

both samples. This is consistent with the data collected for the sequence coverage 

indicating a decrease in percentage coverage from 7.1 in the untreated ISF sample to 

3.7 in the elution sample. In theory, the small molecular weight of Hap, 45 kDa, 

should result in the binding of the protein to the Nanotrap® ESP particles. However, 

the results indicate that the concentration of Hap decreased from the untreated ISF to 

the elution samples. In addition, a decrease in the sequence coverage was also noted as 

a result of the treatment of ISF with the Nanotrap® ESP particles. 

No change was seen in the relative percentage area for Apo A1 when comparing 

proteins identified in the untreated ISF (19.5) with those present in the eluate fraction 

(19.95). It is not surprising to find this protein in the eluate fraction as its small size 
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(~ 31 kDa) would allow for its binding to the Nanotrap® ESP particles and for its 

subsequent recovery in the eluate sample. However, more sequence was found to be 

covered in the untreated ISF sample (45.7) compared with the elution sample (36.3). 

This was consistent with more unique peptide sequences being identified in the 

untreated ISF (10) compared to the eluate fraction (6). Two unique peptide sequences 

were also found common to both fractions. The similar relative percentage area of 

Apo A1 in the untreated ISF and the eluate suggest no change in the concentration of 

this protein following treatment with the Nanotrap® ESP particles. However, a 

decrease in sequence coverage was noted.  

Similar to A2M, an increase in the relative percentage area of TF was identified when 

comparing proteins present in the untreated ISF (5.34) with those present in the eluate 

sample (8.99). Two unique peptide sequences were identified in the untreated ISF 

sample compared to eight in the eluate fraction. In addition, three unique peptide 

sequences were common to both samples. This is consistent with an increase in 

sequence coverage in the untreated ISF (6.7) compared to the eluate sample (13.3). 

Together these results suggest a possible concentration of the protein and a better 

coverage of the protein sequence following the treatment of ISF with the Nanotrap® 

ESP particles. This is unexpected considering this protein is larger (77 kDa) than the 

cut-off (60 kDa) indicated by the manufacturer for the capture of proteins with the 

Nanotrap® ESP particles. 

When comparing the relative percentage area of albumin precursor, a decrease was 

identified in the untreated ISF (0.71) compared to the elution sample (1.65). Only one 

unique peptide sequence was identified in the untreated ISF sample. Considering the 

abundance of proteins present at approximately 70 kDa in the ISF following treatment 
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with the 2-D Clean-Up kit (lane 3), in Figure 40, it is interesting to note that six 

unique peptide hits were identified in the eluate fraction. One unique peptide sequence 

was also identified in both samples. This is consistent with the increase in percentage 

sequence coverage when comparing results for this protein in the untreated ISF (4.1) 

with the elution sample (10.7). The Nanotrap® ESP particles are expected to deplete 

the majority of albumin from the ISF samples. The fact that an increase in the relative 

percentage area of the protein, as well as in sequence coverage and the number of 

unique peptide sequences identified in the elution sample, all suggest that albumin was 

concentrated following the treatment of ISF with the Nanotrap® ESP particles. 

The comparison of the protein markers present in the untreated positive control 

sample and in the elution sample following treatment of ISF with the Nanotrap® ESP 

particles therefore suggest that the Nanotrap® ESP particles were more effective at 

concentrating higher molecular weight proteins (A2M, TF and albumin) rather than 

concentrating the lower molecular weight proteins (Hap and Apo A1) as had been 

expected. 

4.4.2. MICROSCOPIC EXAMINATION OF ISF SAMPLES 

Microscope slides of ISF samples were prepared and histologically stained to 

determine if intact cells were recovered when using the SonoPrep® system in 

combination with the pulsed vacuum ISF sampling device. 

Two whole untreated ISF samples collected from unbruised skin were pipetted onto 

slides, allowed to dry and stained. Two staining techniques were employed: Christmas 

Tree staining and H & E staining. Slides were examined under the microscope at 10x, 

20x and 40x magnification. The results of this experiment are illustrated in Figure 41. 
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Figure 41 Microscopic analysis of ISF. Untreated ISF samples collected from unbruised skin 
were pipetted onto slides and left to dry. One slide was stained with Christmas Tree 
stain (left), the other with H & E stain (right). Only cell debris was visualised on the 
slides except for one structure (arrow) that resembled a cell. Slides were examined on 
a Leica DM1000 light emitting diode upright microscope. 10x, 20x and 40x 
magnifications were used to search the slides for cells. Pictures were taken at 40x 
magnification from four fields of view in each slide.  
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The slides (n = 2) revealed that, although cell debris was visualised, untreated ISF 

collected from unbruised skin was free of intact cells. Only one structure resembling 

an epithelial cell (arrow in Figure 41) was visualised on the slide stained with H & E. 

It is unknown whether this is an intact epithelial cell or the superposition of cellular 

debris resembling the structure of a cell.  In addition, keratinised skin cells often do 

not have nuclei rendering differentiation of cells from cell debris more difficult. 

The average size of a skin epithelial cell is approximately 30 µm in diameter (Zolg & 

Langen, 2004). According to the manufacturer of the SonoPrep® system, the pores 

induced in the stratum corneum layer of the skin are approximately 50 – 75 µm in 

diameter and 10 – 40 µm in depth (Libraty & Barman, 2005). The size of the pores 

would therefore allow a typical sized epithelial cell to pass through and into the saline 

solution used for collection. During the sampling process, the minimum pressure 

applied to the skin is -15.3 kPa. Although this may be sufficient to remove cell debris 

from the surface of the skin where the micropores were induced, it is unlikely to be 

sufficient to remove intact cells from within the skin. It is also anticipated that loose 

epithelial cells on the surface of the skin would likely have been removed when the 

skin was scrubbed with ethanol and the cleansing wipes prior to the induction of 

micropores on the skin with the SonoPrep® system. 

4.4.3. FRACTIONATION OF ISF USING TRIZOL® LS REAGENT 

Following the examination of untreated ISF for intact cells, the presence of other 

cellular material, such as DNA and RNA, was investigated. Given the correct analysis 

of ISF from a proteomics standpoint, complementary analyses looking at the skin 

genome and transcriptome could also be envisaged. The presence of nucleic acids in 
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ISF would therefore be beneficial, allowing genetic investigations to be carried out in 

parallel without the need to collect additional samples from a volunteer. 

Untreated ISF samples (n = 3) collected from the unbruised skin of three independent 

participants were fractioned into their DNA, RNA and protein components using the 

TRIZOL® LS Reagent, according to the manufacturer’s instructions. The fractions 

were analysed using a NanoDrop™ 1000 spectrophotometer.  

The concentration, as well as the purity, of any DNA, RNA and protein present in the 

ISF samples were calculated (Table 17). The results revealed that, although detectable 

levels of DNA or RNA in the three ISF samples tested were low or absent, the levels 

of protein recovered were consistent with previous quantifications of ISF performed 

with the Bradford assay. 

  ISF 1 ISF 2 ISF 3 

DNA-50 
ng/µL -6.2 0.5 9.7 
260/280 0.36 2.01 0.36 
260/230 -0.59 0.11 80.96 

RNA-40 
ng/µL -30.0 -12.9 38.3 
260/280 2.05 2.17 2.30 
260/230 -0.24 -0.06 -0.20 

Protein at A 280 µg/µL 1.53 1.59 1.46 

Table 17 Concentration and purity of DNA, RNA and protein recovered from untreated 
ISF treated with TRIzol® LS Reagent. Three ISF samples were independently 
collected and separated into their DNA, RNA and protein fractions using the TRIzol® 
LS Reagent. A NanoDrop™ 1000 spectrophotometer was used to measure the 
concentration and purity of DNA, RNA and protein in each of the three ISF samples. 
Results presented in the table are the raw values obtained from the NanoDrop™ 1000 
spectrophotometer. The software used in conjunction with the NanoDrop™ 1000 
spectrophotometer functions on the assumption that, except for the blanks, the 
samples analysed will contain some quantity of the analyte being measured. Results 
are then extrapolated to fit a standard curve. The results obtained for the DNA and 
RNA fractions, highlighted in red, are extrapolated by the software. However, due to 
the detected levels of these nucleic acids being absent or low, and the purity of the 
samples being compromised, these results were deemed insignificant. 

Nucleic acids and proteins have absorbance maxima at 260 nm and 280 nm, 

respectively (Laub et al., 2010; Sirotnak & Krugman, 1997). The absorbance values 
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are used to measure the quantity of each component in a sample. The ratio of 

absorbance at 260 nm and 280 nm can be used to measure the purity of the DNA and 

RNA, with a ratio of ~ 1.8 regarded as “pure” DNA and a ratio of ~ 2.0 regarded as 

“pure” RNA (Laub et al., 2010; Sirotnak & Krugman, 1997). Furthermore, an 

absorbance value at 230 nm is regarded as an indicator of other contamination. Values 

for the ratios of 260 nm to 230 nm for “pure” nucleic acid solutions are expected to be 

between 2.0 – 2.2 (Laub et al., 2010; Sirotnak & Krugman, 1997). 

The concentration of DNA and RNA recovered from ISF sample 3 suggests that 

sufficient levels of nucleic acids (9.7 ng/µL DNA and 38.3 ng/µL RNA) were 

recovered from this ISF sample to allow for subsequent analysis. However, when 

taken into consideration alongside the ratio of absorbance at 260 nm and 280 nm, the 

purity of both of these samples appears to be compromised. The DNA and RNA 

results for ISF samples 1 and 2 suggest that no or low detectable levels of nucleic 

acids were recovered from ISF.  

In conjunction with the graphical results from the NanoDrop™ 1000 

spectrophotometer (Appendix H), the results presented in Table 17 suggest that little 

to no detectable DNA or RNA were recovered from ISF samples. The SonoPrep® 

system, in conjunction with the pulsed vacuum ISF collection device employed to 

collect the ISF samples might not be the most suited for the collection of nucleic acids 

in ISF. In addition, the extraction of DNA and RNA from ISF using the TRIZOL® LS 

Reagent might not be the most adequate technique for the recovery of nucleic acids 

present in ISF.  

The protein fractions yielded positive results for all three ISF samples. Similar protein 

concentrations were recovered across the three samples, with concentrations ranging 



Part Four | Results 
Chapter Four | Additional investigations into ISF 

186 | Page 

from 1.46 – 1.59 µg/µL (mean 1.53 µg/µL). These results are consistent with the 

protein concentrations determined for other ISF samples analysed in this work, where 

TRIZOL® LS Reagent had not been used to recover protein and quantification had been 

undertaken with the Bradford assay. 
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The results obtained from this project are the first to describe the use of proteomics to 

search for candidate protein markers for human bruises in living individuals. The 

investigation into the nature of the proteins present in ISF collected from under the 

surface of unbruised skin has allowed a better characterisation of the ISF proteome. In 

addition, the comparison of the ISF proteome recovered from unbruised skin with that 

collected from bruised skin, and the identification of protein markers that could 

potentially assist in estimating the age of a bruise in living individuals, is the first 

study of its kind. 

To date, studies investigating bruising have predominantly focused on post mortem 

human investigations (Byard et al., 2008; Hughes & Langlois, 2011; Ingham et al., 

2011; Vanezis, 2001), and animal studies (Mao, Fu, Dong, & Wang, 2011; Thornton 

& Jolly, 1986), both of which have limited application to situations involving living 

individuals.  

The majority of the research attempting to determine when a bruise was induced in 

living individuals has focused on the visual colour changes occurring on the surface of 

the skin as the injury develops and heals (Bariciak et al., 2003; Hughes & Langlois, 

2010; Langlois & Gresham, 1991; Stephenson & Bialas, 1996). As was demonstrated 

through the photography study, limitations when using a visual approach to determine 

the age of a bruise arise from individual biological differences in response to bruising. 

In addition, the anatomy at the injured site, the nature of the injury itself, and variation 

in description of colours present in the injury as seen by independent observers are all 

factors that complicate the analysis (Bariciak et al., 2003; Maguire et al., 2005b; 

Stephenson & Bialas, 1996).  
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The assay presented in this body of work to assist in the determination of the age of 

human bruises is pioneering work. Further work is required to consolidate this assay 

and create a more robust and reliable tool if use in clinical or medico-legal settings are 

desired. 

5.1. ETHICS APPLICATIONS AND APPROVAL 

Initially, ethics approval for the collection of ISF samples from bruised skin following 

accidental injuries was sought. This allowed for the optimisation of the sampling 

system, as well as an initial investigation into whether this sample type was amenable 

to proteomic analysis (Lecomte et al., 2013). Furthermore, samples from accidental 

bruises allowed for the determination of whether or not the sampling process itself 

would be affected if sample collection was undertaken from a site of bruised skin 

compared to unbruised skin.  

The progress of the project was largely dependent on participants self-reporting their 

injuries and volunteering their time. Drawbacks with this approach included many 

volunteers not remembering details regarding the injury that had led to the bruise, 

such as how the injury was induced and maybe more importantly, when the injury had 

occurred. The later visual appearance of the bruise was usually responsible for the 

discovery of the injury rather than the impact that had caused the injury itself. As our 

interests lay in developing a tool capable of estimating when a bruise had been 

inflicted, the fact that the injuries under investigation had all occurred at different 

times and by different means, that were frequently unknown, rendered analysis more 

difficult. Variables such as the time since infliction, the location on the body where 

the injury had been sustained, the force applied to the skin to create the injury and the 
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analysis of different individuals and their biological variation, needed to be better 

controlled. 

Firstly, a method for inducing similar injuries in volunteers was required. This would 

allow for differences seen in bruising response across different individuals to be 

attributed to the participant rather than the injury. The creation of standardised injuries 

that were performed at a known time would also allow for a time zero to be recorded 

at the time at which the injury was inflicted. Finally, since participation would not 

rely on accidental bruises, project participation could be opened up to a larger number 

of individuals who were willing to be involved. The approval of an ethics application 

allowing a 0.454 g weight to be dropped on the forearm and bicep muscles of 

participants through a one-meter tube was of great value to this project. However, 

although restricting the type of injury that was being investigated, the participation of 

a greater number of volunteers also resulted in introducing more variables, such as 

variation in age and sex, which needed to be controlled as much as possible.  

The paintball game study allowed for a series of similar injuries on various anatomical 

locations to be induced in a large group of participants. Bruises were produced with 

the same mechanism, within a known time frame. Although the exact timing 

associated with each injury could not be determined, all of the injuries were known to 

have occurred within a two-hour window. One difference in the formation of the 

injuries was the firing distance of the paintballs, introducing variation in the force 

transferred to the skin upon impact and potentially the severity of the resulting injury. 

The location on the body where the bruises would be inflicted and variables 

introduced from the participants themselves, such as their age, sex and whether or not 

they had been on medication at the time of the paintball game, could also affect the 
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resulting bruises. While the bruises were induced with the same mechanism, the 

details specific to each injury as well as the large number of participants and the range 

of variables introduced by each person introduced enough variation for the paintball 

study to be a representation of the general population.  

5.2. PARTICIPANTS 

Despite the physical abuse of children and elderly individuals being a global issue of 

paramount importance (Gondim et al., 2011; Wolf et al., 2002), the work undertaken 

in this project focused only on adult volunteers, ranging in age from 20 – 50 years. 

The decision to only study adults was taken due to the anticipated difficulties in 

obtaining ethics approval to work with children and elderly individuals. The findings 

from an adult study, as undertaken in this body of work, would however still provide 

valuable information regarding the usefulness and reliability of the test from which a 

larger study comprising younger and older individuals could follow. In addition, 

bruising response and healing in children and elderly people has been suggested to 

vary when compared with adults (Hughes & Langlois, 2010; Randeberg et al., 2011). 

Finally, variables introduced as a result of analysing large numbers of participants 

needed to be controlled, in order for a baseline of protein expression in ISF from 

bruised skin in living individuals to be determined.  

5.3. MICROPORE INDUCTION AND ISF COLLECTION 

This project utilised a novel transdermal sampling system which combined the 

permeation of the skin with ultrasound waves using the SonoPrep® system, with a 

pulsed vacuum ISF collection device (Lecomte et al., 2013). This technique allowed 
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for the collection of ISF from underneath the stratum corneum layer of the skin in a 

manner that was minimally invasive and virtually painless. 

The extraction and collection of ISF from the skin in a non-invasive manner enables 

the analysis of what can be thought of as the cells’ microenvironment. In permanent 

contact with the cells it surrounds, the ISF provides more localised information on the 

proteins being expressed and secreted at the time of sampling compared to the more 

general view obtained from analysing blood or serum (Lecomte et al., 2013; Meng & 

Veenstra, 2007).  

Despite micropores being induced in the stratum corneum layer of the skin, the use of 

the SonoPrep® system was found to be safe, with the technique being approved by the 

Food and Drug Administration. No reports of infection or long term effects from the 

procedure were found and the formation of micropores in the skin were reported to be 

reversible; with the skin going back to its original form 24 hours after the procedure 

was carried out (Farinha et al., 2006). This system was also reasonable in cost, 

practically painless and did not involve the use of needles or skin incisions, remaining 

therefore largely non-invasive in nature. These attributes provided the SonoPrep® 

system with a marked advantage over other systems previously employed for sample 

collection such as biopsies of human tissue (Gromov et al., 2010; Kagawa et al., 2009; 

Teng et al., 2011), microdialysis (Gill et al., 2011; Xu et al., 2010), microporation 

(Nindl et al., 2006) and suction blisters (Kiistala & Mustakallio, 1967; Kool et al., 

2007; Mansbridge & Knapp, 1987). 

Although the SonoPrep® system has attractive advantages, further modifications and 

improvements to the pulsed vacuum collection device could be made to ameliorate the 

limitations of ISF sample collection. The pulsed vacuum ISF collection device could 
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allow two ISF samples to be collected at once. In our investigation, having a second 

sampling system would have permitted a physiological control from unbruised skin to 

be collected simultaneously to a sample from bruised skin. In studies where the same 

individual was sampled repeatedly, such as the DIGE study, changes in protein 

expression from the bruise samples were compared to an ISF sample collected from 

unbruised skin before infliction of the injury. More valuable information would have 

been collected if each ISF sample collected from bruised skin could have been 

compared with a sample collected simultaneously from a site, nearby, of unbruised 

skin. This would have allowed for any physiological variation present within the 

individual at the time samples were collected to be removed. As stated by Cecchi et 

al., the only way to investigate the response of the skin to a wound is to study negative 

controls, healthy skin and internal controls, of the same individual, together with the 

wounded skin (Cecchi, 2010). The internal controls contain indispensable information 

regarding the physiology of the skin in a general manner; more than just in response 

to the wound (Cecchi, 2010). 

The pump unit used to build the pulsed vacuum ISF collection device was not 

sufficiently powerful to drive two sampling systems at once; the dual-collection of 

ISF samples was therefore not possible. However, pumps that are more powerful are 

available and a system with this improvement could be built for future sampling. 

A further drawback with the collection of ISF using this device is the time required 

for sample collection. In a research setting, it is acceptable to work with a long 

sampling time. However, in a clinical setting, a sampling time of one hour and a half 

is too long. In the future, this system would need to be replaced with a faster, more 

efficient system, better suited for use in a clinical setting.  
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Microneedles could be a replacement option to the current sampling system employed 

in this work. While these have already been used for the delivery of drugs and 

vaccines underneath the skin (Mikszta et al., 2002; Ovsianikov et al., 2007; Sullivan 

et al., 2010; Widera et al., 2006), some groups have described their use to collect ISF, 

with the microneedles creating a continuous port to the dermal microcirculation 

(Donnelly et al., 2012). 

Patches have previously been used to deliver small hydrophobic molecules such as 

nicotine and nitroglycerin through the skin by absorption. However, due to the 

effective protective barrier provided by the skin, a breach in the skin and the creation 

of an access port is required for the delivery of the majority of therapeutically 

important drugs into the skin (Mousoulis, Ochoa, Papageorgiou, & Ziaie, 2011). In 

our case, our interests lie in collecting the ISF present underneath the surface of the 

skin. The integrity of the skin would therefore need to be compromised for ISF to be 

recovered.  

Ovsianikov et al. (Ovsianikov et al., 2007) describe arrays of microneedles (800 µm 

long, 150 – 300 µm in diameter at the base of the needle) with a hollow bore in the 

centre of each needle acting as a channel through which pharmaceutical agents could 

be transported into the skin. The use of a similar channel could be employed to access 

and collect ISF. The authors reported that in order for delivery of drug targets to be 

effective, the microneedles needed to create an access path deep enough to penetrate 

through the layer of keratinised dead cells that make up the stratum corneum. In order 

to account for changes in the thickness of the stratum corneum with age, the location 

on the body where the microneedles were applied and the condition of the skin at the 

site of perforation, the length of the needle shaft should be greater than 100 µm, and 
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generally between 300 – 400 µm (Ovsianikov et al., 2007). Another important feature 

of the needles was their ability not to fracture while being inserted or removed from 

the skin. The high number of needles also provided redundancy in situations where 

some needles became obstructed or if they fractured upon insertion into, or removal 

from, the skin (Ovsianikov et al., 2007). 

In addition to overcoming some of the issues presented by Ovsianikov and colleagues, 

another group highlighted implications such as the need for the microneedles to be 

sterile as they would come into contact with viable cells (Donnelly et al., 2012). The 

group describes an array of microneedles consisting of microneedles 600 µm long and 

300 µm at the base of the needle shaft. Upon application into the skin, ISF is taken up 

by the needles into a drug loaded adhesive patch. A continuous link with the dermal 

microcirculation and the drug-containing patch is therefore created, via the 

microneedles (Figure 42). 
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Figure 42 Microneedle assay for controlled drug delivery through the skin. The 

microneedle assay consists of a backing layer, a drug-loaded adhesive patch and an 
array of microneedles. When inserted into the skin, ISF flows into the adhesive patch 
creating a continuous link with the dermal microcirculation and allowing the drugs to 
be diffused through the needles into the skin. Diagram adapted from Donnelly et al., 
2012.  

In contrast to the other systems described, this microneedle array not only allowed for 

the delivery of drugs, stored in the drug-loaded adhesive patch, through the skin but 

also drew ISF out of the skin and into the adhesive patch. A system where the patch 

was adapted for ISF extraction and collection could be envisaged.  
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5.4. PROTEIN RECOVERY FROM ISF SAMPLES 

Although the use of the SonoPrep® system combined with the pulsed vacuum ISF 

collection device did not allow for proteins to be recovered in large quantities, 

sufficient levels of protein required for analysis with proteomic techniques were 

collected. As described by Gill et al., who used microdialysis to recover dermal 

dialysates, the amount of protein recovered from the interstitial space is low compared 

with other commonly studied biological fluids, such as plasma (Gill et al., 2011). The 

low levels of protein recovered throughout our study are therefore consistent with 

other studies and not due to the sampling system in place.  

The results presented in this study were collected from 64 ISF samples recovered 

from individuals in an age group of 20 to 50 years of age. A larger number of samples 

would need to be collected in order for a better-informed and more precise range of 

the levels of protein recovered across different individuals using this sampling 

technique to be determined. This would also allow other biological factors to be 

further investigated, such as the age and sex of participants as well as where on the 

body samples were collected. It is possible that all of these factors could play a role in 

protein recovery using this system. 

When investigating the levels of protein recovered from all of the samples analysed in 

this study, despite protein recovery being higher in some ISF samples compared to 

others, the variation in protein concentration observed across all of the participants 

was determined not to be significant.  

Gender, on the other hand, was found to have a significant effect on protein recovery. 

Increased protein concentrations collected from female participants compared with 
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males could be the result of differences in anatomy and tissue composition at the site 

of sampling between males and females (Vanezis, 2001). Overall, more than 80 % of 

the participants sampled were female; results may therefore be skewed towards this 

group of individuals. Greater number of samples, from both male and female 

participants, would need to be collected and analysed in order for this trend to be 

investigated further.  

When considering the sites on the body where ISF was collected, significantly more 

protein was recovered from the upper and lower arm as well as the shoulder blades 

and rib cage compared with the upper and lower leg. This disparity in protein 

recovery could be due to the majority of the samples having been collected from sites 

on the arms compared with the legs. Another possibility could be that differences in 

the underlying tissue at the site of sampling  led to better protein recovery from the 

arms, compared with the legs. Sampling from different places, all over the body, 

would further the understanding of the effect of the sampling site on protein recovery.  

Although the majority of the participants were not on medication at the time the 

samples were collected; the use of medication did not seem to have a significant effect 

of protein recovery. The samples collected from the participant with the heterozygous 

mutation of factor V Leiden contained the highest levels of protein recovered. As this 

finding was limited to one individual, further investigation would be warranted to 

investigate whether this mutation has an effect on increased protein recovery.  

Comparison in protein recovery between bruised and unbruised skin revealed no 

significant variation. However, the majority of the samples tested were collected from 

bruised skin. A more detailed investigation into the effect of bruising on protein 
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recovery from the skin should be undertaken by testing more samples and more equal 

sample numbers, from both bruised and unbruised skin. 

In the DIGE study, the same area of skin was sampled on three separate occasions. 

When considering the effect of repeatedly sampling the same area of skin on protein 

recovery, a significant reduction in the levels of protein recovered from subsequent 

sampling events was seen. This was true within the samples collected from one 

individual as well as across all of the samples collected from the different participants 

who took part in the study. It was found that significantly less protein was recovered 

in samples collected on bruise day 6 and bruise day 11, compared with samples 

collected on bruise day 1. No significant difference was seen when comparing 

samples collected at bruise day 6 with those collected at bruise day 11. These results 

suggest that sampling the skin once could reduce the recovery of protein in 

subsequent sampling events. Possible explanations could include fewer micropores 

being formed in the skin on subsequent sampling events, resulting in less protein 

recovery, or that surface proteins, readily collected on the first sampling event, do not 

have time to fully replenish by the time subsequent samples are collected.   

Protein levels recovered from individuals who took part in the paintball game were 

the lowest compared to other studies. These lower protein concentrations were 

consistent across all of the individuals who took part in this study with no significant 

inter-individual variation seen across this group of individuals. Samples for this study 

were collected over the course of 11 days following the paintball game; and a sample 

from each participant was collected once on a specific day. The collection of samples 

on different days did not appear to have an effect on protein recovery. As ISF samples 

were taken from one individual once in this study, it was not possible to determine if 
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repeated sampling had an effect on protein recovery from multiple sampling in the 

paintball study. 

Finally, protein recovery from the samples collected in the blind study did not exhibit 

any significant variation across the different participants.  

5.5. DIGE TO IDENTIFY PROTEIN MARKERS IN ISF FROM 

BRUISED SKIN  

The analysis of the normalised protein pixel spots with the Delta2D software allowed 

for the identification of 18 protein spots whose expression varied significantly (fold 

change > 1.5) in samples collected from bruised skin compared with unbruised ISF. In 

addition, these spots showed significant changes over time in samples collected from 

bruised skin on days 1, 6 and 11 following the bruising event on day 0.  

As previously described in section 5.4 of this chapter, significantly lower levels of 

protein were recovered from all of the DIGE participants, for samples collected on 

bruise day 6 and bruise day 11, compared with those collected on bruise day 1. There 

is a possibility that the significant decrease in pixel density seen in the candidate 

proteins over the different bruise days in the DIGE study could be the result of lower 

protein recovery due to repeatedly sampling ISF from the same site. Changes in 

protein expression of protein markers can however be seen between samples collected 

at bruise day 6 and bruise day 11, where no significant difference in protein recovery 

was noted. This indicates that there is a change in protein expression over the days the 

samples were collected from bruised skin and that the significant decrease in protein 

expression was not the result of less protein being recovered from the skin at these 

later time points. However, this is not to say that recovering less protein from these 



Part Five | Discussion 

201 | Page 

samples did not have an effect on the changes in expression observed in the protein 

markers.  

A2M, Hpx, Hap and Apo A1 were identified as protein markers whose levels of 

expression changed significantly in bruised skin compared with unbruised skin. In 

addition, the expression of these markers was found to be significantly affected over 

time as a bruise evolved and healed. These four proteins were selected and further 

investigated as potential candidates for the determination of the age of bruises in 

living individuals. It is important to note that, with the exception of Hpx, a number of 

protein isoforms were identified for A2M, Hap, and Apo A1. These isoforms were 

detected on the gel as trains of spots and are therefore more likely to result from post-

translational modifications. It is likely that not all of the spots representative of these 

proteins were excised from the gels and identified. The resulting changes in protein 

expression observed when comparing ISF samples collected from unbruised skin with 

those collected from bruised skin are therefore representative of the subset of protein 

isoforms identified in this study. Future studies could investigate the changes in 

protein expression for all of the proteins isoforms present in ISF for these protein 

markers. This would allow for a more thorough understanding of the changes in 

expression seen in these proteins in the event of a bruise. Techniques that could be 

employed to identify the remaining protein isoforms present in ISF include 2D 

westerns. A number of stains used to identify different post-translational 

modifications, such as the Pro-Q Diamond Phosphoprotein Gel Stain (Invitrogen), or 

Glycoprotein Staining Kit (Thermo Fisher Scientific) could also be employed to 

detect post-translational modifications in ISF collected from bruised skin. It is likely 

that the type and/or degree of post-translational modification changes with bruise 

evolution could be a further avenue for investigation. 
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Collectively known as the α-macroglobulins, this group of protein comprises between 

8 % – 10 % of the total proteins found in serum; with A2M being one of the main 

constituents (Borth, 1992). The mode of action of A2M as a proteinase trap (Barrett, 

1981; Borth, 1992) allows for the majority of proteinases to be captured by the 

protein, regardless of their specificity or catalytic mechanism. Upon changing 

conformation, as a result of binding, rapid clearance of A2M and the trapped 

proteinase occurs (Barrett, 1981). The capacity of A2M to bind a large variety of 

different types of proteinases suggests its diverse functions as a binding, carrier and 

targeting protein (Borth, 1992). This has led to the discovery of the role of A2M in 

fibrinolysis (Chan, Chan, & Chan, 1984; Kluft, Vellenga, Brommer, & Wijngaards, 

1982), as well as in the regulation of the coagulation cascade (de Boer et al., 1993). In 

a baboon model, de Boer and colleagues showed the role of A2M in regulating the 

homeostatic and inflammatory reactions that occur when sepsis is present (de Boer et 

al., 1993). Plasma levels of A2M were shown to be reduced in patients with sepsis; a 

decrease which could be explained by the formation and subsequent clearance of 

A2M-proteinase complexes from circulation (de Boer et al., 1993). Bruising, and the 

immediate inflammatory reaction it would cause, could lead to an increase in the 

expression of A2M. This would be followed by a reduction in A2M expression at the 

injured site due to debris from ruptured cells and their content being removed from 

the injured site. Reduced levels of A2M at this stage would be consistent with the 

formation of A2M-proteinase complexes and their removal from the injured site, and 

could coincide with the observation seen in the presented work, with the lowest 

expression level of A2M occurring three days following the bruising event. 

The high affinity of Hpx to haem and the fact that Hpx synthesis is known to be 

induced in response to an inflammatory event make Hpx the ideal candidate for 
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binding of free haem in the event of a bruise. The binding of haem and subsequent 

transport to sites of catabolism by Hpx prevent haem-mediated oxidative damage to 

the cells and haem-bound iron loss (Tolosano & Altruda, 2002). The rapid synthesis 

of Hpx as a result of a bruise accompanied by its high binding affinity to haem and the 

transport of this complex to the liver for destruction, could explain the increase in Hpx 

expression seen shortly after the bruising event and the reduced expression at the site 

of bruising in the days immediately following the bruising event. 

As the protein with the highest affinity to Hb through its ability to bind both oxy- and 

deoxygenated Hb, Hap effectively binds Hb for its subsequent degradation by 

macrophages (Muller-Eberhard, Javid, Liem, Hanstein, & Hanna, 1968; Polticelli, 

Bocedi, Minervini, & Ascenzi, 2008). Similarly to Hpx, Hap belongs to a family of 

acute-phase proteins, whose synthesis is triggered in response to inflammatory 

responses (Polticelli et al., 2008). Its increase in abundance immediately following the 

bruising event could be explained by increased recruitment of the protein in response 

to the inflammatory reaction created from the bruise. The subsequent reduced 

abundance in the days following the bruising event could be explained by Hap 

binding to Hb, and transporting the molecule away from the bruising site, via the 

circulation, to the liver for Hb to be degraded. 

The synthesis of both Hpx and Hap are triggered in response to inflammation. This 

could explain the increase in the expression of these proteins at bruise day 1 

immediately following the bruising event. The presence of haem and extracellular Hb 

at the injured site would trigger their binding and clearance from the injured site by 

Hpx and Hap, respectively. The decrease in protein abundance seen at bruise day 3 

could be explained by the large number of molecules forming a complex with haem or 
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Hb, already present in the circulation, away from the injured site, as they transport 

haem and Hb to their sites of catabolism. However, the levels of both Hpx and Hap in 

the plasma of patients with a number of haematological disorders are known to be 

abnormal (Muller-Eberhard et al., 1968). The high affinity of Hpx to bind haem and 

Hap to bind Hb in cases of extreme haemolysis, allows these compounds to be cleared 

from the circulation to avoid further damage to cells. The abnormal concentrations of 

both Hpx and Hap in individuals with haematological disorders illustrate a case where 

the use of these proteins markers for the successful determination of the age of a 

bruise in some individuals may not be possible. More research would need to be 

performed to investigate the use of these markers in individuals with these disorders. 

In addition, a search for markers better suited for this sub-set of the general population 

may be required in the future. 

Apo A1, the major representative of the high-density lipoproteins, is involved in lipid 

binding (Frank & Marcel, 2000; Oram & Yokoyama, 1996). Its role allows for the 

binding and transport of cholesterol and phospholipids from cells to the liver for 

excretion from the body (Oram & Yokoyama, 1996). In cell culture models, the 

addition of human purified apo AI, apo AII, apo AIV and apoE protein was found to 

stimulate cholesterol and phospholipid efflux from a variety of cells including 

macrophages, fibroblasts, endothelial cells and smooth muscle cells (Oram & 

Yokoyama, 1996). 

It has previously been noted that in patients with injuries, such as spinal cord injuries 

(Dallmeijer, van der Woude, van Kamp, & Hollander, 1999) or inflammatory diseases 

such as systemic lupus erythematosus (Lahita, Rivkin, Cavanagh, & Romano, 1993) 

or sepsis (Thompson, Berbée, Rensen, & Kitchens, 2008), the expression profile of 



Part Five | Discussion 

205 | Page 

Apo A1 was decreased compared with those in normal individuals (Dallmeijer et al., 

1999; Lahita et al., 1993; Thompson et al., 2008). In our work, the expression level of 

Apo A1 was found to be low. Nevertheless, a response similar to the other markers 

was noted as a result of the bruising event. 

Each marker displayed its own changes in expression as a result of the bruising event 

as well as over time as the injury healed. It is the combined evaluation of a test 

including these four markers, as well as the contributions of other aids, such as the 

visual aspect of the bruise at the time of sampling, that may in future permit the 

determination of the age of a bruise with a high degree of accuracy and objectivity. 

5.6. LOADING CONTROL 

Due to its high abundance in ISF (Ahn & Simpson, 2007; Gromov et al., 2010; 

Yocum, Yu, Oe, & Blair, 2005), albumin was initially chosen as a possible positive 

control and loading control for the DIGE study and validation with the western blots, 

respectively. However, when albumin was identified in the DIGE study amongst the 

spots whose expression had changed significantly in ISF samples collected from 

bruised skin compared with those collected from bruised skin, albumin was removed 

from consideration as the loading control. 

A separate analysis of the gel data was undertaken to identify proteins whose 

expression was not significantly affected by the presence of a bruise. In addition, the 

level of expression of this protein should not vary significantly over time as the bruise 

evolved and healed.  

TF is the major protein involved in iron transport (Aisen, 1988; Letendre, 1987; 

Thorstensen & Romslo, 1990). Initially the choice of TF as the loading control may 
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seem unexpected. In the event of a bruise, extravasated erythrocytes and their content 

will be present at the injured site. As the major protein involved in iron transport, it 

could be expected that the expression levels of TF would vary in the event of a bruise. 

However, TF seems to transport iron to the reticulocytes in erythropoietic tissues for 

its incorporation into Hb, unlike Hpx and Hap whose affinity to Hb and haem is for 

the protection of the body from the harm free iron could cause and therefore the 

catabolism of Hb. The fact that the levels of TF in plasma and those found in 

extravascular fluids are almost equally distributed (Letendre, 1987) suggest that the 

function of TF relates to iron content in the body as a whole, rather than locally, as in 

the case of a bruise in the skin. This could explain why TF was found not to be 

significantly altered in bruise ISF compared to ISF collected from unbruised skin.   

If employed as a loading control for tests undertaken in the general population, it is 

important to consider what would happen to the levels of TF and how these would 

change in individuals with conditions such as anaemia, where the levels of iron in 

their body will be altered. Abnormal levels of TF could be seen in individuals who 

have conditions that affect the overall level of iron in their body, jeopardising the 

effectiveness of TF as a loading control and as a marker in this assay. 

5.7. WESTERN BLOTS 

Having previously been identified in the DIGE study, the WB results confirmed the 

presence of Hpx, Apo A1 and TF in ISF. Protein bands for these markers were 

visualised in samples collected from the unbruised skin of different participants, 

furthering our understanding of what proteins constitute a healthy ISF proteome. 

Furthermore, the presence of these proteins were investigated in ISF collected from 
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bruised skin providing new insight into how the skin responds in the event of a bruise 

and how these markers change over time as the bruise heals. 

WBs allowed the results obtained from the DIGE study to be validated and for the 

changes in protein expression in the markers identified from the DIGE study to be 

tested via a second independent technique. The advantage of WBs is that they allow 

the levels of each of the markers to be measured independently from the rest of the 

proteins present in ISF. In addition, the technique was used as a comparative tool, 

allowing the quantity of a protein to be assessed in different samples.  

The identification of TF as a loading control for this validation was important as it 

was expected to allow for changes in protein band densities to be attributed to 

differing amounts of marker protein being present in the different samples, rather than 

differing amounts of total protein having been loaded into the gel. However, the 

western blot results for TF were not consistent across the samples collected within one 

individual, and across the different participants. One explanation for this could be the 

fact that the choice of TF as a loading control was based on the identification of three 

protein isoforms of TF. TF is however part of a family of proteins. It is therefore 

likely that these three protein isoforms were not the only TF protein isoforms present 

in the ISF samples collected. Future work investigating the changes in expression of 

all of the TF isoforms present in ISF in the event of a bruise could confirm the choice 

of TF as a loading control. The search for a more suitable loading control is another 

possibility. 

Despite a number of samples not being able to be tested further due to too little 

solubilised protein sample remaining after the DIGE study, the majority of the 

samples were tested using WBs. Levels of Hpx were seen to increase at bruise day 1, 
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consistent with an increase in its synthesis from the inflammatory reaction caused by 

the bruise. Its expression then decreased over the remaining stages of bruising 

suggesting it may have been bound to fragments of free haem and have left the injured 

site to transport the protein to its site of catabolism. Different trends across the 

different individuals were seen in the WB validation results for Apo A1.  

As described by Barrett, the lack of bands for the WB results of A2M could be caused 

by the presence of DTT in the sample preparation solution leading to the dissociation 

of the protein into inactive subunits (Barrett, 1981). A lack of binding of this protein 

by the antibody could have resulted in no bands being visualised.  

Bands for Hap were seen in the initial WB studies but no bands were detected for this 

protein in the final studies. Despite samples being stored at -80 °C, and all other 

markers having been identified, the protein could have degraded. Other explanations 

could be the possible degradation of the antibody or that the proteins were bound to 

Hb, resulting in the inability of the monoclonal antibody to bind to Hap. Hap was 

excised from the DIGE gels and bands were identified at the correct molecular weight 

in the initial optimisation experiments using WBs. It is therefore known that Hap can 

be recovered from ISF using the sampling technique described. More research would 

need to be carried to investigate why bands were not consistently visualised in the 

WB study. Fresh ISF could be tested to assess the impact of long-term storage of the 

sample on Hap degradation. Despite visualising bands in the optimisation study, 

antibodies other than the one employed in this study could also be tested for their 

ability to detect Hap. Finally, a study could be undertaken to investigate the degree of 

binding to Hb and possible treatments to cause the complex to dissociate and allow 

the antibody to bind to the target molecule. 
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5.8. PHOTOGRAPHIC RECORDS OF BRUISES 

Compared to the photographs taken in the DIGE study, the reproducible setup 

employed to record the bruises in the photography study was robust and provided an 

accurate record of the injury. The photography study illustrated the importance of 

consistency in the conditions used to record the images, particularly if they are to be 

used as evidence in cases of suspected physical abuse.  

The scoring of the photographs by independent observers demonstrated the variation 

in opinion when determining the age of a bruise from photographs.  

Even under such stringent conditions, photography and visual assessment should not 

be solely used to provide an opinion of when an injury was inflicted on the skin, as 

the extent of biological variation in different individuals could result in misdiagnosis, 

making these techniques unreliable for use in a clinical or medico-legal setting 

(Pilling et al., 2010). 

This does not mean that photographs should not be taken or used when creating an 

opinion of the age of a bruise. On the contrary, the use of photographs can provide 

additional information leading to a more accurate estimate of the age of a bruise. 

However, these images could be used in conjunction with other information, such as 

that obtained from the examination of the protein expression levels of the markers 

identified in this body of work. The use of photographs or direct visual assessment on 

their own to determine the age of a bruise is not recommended. 
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5.9. ENZYME-LINKED IMMUNOSORBENT ASSAYS 

The use of ELISAs to test the function of the markers from untreated ISF is an 

analysis that could be employed in a clinical setting. Once the markers of interest have 

been identified, ELISAs would provide an easy and rapid way to analyse ISF. In 

addition, this technique also allows results to be easily visualised.  

The preliminary results for the evolution in expression of each of the protein markers 

following analysis of bruises over 11 days is promising for early markers. With a 

significant increase in functional protein for all of the markers at bruise day 1, a 

marked drop in protein is then seen at bruise day 3, or bruise day 5 in the case of Apo 

A1. The analysis of the expression of the markers at later times is not as informative 

and requires more work to determine if any further trends in expression exist for these 

markers. This could be partially due to the absence of data for days 7 and day 8 after 

the bruising event. The levels of activity of the markers at these times should also be 

determined in order to complete the timeline currently in place. Although the current 

markers may provide sufficient specificity for the assessment of recent bruising, 

additional markers may need to be identified to improve the resolution of the assay 

and to allow the differentiation of later stages of bruise development and healing. In 

addition, more data should be collected and tested to better refine the range of 

biomarker expression at each time point. Finally, more samples, collected from 

bruises resulting from different types of injuries, inflicted on different days, would 

require testing to consolidate the robustness and reliability of the assay. 

Although the ELISAs allow for the expression of selected protein markers to assist in 

identifying recent bruises in living individuals, an even more efficient test could be 
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implemented for use in a clinical setting or as evidence in a court case where physical 

abuse is suspected.  

The Bio-Plex® Suspension Array System (Bio-Rad) could facilitate the collection and 

visualisation of results potentially replacing the use of ELISAs as a clinical test. 

Keeping the same microplate design, the Bio-Plex® system works in a similar way to 

common ELISAs except that it enables the identification and quantitation of all of the 

markers simultaneously, rather than individually. The Bio-Plex® system employs a 

selection of beads with different spectral parameters, each coupled to antibodies 

specific to the different markers of interest. ISF samples could be directly mixed with 

the different beads, each binding to its target protein markers. Biotin-labelled 

detection antibodies and fluorescently labelled reporter molecules would be added to 

each well and the reporter signal detected with a plate reader. The results would allow 

for the different beads, and therefore the different markers, to be identified by the 

internal fluorescent signatures. In addition, the level of each bound marker could be 

detected by the intensity of the reporter signal, providing an indication of the levels of 

each of the markers present in the original ISF sample. 

Due to cost and time restrictions, this technique could not be employed to validate 

results obtained from the DIGE study. Future work using the Bio-Plex® system could 

be envisaged. 

5.10. NANOTRAP® ESP PARTICLES STUDY 

ISF was tested with the Nanotrap® ESP particles in an attempt to remove albumin and 

other high abundance proteins from the samples, and to concentrate and recover low 
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molecular weight proteins, present in ISF in low abundance, that could potentially act 

as biomarker candidates for bruising (Luchini et al., 2008).  

In theory, the core of the particles is composed of a cross-linking network that allow 

for the exclusion of large molecular weight proteins, such as albumin, while capturing 

molecules with sizes smaller than the cut-off pore size of the particles (Luchini et al., 

2008). The majority of the albumin was removed following overnight incubation of 

ISF with the particles. This was demonstrated in Figure 40 in section 4.3.1 of the 

results. The dense albumin band present in the 2DCU lane prior to treatment with the 

Nanotrap® ESP particles was systematically removed with the supernatant and the 

subsequent washes performed with thiocyanate and water. However, comparing the 

density of the albumin band in the 2DCU lane, it is possible to see that the complete 

removal of albumin was not achieved. A possible explanation for the presence of 

albumin in the eluate fraction could be due to albumin being present in ISF in excess 

(Ahn & Simpson, 2007; Gromov et al., 2010) compared to other proteins, resulting in 

some of the albumin binding non-specifically to the surface of the Nanotrap® ESP 

particles (Luchini et al., 2008).  

The manufacturer promotes the use of the Nanotrap® ESP particles to concentrate and 

harvest molecules below 60 kDa (Luchini et al., 2008). Our preliminary study 

suggests that, although low molecular weight proteins were concentrated, a range of 

high molecular proteins, including albumin, were also present in the eluate.  

In addition to the recovery of proteins that should have been excluded, the treatment 

of ISF with the Nanotrap® ESP particles also led to the loss of proteins of interest. The 

bands present in the 2DCU lane, prior to the treatment of ISF with the Nanotrap® ESP 

particles, clearly shows the presence of a multitude of bands in the lower molecular 
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weight range (below 25 kDa) which are not present in the eluate lane. The co-

depletion of low-molecular weight proteins of interest, which bind to the major 

plasma carrier proteins, when depleting biological samples of high abundant proteins 

is well documented (Ahn & Simpson, 2007; De Bock et al., 2010; Granger, Siddiqui, 

Copeland, & Remick, 2005; Kool et al., 2007; Meng & Veenstra, 2007; Polaskova et 

al., 2010; Yocum et al., 2005). The depletion of these low molecular weight peptides 

is therefore most probably due to their co-depletion alongside proteins that were 

targeted for removal.   

To fully understand which proteins were being targeted by the Nanotrap® ESP 

particles and which were being removed from the analysis, untreated ISF samples 

collected from unbruised skin as well as the elution fraction following treatment with 

the Nanotrap® ESP particles were analysed with LC-MS. 

All of the proteins chosen as markers to determine the age of bruises in living 

individuals were identified in both the untreated ISF samples as well as the eluate 

fraction following treatment with the Nanotrap® ESP particles. Improved coverage of 

the protein sequence and increased numbers of unique peptide hits for both A2M and 

TF suggested that both of these proteins might have been concentrated as a result of 

treating ISF with the Nanotrap® ESP particles. This finding contradicts the specificity 

of the Nanotrap® ESP particles to harvest and concentrate low molecular weight 

proteins since both A2M and TF are larger than the 60 kDa cut-off point suggested by 

the manufacturer.  

In the case of Hpx and Hap, no improved peptide coverage or increase in the number 

of unique sequences was noted suggesting that the concentration of these proteins 

may not have been altered by treatment with the Nanotrap® ESP particles. 
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Apo A1 was readily identified in both the untreated ISF sample as well as the eluate 

fractions following treatment with the Nanotrap® ESP particles. This is not surprising 

considering the small size of the protein and therefore its ease as a target for the 

Nanotrap® ESP particles. However, a decrease in peptide coverage indicated fewer 

unique peptides for Apo A1 were identified in the eluate fraction compared with the 

untreated ISF. This could suggest a decrease in the concentration of Apo A1 in the 

eluate sample following treatment with the Nanotrap® ESP particles compared with 

that found in untreated ISF. If this were the case, it could be due to the co-depletion of 

the protein alongside other larger, more abundant proteins, which may have acted as 

carrier molecules for Apo A1.  

The optimisation experiments with the Nanotrap® ESP particles led to a larger volume 

of starting material being tested in order for the fractionation to be better visualised. 

The results reported in this body of work were obtained from three ISF samples 

collected from unbruised skin and pooled prior to incubation with the Nanotrap® ESP 

particles. With the current sampling system, increasing the volume of starting material 

from a single collection would not be an option, as this would require additional 

sampling time to a process that is already lengthy. 

Depleting ISF of high abundance proteins could allow future research to focus on the 

search for biomarkers present in lower abundance levels that may be better candidates 

as markers for determining the age of human bruises. However, the Nanotrap® ESP 

particles may simply not be best suited for use with ISF. 
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5.11. MICROSCOPIC EXAMINATION OF ISF  

The histological staining of ISF with both the Christmas Tree stain and H & E, and 

subsequent microscopic search of ISF for cells, mainly revealed cell debris free of 

intact cells. The slide stained with H & E revealed one structure that resembled a cell. 

However, as this observation was the only proof of possible cellular recovery in ISF 

using the SonoPrep® system and pulsed vacuum ISF collection device to date, more 

work would need to be undertaken to confirm this. The scrubbing of the surface of the 

skin in preparation for sampling is likely to remove loose cells and could therefore 

explain why cells may not be recovered using this technique. Another explanation 

could be that the pressure achieved by the pulsed vacuum collection device, although 

strong enough for the removal and collection of loose cell debris, is not sufficient to 

detach whole cells present in the skin. 

5.12. TRIZOL® LS REAGENT 

The treatment of ISF with TRIZOL® LS Reagent allowed ISF to be fractioned into its 

DNA, RNA and protein components and for these to be independently analysed. Low 

quantities to no nucleic acids were detected in the DNA and RNA fractions recovered 

following treatment of ISF with the TRIZOL® LS Reagent. Although suitable for 

protein recovery, the collection of ISF with the SonoPrep® system and the vacuum 

pulsed ISF collection device may not be optimal for the collection of DNA and RNA. 

In addition, the use of TRIZOL® LS Reagent to fractionate and extract DNA and RNA 

from the ISF sample may not be the best extraction system for the recovery of nucleic 

acids from this sample type. The identification of DNA or RNA in ISF samples could 

also lead to future work involving the analysis of these molecules in ISF samples and 
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investigations in changes in gene expression over the age of a bruise. Research carried 

out in the future could investigate other sample collection techniques better suited for 

the recovery of DNA and RNA from ISF. In addition, other extraction techniques 

could be tested to further investigate the presence and recovery of DNA and RNA 

from ISF samples collected using the SonoPrep® system and the pulsed vacuum ISF 

collection device.  

Protein levels recovered after treatment of ISF with TRIZOL® LS Reagent revealed 

similar levels of protein with those recovered throughout the other studies reported in 

this body of work. 

5.13. FUTURE WORK 

Due to the worldwide epidemic of physical abuse involving more vulnerable 

individuals in the younger and elder age groups, future work with children and elderly 

individuals would be of value. These studies would allow an opportunity for the 

protein biomarkers identified to date in bruised ISF to be investigated and validated, 

for use on samples collected from children and elderly people. In addition, analysis of 

these markers over time, as a bruise evolved, would reveal whether or not the age of 

the individual has an effect on the change in expression seen in these proteins as a 

bruise heals. Testing the assay could therefore be adapted to better suit specific age 

groups and offer a wider range of analysis. 

Although participants aged between 20 – 50 years were included in this work, the 

studies undertaken attempted to minimise biological variation introduced by 

participants. The majority of the samples analysed throughout this project were 

collected from females. This sexual bias was deliberately created in an attempt to 
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limit the variation in bruising response introduced from analysing males and females 

who, due to physiological differences, are expected to respond differently to bruising 

(Sandby-Møller et al., 2003). More studies would be required to investigate bruising 

in both male and female participants. In addition, the majority of the female 

participants included in the reported studies had not had children. Pregnancy, and the 

permanent changes it has on the female body, may or may not have an effect on how 

women respond to bruising. This variable could also be investigated in the future. 

Prior to ISF sample collection, participants were asked whether they were taking 

medication as well as if they had any family history of diseases that could affect 

clotting or bleeding. The current work was largely carried out on healthy people. 

Nevertheless, as the protein markers identified in this body of work are involved in 

inflammation, it is important to note that their expression could change significantly 

in individuals with diseases that would result in inflammation, such as a simple cold 

or more complicated chronic disorders. It would be important to investigate the 

responses of the protein markers in ISF collected from individuals with disorders 

inducing inflammatory responses. This would allow for the effectiveness of the assay 

to be tested on a yet another subset of the population. 

In addition, a number of pathological lesions exist that could be misinterpreted as 

bruises caused by physical abuse. The use of a protein assay investigating the 

expression of proteins present under bruised skin at the different stages of healing 

should also be compared to results obtained from pathological lesions resembling 

bruises to determine if they can be distinguished from bruises resulting from blunt 

force trauma. 
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Future work could investigate the effectiveness of the developed assay on human post 

mortem bruises. It could be necessary, at times, to determine how long prior to one’s 

death an injury could have been inflicted or whether the injury was responsible for the 

death of the person. A number of proteins such as cathepsin A and D have been 

identified as possible markers for the differential diagnoses between vital and post 

mortem wounds (Cecchi, 2010; Hernández-Cueto et al., 1987). The techniques 

employed in this work could be used to target these markers and others in order to 

perform differential diagnoses between bruises inflicted ante mortem and post 

mortem.  

Although there are currently a number of histological techniques for investigating post 

mortem bruises, these are all invasive in nature, requiring tissue to be removed 

(Hernández-Cueto et al., 1987; Raekallio, 1972). A number of cultures, including the 

Māori native to New Zealand, deem the removal of parts of the body after death 

inappropriate. The use of a less invasive technique to collect samples such as the one 

employed in this work could provide advantages over currently used methods. 

Alternate forms of proteomic analyses, such as iTRAQ, could be employed to 

differentiate and quantify proteins originating from different sources (Gafken & 

Lampe, 2006; Ross et al., 2004; Zieske, 2006). Consisting of four isobaric tags, each 

tag can be used to label a separate protein sample. In addition to performing a global 

quantification of all of the proteins present in each of the samples, iTRAQ can also be 

used to measure post-translational modifications present in each of the samples, such 

as changes in phosphorylation. This technique could allow the further differentiation 

of proteins present in unbruised ISF from those present in bruised skin refining the 

search of protein biomarkers specific to bruises. 
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Finally, preliminary studies revealed that no significant variation in protein recovery 

was present when collecting ISF samples from bruised skin compared to samples 

collected from unbruised skin. Over the course of undertaking the research presented 

in this body of work, a number of samples were collected from the same participant 

for analysis in different studies. Future work could investigate the proteins present in 

ISF samples collected from the unbruised skin of the same participant at different 

times. This would allow further characterisation of what proteins are present in ISF 

from unbruised skin. In addition, analysis of these samples would permit for the 

investigation of potential changes in protein abundance, not caused by a bruise, but as 

a result of human biological variation. 
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In this work, we report the first proteome markers for human bruises from living 

people. A2M, Hpx, Hap and Apo A1 have been identified as proteins whose 

expression is significantly altered in ISF collected from bruised skin compared with 

unbruised skin. In addition, the expression of these markers is seen to evolve over 

time as the bruise heals. TF was identified as remaining unchanged in samples 

collected from bruised and unbruised skin. Together, the changes in expression seen 

in these four markers over time present the first steps towards a technique that may be 

able to estimate when a bruise was inflicted on a living individual.  

A strong response in protein expression seen immediately following the bruising 

event at bruise day 1 allows for the possibility of identifying recent bruises. 

This body of work also provides the first data relating to the physiological reference 

of what constitutes the healthy skin ISF proteome and how this is altered in the event 

of a bruise. Further proteomic studies investigating additional differences between 

healthy and bruised ISF in humans will provide further insight into how a bruise heals 

at the biochemical level when skin is recovering from blunt force trauma. This 

research has potential to assist biomarker discovery programs into clinical topics such 

as skin physiology and infections, as well as in furthering studies involving 

mechanisms of healing. Furthermore, the methods described in this research could be 

applied to other specialised areas of research; such as sport science and other fields of 

medicine. 

This research using the SonoPrep® ultrasonic skin permeation system in combination 

with the pulsed vacuum ISF collection device to collect ISF has demonstrated that this 

technique has the potential to assist clinical investigators in determining the age of a 

bruise. Results from this study have identified a selection of protein markers, A2M, 



Part Six | Conclusions 

222 | Page 

Hpx, Hap and Apo A1, which are up regulated in the first 24 hours after bruise 

induction. Integration of more markers, such as some of the ones investigated in the 

immunoassay work carried out by Takamiya and colleagues in 2008 and 2009 

(Takamiya et al., 2009; Takamiya et al., 2008) could be used to extend the assay. 

Changes in protein expression could assist in distinguishing recent bruises from older 

ones. Along with associated photographic evidence, this could allow forensic 

investigators to better evaluate the age of a bruise than previously possible. 

This work further contributes to the development of a more quantifiable analysis that 

could weigh towards or against an act of physical abuse. This would allow, together 

with the expertise from a medical practitioner and the visual records of the appearance 

of the bruise, obtained through photographs, for a more objective diagnosis to be 

achieved. 

Furthermore, the development of a technique that utilises biomarkers for bruise age 

could provide athletes who were injured during sports encounters with a more 

accurate diagnoses regarding the recovery time required for an individual to fully 

recover from a bruising injury, assisting in the rehabilitation strategies for sports and 

medical patients. In sport, a rapid return to fitness following injury is certainly 

advantageous and may even be vital (Dyson, 1997).  
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Finally, an amendment (Reference Number 6554) was submitted for the collection of 

ISF samples from volunteers after participating in a paintball game.  
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APPENDIX B – WEIGHT DROP CALCULATIONS 

Prior to approving the ethics application (Reference Number 2010/605) asking to 

induce bruises on living individuals with the weight drop mechanism, the Ethics 

Committee needed to be satisfied that the technique would not put the participants at 

risk of breaking bones. The following document was prepared to detail why the force 

resulting from dropping a 0.455 kg weight onto the skin of participants, was too small 

to cause the bones underlying the skin to break. 

The calculations detailed in this appendix and the values of force stated hereunder are 

not absolute values. There are a number of factors that would influence the amount of 

force required to break a human bone, including the bone itself, the age and sex of the 

individuals and the presence of disease and/or the use of medication. No references 

were found in the literature describing this variation. The purpose of this document is 

to provide the Committee with the approximate force created when dropping a 0.455 

kg weight with a 1.77 cm2 striking area down a 1-meter tube and the minimum force 

required to break a human bone.  

The idea of dropping a weight to induce bruising came from a paper by Thornton and 

Jolly where the authors described a system whereby they dropped a 1.5 kg weight 

with a 0.8 cm2 striking surface through a 1 m tube to induce bruises on the skin of 

lambs (Thornton & Jolly, 1986).  

In order to assess the risk of breaking bones as a result of a 0.454 kg weight on the 

skin of living individuals, it was necessary to determine the force transferred to the 

skin as a result of the weight drop. These calculations were compared to studies 
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carried out by Fenton et al. where the authors calculated the force required to break 

the bone of the human temporoparietal region, (Fenton, deJong, & Haut, 2003).  

In a study by Fenton et al., a circular disk with an impact surface of 6.45 cm2 was 

dropped onto a supported human skull. The authors were able to attach a load cell to 

the disk, enabling them to collect the impact force-time data. By varying the height 

from which the disc was dropped, the authors recorded a range of impact velocities 

and impact durations. This allowed them to calculate the fracture force and pressure 

required to create such a fracture.  With varying impact durations from 3 ms to 10 ms, 

the resulting force applied to the skull was 2.11 kN and 5.20 kN, respectively and, 

3.25 MPa and 8.0 MPa, respectively (Fenton et al., 2003).  

A pressure of 3.25 MPa applied to the temporoparietal region of the human skull is 

therefore enough for the bone to fracture. It would therefore be advisable that less 

pressure be applied to the skin from the weight drop mechanism to eliminate the 

possibility of bone fractures. 

In our study, a weight of 0.455 kg with an impact interface of 1.77 cm2 was 

employed. The impact velocities were obtained by a drop height of 1 meter.  

Based on the law of a free falling object (D = ½ a · t2) it was calculated that the time 

the weight was in free-fall was 0.45 s. This allowed for the calculation of the velocity 

(V = a · t) of the weight at the point of impact is 4.43 m/s. 

It was not possible to determine the duration of the impact as the weight hit the skin. 

However, Fenton et al. describe a range of impact duration from 3 ms to 10 ms.  

As the group carried out their experiments on human skulls, which is only coated with 

a thin layer of tissue and muscle, it is understandable that the time of impact would be 
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short and sharp. In our case, the weight would be dropped on the arm or leg of 

participants covered with much denser layers of muscle and fatty tissue. It is therefore 

probable that the impact duration would far exceed that stated by Fenton et al. 

It was therefore decided to make use of the longer impact duration of 10 ms to 

determine the deceleration (a = (v1-v0)/t) as a result of dropping the 0.455 kg weight 

down a 1 meter tube. A deceleration of 0.443 x 103 ms-2 would result. 

The force in kN transferred to the skin at the time of impact could now be calculated 

(F = m · |a|). For a weight of 0.544 kg (or 16 ounces), a force of 0.241 kN is applied to 

the skin as a result of dropping the weight from a height of 1 meter.  

When converted to pressure (P = F/S) , the pressure applied to the skin following the 

drop of a 0.544 kg weight through a 1 meter tube equals, 1.36 MPa. 

In Fenton et al., the human skull is investigated. Compared to the bones present in a 

human arm or leg, it is reasonable to assume that the temporoparietal region of the 

human skull will be more fragile than a femur or a humerus bone. In addition, the lack 

of tissue covering the skull compared to other limbs would result in more energy 

being transferred directly to the bone. When dropping a weight on the arm or leg of an 

individual, the muscle and fatty tissue would increase the impact duration, causing the 

weight to decelerate at a lower rate. In turn, this would reduce the pressure applied on 

the bone.  



Appendix C 
 

230 | Page 

APPENDIX C – ANALYSIS OF CONSISTENCY IN PHOTOGRAPHS 

A qualitative measure of 20 representative photographs was undertaken to investigate 

consistency across the different images. An area of pixels present near the centre of 

the mid-grey patch was selected in each photograph. An average of the red, green and 

blue components was recorded for each photograph. In addition the ratio of red to 

green (R/G) and blue to green (B/G) channels was recorded. A relative standard 

deviation of 7 % was found across the different channels, and 1.4 % for the ratios of 

R/G and B/G. 

  Channels   
Photos Pixel size Red Green Blue R/G B/G 
1 31899 105.23 105.10 102.41 1.00 0.97 
2 47872 101.98 102.94 103.34 0.99 1.00 
3 44160 96.32 96.05 95.07 1.00 0.99 
4 48576 95.90 95.85 96.29 1.00 1.00 
5 49600 89.10 89.13 87.79 1.00 0.98 
6 52800 107.97 110.44 105.92 0.98 0.96 
7 53568 103.29 103.35 101.74 1.00 0.98 
8 33152 108.74 111.23 108.79 0.98 0.98 
9 42240 103.26 103.50 100.26 1.00 0.97 
10 50048 104.70 106.00 102.26 0.99 0.96 
11 58240 100.83 102.82 98.47 0.98 0.96 
12 41216 109.73 108.39 106.77 1.01 0.99 
13 39936 88.02 90.13 87.99 0.98 0.98 
14 49280 96.59 98.38 95.23 0.98 0.97 
15 42240 109.67 107.95 105.08 1.02 0.97 
16 22272 93.04 91.34 90.55 1.02 0.99 
17 44992 94.01 92.95 92.00 1.01 0.99 
18 45632 96.59 98.77 96.97 0.98 0.98 
19 43648 114.21 112.87 112.29 1.01 0.99 
20 46592 104.17 103.18 101.48 1.01 0.98 

   
 

   
 Mean 101.17 101.52 99.54 1.00 0.98 
 Std dev 7.24 7.17 6.79 0.01 0.01 
 rsd 7.16 7.07 6.83 1.43 1.35 
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APPENDIX D – VISUAL SCORING OF BRUISES 

Using the scale described in section 2.6 of the methodology chapter (Table 1), five 

independent observers (I – V) were asked to independently score the photographs of 

bruises collected from 12 participants on three occasions over the course of seven 

days (day 3, 5 and 7) for bruising intensity.  

In addition, the sets of three photographs from each participant were also examined 

together in order to investigate the evolution of the bruises over time as the injuries 

healed. 
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 APPENDIX E – 2D GEL IMAGES FROM DIGE STUDY 

ISF samples (n = 24) collected from the six female participants on four separate 

occasions were labelled with CyDyes (Cy2, Cy3 and Cy5) and separated on gels (1 –

  12) using PAGE. Following protein separation, the gels were scanned and gel 

images acquired for each of the dyes. A picture of the gel with an overlay of all of the 

dyes was also acquired.  
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APPENDIX F – AVERAGE NORMALISED SPOT VOLUMES FROM 

DIGE STUDY 

Proteins present in ISF samples were separated on gels using PAGE. The Delta2D 

software was employed to identify protein spots whose normalised volume changed 

significantly when comparing ISF samples collected from unbruised skin to ISF 

collected from bruised skin. In addition, an analysis was carried out to identify 

proteins whose expression was not affected by the presence of a bruise in the skin. 

Proteins spots were identified using LC-MS.  

Protein identification revealed that more than one protein isoform was identified for 

each of the candidate protein markers. The changes in normalised protein spot 

volumes for each of the proteins isoforms in ISF samples collected from unbruised 

skin (C) as well as from bruised skin over several days (BD indicates bruise day) are 

shown below. Based on previous work presented in theliterature, as well as Delta2D 

manufacturer recommendations, the p-values > 0.5 and fold changes > 1.5 were 

determined for deciding quantitative change.  
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  Average normalised spot volume 
  C BD1 BD6 BD11 

A2M 

Spot 1 0.16 0.19 0.13 0.10 
Spot 2 0.12 0.15 0.11 0.06 
Spot 3 0.11 0.15 0.14 0.06 
Spot 4 0.13 0.14 0.12 0.06 

Hpx Spot 5 0.43 0.41 0.26 0.16 

Hap Spot 6 0.54 0.42 0.13 0.23 
Spot 7 0.51 0.45 0.13 0.21 

Apo A1 
Spot 8 0.63 0.65 0.40 0.32 
Spot 9 0.84 0.90 0.67 0.70 
Spot 10 2.11 2.18 1.82 2.03 

TF 
Spot 22 1.18 1.23 1.25 1.24 
Spot 23 1.54 1.83 1,79 1.79 
Spot 24 0.94 1.15 1.01 1.12 
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APPENDIX G – LC-MS HITS FROM NANOTRAP® ESP PARTICLES 

STUDY 

LC-MS was employed to identify which proteins were being bound to, and possible 

concentrated by, the Nanotrap® ESP particles compared to the protein present in 

untreated ISF. 

A comparison of the peptides and proteins present in both the untreated ISF sample 

and the elution following treatment with the Nanotrap® ESP particles was undertaken. 

Proteins for which the peptide matches from the LC-MS results indicated that the 

protein reported was not the best match for the peptide were removed from the 

summary tables. In addition, low confidence protein hits with a correlation factor 

score of 10 or below were removed. 
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APPENDIX H – NANODROP™ 1000 SPECTROPHOTOMETER 

READINGS 

Three untreated ISF samples collected from the unbruised skin of three independent 

participants were fractioned into their DNA, RNA and protein components using the 

TRIZOL® LS reagent. The fractions were analysed using a NanoDrop™ 1000 

spectrophotometer.  

The graphical results from the NanoDrop™ 1000 spectrophotometer are shown here.  
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