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ABSTRACT 

 

Introduction. Chronic wounds are a great burden to care-givers and patients alike 

and are the main cause of many preventable amputations.  Such wounds are treated 

with wound dressings but providing a wound environment that is conducive to proper 

wound healing is not always possible with such dressings.  Absorbatox™ is a natural 

zeolite that has been manipulated to increase its cationic exchange capacity and has 

its main functionality as a potential wound healing agent in its strong capillary action.  

This quality enables the zeolite to absorb excess wound exudate and thus prevent 

wound infection and maceration.  Absorbatox™ was characterised to determine its 

effects on wound healing. 

Methods. The physical characterisation of two grades of Absorbatox™ - granular 

and micronised - was conducted using nitrogen adsorption to determine pore size 

and surface area, and laser particle sizing to determine the particle sizes of the 

Absorbatox™ particles.  Full-thickness wounds of 8 x 8 mm were created on the 

backs of pigs and treated with Absorbatox™, a positive and a negative control.  The 

wound dimensions were measured and recorded. The wounds were then excised on 

selected days of each phase of wound healing and fixed in formalin.  The wound 

sections were analysed by mass spectrometry imaging and abundant wound 

proteins were identified from the tryptic digests using BLAST against the Swiss-Prot 

database. 

Results. The surface areas of the micronised and granular Absorbatox™ were 14.43 

and 11.23 m2/g, respectively.  The micronised Absorbatox™ particle sizes ranged 

between 0.8 µm to approximately 300 µm with an average pore diameter of 28.2 nm.  

The granular Absorbatox™ particle sizes ranged between 2 µm and 875 µm with 

average pore diameters of 43.8 nm.  Absorbatox™ showed better wound healing by 

delaying wound contraction and causing more rapid shallowing of the wound depths 

compared to the negative control.  The difference observed in the wound healing 

rates of the Absorbatox™-treated and positive control groups were statistically 

significant and the histological evaluations of the wounds treated with Absorbatox™ 

showed wound closures that were associated with qualities that more closely 

resembled normal, healthy tissue than the positive control wounds.  The protein 
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activity in the trypsin-digested tissue including within the wound area and the 

surrounding healthy tissue was successfully imaged using MALDI-MSI.  BLAST 

software was used at an e-value of 30 to identify possible proteins from the tryptic 

digests and were identified as proteins involved in wound healing.  

Discussion. Micronised Absorbatox™ treated wounds showed more rapid healing 

than the other treatments most likely due to the smaller particles and pores which 

results in strong capillary action to absorb excess exudate.  Mass spectrometry 

imaging allowed monitoring of the protein fluctuations that occur during wound 

healing.  The proteins detected were then identified using BLAST and MASCOT 

database comparison tools which identified that the abundant proteins detected by 

mass spectrometry were not those typically observed in wound healing but rather 

those involved in molecular aspects of wound healing like nerve regeneration, cell 

proliferation, survival, and migration. 

 

Keywords: Nitrogen-adsorption, Wound healing, MALDI-TOF, trypsin digestion, 

BLAST 
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CHAPTER 1: INTRODUCTION 

 

Literature review 

 
 

 

“Healing is a matter of time, but it is sometimes also a matter of opportunity.” 

 

– Hippocrates 

 

 

 

Wounds result from either thermal or mechanical damage to the skin (Boateng et al., 

2008; Gibson and Schultz, 2009).  This damage interferes with the normal 

anatomical and physiological function of the wounded area, for example, by 

compromising the protective barrier against infection. Wound healing is an important 

and complex but necessary process that aims to restore the anatomical and 

physiological integrity of the skin through a series of sequential but overlapping 

phases.  These are the inflammatory, proliferatory, and remodelling or maturation 

phases.  A healed wound is one that is completely covered by scab (Tian et al., 

2007).  The process involves several mediators of inflammation, many different 

enzymes, growth factors and several localised cell types like keratinocytes, 

fibroblasts and endothelial cells as well as immune cells (Diegelmann and Evans, 

2004; Blakytny and Jude, 2006; Boateng et al., 2008; Gibson and Schultz, 2009). 

 

When tissue injury is sustained, the underlying blood vessels are damaged and 

bleeding can occur.  Bleeding helps flush out foreign particles (Boateng et al., 2008).  

Blood flow brings platelets that undergo aggregation and release of important factors 

that initiate the formation of a clot to discontinue the blood flow but also to facilitate 

the release of a variety of cytokines which lead to vasodilation and increased 

permeability of local blood vessels.  This is an important part of the maintenance of 
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homeostasis and the beginning of the inflammatory phase (Singer and Clark, 1999; 

Diegelmann and Evans, 2004; Blakytny and Jude, 2006). 

 

The inflammatory phase begins immediately after the wound is sustained and lasts 

three to four days during which protein-rich exudate is released into the wound to 

promote vasodilation through the release of histamine and serotonin (Broughton et 

al., 2006; Boateng et al., 2008).  Vasodilation allows for the infiltration of neutrophils 

which are drawn into the wounded tissue by locally released cytokines such as 

interleukin-1 (IL-1), transforming growth factor beta (TGF-β), tumour necrosis factor 

alpha (TNF-α), platelet factor (PF4) and bacterial by-products (Broughton et al., 

2006).  The neutrophils not only play a phagocytic role in the wound area but also 

condition the area for healing by releasing proteolytic enzymes to eliminate bacterial 

debris and contaminants as well as damaged and necrotic tissue (Diegelmann and 

Evans, 2004; Broughton et al., 2006; Boateng et al., 2008; Sibbald and Woo, 2008).  

Macrophages start replacing the neutrophils as the process progresses and 

dominate during the end stages of the inflammatory phase.  The macrophages 

release platelet-derived growth factor (PDGF), vascular endothelial growth factor 

(VEGF), and TGF-β all of which facilitate angiogenesis. The presence of the 

macrophages is also important for the transition into the proliferatory phase of the 

wound healing process (Diegelmann and Evans, 2004; Broughton et al., 2006; 

Sibbald and Woo, 2008; Kyriakides et al., 2009).   

 

The proliferatory phase occurs from approximately day four through to day fourteen 

(Broughton et al., 2006) and includes the major healing processes (Hunt et al., 

2000).  During this period, fibroblasts, keratinocytes, and endothelial cells are the 

most dominant cells undergoing proliferation (Broughton et al., 2006).  Epithelial cells 

on the edge of the wound begin to proliferate to create a new protective barrier 

against fluid loss and potential infection (Singer and Clark, 1999; Broughton et al., 

2006).  There is also an increase in skin strength due to the appearance of newly 

synthesised collagen by the fibroblasts (Boateng et al., 2008).  This cell proliferation 

is stimulated by epidermal growth factor (EGF) and TGF-α produced by activated 

platelets and macrophages (Broughton et al., 2006) as well as keratinocytes 
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(Diegelmann and Evans, 2004).  The secretion of mediators such as PDGF, results 

in the chemotaxis of neutrophils then macrophages (Diegelmann and Evans, 2004).  

PDGF is also a potent chemoattractant for monocytes, fibroblasts, and smooth 

muscle cells and is associated with accelerated wound healing and enhanced tensile 

strength across the wound (Ashraf et al., 2009).  TGF-β is a major mediator in wound 

healing by regulating fibroblasts (Diegelmann and Evans, 2004).  It has a three-fold 

effect on extracellular matrix deposition by increasing the overall production of matrix 

by enhancing collagen synthesis (Diegelmann and Evans, 2004; Broughton et al., 

2006) as well as that of proteoglycans and fibronectins (Diegelmann and Evans, 

2004) thus playing a role in scar formation (Ashraf et al., 2009); decreasing the 

production of matrix metalloproteinases (MMPs); and increasing the production of 

tissue inhibitors of metalloproteinases (TIMPs) (Diegelmann and Evans, 2004; 

Broughton et al., 2006).  TGF-β – especially TGF-β1 also plays an important role in 

this stage of wound healing by acting as a potent chemoattractant for monocytes, 

macrophages, neutrophils, keratinocytes, and fibroblasts.  TGF-β1 also induces the 

release of other growth factors from these leukocytes (Singer and Clark, 1999; 

Blakytny and Jude, 2006).  The MMPs are a family of zinc endopeptidases that are 

responsible for degrading components of the extracellular matrix; eliminating 

damaged protein; promoting movement of certain cellular components into the 

centre of the wound; destroying provisional extracellular matrix; regulating the 

activity of some growth factors; and playing a role in angiogenesis (Osman et al., 

2002).  The MMPs are divided into subgroups depending on their substrate.  The 

MMPs that play a key role in wound healing are the collagenases (MMP-1 and -8) 

and the gelatinases (MMP-2 and -9) (Muller et al., 2008).  Other mediators involved 

in wound healing include the eicosanoids such as the prostaglandins which mediate 

inflammation; cytokines which regulate cellular activities and function; and nitric 

oxide – a physiologically active molecule released by macrophages (Diegelmann 

and Evans, 2004; Broughton et al., 2006). 

 

The maturation (remodelling) phase is the final stage of wound healing and can last 

anything from a few days to two years (Broughton et al., 2006; Boateng et al., 2008) 

depending on the size and depth of the wound tissue.  During this phase, the pro-

collagen precursors synthesized during the proliferatory phase are converted from 
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the immature but predominant collagen III to the mature, organised collagen I 

network that ensures a wound that is strong and resistant to sheer forces thus 

limiting the chance of reopening (Diegelmann and Evans, 2004; Broughton et al., 

2006; Sibbald and Woo, 2008).  This phase also results in the development of scar 

tissue which is determined by the strength of the new epithelia (Hunt et al., 2000; 

Boateng et al., 2008). 

 

 

 

Figure 1: Illustration of the wound healing process as well as the estimated time for 

which each phase lasts (Broughton et al., 2006). 

 

 

Despite the complexity of the wound healing process, its effectiveness can be 

significantly affected by several factors such as arterial insufficiency, growth factors, 

inadequate perfusion, infection, low oxygen tension, neuropathy, nutritional state, 

oedema, as well as systemic factors and metabolic disorders (Hunt et al., 2000) 

(example: diabetes).  The presence of underlying physiological and biochemical 

defects and imbalances such as those seen in diabetes, often leads to impaired 
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healing of wounds.  Muller et al. (2008) state a “unifying pathophysiological 

hypothesis” supported by Blakytny et al. (2005), Diegelmann and Evans (2004), and 

Singer and Clark (1999), that in chronic wounds, the wound healing process is 

arrested in a state of inflammation.  This typically results in profuse neutrophil and 

macrophage infiltration associated with the extensive discharge of reactive oxidative 

species and degrading enzymes (proteases) and pro-inflammatory cytokines leading 

to the formation of wounds that do not heal completely within the average 8-12 

weeks and/or are recurring (Blakytny and Jude, 2006; Boateng et al., 2008).  

Diabetic ulcers are also prone to repeated infection owing to the inadequate 

neutrophil and macrophage migration and impaired function (Singer and Clark, 1999; 

Blakytny and Jude, 2006; Hirsch et al., 2008).   

 

 

Chronic wounds are managed to prevent or treat infection that could lead to 

amputation (Hunt et al., 2000).  In the case of diabetic patients, Staphylococcus 

aureus (S. aureus) is the most abundant single isolate from diabetic wounds, and 

this often leads to the poor wound healing seen in these instances (Hirsch et al., 

2008).   
 

 

 

 

In general, treatment of wounds is done by debridement of necrotic tissue and 

occlusive dressings (Hunt et al., 2000) but this has not always been so.  The 

treatment of wounds has evolved over centuries from the application of traditional 

healing agents such as plants and animal fat, to tissue engineered skin substitutes 

(Boateng et al., 2008).  The use of some crude plants and animal fat however, often 

led to bacterial infection thus defeating the purpose of using a wound dressing 

(Boateng et al., 2008).  Despite the development of skin substitutes, wound 

dressings are still the mainstay of chronic wound treatment (Singer and Clark, 1999; 

Boateng et al., 2008), although dressing such wounds appropriately is a challenge. 

The goal of wound dressings is to provide an environment that is conducive to 

proper wound healing.  A dressing should readily absorb excessive wound exudate, 

so as to prevent bacterial overgrowth, exudate leakage and maceration at the edges 

of the wound, yet should not cause excessive drying of the wound.  The rationale 

behind this is that wound exudate helps facilitate the healing process by providing 
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the wound bed with nutrients and assists in the migration of the epithelial cells 

(Singer and Clark, 1999; Sullivan et al., 2001; Boateng et al., 2008). 

 

Systemic pharmacological agents can also be used in wound healing but these have 

the potential to cause toxic side effects and therefore direct application of healing 

agents to the wound is preferred (Boateng et al., 2008). 

 

Absorbatox™ embedded in the wound dressing helps to create a wound healing 

environment ideal for rapid and positive wound healing; and since it is a topical 

wound treatment, does not have the potential to cause systemic toxicity. 

 

AbsorbatoxTM is a synthetically enhanced, hydrated aluminosilicate and a 

clinoptilolite of the zeolite family which has limited natural activity but has been 

subjected to a patented process that increases its cation exchange capacity (CEC) 

to 5 times its original capacity.  Like all zeolites, Absorbatox™ is composed of 

aluminium, oxygen, and silicon in a tetrahedral arrangement resulting in pores and a 

cage like structure since the tetrahedral units cannot fill the available space entirely 

(Kaneko, 1994).  The three-dimensional arrangement of AlO4 and SiO4 tetrahedra in 

Absorbatox™ enclosing a porous cage like complex (Dutta et al., 2005) exemplifies 

this.  The porous complex provides Absorbatox™ with specific physicochemical 

properties including: ion exchange capacity, adsorbent nature, size exclusion 

framework, and catalytic properties.  The advantage of Absorbatox™ in wound 

healing lies in its ability to draw wound exudate out of the wound by strong capillary 

forces but still keep the wound from becoming overly dry.   

 

With the aim of further investigating Absorbatox™ as a wound healing agent, the 

processed zeolite was subjected to physicochemical characterisation.  The 

Brunauer, Emmet, and Teller (BET)-nitrogen adsorption-desorption experiments 

were performed to determine the average surface area and total pore volume of two 

Absorbatox™ samples of different physical dimensions – micronised (fine powder) 
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and granular.  Laser particle sizing was used to determine the average particles 

sizes of the same two Absorbatox™ samples. 

 

 

 

At present, gas adsorption is the best and one of the more commonly used 

adsorption methods to investigate the characteristics of porous materials such as 

surface area, total pore volume, and pore size distribution (PSD) (Sing, 1998; 

Choma et al., 2002) such as Absorbatox™.  The BET theory upon which the BET-

nitrogen adsorption-desorption experiments are based, is that gas molecules 

physically adsorb on a solid surface in layers infinitely; that no interaction between 

these layers exist; and that the Langmuir theory can be applied to each layer.  The 

resulting BET equation is used to calculate the surface area and pore volume of 

solids by the physical adsorption of gas molecules (Brunauer et al., 1938). 

 

While knowledge of a material‟s surface area gives insight into how it will react with 

another substance and is thus an important quality to investigate when 

characterising porous materials (Bae et al., 2010), it is, in fact, the pore size 

distribution which is the strongest determinant of adsorption (Wang et al., 2005).  

The method of Barrett, Joyner, and Halenda (BJH) (Micromeritics® Instrument 

Corporation, n.d.) is used to determine pore size distribution from experimental 

isotherms using the Kelvin model for pore filling (Micromeritics® Instrument 

Corporation, n.d; Choma et al., 2002).  

 

The BJH method of determining pore size distribution analyses the nitrogen 

desorption isotherm at liquid nitrogen temperature based on the assumption that the 

mechanisms of physical adsorption on the pore walls and capillary condensation in 

the pore can be employed to establish equilibrium between the adsorbed and gas 

phases during the process of desorption (Barrett et al., 1951; Choma et al., 2002). 

 

Particle size plays an important role in many industries including the pharmaceutical 

and mining industries (Micromeritics®, n.d).  Numerous techniques exist to 
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determine particle size (Bowen, 2002) however, light scattering techniques such as 

laser particle sizing are more widely used due to their high levels of accuracy and 

reproducibility, and also that these analysis techniques are generally faster than 

microscopy for example (Barth and Flippen, 1995; De Ridder et al., 2000; 

Vanderhallen et al., 2002; Micromeritics®, n.d).  Laser particle sizing uses the 

principle of light scattering to determine particle size and light scattering instruments 

are often based on the Mie theory.  The Mie theory is a mathematical-physical theory 

of the scattering of electromagnetic radiation by isotropic, spherical particles as a 

function of the angle at which light is scattered at the point of interaction with the 

particle.  The intensities of light at each scattering angle are measured and are 

correlated to particle size (Webb, 2004; Ferraris et al., 2004).   

 

Further exploration into a possible mechanism of action of Absorbatox™ included 

actual examination of wound tissue from an animal study at the subcellular level 

using a technique called matrix-assisted laser desorption/ionisation mass 

spectrometry imaging (MALDI MSI).   

 

MALDI MSI is a soft-ionisation technique that has gained popularity in modern 

proteomics (the analysis of proteins in a living system) (Liu et al., 2010) largely 

because it allows researchers to study biological processes extensively by the 

systematic analysis of proteins expressed in a cell or tissue (Yates, 1998).  The 

technique came as a result of many years of investigation into the use of lasers for 

the soft ionisation of biomolecules (Caldwell et al., 2008) such as proteins (Tarran et 

al., 2007).  MALDI-time-of-flight-MS (MALDI-TOF-MS) has made possible the 

sensitive detection and measurement of large, intact proteins from tissue sections 

and even plasma as they fluctuate during the various biological processes and even 

stages of wound healing (Jemal and Xia, 2006; Zhao et al., 2006).  In addition to 

being able to measure the protein fluctuations in tissue, MALDI MSI, another 

sensitive and robust technique, allows researchers to image tissue by the 

quantitation of proteins present in thin histological tissue sections.  MALDI MSI and 

MALDI-TOF enable analysis of tissue sections by detecting the presence, relative 

concentration, location, and spatial orientation of small molecules and lipids in 
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addition to proteins and other macromolecules in biological structures (Yates, 1998; 

Aebersold and Goodlett, 2001).  This makes following the changes occurring during 

physiological processes at molecular level possible, which makes MALDI-TOF and 

MALDI MSI each an ideal tool to investigate the biological effects that Absorbatox™ 

has on wounds with respect to its ability to provide an environment that results in 

improved wound healing. 

 

MALDI-MSI works as follows: An organic material (termed matrix) is applied to a thin 

(10 μm – 30 μm) tissue section that was previously mounted on to a plate and 

dehydrated.  The plate, upon which the section is mounted, is introduced into a mass 

spectrometer, where a focused laser beam is pulsed along the surface, resulting in 

the ejection of ions from the tissue.  These ions are accelerated into a flight tube and 

strike, thereafter, a detector at different times.  The lighter ions travel faster and thus 

hit the detector sooner.  This difference in flight time is translated into spectra.  

Distribution images for specific ions are then extracted from the thousands of 

acquired spectra. 

 

Ion-intensity distribution images, despite being a graphical representation of the 

spectra analysed, do not offer information on the proteins present in the tissue.  For 

this reason, protein and peptide identification is necessary.  Protein identification is 

typically performed using tandem mass spectrometry (MS/MS).  However, the 

identification of intact proteins – regarded as the “top-down” approach – raises some 

serious challenges.  For this reason, it is not uncommon to introduce an enzyme to 

digest the protein into peptides and then measure the tandem mass spectra of the 

peptides (Worley et al., 1995; Resing and Ahn, 2005; Xu and Ma, 2006).  From here, 

a number of methods can be employed to identify the proteins: de novo sequencing, 

sequence tagging, database searches, and consensus of multiple search engines 

(Xu and Ma, 2006).  While MALDI has made possible the analysis of significantly 

large proteins, the greatest impact still remains in the analysis of peptides generated 

by proteolytic digestion.  A reason for this is, while the mass accuracy of the MALDI 

MS is high, it is not sufficient to identify a protein with confidence based only on its 

molecular weight (Veenstra et al., 2006).  It is thus the mass spectrum of the peptide 
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fragments resulting from the use of a proteolytic enzyme such as trypsin, that gives 

the “peptide mass fingerprint” that is used to identify the proteins in a tissue sample 

(Veenstra et al., 2006).   

 

Trypsin is the favoured enzyme for peptide mass fingerprinting as it is moderately 

cheap, extremely effective, and produces tryptic digests of, on average, 8-10 amino 

acids which are ideally suited for MS analysis (Thiede et al., 2005).  This is 

exemplified by its use in almost all large-scale projects in mass spectrometry to give 

more easily analysable peptides (Olsen et al., 2004).  Trypsin belongs to the serine 

protease family and shows primary structural similarity to chymotrypsin.  The 

enzymatic mechanism requires that the target amino acid be recognised in the 

binding pocket of the trypsin.  The substrate binding pocket of the trypsin has a 

negatively charged aspartate at the bottom of it and binds basic amino acids by 

means of an ionic interaction.  The target amino acids for trypsin cleavage need to 

have long side chains and be positively charged to permit this formation of the ionic 

bonds.  Arginine and lysine both fulfil the criteria necessary for the ionic interaction 

required for trypsin to work and it is at these regions that trypsin lyses unless either 

the arginine or lysine is followed by a proline (Olsen et al., 2004; Fremout et al., 

2010).  The resultant peptides are characteristic, specific, and unique for each given 

protein thus identifying the peptide means identifying the protein as a whole.  

Identifying the protein from the peptide fragments is termed “bottom-up” or “shot-

gun” proteomics.  This method is also advantageous in terms of its sensitivity and 

proteome coverage (Fremout et al., 2010; Mallick and Kuster, 2010).  The peptides 

identified by this method are then fed into a bioinformatics algorithm which allows for 

the proteins to be identified after comparing a query sequence with a library or 

database of sequences.  Two examples of bioinformatics algorithms that can be 

used to identify the peptides are MASCOT and BLAST which correlate mass spectra 

with peptides in sequence databases to return a positive identification.  MASCOT is 

a probability-based search engine for peptide identification and peptide sequence 

assignment (Olsen et al., 2004; Weatherly et al., 2005).  BLAST is a similarity search 

program that matches similar peptide sequences and either identifies the protein or 

confirms a vague hit produced by MASCOT (Shevchenko et al., 2001). 
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The wound healing model used for the study is a Large White Female pig.  While 

using a human model for the study would be ideal, it is obvious that such a study 

would raise serious ethical debate.  Other wound healing studies use rodents such 

as rabbits or mice for such studies due to the ease of handling and the cost of 

housing for these animals.  The main disadvantage of using rodents as models is 

that they simply do not properly represent wound healing as seen in humans due to 

he many differences between rodent and human skin profiles.  Porcine skin, 

however, shows greater similarity to human skin than other species (Hirsch et al., 

2008; Velander et al., 2008). 

 

 

The main similarities between the skins of the two species with regards to wound 

healing are those of the epidermis, skin vascularisation, and epidermal collagen.  

This similarity in structure was most evident in a study conducted by Moritz and 

Henrique in 1946 during which skin sections from both humans and pigs treated with 

benzidine were seen to be virtually indistinguishable (Vardaxis et al., 1997).   

 

 

 

 

 

With respect to wound healing, porcine skin also heals similarly to human skin.  

Rodent skin heals mainly through contraction whereas both human and porcine 

skins heal primarily through re-epithelialisation.  Another important aspect of pigs as 

wound healing models is that pigs are also more closely representative of chronic 

wounds in patients with serious illnesses since they too are placed under a great 

deal of physiological stress with the induction of numerous wounds, the regular and 

repeated handling, as well as the frequency of general anaesthesia (Sullivan et al 

2001). 
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Importance of Work 

 

 

 
 

 

 

“My grandma lost both legs to diabetes; my mama already lost her foot and now I got 

diabetes. I figured I would just lose my legs, too. I never knew there was anything I 

could do to stop it.”   

 

 - Quote from a REACH focus group participant (1999)  

 

 

 

 

 

According to Diabetes South Africa, 4-6 million people in South Africa have diabetes.  

While a diagnosis of diabetes does not necessarily mean that one will develop a 

chronic wound, much less undergo an amputation because of it, it is important to 

note that diabetic patients are at a higher risk of developing peripheral vascular 

disease – the primary cause of chronic wounds.  Figure 2 is a graph summarising 

the high prevalence of peripheral vascular disease in diabetic patients in selected 

African countries. 

 

 

 

 

In addition to diabetes, HIV/AIDS should also be considered in the development of 

chronic wounds.  The development of a chronic wound in an HIV/AIDS patient can 

result from a simple cut from a non-sterile edge.  Because the HIV/AIDS patients are 

immune-compromised, the immune response that is normally seen when a wound is 

sustained may not occur or may not be quite as efficient as in a healthy person.  This 

results in the bacteria that would ordinarily be eliminated by the neutrophils and 

macrophages, proliferating unchecked and causing a localised infection.  In such a 

case, it is not necessarily the infection that leads to the chronic wound, but rather 

that the absence of critical immune responses prevents release of chemotactic 

cytokines and growth factors necessary for the wound to progress from the 

inflammatory phase to the proliferatory phase and finally to be properly healed.  

According to the mid-year report of Statistics South Africa of 2011, 16.6% of the 

adult population in South Africa were living with HIV; this is an increase of 1.17 

million since 2001 with almost a quarter of these being due to new infections.   
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Figure 2: Prevalence of Peripheral Vascular Disease (PVD) amongst diabetic 

patients in Africa (Abbas and Archibald, 2007). 

 

 

 

 

Both diabetes and HIV/AIDS are on the increase, not just in South Africa, but 

throughout the whole of Africa where chronic wounds are a considerable burden to 

both patients and healthcare systems. In Africa (Abbas and Archibald, 2007) the 

increasing number of diabetic patients and rate of HIV infection with their related 

complications including poor wound healing are leading to numerous preventable 

amputations.  These health problems are the driving force for this project in 

investigating wound healing on the proteomic level where an understanding of the 

differences in wound healing kinetics and phase-dependent proteomics could lead to 

identifying targets for early interventions that could prevent exacerbation of wound 

status to the point where drastic intervention measures are required. 
 

 

 

 

Determining the mechanism of action of Absorbatox™as a wound healing agent 

could greatly benefit South African patients.  The potential outcome of this research 

is not only to achieve effective wound management which is much needed, but also 
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to create a marketable, safe, and effective wound dressing that will contribute to 

healing of chronic wounds and thus the prevention of amputations and the reduction 

in loss of employment due to disability.  

 

While it could be argued that disability does not equal loss of employment, when the 

number of people in South Africa whose only income is from manual labour (such as: 

mechanics, construction workers, miners) is considered, it becomes very clear that 

this research does indeed hold promise to decrease unemployment due to 

preventable amputation, and essentially protect the South African economy.  

 

 

 

 

The importance of this research is not only limited to Africa, however, since an 

estimated 5 million patients in the United States suffer from chronic wounds 

(Velander et al., 2008).  In both the African and American contexts, this often results 

in lost time from work and hefty health care costs.  Unfortunately, these high 

incidence and prevalence rates are not likely to decrease significantly any time soon 

with increasing sedentary lifestyles and unhealthy diets and the resultant cases of 

obesity: a cause of type II diabetes.  Interestingly enough, a parallel increase in the 

incidence of foot complications in the diabetes populations has been documented 

(Abbas and Archibald, 2007). 

 

 

 

 

To quote from a wound healing research group (Velander et al., 2007): “We need 

better ways to treat diabetic wounds”.   
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AIM 

 

To assess changes in wound tissue and possibly identify possible mechanisms by 

which Absorbatox™ induces wound healing. 

 

OBJECTIVES 

 

1. Physical characterisation 

 

1.1. Analysis of nitrogen adsorption isotherms to determine surface area of the 

Absorbatox™ samples as well as their average pore volumes and 

distribution. 

 

1.2. Laser particle sizing to determine the average particle size of the 

Absorbatox™ samples. 

 

 

2. Biological characterisation 

 

2.1. Conduct an in vivo wound study using a porcine model from which tissue will 

be excised for MALDI-MS analysis. 

 

2.2. Perform MALDI MSI of tissue sections of excised wound tissue at different 

stages of the healing process to visualise fluctuation of proteins during the 

different stages of wound healing. 

 

2.3. Identify the protein species found in the wound tissue samples at different 

stages of wound healing. 
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CHAPTER 2: PHYSICAL CHARACTERISATION 

 

INTRODUCTION 

 

Nitrogen Gas Adsorption 

 

Zeolites are naturally occurring hydrated minerals which were discovered and named 

in 1756 by the Swedish mineralogist, Baron Cronstedt and later defined by Smith 

(1984) as aluminosilicate frameworks based on a three-dimensional arrangement of 

AlO4 and SiO4 (Breck, 1964; Smith, 1984).  Zeolites are formed in cavities in lava 

flows and in plutonic rocks and are made up of a multiple tetrahedral structure 

(Breck, 1964).  The resulting lattice encloses a network of cavities and channels 

which provide the zeolites with a variety of physicochemical properties that include: 

ion exchange capacity, a size exclusion frame, catalytic properties, as well as a large 

internal surface area allowing for an adsorbent nature (Kaneko, 1994; Sakintuna et 

al., 2003; Dutta et al., 2005).  The dimensions of the three-dimensional channels and 

the pore sizes of the zeolites determine the size exclusion and catalytic activity of a 

zeolite (Sakintuna et al., 2003; Dutta et al., 2005).  The structure of the zeolites 

possesses a negative charge which can contain a variety of cations, such as sodium, 

calcium, and magnesium (Breck, 1964).   

 

 

 

 

Absorbatox™ is a zeolite; a specific member of the clinoptilolite family of zeolites and 

thus possesses the characteristics of zeolites.  

 

At present, gas adsorption is the best technique to assess total surface area of 

adsorbent materials such as Absorbatox™ and one of the more commonly used 

methods to investigate the characteristics of porous materials including surface area, 

total pore volume, and pore size distribution (PSD) (Sing, 1998; Choma et al., 2002).  

Both the physical structure (surface area) and chemical properties (cation type) 

influence the gas adsorption characteristics of a zeolite (Burevski and Poceva, 1994; 

Sing, 1998; Choma et al., 2002). 
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Figure 3: Three-dimensional tetrahedral structure of a zeolite (Woodford, 2012). 

 

Surface area and pore volume 

 

The surface area of a material affects the way that it interacts with another 

substance and is thus an important parameter to investigate when characterising 

porous materials (Bae et al., 2010).  As a rule the greater the surface area the 

greater the amount of a different compound can interact with the porous material.  

 

 

 

 

The Brauner-Emmett-Teller (BET)-nitrogen absorption method of determining 

surface area remains the favoured method of determining overall surface area of 

porous materials (Sing, 1998; Bowen, 2002).  The Langmuir theory determines 

surface area based on monolayer coverage of a complete surface by the adsorbate.  

The BET theory expands on this theory by incorporating multilayer adsorption (Sing, 

1998; Bae, 2010). The assumptions upon which the BET theory is based are that 

gas molecules adsorb on a solid surface in an infinite number of layers and that no 

interaction exists between the different adsorption layers (Brunauer et al., 1938). 

 

 

 

 

To determine surface area, an adsorbate – most often, nitrogen at a subzero 

temperature of 77 K (Sing, 1998) – is compressed in the presence of a solid in 
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steadily increasing quantities.  After each quantity of adsorbate is applied, the 

pressure is allowed to equilibrate while the amount of nitrogen adsorbed to the 

surface is computed.  The amount of nitrogen adsorbed at each temperature and 

pressure defines the adsorption isotherm.  Using this defined isotherm, the quantity 

of gas required to form a single layer on the surface of the material being studied is 

determined and with the area covered by the newly calculated amount of gas known, 

the overall surface area of the material can be calculated (Micromeritics® Instrument 

Corporation, n.d).   

 

 

 

 

The large surface area of zeolites is due to their highly porous nature.  The pore 

dimensions play a vital role in the physicochemical properties of solid adsorbents 

(Kaneko, 1994).  This is exemplified by the ability of Absorbatox™ to draw up and 

hold wound exudate by strong capillary forces.  Thus, the most essential data is with 

regards to the pore dimensions of the Absorbatox™.  

 

 

 

 

During the process of adsorption, filling of the pores occurs.  The course of 

adsorption is dependent on the pore volume available.  In the case of macropores, 

(pores that exceed 50 nm in width) pore filling takes place via multilayer formation.  

In the case of micropores (pores smaller than 2 nm in width), adsorption occurs via a 

volume-filling process at a lower relative pressure.  In mesopores, pores between 2 

and 50 nm in width, both adsorption mechanisms occur; multilayer pore filling occurs 

first which is then followed by volume-filling (Kaneko, 1994; Jaroniec and Kaneko, 

1997; Sing, 1998; Sakintuna et al., 2003).  While it was initially thought that capillary 

condensation and (micropore) volume-filling are the same, it is now widely accepted 

that this is not the case (Sing, 1998; Dutta et al., 2005).  The surface area of zeolites 

is dependent on the pore number and pore volumes and since high porosity provides 

a greater surface area a higher adsorptive capacity is expected for these materials 

(Kusumaningtyas, 2006). 
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Pore size distribution 

 

Pore size distribution is defined as “the population of pores as a function of pore 

width” (Kaneko, 1994).  The method of Barrett, Joyner, and Halenda (BJH) is used to 

determine pore size distribution from experimental isotherms using the Kelvin model 

for pore filling (Choma et al., 2002; Micromeritics® Instrument Corporation, n.d) and 

is only applicable to open pores assuming the cylindrical pore model (Barrett and 

Joyner, 1951; Allen, 1997).  The Kelvin equation-based method incorporates 

methods put forward by Barret, Joyner, and Halenda (BJH), Dollimore and Heal 

(DH), Cranston and Inkley (CI), and also Broekhoff and de Boer (BdB) (Choma et. 

al., 2002) and takes into consideration statistical film thickness (t-curve) as a function 

of relative pressure as well as the relationship between the evaporation 

(condensation) pressure and the pore width (Choma et al., 2002).  This is 

represented by the Kelvin capillary condensation equation (Roberts, 1967): 

 

 

 

 

 

 

where, "rk" is the radius of the largest cylindrical capillary filled with condensate; “γ” 

represents the surface tension of the adsorbate; “ρ” is the density of the adsorbate; 

“M” is the molecular weight of the adsorbate; θ is the contact angle between the 

condensed phase and the surface of the solid and is usually assumed to be equal to 

zero; "R" is the gas constant, and "T" is the temperature measured in Kelvin and 

P/P0  is the partial pressure.   

 

The thickness "t" of the adsorbate layer is considered in the equation used to 

determine the pore radius “rk”: 
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where rp indicates the radius into which condensation occurs at the required relative 

pressure (Broekhoff and de Boer, 1968; Yağşi, 2004; Dutta et al., 2005). 

 

 

 

 

 

The BJH method of determining pore size distribution analyses the nitrogen 

desorption isotherm at liquid nitrogen temperature based on the assumption that the 

mechanisms of physical adsorption on the pore walls and capillary condensation in 

the pore can be employed to establish equilibrium between the adsorbed and gas 

phases during the process of desorption (Barrett and Joyner, 1951; Choma et al., 

2002).  During adsorption, the quantity of nitrogen required to form a monolayer on a 

surface is calculated as a function of gradually increased pressure of nitrogen gas at 

a constant temperature of 77 K.  As the pressure increases, the gas condenses first 

in the smallest pores.  This continues until all the pores are filled with liquid.  This is 

known as the point of saturation (Micromeritics® Instrument Corporation, n.d).  The 

reverse occurs in desorption.  The pressure is gradually reduced allowing for 

capillary condensation; or in other words, for the nitrogen that had originally 

saturated the open pores to now evaporate (Brunauer et al., 1938; Barrett and 

Joyner, 1951; Kaneko, 1994; Allen, 1997; Dutta et al., 2005).  So, both adsorption 

and desorption isotherms are necessary to ascertain pore size distribution using the 

BJH method. 

 

Figure 4 gives a concise description of the methods typically employed to determine 

surface area, pore volume, and pore size distribution.  
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Figure 4: Graphical representation of methods used to determine surface area, pore 

volume, and pore size distribution (Micromeritics® Instrument Corporation, n.d). 

 

Laser Particle Sizing and Size Distribution  

 

Webb (n.d) cites McGraw Hill‟s Dictionary of Scientific and Technical Terms (Third 

Edition) to define a particle as “any relatively small subdivision of matter, ranging in 

diameter from a few angstroms to a few millimetres.”  The size of a particle gives 

important information on its behaviour such as performance as an abrasive, 

application in the case of cosmetics, dissolution rate in the case of pharmaceuticals, 

and flow properties of fluid-cracking catalysts (Micromeritics® Saturn Digisizer ® II, 

n.d). 

 

Stage 4 

A further increase in the gas 

pressure will cause complete 

coverage of the sample and fill 

all the pores. The BJH 

calculation can be used to 

determine pore diameter, 

volume and distribution. 

 

Stage 4 

A further increase in the gas 

pressure will cause complete 

coverage of the sample and fill all 

the pores. The BJH calculation can 

be used to determine pore 

diameter, volume and distribution. 

 

Stage 3 

Further increasing gas 

pressure will cause the 

beginning of multi-layer 

coverage. Smaller pores 

in the sample will fill first. 

BET equation is used to 

calculate the surface area. 

 Stage 2 

As gas pressure increases, 

coverage of adsorbed 

molecules increases to form 

a monolayer (one molecule 

thick). 

 

Stage 1 

Isolated sites on the 

sample surface begin to 

adsorb gas molecules at 

low pressure. 
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Numerous techniques exist to determine particle size (Bowen, 2002) such as 

scanning electron microscopy (imaging), electrical zone sensing (Coulter principle), 

sedimentation (centrifugation), and light interaction methods which include laser 

particle sizing (laser diffraction) (Barth and Flippen 1995; Bowen, 2002; Ferraris, 

2004; De Clerq, 2004; Webb, n.d).  

 

 

 

 

Scanning electron microscopy (SEM) is an analytical tool that uses a focused beam 

of electrons to give a magnified image.  If the conditions are ideal, this technique can 

produce images with feature resolution at the nanometre level simultaneously giving 

insight into both the morphology as well as the size distribution of the particles.  SEM 

also gives information into any possible absence of homogeneity present in the 

sample (Tsapatsis et al., 1995; Bowen, 2002; Ferraris, 2004). 

 

 

 

 

Sedimentation using either gravity or centrifugation is a very popular method based 

on the application of Stokes‟ Law.  This law describes the terminal velocity of a 

spherical particle settling in a fluid medium under the influence of a gravitational 

force.  Sedimentation with centrifugation can result in a lower range of around 10 nm 

and even further down towards a nanometre if an analytical ultracentrifuge is used 

(Barth and Flippen, 1995; Bowen, 2002; Ferraris, 2004; Webb, n.d). 

 

 

 

 

Electrical zone sensing (EZS) is based on the Coulter principle.  This well-

established method works down to approximately 0.5 µm and allows for the 

measurement of both the volume and number distribution.  In this technique, the 

suspended particles in an electrolyte at a highly dilute concentration are passed 

through an orifice of a defined volume in an insulating wall between two electrodes.  

Voltage pulses proportional to the particle‟s volume are produced for each particle as 

the particles enter the orifice (the sensing zone).  The accumulation of pulses over a 

period of time gives the particle size distribution.  EZS has also been used to 

establish emulsion stability (Barth and Flippen, 1995; Bowen, 2002; Ferraris, 2004; 

Webb, n.d). 
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Laser diffraction measures the angular distribution of light scattered from a particle in 

a dilute medium (Ferraris, 2004). 

 

 

 

 

While reliable information is obtainable from processing images acquired from using 

direct methods such as microscopy (both light and electron), the methods are slow 

and do not always yield statistically significant results (Vanderhallen et al., 2000; De 

Ridder et al., 2002).  Indirect methods such as laser diffraction are fast and highly 

reproducible and are thus more widely used.  In addition to this, light scattering 

techniques are also useful for kinetic and in situ studies since they are often non-

destructive and non-perturbative to the species under investigation (Barth and 

Flippen, 1995; Vanderhallen et al., 2000; De Ridder et al., 2002). 

 

 

 

 

Laser particle sizing uses the principle of light scattering to determine particle size.   

Light is defined as the energy residing in the narrow and very specific region of the 

electromagnetic spectrum which, depending on its interaction with matter, can 

produce various visual effects (Webb, 2004).  That is, light can be reflected, 

refracted (bent), absorbed, diffracted (slight deviation from its original path upon 

interaction with matter), and even scattered (Ferraris, 2004; Webb, 2004).  Scattered 

light is made up of reflection, refraction, and diffraction and can thus be defined as a 

change of the direction and intensity of a light beam when it strikes an object due to 

the combined effects of reflection, refraction, and diffraction (Ferraris 2004; Webb, 

n.d).  Light scattering (LS) can either be dynamic or static.  Dynamic light scattering 

(also known as quasi-elastic light scattering) uses the correlation of light intensity 

variations and the Brownian movement of the particles to determine particle size.  

Techniques that rely on this type of light scattering vary widely depending on sample 

concentration and conditions as well as environmental factors.  Static LS establishes 

particle size using intensity characteristics of the scattering pattern at various angles 

(Twomey et al., 1994; Ferraris, 2004; Webb, n.d). 

 

 

 

 

During the 1800s, many advances were made in understanding light scattering.  

Diverse theories were developed that related to particles of certain shapes and sizes 

in a particular medium (Webb, n.d). In the 1970‟s, these developments and 
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knowledge resulted in the advent and commercialisation of the first laser light 

scattering instruments (Micromeritics® Saturn Digisizer ® II, n.d). 

 

 

 

 

These laser light scattering instruments use two fundamental methods of data 

analysis: the Mie and Fraunhofer theories.  

 

 

 

 

In 1906, Gustav Mie worked out a comprehensive mathematical-physical theory of 

the scattering of electromagnetic radiation by isotropic, spherical particles as a 

function of the angle at which light is scattered at the point of interaction with the 

particle.  When Mie developed the theory, it could only be applied with boundary 

conditions: (i) only monochromatic light (light of a single colour or wavelength) is 

considered; (ii) the particle must be isotropic and (iii) spherical; (iv) the incident light 

is composed of plane waves; (v) both scattering and absorption are considered; (vi) 

only static light is considered; and (vii) no quantum effects such as Raman or 

Doppler effects, are considered (Ferraris, 2004; Webb, n.d).  Despite the constraints 

of the Mie theory, it can still be applied to determine particle size even if the particle 

does not meet all the conditions since the current availability of computing software 

means that particle-sizing instruments based on this theory are guided by expressed 

conditions of Mie theory so as to construct a scattering pattern reducible by the Mie 

theory (Webb, n.d). 

 

 

 

 

Joseph Von Fraunhofer developed a theory that predicts the diffraction of light at the 

edges of objects - in particular opaque objects.  The theory describes scattering 

occurring when the particles investigated are far larger than the wavelength of the 

light source in use.  The outcome of this low-angle light scatter is that light is 

scattered off axis in a forward direction.  For this method, the refractive index need 

not be known since it is based only on the diffraction effect (Ferraris, 2004; Young, 

2005; Webb, n.d).  In contrast, the general rule for the Mie theory is that the particles 

are slightly smaller than the wavelength giving higher angles of refraction and a 

broader range over which scattering occurs.  In this case, forward (low-angle) scatter 

is still predominant but the refractive index must be known (Ferraris, 2004; Webb, 

n.d). 
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Figure 5: A) Low-angle light scattering from a particle larger than the light source 

wavelength following the Fraunhofer theory.  B) A combination of high- and low-angle 

light scattering from a particle slightly smaller than the light source wavelength in 

accordance to the Mie theory (Young, 2005). 

 

The sizes of the zeolite particles were determined using laser light scattering 

technology which gives high levels of resolution, accuracy, reproducibility, and 

repeatability.  The laser light scattering instrument used - a Micromeritics Saturn 

DigiSizer® - employs a laser diode and a modern charge-coupled device (CCD) 

detector which allows a high-resolution, digital representation of the light scattering 

pattern to be captured.  Data reduction is then executed on the resulting information 

using the Mie Theory (Micromeritics® Saturn Digisizer ® II, n.d). 

 

 

 

 

 

 

 

 

A. Fraunhofer Light 

Scattering 

 

B. Mie Light Scattering  
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MATERIALS AND METHODS 

 

Nitrogen Adsorption 

Instrumentation 

 

A Micromeritics Accelerated Surface Area Porosity (ASAP) 2020® was used to 

conduct the nitrogen adsorption-desorption experiments.  This instrument is 

equipped with two independent vacuum systems, a vacuum system for sample 

preparation and another for sample analysis which allows for the concurrent 

preparation and analysis of samples without the one procedure interrupting the 

other.  The ASAP 2020® also has an elevator that raises and lowers the analysis 

bath fluid Dewar automatically and a shield that encloses each Dewar as a means 

of protection.  Instrument-grade nitrogen was used for the adsorption-desorption 

study. 

 

Experimentation 

 

Two Absorbatox™ samples were analysed: a granular sample which looks like 

sugar granules and the micronised sample which looks like talcum powder.   

 

 

 

 

 

Absorbatox™ is a hygroscopic compound – that is – it absorbs moisture from the 

atmosphere when left exposed.  The Absorbatox™ was stored in a large, sealed 

bucket which was apparently not moisture tight.  Small samples of the zeolite 

were removed from the bucket and placed in open petri dishes and placed in a 

desiccator overnight.  The Absorbatox™ samples were then transferred to sealed 

centrifuge tubes when not being used.  It was later observed that, even in these 

sealed tubes, the zeolite was able to absorb moisture from the atmosphere.  With 

this in mind, both the zeolite samples were kept in a Petri dish in an oven at 85°C 

overnight in an attempt to „dry‟ the samples before degassing.  During the sample 

analysis process of degassing on the instrument, the sample is heated and placed 

under the vacuum to remove moisture and possible contaminants.  A mass of 25 
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mg of granular or micronised Absorbatox™ was weighed out and each was 

placed in its own tube.  A filler rod was placed in each tube to decrease the 

volume within the tube and thus to accelerate degassing of the sample.  A rubber 

stopper was used to plug the sample tube, and the tube was attached to the 

degassing port.  The sample tube was pushed into the degassing port fully and 

secured.  A heating mantle was placed over the bulb of the sample tube and 

secured using a mantle clip.  The initial degassing parameters (temperature: 

200°C and degassing time: 3 hours) used were as in the method published by 

Salama et al. (2009).  These parameters did not result in proper degassing as was 

observed in the initial degassing analysis graphs.  Since Absorbatox™ had proven 

to be highly hygroscopic before, the failure to properly degas the sample was 

attributed to high moisture content in the sample.  With this in mind, both the 

zeolite samples were kept in a Petri dish in an oven at 115°C for a period of three 

days in an attempt to further „dry‟ the samples before degassing.  The initial 

degassing parameters were then adjusted; temperature, pressure, and degassing 

times were increased to 300°C, 100 mmHg, and 12 hours, respectively.  The 

micronised samples were degassed under the same temperature and pressure 

parameters but for an extended time of 24 hours.   

 

 

 

 

 

BET analysis was performed at 77 K and the BJH method applied to determine 

pore diameters after which nitrogen-adsorption isotherm graphs were obtained. 

 

 

Laser Particle Sizing 

 

Instrumentation 

 

A Micromeritics Saturn DigiSizer 5200 VI.II® was used to conduct the laser 

particle sizing experiments.  This instrument has a sizing range of 0.1 µm to 1000 

µm and is equipped with a liquid sample handling unit (LSHU) which has several 

automated features, one of which is a sample recirculation system that maintains 

particle dispersion.  The unit is also equipped with an ultrasonic probe, an auto-
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dilution function which monitors the concentration of the sample and adds liquid 

as needed until optimum concentration is achieved, as well as a device that 

sprays residue from the reservoir walls so as to prevent sample carry-over.  

Filtered water was used for laser particle sizing experiments.  

 

 

 

 

Experimentation 

 

A mass of 2.5 g of each Absorbatox™ sample (granular and micronised) was 

suspended in water to a final concentration of 0.08% (granular) and 0.002% 

(micronised) which gave an obscuration of 18.1% for the granular sample and 

10.2% for the micronised sample.  Before analysis, the samples were agitated 

ultrasonically to disperse the sample and break up agglomerates.  After the 

ultrasonic treatment at 60% intensity for 60 seconds for the granular Absorbatox™ 

and 30 seconds for the micronised Absorbatox™, the samples were recirculated 

for a period of 120 seconds to remove any air bubbles that may have formed in 

the sample and tubing.  Recirculaton is necessary since bubbles also scatter light 

and cannot be distinguished from solid particles by the system (Webb, 2004). 

 

 

 

 

 

 

The granular and micronised samples were pumped at a flow rate of 16.0 litres 

per minute (l/m) and 12.0 l/m, respectively through the sample cell past a laser 

beam where the light scattering occurs.  The scatter pattern in both cases was 

recorded by a 3.1 megapixel CCD detector and then used in the Mie theory 

calculation to determine particle size distribution.  The refractive indices used 

were (Re) 1.57 and (lm) 1.00 for the Absorbatox™ and 1.331 for the water.  Water 

temperature and viscosity was approximately 24°C and 0.798 cp respectively. 
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RESULTS AND DISCUSSION 

 

Nitrogen Adsorption 

 

Initial characterisation of the Absorbatox™ zeolites was performed using nitrogen 

adsorption-desorption isotherms.  This is a standard technique preferred for pore 

size, pore size distribution, micropore volume, and surface area determination.   

 

The surface area of both zeolite samples was assessed using isotherm data using 

the method developed by Brunauer, Emmett, and Teller (BET).  The BET method is 

used for multilayer adsorption but is based on the Langmuir equation where 

adsorption is limited to a monolayer.  After the analysis, nitrogen adsorption-

desorption isotherm graphs of each Absorbatox™ sample were obtained. 

 

 

 

Figure 6: Nitrogen adsorption-desorption isotherm for granular Absorbatox™ zeolite. 
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Figure 7: Nitrogen adsorption-desorption isotherm for micronised Absorbatox™ 

zeolite. 

 

 

In both cases, the Absorbatox™ nitrogen adsorption-desorption isotherms have 

similar shapes.  Isotherm shapes were originally defined by Brunauer et al. (1940) 

and classified into five groups and later reviewed and incorporated into a more 

practical classification by the IUPAC which added an additional (sixth) isotherm 

shape (Donohue and Aranovich, 1998; Sing, 1998; Storck et al., 1998; Barton, 

1999).   
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Figure 8: The IUPAC classification of adsorption isotherms and hysteresis loops 

(Sing et al., 1982). 

 

 

Based on the isotherm classification (Figure 8), both the nitrogen adsorption-

desorption isotherms of the granular and micronised zeolites show similarity to Type 

IV isotherms.  This type of isotherm is found with many mesoporous adsorbents 

(Allen, 1997).  Literature states that zeolites are microporous materials (Kaneko, 

1994; Sakintuna et al., 2003) and should thus exhibit Type I isotherms (Hodson, 

1998).  However, Absorbatox™ exhibits Type IV adsorption-desorption isotherms 

which is in line with studies by Barton et al. (1999) and Floquet et al. (2003) that 

report Type IV isotherm characteristics have been observed in tight-fitting molecules 

in silicate materials.  At low pressures, an absorbate layer forms on the pore surface 

followed by sequential layers that eventually make up the multilayer.  The knee (the 

first bend) in the adsorption isotherm is indicative of the point at which the 

monolayer-multilayer forms (Sing et al., 1982).  A characteristic feature of this type of 

isotherm is the hysteresis loop which is the non-overlapping region of the adsorption-

(a) Sorption isotherms (b) Hysteresis loops 
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desorption branches (Figures 6 and 7).  The loop exhibits different paths followed by 

the adsorption and desorption isotherms.  The loop closes in both the Absorbatox™ 

isotherms at different relative pressure ratios (P/P0); the granular material at 0.12 

and the micronised material at 0.2.  The onset of the Type IV hysteresis loop marks 

the start of capillary condensation in the mesopores (Sing et al., 1982).  

 

 

 

 

The adsorption isotherm is the quantitative description of the amount of adsorbate 

adsorbed by a material (V) at a constant temperature, at the adsorption pressure (P) 

(Allen, 1997; Barton et al., 1999).  The amount adsorbed is dependent on the 

characteristics of the solid (adsorbent): porous vs. non-porous, and the pressure at 

which adsorption occurs.  The amount of adsorbate involved in the adsorption can 

be determined using a gravimetric or volumetric method after the sample is 

degassed.  The ASAP 2020® was set to measure the amount of adsorbate 

volumetrically – that is, the volume of gas adsorbed was determined by calculating 

the amount of gas removed from the system by applying standard gas laws.  The 

alternative method - the gravimetric method - assesses the increase in the weight of 

the test material after adsorption.  The surface area is typically determined by 

deducing the total adsorbate required to cover the test material with a monolayer of 

adsorbate molecules.  This is termed the monolayer capacity (Vm) (Allen, 1997). 

 

 

 

 

Using the BET method, the total surface area including the external and micropore 

surface areas were determined for both the granular and micronised Absorbatox™ 

samples.  These are expressed in Table 1 below.  
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Table 1: Surface, external, and micropore areas of granular and micronised 

Absorbatox™. 

 

 

SAMPLE DESCRIPTION GRANULAR 

ABSORBATOX™ 

MICRONISED 

ABSORBATOX™ 

BET Surface area (m2/g) 11.23 14.43 

t-Plot external surface 

area (m2/g) 
4.95 4.61 

t-Plot micropore area 

(m2/g) 
6.28 9.82 

 

 

When observing the two Absorbatox™ samples, it is evident even at the 

macroscopic level that the granular particles are larger than the micronised particles 

(Figure 9).  Even without further analysis, the BET surface area values for the two 

samples are in agreement with the surface area-to-volume ratio: the larger particles 

– the granular Absorbatox™ - have a smaller surface area than the smaller, 

micronised Absorbatox™ per unit mass.   

 

 

 

Figure 9: Granular Absorbatox™ (left) and micronised Absorbatox™ (right). 
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The BJH method using the Kelvin equation is the most common way of determining 

pore size distribution from nitrogen isotherms (Sing, 1998).  Pore size distribution is 

obtained by decreasing the pressure at which adsorption occurred i.e.: induce 

desorption.  The starting point for this method is with an isotherm at saturated vapour 

pressure when the pores are completely filled with nitrogen.  A slight decrease of the 

pressure results in desorption of a measurable amount of the vapour and a residual 

layer, the thickness of which is used to calculate pore size distribution (Allen, 1997).  

 

 

 

 

Both Absorbatox™ samples exhibit Type IV desorption isotherms.  This isotherm 

type is due to strong fluid-solid attractive interactions and gives insight into the 

mesopore through its hysteresis loop.  Molecules form a liquid-like adsorbed layer 

within the mesopore that has a meniscus, the curvature of which is associated with 

the Kelvin equation and is related to pore shape and size.  The hysteresis is 

attributed to capillary cracks from which the adsorbate molecules (nitrogen in this 

case) do not desorb as readily as they adsorb and gives an indication of the pore 

filling or emptying mechanisms (Kaneko, 1994; Allen, 1997; Barton et al., 1999).  

The hysteresis loops in the isotherms of both samples are consistent with Type H3 

hysteresis.  The adsorption isotherms are steep at saturation pressure (Allen, 1997) 

with asymptotic character not exhibiting limiting adsorption at high relative pressures 

(0.8 – 1.0 mmHg) (Medioroz and Pajares, 1987; Yu, 2002; Yu et al., 2004) while the 

desorption isotherms slope are steep at high relative pressures and almost parallel 

to the X-axis at intermediate and low relative pressures (0.2 – 0.8 mmHg).  This type 

of hysteresis is observed in open, slit-shaped capillaries with parallel walls, wide 

pores and short necks and corresponds to a narrow size distribution of lamellar 

mesopores (Yu et al., 1996; Bérend et al., 1995; Allen, 1997) of non-uniform size 

and shape (Leofanti et al., 1998). 

 

 

 

 

The pore volumes and pore size distributions were calculated using the BJH method 

and are represented in Table 2. 
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Table 2: Total pore volumes and pore size distributions of granular and micronised 

Absorbatox™. 

 

 

 

 

 

SAMPLE DESCRIPTION 

GRANULAR 

ABSORBATOX™ 

MICRONISED 

ABSORBATOX™ 

BET adsorption average 

pore diameter (Angstrom) 
437.89 282.12 

t-Plot micropore volume 

(cm3/g) 
0.01 0.03 

BJH adsorption 

cumulative volume of 

pores (cm3/g) 

0.04 0.05 

BJH desorption 

cumulative volume of 

pores (cm3/g) 

0.04 0.05 

 

 

The values obtained from the BJH adsorption average pore diameter are in 

agreement with the implication of the general shapes of the adsorption-desorption 

isotherms of the Absorbatox™ samples.  The Type IV isotherms suggested that the 

particles are mesoporous; that is, having a distribution of pore widths between 2 and 

50 nm (Kaneko, 1994; Jaroniec and Kaneko, 1999; Barton et al., 1999; Sing, 2001; 

Sakintuna et al., 2003).  The granular Absorbatox™ has a pore diameter of 

approximately 45 nm while the micronised Absorbatox™ has an average pore 

diameter of 28 nm. 

 

Laser Particle Sizing 

 

Laser particle sizing was employed to measure particle size distribution (PSD) in 

both Absorbatox™ samples using a Micromeritics Saturn DigiSizer® designed to 

measure particle sizes in the range of 0.1 µm to 1000 µm (Webb, n.d; 
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Micromeritics® Saturn Digisizer ® II, n.d).  The diluted sample suspensions were 

introduced into the instrument and the particle sizes at each counting interval were 

recorded.  The data referring to particle sizes and frequency with which each size 

occurred were processed by the software. 

 

 

 

 

Figure 10: Cumulative finer volume percent vs. particle diameter (µm). 

 

 

Figure 10 (above) shows the distribution of diameters of the particles present in each 

of the tested Absorbatox™ samples.  It is immediately evident when looking at the 

graphs that the particles within the samples are not uniform in size.  This is in 

agreement with the findings of the nitrogen adsorption-desorption experiments in 

which the adsorption-desorption isotherms for both samples exhibited Type H3 

hysteresis which corresponds to non-uniformly sized particles (Leofanti et al., 1998).  
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The granular Absorbatox™ particle sizes (green graph) range between 2 µm and 

875 µm with the majority of the particles exceeding 90 µm in diameter.  These 

particle sizes would have the capacity to accommodate the average pore diameters 

of 43.8 nm as calculated using the BET method. The micronised Absorbatox™ 

particle sizes (red graph) are between 0.8 µm to approximately 300 µm.  This would 

enclose the average pore diameter of 28.2 nm calculated using the BET method.   

 

 

 

 

As previously mentioned, the micronised Absorbatox™ does have smaller particles 

than the granular Absorbatox™.  The light particle sizing gives more precise 

measurements.  In addition to this, the laser particle sizing results relate well with 

those obtained from the nitrogen adsorption-desorption experiments and to the 

surface area-to-volume ratios: the larger particles of the granular Absorbatox™ have 

a smaller total surface area while the smaller particle micronised Absorbatox™ has a 

larger total surface area per unit mass. 

 

 

 

CONCLUSION 

 

Absorbatox™ was characterised in terms of total surface areas and pore volumes 

using the BET nitrogen adsorption-desorption method and particle size distribution 

by laser particle sizing, respectively.  It was established from the BET nitrogen 

adsorption-desorption isotherms that both the granular and micronised Absorbatox™ 

samples, although different, have mesoporous characteristics.  The results obtained 

from the laser particle sizing experiments also related well to, and supported some 

characteristics identified by the nitrogen adsorption-desorption study by establishing 

that the smaller particles have a larger surface area than the larger (granular) 

particles and also showing non-uniformity in the particle sizes of the Absorbatox™ as 

was suggested by the BET nitrogen adsorption-desorption isotherms. 

 

This work has not only culminated in the successful physical characterisation of the 

Absorbatox™ zeolites but has also shown that the results from both BET nitrogen 

adsorption-desorption and laser particle sizing experiments relate well to each other. 
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CHAPTER 3: ANIMAL STUDY 

 

 

INTRODUCTION 

 

The ability to closely predict the human biological response to a treatment or even 

the efficacy of that treatment to combat a human disorder is the ultimate determinant 

of a good in vivo model (Sullivan et al., 2001).  The choice of an animal model is also 

dependent on various factors including the cost and ease of handling, animal 

availability, as well as anatomical and physiological likeness to humans.  While small 

mammals such as mice and rabbits easily meet the first three criteria, and are often 

used in wound healing studies, they are significantly different structurally and 

functionally.  More specifically, humans heal mainly through re-epithelialisation 

whereas these rodents heal largely through wound contraction (Sullivan et al., 2001).  

In addition to this, rodents and even primates – despite their phylogenetic closeness 

to humans – do not develop cheloids, and hypertrophic scar formation is very rare as 

these are not typical wound healing responses in these mammals (Wang et al., 

2001). 

 

 

 

  

Pig skin, on the other hand, has been reported to be notably similar to human skin 

both anatomically and physiologically (Moritz and Henriques, 1946; Sullivan et al., 

2001; Wang et al., 2001; Hirsch et al., 2008; Velander et al., 2008).  This similarity 

was especially noted in a study conducted by Moritz and Henrique in 1946 during 

which skin sections, from both humans and pigs, treated with benzidine were seen to 

be virtually indistinguishable from each other (Vardaxis et al., 1997). 

 

 

 

 

The main similarities between the skins of the two species with regards to wound 

healing are those of the epidermis, skin vascularisation, and epidermal collagen.   

 

 

 

 

Human and pig epidermis are similarly thick ranging between 50 and 120 µm and 30 

– 140 µm, respectively depending on the location of the skin on the body (Vardaxis 

et al., 1997; Sullivan et al., 2001).  The porcine epidermis, like that of man, has 
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irregularities in the contour of both the upper and lower surfaces of the epidermis 

(Moritz and Henriques, 1946).  Total turn-over time of porcine epidermis is 

approximately 30 days and is about 27-28 days in humans.  Vardaxis et al., (1997) 

also noted that the epidermis of both species has the same number of layers in both 

the viable and the horny layers.   

 

 

 

 

The vascular organisation of porcine and human skin has a lower, mid-epidermal, 

and a sub-epidermal vascular plexus.  These structures – while similarly organised – 

differ in the density of their distribution.  More specifically, the sub-epidermal plexus 

of the pig dermis is less dense than the human sub-epidermal plexus.  The lower 

region of the hair follicles and other appendages in the pig are not as well 

vascularised as the hair follicles and glands in the human skin (Vardaxis et al., 1997; 

Sullivan et al., 2001). 

 

 

 

 

Porcine collagen exhibits significant biochemical similarity to that of human collagen.  

This similarity is illustrated in the usage of porcine skin and porcine skin products 

both as biological wound dressings and in xenografts in humans both of which 

trigger minimal or no immune response in the human subject (Vardaxis et al., 1997; 

Sullivan et al., 2001). 

 

 

 

 

An additional but somewhat trivial fact to further illustrate the similarity in porcine and 

human skin: pigs are the only animals that experience sunburn in the same way as 

in humans (Vardaxis et al., 1997). 

 

 

 

 

The use of a porcine model also allows for the evaluation of the role and presence of 

growth factors in wound healing given that the wound healing patterns are 

physiologically comparable (Sullivan et al., 2001). 

 

 

 

 

Pigs can also more closely represent chronic wounds in patients with serious 

illnesses since they too are placed under a great deal of physiological stress with the 
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induction of numerous wounds, the regular and repeated handling, as well as the 

frequency of general anaesthesia (Sullivan et al., 2001). 

 

 

 

 

Although using human subjects to study wound healing in humans would most likely 

give more accurate results, this would raise ethical issues as patients‟ wounds 

cannot go untreated in order to serve as controls for experiments. It would also be 

difficult to find a large enough number of people with similar types of wounds that 

could be compared to each other (Vardaxis et al., 1997; Sullivan et al., 2001).   

 

 

 

 

 

Despite the many technological advances that have occurred such as the use of 

tissue engineered skin substitutes, the mainstay of wound treatment is still wound 

dressings; a crucial characteristic of which is to remove excess wound exudate while 

retaining wound moisture (Boateng et al., 2008).  Boateng et al. (2008) classify 

wound dressings as traditional (e.g.: synthetic bandages and gauzes) which are dry 

and do not provide the moist wound environment conducive to proper wound 

healing; and modern dressings such as hydrogels and hydrocolloidal dressings.  The 

hydrocolloidals are preferred in paediatric wound management because of the pain-

free removal of this adhesive dressing.  Hydrogels are active wound healing agents 

suitable for cleansing dry and necrotic wounds.  This type of dressing is also 

permeable to metabolites and is typically non-irritating (Boateng et al., 2008; 

Papazoglou et al., 2010). 

 

 

 

 

In this study, the efficacy of Absorbatox™ and Cerdak™ wound dressings in the 

treatment of full-thickness wounds were compared.  Full thickness wounds are 

wounds causing damage to the epidermis, the dermal layers and the underlying 

subcutaneous fat and deeper tissues (Boateng et al., 2008). 

 

 

 

 

Cerdak™ is described as a device consisting of a non-woven fabric sachet filled with 

microporous ceramic granules.  The ceramic granules work by capillary action.  The 

interstitial voids between the granules also lead to the absorption and retention of 

wound exudate.  The anti-bacterial action of ceramic helps to clean the wound while 
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maintaining optimal conditions for normal wound healing.  Cerdak™ is designed to 

treat various wound types from diabetic and pressure wounds to surgical wounds 

(Cerdak™, n.d). 

 

 

 

 

AbsorbatoxTM - a modified, naturally occurring clinoptilolite of the zeolite family - is a 

synthetically enhanced, hydrated aluminosilicate mineral which has been put through 

a patented process that increases its cation exchange capacity (CEC) to five times 

its original capacity.  Absorbatox™ is at least as safe as the other naturally occurring 

clinoptilolites since no evidence exists to suggest that clinoptilolites in general are 

changed in structure or otherwise even in the gastrointestinal tract (Pond et al., 

1989).  The insolubility of this compound further exemplifies its safety as a wound 

healing agent.  Its activity is due to its adsorbing and binding properties.  

Absorbatox™ comprises of aluminium, oxygen, and silicon atoms in a tetrahedral 

arrangement arranged in way that creates cage-like open pores since the tetrahedral 

units cannot take up all the available space entirely (Kaneko, 1994).  The wound 

healing functionality of Absorbatox™ lies in its ability to draw up wound exudate by 

strong capillary forces but still keep the wound from becoming overly dry.  The use of 

Absorbatox™ has been proven safe in both animals and humans (Absorbatox™, 

n.p). 

 

 

 

MATERIALS AND METHODS 

 

Animals 

 

The animal study was conducted at the University of the Witwatersrand (Medical 

School) at the CAS (Central Animal Service).  Two female Large White pigs, with an 

initial weight of 25–30 kg were used.  On arrival, the pigs were set up in individual, 

smooth-walled pens with stainless-steel gates and allowed to acclimatize to their 

new surroundings for 7 days before initiation of any experiments.  A supervising 

 
 
 



Page 42 of 154 
 

veterinarian was in charge of the study insofar as ensuring the general health and 

well-being of the animals and performing biopsies. 

 

 

 

 

The study was conducted according to the guidelines set out in the national 

standards document SANS 10386:2008 with ethical approval having been obtained 

from the AESC (Animal Ethics Screening Committee) of the University of the 

Witwatersrand (reference no: 2008-47-04) and from the AUCC (Animal Use and 

Care Committee) of the University of Pretoria (reference no: H027-08). 

 

 

 

 

The study was divided into three phases correlating to the three phases of wound 

healing and conducted over a period of sixteen days.   

 

 

 

 

On day one, twenty 8 mm diameter full thickness (skin) wounds were made along 

the back of each pig (10 above each psoas muscle on either side of the vertebrae).  

The pigs were under general anaesthesia and opioid-based analgesic therapy during 

this procedure.  Experimental treatment was in the form of wound dressings which 

consisted of a porous sachet containing one of two different granular sizes of 

Absorbatox™ and attached to an adhesive strip applied directly to the skin with the 

sachet in direct contact with the wound.  The sachets were covered with a thick 

gauze pad and the entire area was stabilized with a stretchable, porous, adhesive 

covering (OpSite).  This made provision for the collection of the wound exudate.  The 

control wounds were treated in the same way except that the Absorbatox™ sachets 

were not applied. 
 

 

 

 

The treatments that were used were: negative control (empty sachet), Absorbatox™ 

micronised, Absorbatox™ granular, and Cerdak™.  Each pig served as its own 

control and wounds were randomised to receive accurate results. 

  

 
 
 



Page 43 of 154 
 

Wound induction 

 

The animals were anaesthetised by injecting Dormicum (0.3 mg/kg) and Anaket (11 

mg/kg) before wound induction.  An inhalation agent, Isofluor, was used to maintain 

anaesthesia during surgery.  The pigs received Temgesic (0.3 - 0.6 ml) administered 

post-operatively as an analgesic for pain management. 

 

After induction of anaesthesia, the hair on the backs of the animals was shaved off 

using an electric shaver and the skin was subsequently scrubbed with a non-

antibiotic-containing soap.  Wounds were induced using an 8 mm punch biopsy (full-

skin thickness) along the psoas muscle ridge.  Full-thickness wounds were created 

through both the epidermis and the full thickness of the dermis, revealing the 

subcutaneous fat.  Twenty wounds were created on the psoas muscle ridges on the 

first day of the study (Figure 11).  Wound dressings were applied directly after 

surgery.  During dressing changes, the wound dimensions were measured by 

measuring the edges across two diagonals in addition to the depth. On selected 

days, specific wounds and surrounding tissue were completely excised with a narrow 

region of healthy tissue as follows: 

 

 

 Pig 1 Pig 2 

Day 3 4 wounds: one per treatment  

Day 6 4 wounds: one per treatment 4 wounds: one per treatment 

Day 7  4 wounds: one per treatment 

Day 9 4 wounds: one per treatment 4 wounds: one per treatment 

Day 13 4 wounds: one per treatment 4 wounds: one per treatment 

Day 16 4 remaining wounds  4 remaining wounds 

 

 

All areas from which wounds were excised were sutured closed.  After surgery, new 

experimental dressings were applied to each experimental wound but not from 

where biopsies had been taken as these areas had already been sutured closed.  

On the final day of the study, the remaining experimental wounds were excised.   
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Some wounds were snap-frozen while others were fixed in 10% formalin. 

 

Wound measurements 

 

Measurements of the wounds were taken to serve as indicators of wound closure.  

Wound lengths (head to tail direction) and widths (side to side direction) were 

measured using a digital calliper, and recorded. This was an indication of the rate of 

wound contraction.  A calibrated depth indicator was utilised to measure the depths 

of each wound. 

 

Statistical analysis 

 

Statistical analysis was conducted by an internal consultant of the Department of 

Statistics.  The data analysis consisted of two-way Analysis of Variance (ANOVA) 

and Repeated Measures of General Linear Model analysis to compare the effects of 

the experimental treatments (Absorbatox™ vs. Control – positive and negative).  The 

level of significance was set at 0.05. 
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Figure 11: Pattern of wound treatments. 
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RESULTS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Comparison of the effects of each treatment: Absorbatox™ vs. Negative 

control and Cerdak™ (positive control) on wound widths.  Measurements expressed 

as mean width (mm) ± SEM. 

 

 

All the wounds of the different treatment groups started at a symmetrical diameter of 

8 mm.  The negative control wounds exhibit a more rapid decrease in the wound 

width than the two experimental treatments.  The Absorbatox™ group demonstrated 

a decrease in wound width, very similar to the Cerdak™ treated group used as a 

positive control. 
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Table 3: Wound width measurements (mm). 

 

Average wound widths (mm) ± SEM 

Treatment Day 1 Day 2 Day 3 Day 6 Day 9 Day 13 Day 16 

Negative 

control 
8.0 ± 0.0 7.4 ± 0.4 7.3 ± 0.3 6.1 ± 0.8 4.2 ± 0.8 2.8 ± 0.8 1.3 ± 0.7 

Absorbatox

™  
8.0 ± 0.0 7.6 ± 0.2 7.0 ± 0.2 6.0 ± 0.5 4.8 ± 0.6 3.6 ± 0.7 2.5 ± 0.7 

Positive 

control 

(Cerdak™) 

8.0 ± 0.0 7.6 ± 0.4 7.4 ± 0.3 6.0 ± 0.7 4.1 ± 0.7 3.3 ± 0.9 2.8 ± 0.9 

 

 

The widths of the wounds were consistently lower in the Absorbatox™-treated 

groups than the positive control until Day 6.  Thereafter, the wound widths were 

comparable between the two groups.  The difference between the wound widths on 

Day 9 was shown to be statistical significant. 
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Figure 13: Comparison of the effects of each treatment: Absorbatox™ vs. Negative 

control and Cerdak™ (positive control) on wound lengths.  Measurements expressed 

as mean length (mm) ± SEM. 

 

 

Table 4: Wound length measurements (mm). 

 

 

Average wound lengths (mm) ± SEM 

Treatment Day 1 Day 2 Day 3 Day 6 Day 9 Day 13 Day 16 

Negative 

control 
8.0 ± 0.0 8.6 ± 0.1 8.3 ± 0.1 7.0 ± 0.8 4.5 ± 0.8 2.9 ± 0.8 2.4 ± 0.8 

Absorbatox™  8.0 ± 0.0 8.7 ± 0.1 8.1 ± 0.1 7.0 ± 0.5 5.3 ± 0.6 3.6 ± 0.7 3.6 ± 0.7 

Positive 

control 

(Cerdak™) 

8.0 ± 0.0 8.8 ± 0.1 8.6 ± 0.2 6.9 ± 0.8 4.6 ± 0.8 3.1 ± 0.9 3.1 ± 0.9 
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The wound lengths in the Absorbatox™-treated group were consistently lower than 

the positive control group until Day 6 and showed statistical significance in this 

regard on Days 3 and 9.  On Days 9 and 13, statistical significance was observed 

between the negative control and Absorbatox™-treated groups with the negative 

control showing lower mean values for the wound lengths.  

 

 

 

 

The wound lengths and widths were taken into account together to determine the 

rate of wound closure.  To better visualise this data, a line graph of the values was 

constructed.  See Figure 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: A line graph comparison of the wound contraction rates of each treatment 

group.  

 

 

The faster wound closures seen in the negative control groups are indicative of 

wound contraction.  A wound that closes faster may appear to point towards rapid 
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more prone to re-opening under even slight tensile force since it has little 

“foundation”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Comparison of the effects of each treatment: Absorbatox™ vs. Negative 

control and Cerdak™ (positive control) on wound depths.  Measurements expressed 

as mean depth (mm) ± SEM. 

 

Table 5: Wound depth measurements (mm). 

 

Average wound depths (mm) ± SEM 

Treatment Day 1 Day 2 Day 3 Day 6 Day 9 Day 13 Day 16 

Negative 

control 
5.3 ± 0.3 5.1 ± 0.3 4.4 ± 0.3 3.0 ± 0.6 1.3 ± 0.5 0.0 0.0 

Absorbatox

™  
5.4 ± 0.3 5.1 ± 0.3 4.4 ± 0.3 1.8 ± 0.4 0.6 ± 0.3 0.0 0.0 

Positive 

control 

(Cerdak™) 

5.3 ± 0.3 5.0 ± 0.3 4.7 ± 0.2 2.9 ± 0.4 0.8 ± 0.3 0.0 0.0 
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The wounds were of comparable depths when initially excised and varied slightly but 

did not exceed 6 mm.  

 

 

 

 

From Table 5, it is evident that the Absorbatox™-treated wounds started off with a 

slightly greater depth than the negative- and positive-treated wounds.  Despite this, 

these wounds were shallower from the third day onwards; the Absorbatox™- treated 

groups exhibited consistently lower wound depth measurements than the negative 

control and Cerdak™ (positive control) groups. This suggests that the wounds 

treated with Absorbatox™ heal more rapidly from the bottom as opposed to wound 

contraction from the edges inwards.  This implies that Absorbatox™ promotes repair 

in the lower layers of the dermis with new cell development and collagen deposition; 

characteristics that are reputed to lead to a stronger healed wound.   

 

 

 

 

The Absorbatox™-treated groups showed statistically significant differences 

compared to the negative and positive control groups between Days 3 and 9.  On 

Day 3, there was a 20% reduction in the mean wound depths in the Absorbatox™ 

vs. positive-controlled groups.  On Day 9, the Absorbatox™-treated group showed 

78% – 100% mean depth reduction vs. the 72% – 90% mean depth reduction 

observed at this time point for the positive control treatment. 

 

 

 

DISCUSSION 

 

Although the study compared limited numbers of samples, it appears that treatment 

with Absorbatox™ resulted in a more rapid decrease of wound depths compared to 

the positive (Cerdak™) and negative control treatment groups.  Furthermore, less 

wound contraction was observed in the Absorbatox™ treatment groups than in the 

negative group and this wound contraction was, although similar to the positive 

control, slightly slower in the Absorbatox™ group than in the positive control group.  

The wound depth decreases brought about by Absorbatox™ treatments were more 

rapid than the control groups and these changes were statistically significant.  These 

factors are positive indicators that Absorbatox™ brings about good wound healing.  
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During the proliferation phase of wound healing, fibroblasts and epithelial cells 

migrate into the wound to replace lost and damaged tissue (Boateng et al., 2008).  

Macrophages express PDGF and TNF-α and initiate the provisional formation of 

extracellular matrix which contributes to a wound becoming shallower.  The 

fibroblasts also synthesise proteoglycans and fibronectin to further contribute to 

extracellular matrix generation.  A further function is to synthesise immature collagen 

with the aim of increasing wound strength; however at this stage there is also 

increased epithelial thickening to help close the wound until sufficient collagen has 

formed to bridge the wound (Broughton et al., 2006; Schultz and Wysocki, 2009; 

Guo and DiPietro, 2010).  The matrix contains latent TGF-β in the form of pro-TGF-β 

which requires a protease to activate the inactive TGF-β for its effects to be brought 

about.  The required protease is expressed by macrophages and fibroblasts.  The 

activated TGF-β stimulates influx of fibroblasts and enhances collagen synthesis 

(Broughton et al., 2006; Schultz and Wysocki, 2009).   

 

 

 

 

Wound contraction, resulting in surface wound closure (Broughton et al., 2006; Guo 

and DiPietro, 2010), is brought about by macrophage-directed initiation of fibroblast 

differentiation into contractile fibroblasts (myofibroblasts) triggered by PDGF and 

TGF-β1 (Broughton et al., 2006; Guo and DiPietro, 2010). 

 

 

 

 

The final phase of the healing process (remodelling) is characterised by the 

formation of mature collagen under the influence of TGF-β causing the thickening of 

the extracellular matrix as the immature collagen III, seen in earlier stages of wound 

healing, is replaced with mature collagen I (Broughton et al., 2006).  TGF-β plays a 

pivotal role in scar formation by stimulating the deposition of collagen, elastin, and 

fibronectin in the extracellular matrix.  This protein expression, as well as the 

additional formation of cellular connective tissue and strengthening of the new 

epithelium, determines the characteristics of the final scar (Broughton et al., 2006; 

Schultz and Wysocki, 2009; Ashraf et al., 2009).  

 

 

 

 

While no examination of wound exudate or histological sections was conducted for 

the present study, a previous study conducted in the Department of Pharmacology, 
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University of Pretoria by Oosthuizen et al. (2009) included histological evaluations of 

cellular and extracellular matrix changes.  These histological evaluations showed 

that the wound closures observed in the Absorbatox™ and Cerdak™ groups 

(positive control) were associated with the establishment of new epithelium with well-

defined basal layers, normal collagen arrangement and neovascularisation (Figure 

16).  

 

 

 

 

These sought after healing characteristics were absent in the negative control 

groups.  

 

 

Figure 16: Histological comparison of wound tissue treated with Cerdak™ (positive 

control), negative control, and the two Absorbatox™-treatments used in the study by 

Oosthuizen et al. (2009). 

 

 

In the Oosthuizen et al. (2009) study, the inflammatory cytokines found in the wound 

exudates retained within the wound dressings of the different treatment groups were 
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IL-1β, IL-6, IL-12, and TNF-α.  It was established that no significant differences or 

obvious trends relating to the concentration of inflammatory cytokines existed 

(Oosthuizen et al., 2009).  Concentrations of TGF-β were also assessed but no 

significant differences were observed in the wound exudates retained from the 

wound dressings of different treatments.  Nonetheless, both studies showed 

improved wound healing in the Absorbatox™-treated groups than in the positive and 

negative controls.  At the end of the wound exudates evaluations, the researchers 

hypothesised that the improved wound healing observed in the Absorbatox™ and 

Cerdak™ groups was probably because the cytokine-rich exudates – although 

absorbed by the treatments in the wound dressings - still remained in contact with 

the wound allowing them to continue their chemotactic functions.  

 

 

 

 

The hypothesis proposed by this study is in line with literature which suggests that 

TGF-β is essential to wound healing due to its role in controlling cellular proliferation 

and differentiation (Ashraf et al., 2009).  In fact, a study cited by Ashraf et al. (2009) 

stated that topical application of TGF-β has been shown to increase tensile strength 

and reverse steroid-induced healing impairment in rats.  Furthermore, according to a 

study conducted by Lin et al. (1989), the individual factor found in the wound that 

stimulated the greatest healing response was TGF-β, which promoted a significant 

increase in collagen synthesis and fibroblast proliferation.  These effects were seen 

to be consistent with previous observations made in other wound healing models 

(Lin et al., 1989). 

 

 

 

 

The cytokines that were detected in the previous study‟s investigation of wound 

exudates have many different roles in the phase of inflammation.  IL-1 is released by 

platelets that form the clot soon after a wound is sustained to prevent excessive 

bleeding.  IL-1 also acts as a chemo-attractant for neutrophils, stimulating neutrophil 

adherence to the endothelial cells and thus represents the immune system‟s 

bacteria-destroying (Broughton et al., 2006) and dead tissue-removing trigger.  IL-12 

is a T-cell stimulating factor and mediates the enhancement of the cytotoxic activity 

of the natural killer (NK) cells (Arno et al., 2011).  TNF-α in concert with IL-1 induces 

matrix-metalloproteinase transcription in macrophages and fibroblasts, while IL-6 is 
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released in response to IL-1 secretion and is responsible for recruiting macrophages 

in the proliferatory phase of healing (Broughton et al., 2006).    

 

 

 

 

The differences observed between the Absorbatox™-treated and the negative and 

positive control groups showed statistical significance in the differences between 

wound healing rates.  The graphs, as well as the physical observations, exhibit 

improved and more rapid healing (however slight) in the Absorbatox™ groups 

compared to the other groups.  The wound healing properties of the Absorbatox™-

treated groups, although comparable to that of the Cerdak™ (positive control) group 

did show superiority to those of the negative control group.  Despite this similarity 

between the Absorbatox™ and positive control (Cerdak™) groups, it should be 

noted the particle sizes and internal pore sizes of Cerdak™ are larger than those of 

Absorbatox™ which give Absorbatox™ an advantage as the more comfortable 

wound-healing device.  In addition to this, perhaps in the case of comparing wound 

dressings, biological significance is an aspect that should also be considered: the 

Absorbatox™ wounds filled out then scarred sooner than the Cerdak™ and 

negative-control treatments which indicates improved wound healing and promises a 

result of a strong wound once healed. 

 

 

 

 

In conclusion, pig skin wounds were found to be a good model for the study of 

excisional wound healing due to its similarity to human skin in many respects. 

Results from use of this animal model may be easily translated to the human 

condition to compare different treatment options and for testing different approaches 

in wound management.  The results observed during this study indicate that 

Absorbatox™ could be used as a promising wound healing agent that results in 

strong wounds once healed.  
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CHAPTER 4: MALDI-MSI 

 

INTRODUCTION 

 

Mass spectrometry is a powerful analytical technique that has both qualitative and 

quantitative applications (El-Aneed et al., 2009).  The first mass spectrometer was 

constructed in 1912 by Sir Joseph John Thomson of Cambridge University.  By 

1913, Sir Thomson had demonstrated the value of this technique in the field of 

analytical chemistry.  Since then, mass spectrometry has developed from analysing 

only inorganic molecules to biological macromolecules (El-Aneed et al., 2009). 

 

 

 

 

Mass spectrometry depends on the formation of gas-phase ions that are separated 

according to their mass-to-charge ratio (m/z) (El-Aneed et al., 2009).  Complex 

biological compounds such as proteins, however, cannot be converted to the gas 

phase without extensive degradation and significant destruction.  Thus the advent of 

soft ionisation techniques that induced ionisation with limited fragmentation led to the 

progression of proteomic studies.  MALDI MS – matrix-assisted laser 

desorption/ionisation mass spectrometry – is such a technique that resulted from 

many years of investigation into the use of lasers for the ionisation of biomolecules 

such as proteins (Tarran et al., 2007; Caldwell et al., 2008).  The majority of the 

energy from the laser is used to volatilise an added ionisable matrix instead of 

degrading the proteins and other biomolecules within the sample (Jagtap and 

Ambre, 2005).  MALDI MS has since gained massive popularity in modern 

proteomics due to its versatility in numerous applications and has been used in 

various extensive studies of biological processes and samples by the systematic 

analysis of proteins expressed in a cell or tissue (Caprioli et al., 1997; Yates, 1998; 

El-Aneed et al., 2009).   

 

 

 

 

MALDI-TOF-MS was first introduced between 1987 and 1988 by Karas and Tanaka 

who reported UV-laser desorption of bio-organic compounds with masses above 10 

kDa (Karas et al., 1987; Karas et al., 1988; Tanaka et al., 1988).  It made possible 

the sensitive detection and quantitation of proteins from tissue sections and even 
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serum samples as they fluctuate during the various biological processes and also 

during the stages of wound healing (Jemal and Xia, 2006; Zhao et al., 2006).   

 

 

 

 

In addition to being able to measure the protein fluctuations in tissue, MALDI MSI 

(mass spectrometry imaging), as pioneered by Caprioli et al. (1997) is a sensitive 

and robust technique that allows researchers to image tissue by the spatial 

quantitation of proteins present in histological sections.  MALDI MSI and MALDI-TOF 

allow analysis of thin tissue sections including assessing relative concentration, 

location, composition, and spatial orientation of small molecules, lipids, proteins and 

peptides in biological structures (Yates, 1998; Aebersold and Goodlett, 2001; Jagtap 

and Ambre, 2005; Chaurand et al., 2005; Marshall et al., 2010).  This makes 

following the changes occurring during physiological changes at molecular level 

possible, making it an ideal tool to investigate the biological effects that 

Absorbatox™ has on wound tissue with respect to its ability to provide an 

environment that results in improved wound healing. 

 

 

 

 

The basic components of the MALDI mass spectrometer are the ion source, mass 

analyser, and detector.  The ion source is the compartment in which charged species 

are produced from sample molecules.  The mass analyser part of the instrument is 

where the ions are separated based on their mass-to-charge (m/z) ratio.  This 

isolation of ions is driven by an electric field across a flight tube that accelerates ions 

with equivalent kinetic energy resulting in larger ions moving slower.  The detector 

determines the abundance of each ion present and the mass depending on the order 

in which the ions strike it (El-Aneed et al., 2009; Murayama et al., 2009). 

 

 

 

 

MALDI MSI separates the ionised particles ejected from an intact tissue sample 

treated with matrix according to differences in their m/z ratios.  The data is then 

merged from the multi-channel (m/z) measurements of mass with a sample surface 

position allowing for rapid mapping of the ionisable content of tissues (Caldwell et al., 

2008; Murayama et al., 2009).  The technique depends on an ultraviolet absorbing 

matrix that easily ionises and transfers charge to the sample molecules.  MALDI 

matrix is typically a small, acidic, aromatic compound selected for its ability to absorb 
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wavelength of the irradiating laser and to transfer energy to closely associated 

molecules (Aebersold and Goodlett, 2001; Chaurand et al., 2005).  The matrix is 

applied evenly to the tissue section on a conductive target plate and then irradiated 

in the source using a laser to induce ionisation of the sample molecules which are 

then analysed by MS to result in the spectral arrangement being plotted (Aebersold 

and Goodlett, 2001; Chaurand et al., 2004; Chaurand et al., 2005; Walch et al., 

2008; Goodwin et al., 2008).  The drying of the matrix-analyte combination results in 

the formation of crystals which are subjected to a UV laser beam tuned to an 

appropriate frequency which strikes the matrix-analyte combination.  The matrix 

absorbs the UV laser impulse and since there is a high matrix to analyte ratio, the 

majority of the energy is absorbed by the matrix resulting in less direct irradiation of 

the analyte.  The absorbed light energy results in the ejection of ions from the tissue 

samples which are then accelerated down an evacuated flight tube of known 

dimensions by a constant electrical field (Chaurand et al., 2003).  The lighter ions 

arrive at the detector faster than the heavier ions and the times-of-flight are recorded 

by a detector that produces a signal dependant on the number of impacts of each ion 

group (Chaurand et al., 2003; Jagtap and Ambre, 2005).  The data is generated from 

successive laser shots to yield a TOF mass spectrum as a function of time and 

translated into multiple mass spectra from the irradiated spot (Aebersold and 

Goodlett, 2001; Chaurand et al., 2005; Jagtap and Ambre, 2005; Zhao et al., 2006).  

The analysis of the ions gives insight into the composition of the tissue (El-Aneed et 

al., 2009).  Scanning across a tissue section at defined geometrical co-ordinates 

(Aebersold and Goodlett, 2001; Zhao et al., 2006) results in mass spectra which can 

be compiled into a format in which the ions produce a map of the approximate 

quantities of biomolecule of each mass detected (Chaurand et al., 2005) which can 

be shown on a colour-intensity scale at each sample co-ordinate location (Naono et 

al., 1997).  The resultant MALDI image is, to quote Leinweber et al. (2009), a „three-

dimensional (3D) array of data with the plane of the tissue section representing the 

XY dimensions, with thousands of mass spectra acquired across the surface of the 

tissue representing the Z-dimension.”  This entire process can be summarised into a 

graphical representation as seen in Figure 17. 
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Figure 17: Graphical description of the process of the generation of ions and their 

subsequent translation into ion-density distribution images (Seeley and Caprioli, 

2011). 

 

 

Protein profiling and imaging from thin tissue sections are fairly new MALDI 

techniques (Chaurand et al., 2005).  These techniques involve the application of 

matrix onto the tissue either as a uniform layer (as in imaging) or in specific areas 

(as in profiling) shown in Figure 18 taken from Chaurand et al. (2005).  Figure 18 

shows the general method followed to obtain mass spectra and ion density 

distribution images. 
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Figure 18: Difference in matrix application for both protein profiling and imaging 

(Chaurand et al., 2005). 

 

 

When applying matrix, care must always be taken to minimise analyte migration 

(Chaurand et al., 2005; Caldwell et al., 2008).  Thus the application of matrix is a 

strong determinant of both spatial resolution and the number of unique ions detected 

per laser shot.  Cheaper methods of applying the matrix include using TLC sprayers, 

airbrushes and even dipping the sample into the matrix, but these have the distinct 

disadvantage of being poorly reproducible.  While it is possible, with careful manual 

application to deliver a homogenous layer, there is a greater possibility of over-
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spraying a sample resulting in horizontal analyte migration and thus inaccurate 

results.  Automated sprayers reduce the likelihood of such problems and have the 

added advantage of increased reproducibility (Aebersold and Goodlett, 2001; 

Caldwell et al., 2008).  The choice of matrix must also be optimal for the different 

molecular classes being analysed (Walch et al., 2008).  It has been reported that 

sinapinic acid provided the best signal for higher molecular weight proteins, while α-

cyano-4-hydroxycinnamic acid is better suited to lower molecular weight peptides 

when analysing tissue sections (Aebersold and Goodlett, 2001). 

 

 

 

 

To date, the majority of proteomic tissue analysis with MALDI MSI involves the use 

of snap-frozen tissue.  However, since the standard method of tissue and organ 

preservation employed by many pathology laboratories is formalin fixation, 

researchers have developed methods to analyse formalin-fixed paraffin-embedded 

(FFPE) tissue.  The ability to analyse FFPE tissue is of great value since these 

samples open the door to examine the clinical course of diseases and to use 

repository stored tissue sections to identify specific protein abundance (Chaurand et 

al., 2006; Lemaire et al., 2007; Groseclose et al., 2008; Ronci et al., 2008). 

 

 

 

 

Formalin fixation causes cross-links between closely associated proteins in tissue 

thus forming a meshwork that stabilizes the tissue mass and maintains morphology.  

While triglycerides are not affected, formalin fixation could occur in the protein 

portion of lipoproteins.  Formalin acts mainly on the amino groups, more specifically 

the lysyl residues, of the proteins to form intra-and inter-molecular cross-links.  This 

cross-linking results in the formation of aminomethylol groups that condense with 

other functional groups to form (hydroxy)methylene bridges.  It is this aspect of 

formalin fixation that results in the variably reversible damage to some antibody 

binding sites (Werner et al., 2000; Ronci et al., 2008; Namimatsu et al., 2005). 

 

 

 

 

In the case of formalin fixation, enzyme digestion or heat-induced epitope retrieval 

may unmask masked sites.  The use of an antigen retrieval reagent such as citrate 

buffer can be used for this purpose and has been shown to produce specific 

immunostaining and epitope sensitivity equivalent to that attained in frozen (unfixed) 
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tissue with more specific antigen localisation (Namimatsu et al., 2005).  Namimatsu 

et al. (2005) explains a possible mechanism of antigen retrieval (epitope retrieval): 

formalin cross-links start off as imines that can react with citraconic anhydride to give 

reversibly modified amines.  Hydrolysis of the adducts of citraconic anhydride and 

amines occurring at pH 7.4 in hot water, liberates the originally fixed amines.  

 

 

 

 

Below are the chemical explanations of the processes of formalin-fixation and 

antigen retrieval, respectively. 

 

 

Figure 19: Simplified scheme of formaldehyde reaction with proteins. (a) 

Formaldehyde is added to a protein with the formation of a reactive hydroxymethyl 

molecule. (b) Formation of an imine group (Schiff's base). (c) Methylene bridge 

formation between a lysine residue (lysyl group) and nitrogen of a peptide linkage. 

Formaldehyde is depicted as methylene glycol, formed by reaction with water 

(D‟Amico et al., 2009). 
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Figure 20: The above diagram shows the protein effects of formalin fixation and that 

of antigen retrieval (Yamashita, 2007).  

 

 

 

MATERIALS AND METHODS 

 

Formalin-Fixation Paraffin-Embedding (FFPE)  

 Instrumentation 

 

Tissue processing was performed using a Thermo Scientific Excelsior ES Tissue 

Processor.  Tissue sections were made using a Leica RM 2265 microtome and 

mounted onto histological glass slides.   
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Tissue preparation 

 

The complete full thickness wounds and at least 3 mm of surrounding skin were 

surgically excised from the backs of the pigs at selected recovery times while under 

anaesthesia and placed individually in marked specimen containers filled with 10% 

buffered formalin solution.  The new wound was stitched closed, treated with topical 

antibiotic and a gauze pad and secured with OpSite breathable membrane.  The 

excised samples were kept in the formalin solution until they were processed 

appropriately for wax embedding.   

 

 

 

 

The tissue biopsies were transferred from their individual formalin-filled containers to 

labelled histology cassettes and processed using a sequence of formalin, solutions 

of various percentages of ethanol, and xylene in a Thermo Scientific Excelsior ES 

Tissue Processor in preparation for wax-embedding.  The formalin fixing maintains 

the tissue morphology, the graded ethanol solutions dehydrated the tissue and the 

xylene was used to serve as a clearing agent (Werner et al., 2000).  This tissue 

preparation process was fully automated.  

 

 

 

 

Wax embedding 

 

Each wound biopsy was placed into individual wax-embedding moulds and 

orientated to provide the correct histological cut of the wound tissue.  A small 

quantity of molten paraffin wax was poured into each mould.  The mould was briefly 

placed on a cold plate to allow the lowest level of wax to partially set to “hold” the 

biopsy.  The biopsy was then carefully orientated and positioned in the almost 

“sticky” wax in the mould.  The mould was then further filled around the biopsy 

section with molten wax while the biopsy was held by the first layer of sticky wax.  

Each sample was labelled immediately after placing the cassette on the mould.  

Care was taken to not over cool the first layer of wax as this would cause cracking 

when more hot wax was poured into the mould and result in broken or torn tissue 

sections.  When the wax had set, the moulds were carefully removed and the wax 

blocks were stored at room temperature. 
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Sectioning 

 

The wax blocks were placed on a cold plate at approximately -18°C.  This is because 

cold wax is easier to section and does not fold over itself the way warmer wax does. 

Serial tissue sections were cut at a thickness of 10 µm using a Leica RM 2265 

microtome using the manual hand wheel and mounted on histological glass slides.  

The slides were kept overnight in an oven at 37°C to allow them to dry and to ensure 

better adherence to the glass slides. 

 

 

Mass Spectrometry 

Sample preparation 

 

To date, the majority of proteomic tissue analysis and imaging by MALDI MSI 

involves the use of snap-frozen tissue (Chaurand et al., 2006; Lemaire et al., 2007).  

The use of FFPE tissue in MALDI MSI requires more sample preparation than does 

frozen tissue.  Two processes are needed to be able to use FFPE for MALDI MSI. 

The first is to remove all the wax surrounding the tissue as wax can also ionise and 

give a strong background signal in a MALDI spectrum.  The second process is that 

of antigen retrieval to try reverse the protein cross-linkage before the sample can be 

analysed.  A number of approaches were used to optimise sample preparation 

methods as well as slide conductivity.  Some challenges arose and they, along with 

their solutions, are presented. 

 

Challenge one: Conductivity of slides 

 

A conductive target plate must be used for MALDI-TOF-MS analysis of both 

proteins and peptides from precipitated samples or tissue sections.  In most 

cases, a special indium tin oxide (ITO) coated slide is used to give high quality 

mass spectra.  Since such slides were not available, standard histological glass 

slides were used.  The slides were rinsed with acetone then distilled water and 

allowed to dry before being coated with gold using a gold sputter coater used for 
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SEM sample preparation.  Histological glass slides (three at a time) were placed 

in a gold sputter coater.  Argon gas was used to provide a source of ions for the 

gold bombardment.  Gold deposition lasted for 30 seconds at 300 mA.  A study 

conducted by Chaurand et al. (2004) investigated the signal quality resulting from 

the use of an ITO-coated slide versus a gold-coated slide.  The study 

demonstrated no significant difference in signal intensity or resolution (Chaurand 

et al., 2004; Murayama et al., 2009; Marshall et al., 2010). 

 

 

 

 

Outcome: The histological tissue sections were immediately mounted onto the 

gold-coated slides after sectioning which meant that these slides were also put 

through the sample preparation procedures.  During the de-waxing procedures, 

small sections of the gold coating started lifting at the corners where the slides 

were being handled.  Since the gold that peeled off immediately floated to the 

surface and did not adhere to the tissue, it was decided that the use of the slides 

could continue.  During the process of antigen retrieval however, the gold coating 

came off as a sheet along with the tissue sample.  This caused damage to the 

tissue sample in terms of folding over itself and breakage.  

 

 

 

 

A possible reason for this is that commercial gold-coated slides have an adhesion 

layer of chromium (Cr) or titanium (Ti) under the gold layer.  If this layer of 

adhesion is absent, the gold delaminates from the glass during processes such as 

sonication.  While the gold-coated slides used in this study were not exposed to 

sonication, the process of antigen retrieval delaminated the gold even without 

considerable turbulence (Sigma-Aldrich®, n.d).  A possible reason for this is: 

vapour-deposited gold results in a weak bond between the gold film and glass 

slide since the gold film adheres to the glass by mechanical means only and this 

film is damaged by significant water exposure (Mosier-Boss and Lieberman, 1999; 

Roth, 1994) such as during antigen retrieval.  

 

 

 

 

Solution: The challenge of conductivity was overcome by using conductive copper 

tape (Hua et al., 2007).  Tissue sections were mounted on uncoated slides and 

put through the sample preparation as described above.  A sample holder was 
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custom made to allow a glass slide to be placed into it in such a way that the slide 

would not protrude above the holder‟s border as this would also raise issues of the 

incident angle of the laser not falling where it should and ions being “lost”.  The 

glass slides were cut to a size suitable for the custom-made holder using a glass 

cutter and mounted onto the holder using 3M™ Copper Conductive Tape.  One 

end of the tape was placed on the glass slide while the other end was stuck onto 

the slide holder.  This was repeated on the opposite edge of the glass slide.  This 

solution allowed for the required sample preparation treatments of the tissue 

without the loss of tissue samples but also provided the necessary conductivity to 

generate high quality spectra.  

 

 

 

 

Challenge two: Trypsin digestion 

 

Digestion of the sample with trypsin results in relatively short peptides that have 

predictable C-terminal amino acids and for which mass data can be accurately 

determined.  The resultant peptide fragments are usually in a specific pattern 

(peptide map) which is used as a fingerprint of a known protein sequence (Caprioli 

et al., 1997; Murayama et al., 2009; Önnerfjord, n.d).  

 

 

 

 

Method 1: A trypsin (Mass spectrometry grade Trypsin Gold (Promega)) solution 

at a concentration of 0.05 µg/mL was made up in 20 mM NH4CO3.  The trypsin 

solution was gently and evenly sprayed onto the entire tissue segment using an 

airbrush (pneumatic nebuliser).  The slide was then placed in a limited volume 

incubation chamber which had a central platform upon which the slide could be 

placed and surrounded by a small volume of water to create a humid environment.  

This was then placed in an oven at 37°C for a period of 2 hours. 

 

 

 

 

Outcome 1: At the end of the 2 hour period, it was noticed that the tissue samples 

were completely dry.  The slides were put though MSI analysis after the tissue 

was sprayed with matrix.  Only matrix peaks could be observed.  This suggested 

that the trypsin dried out on the tissue long before the 2 hour period was over and 

thus no digestion had occurred. 
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This hypothesis was tested by repeating the “incubation” step using a bovine 

serum albumin (BSA) standard that was spotted onto the plate and allowed to dry.  

After digestion using the same procedure, the slide came out dry.  Matrix was 

again sprayed onto the slide and the sample was analysed.  Again, the matrix 

peaks were observed.  No BSA peptides or trypsin peaks could be observed in 

the MS results.  This confirmed that the trypsin digestion was not working and 

probably due to rapid dehydration of the applied enzyme solution.   

 

 

 

 

Solution 1:  Both a tissue sample and a BSA spotted slide were used in this part of 

the trypsin digestion.  After the tissue and BSA were sprayed with trypsin, the 

samples were incubated in a CO2 incubator at 37°C and 90% relative humidity 

with 5% CO2 for a period of 2 hours.  These conditions are also the optimal 

physiological conditions of trypsin.  The samples were incubated in the same 

incubation chamber as before to ensure humidity was maintained.  At the end of 

incubation, the samples were still moist.  MS analysis showed matrix, some 

trypsin, as well as a few BSA peptide peaks.  However, no significant peaks were 

observed for the wound biopsy tissue. 

 

 

 

 

The modification of Djidja et al. (2010) was then used.  This method used a very 

high trypsin concentration of 20 µg/mL since the previous concentration used was 

too dilute for on-tissue digestion; the previous concentration is used mainly for 

detecting proteins already in solution.  This time, the trypsin was made up in 40 

mM NH4CO3.  

 

 

 

 

Outcome 2: The trypsin digestion according to the method of Djidja et al. (2010) 

resulted in peptide peaks for both the BSA spots and the wound biopsy tissue 

samples without requiring further optimisation. 

 

Once these challenges were overcome, the sample preparations continued as 

necessary. 
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De-waxing (Deparaffinisation) 

 

The tissue sections mounted onto the slides were put through a de-waxing process 

following the in-house protocol of the Mass Spectrometry Research Centre of 

Vanderbilt University (Tennessee, USA).  This process was not effective in clearing 

the wax from the tissue and slides most likely because the tissue processing 

methods and the type of tissue used in this study were different from those used at 

Vanderbilt University.  The in-house protocol of Novartis Institutes for BioMedical 

Research (Basel, Switzerland) was then used.  The procedure was as follows: the 

de-waxing procedure was a sequence of two 15 minute washes in clean xylene, 

followed by a series of 5 minutes washes in 100% ethanol, 85% ethanol, and finally 

70% ethanol.  Each solution was placed in a 7.6 cm x 5.7 cm x 3 cm staining dish 

which was filled to cover the slides.  Four slides were treated at a time.   

 

 

 

Antigen retrieval 

 

The purpose of this step is to reverse, as best as possible, the cross-links formed 

during formalin fixation.  This was done using a method based largely on the in-

house protocol of the Mass Spectrometry Research Centre of Vanderbilt University 

(Tennessee, USA).  

 

 

 

 

The slides were placed into a 10 mM Tris buffer solution at pH 9 for antigen retrieval 

directly after the process of de-waxing.  The Vanderbilt protocol used a decloaking 

chamber, however, waterbaths and microwaves have also been used for this 

procedure (Namimatsu et al., 2005).  The antigen retrieval was performed in an 

equivalent of a waterbath.  The slides were carefully placed upright in a 900 mL 

beaker containing 900 mL Tris buffer at 60°C and the beaker was returned to an 

oven set at 60°C for a period of 35 minutes to maintain the antigen retrieval solution 

at a constant temperature.  At the end of the 35 minute period, the beaker was set 

on the bench to cool for about 5 minutes.  The slides were then washed five times 

using a buffer exchange sequence where half the liquid is removed and replaced 

with distilled water each time.  The final wash was 100% distilled water.  
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In cases where trypsin digestion did not immediately follow antigen retrieval, the 

slides were kept vertical to allow them to dry and placed in an uncharged desiccator 

until they were used in the next procedure.  The dry slides were rehydrated by 

placing them into distilled water for two minutes before continuing with trypsin 

digestion. 

 

Trypsin digestion 

 

Mass spectrometry grade Trypsin Gold (Promega) trypsin was used for the digestion 

step of this component of the study.  The enzyme was purchased frozen and already 

aliquoted into Eppendorf tubes.  They were stored at -20°C and only brought out 

when needed.  The enzyme was resuspended in 20 mM NH4CO3 buffer before being 

used for the digestion processes.  The application of the enzyme was done by 

airbrushing which allowed a generous but even enzyme application.  After the tissue 

samples were sprayed with trypsin, they were placed in a limited volume incubation 

chamber which contained a central platform upon which the slides were mounted.  

The platform was surrounded by a small volume of water to create a humid 

environment during the 2 hour incubation.  The incubator conditions were 37°C with 

5% CO2 at 90% relative humidity. 

 

 

 

 

Trypsin hydrolyses the protein on the C-terminal side of lysine and arginine, unless 

the following amino acid is a proline.  The advantage of this is that potentially at least 

two protonation sites are created per peptide resulting in peptides that are easily 

ionised.  These are detected as positive ions. 

 

Matrix application 

 

Following the in situ digestion, a solution of 10 mg/mL of CHCA (α-Cyano-4-

hydroxycinnaminc acid) in a mixture of 50:50:0.1 acetonitrile:water:trifluoroacetic 

acid by volume was sprayed directly onto the tissue using a pneumatic nebuliser.  A 

volume of 16 mL of matrix was used for four slides.  The edges of the glass slides 
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were taped to a metal plate which was held upright by a magnetised board.  To 

prevent making the sections too wet and thus cause molecular migration, the matrix 

was sprayed from top to bottom, left to right.  This gave the matrix at the top of the 

plate time to dry a bit while the glass slides near the bottom were sprayed.  The 

same was true for the bottom slides when the top slides were being sprayed. 

 

Histological staining 

 

For the interpretation of the MALDI-MS image, correlating it to the histological data 

obtained from a stained section gives valuable information and in some cases is 

essential (Walch et al., 2008).  This is termed histological directed analysis (Cornett 

et al., 2007).  This technique is applied to sequentially adjacent histological tissue 

sections where one tissue section is stained with haematoxylin and eosin (H&E) 

(purchased from Sigma-Aldrich) while the adjacent section is analysed using MALDI 

MSI ((Cornett et al., 2007; Walch et al., 2008).  The concept is that the limited 

thickness of the tissue sections allows for the analysis of certain protein morphology 

whose distribution spans up to about four sections allowing for a good comparison 

between the stained tissue and the MALDI MSI analysed tissue section.  

 

 

 

 

A 1% stock solution of Eosin Y was made up in a 1:4 dilution of distilled water to 

95% EtOH.  From this, a working solution of 0.25% Eosin in 0.005% glacial acetic 

acid was made up.  Both solutions were stored at room temperature.  A volume of 50 

g of Haematoxylin was dissolved in 1 L solution of 25% EtOH.   

 

 

 

 

The staining protocol was as follows: 10 minutes in xylene (twice); rehydrate the 

sections in two changes of 100% EtOH for 5 minutes each followed by 2 minutes in 

95% EtOH then 2 minutes in 70% EtOH and a brief wash in distilled water.  The 

sections were then stained by placing them in Haematoxylin for 8 minutes.  The 

slides were then washed in water for a period of 10 minutes and then rinsed in 

distilled water.  This was followed by a rinse (10 dips) in 95% EtOH and 1 minute in 

Eosin Y to counterstain.  The sections were then dehydrated using the following 

procedure: 5 minutes in 95% EtOH and 5 minutes in 100% EtOH (twice); and 
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cleared using two 5 minute rinses in xylene.  H&E stains the nuclei blue and the 

cytoplasm pink.  A drop of xylene-based mounting medium was placed on the tissue 

section and the coverslip was placed on the slide at an angle so as to prevent the 

formation of air bubbles.  Care was also taken to not slide the coverslip along the 

tissue to try straighten it since this would damage the tissue.  Once the slides were 

properly dried, the tissues were scanned at highest resolution (typically 1200 dpi) on 

a flatbed scanner to provide histological images against which the ion-intensity 

distribution images could be compared.  

 

 

 

 

Mass spectrometry analysis 

 

In situ peptide analysis was performed on an AB SCIEX QSTAR® equipped with 

Analyst QS 2.0 Software.  MALDI-MSI data were acquired in positive mode 

operating with a Nd:YAG laser collecting full scan mass spectra from 100 to 2 000 

Da.  Images were generated and reconstructed using TissueView 1.0 Software.  

MALDI-TOF mass calibration was performed using spots of BSA and cytochrome c 

prior to MALDI-MSI analysis.  Peptide images were acquired at a spatial resolution 

set at 250 µm with a laser repetition rate of 1.8 seconds per data point in a dynamic 

pixel which allows for the ionisation of more material per laser activated spot.  The 

laser power level was set at 40%. 
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RESULTS AND DISCUSSION 

 

 

The ability to image the protein species in the wound tissue using mass spectrometry 

techniques has the potential to identify possible targets to improve current wound 

healing technologies.  With regards to this study, the potential to manipulate the 

cationic selectivity of Absorbatox™ to remove mediators possibly compromising 

wound healing, or proteins to expedite wound healing now exists.  In this study, full-

thickness wounds were created on the psoas ridge of the backs of pigs, then excised 

at different recovery times, fixed and analysed using MALDI-MSI.  The wounds were 

created by punch biopsy and then excised on different days during the wound 

healing process, with each day marking a „milestone‟ of the healing process.  Tissue 

samples were excised during the inflammatory, proliferatory, and remodelling 

phases.  Serial sections of 10 µm thick were made of the top, middle, and bottom of 

the wound as in Figure 21.   

 

 

 

 

 

 

 

 

 

 

Figure 21: Diagram of the embedded tissue and the approximate areas at which 

sections were made for MALDI-MS analysis. 

 

 

Since matrix application was by pneumatic nebuliser, peptide mass and matrix -

signals were observed throughout each tissue section.  Despite this, certain peptide 

masses were observed solely in the wound or in the healthy tissue at certain days 

allowing for the progression of wound healing to be monitored. 

 

Cassette 

Wax 

Epidermal layer 

Dermal layer 
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Histology–directed MALDI imaging was performed.  Two adjacent sections of the 

sample tissue are used: one for H&E staining and one for MALDI analysis.  This 

allows for the combined mass spectral signal to be localised on the tissue.  

 

 

 

 

Because FFPE tissue, as opposed to the conventional use of snap-frozen tissue was 

analysed during this study, the analyte masses observed at any point on the tissue 

were derived from a peptide resulting from the tryptic digestion and not an entire 

identified protein.  Thus for the remainder of this chapter, the analyte masses will be 

referred to by their m/z number.  

 

 

 

 

The analyte masses were selected by drawing regions of interest (ROIs) on the 

composite MSI scan of the tissue to indicate the wound, the healthy tissue, and the 

matrix on the slide, and then analysing them.  By stacking the y-axis of the intensities 

of individual analyte masses, the analyte masses specific to wounds and/or the 

healthy tissue were selected for ion-intensity distribution images.  An example of this 

is shown in Figure 22. 

 

 

Figure 22: Screen shot of the stacked mass spectra of the wound (blue), healthy 

(red), and the CHCA matrix (green) as seen in TissueView 1.0. 
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With the aim of ensuring that tissue section images could be accurately compared, 

each tissue section was corrected by subtracting the matrix background and 

normalising for signal intensities to give an accurate representation of the protein 

and non-protein species present in each tissue section.   

 

 

 

 

Each phase of wound healing is characterised by fluctuations of certain protein 

species and the synthesis of new blood vessels, nerve cells, and epithelial cells, in 

addition to growth mediators for the tissue (Diegelmann and Evans, 2004; Broughton 

et al., 2006; Boateng et al., 2008; Sibbald and Woo, 2008). 

 

 

 

 

The inflammatory phase begins almost as soon as the wound is sustained and lasts 

four to six days.  The proliferatory phase begins between the fourth and sixth day 

and lasts until the thirteenth or fourteenth day.  The remodelling phase begins 

around the thirteenth day after the wound is sustained and can last a few days, 

months, and even years depending on the size and depth of the wound (Broughton 

et al., 2006; Boateng et al., 2008).  This phase also results in the development of 

scar tissue, the nature of which is determined by the strength of the new epithelia 

(Hunt et al., 2000; Boateng et al., 2008).  Full thickness wounds, such as those 

induced in the animals used in this study, could remain in the remodelling phase for 

a month or longer.  From the description of the wound healing sequence given 

above, it is clear that the phases of wound healing also overlap extensively.  

 

 

 

 

In Figure 23 below, the wounds in the pink boxes are those wounds in the 

inflammatory phase.  The wounds in the green boxes are in the proliferatory phase 

and the blue boxes are those wounds predominantly in the remodelling phase.  

 

 

 

 

The wound sections were cut from approximately the same depth of the dermal layer 

and were all from the micronised Absorbatox™ treatment group.  In each image, the 

signal intensities were normalised to show the most intense to the least intense 

signals after subtracting the matrix signal background from within and around the 

wound.  Many molecules detected during MALDI MSI had a selective distribution 

matching to the geometry of the healing wound. 
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Figure 23: Histology-directed MALDI-MS images of full-thickness wounds showing 

the progression of wound healing following the intensity of selected peptides with 

m/z 373 and m/z 413. 
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Figure 24: Histology-directed MALDI-MS images of full-thickness wounds showing 

the progression of wound healing following the intensity of selected peptides with 

m/z 486 and m/z 607. 

Histological 
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Figure 25: Histology-directed MALDI-MS images of full-thickness wounds showing 

the progression of wound healing following the intensity of selected peptides with 

m/z 644 and m/z 795. 
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Figure 26: Histology-directed MALDI-MS images of full-thickness wounds showing 

the progression of wound healing following the intensity of selected peptides with 

m/z 833 and m/z 1044. 

Histological 

sections m/z 833 m/z 1044 
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The method used for analysing the wound tissue involved trypsin digestion resulting 

in peptides, the spectra of which were run through protein databases to identify to 

which proteins each peptide belonged.  Since few peptides were identified with this 

technique, no certain protein identifications could be made at this point therefore the 

healing phases discussed in this chapter will be in relation to what is known from 

literature about protein presence and function. 

 

 

Peptide of m/z 373 

 

The mass of this peptide would imply a peptide of only 3 amino acids if the terminal 

amino acid is either lysine or arginine which can be assumed if it is a tryptic digest 

product.  An alternative would be residues of about 8 amino acids; making the same 

assumption with respect to the terminal AA if the peptide is a doubly charged 

peptide.  Normally, MALDI ionisation gives singly charged ions only but, it is known 

that the smaller ions can be doubly charged.  A further question could be whether 

this is an experimental artefact as the interference of low mass ions by the matrix is 

a problem when using MALDI ionisation.  On Day 3, the wound is in the phase of 

inflammation.  At this time, a great deal of cellular and extracellular activity is 

expected within and just around the wound.  The signs of inflammation (redness, 

very warm skin, and pain) were seen in the same area and this peptide seems to 

follow this same pattern.  Regions of high and moderate intensity of this peptide 

were observed almost exclusively in the healthy surrounding tissue on Day 3 

showing a steady decline but still clearly visible on Day 6.   

 

 

 

 

On Day 7, the wound would be in the proliferatory phase.  From Day 7 all the way 

through to Day 16, very low intensity of this peptide was observed in the tissue.  Day 

7 seems to show an even distribution of low-intensity peptide throughout the tissue.  

The peptide wanes on Day 9 when the wound is in the transition phase between 

proliferation and remodelling.  The same intensity of the signal is observed during 

the remodelling phase (Days 13 and 16) however the distribution of the peptide is 

not as concentrated as during the inflammatory phase.  Thus, it is very possible that 

this peptide is involved mainly in the early stages of inflammation. 
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The inflammatory phase is largely characterised by vasodilation which also gives the 

wound area the red appearance and warm-to-the-touch feeling.  Protein-rich exudate 

enters the wound inducing vasodilation under the influence of histamine and 

serotonin (Broughton et al., 2006; Boateng et al., 2008).  The dilated blood vessels 

facilitate the infiltration of pro-inflammatory cytokines such as interleukin-1 (IL-1), 

tumour necrosis factor alpha (TNF-α), platelet factor (PF4), and transforming growth 

factor beta (TGF-β) all of which contribute to attracting neutrophils which have a 

major role in eliminating invading material and cell debris by phagocytosis.   

 

 

Peptide of m/z 413 

 

During the first few days of inflammation (Day 3), high-intensity of a peptide with m/z 

of 413 is observed within the area of the wound.  The peptide becomes considerably 

less intense, then completely disappears from the wound by Day 6 and is 

concentrated only on the edges of the wound.  At this stage the wound is entering 

the proliferatory phase.  The intensity of this peptide increases to about low-to-

moderate on Day 7 when the wound is expected to be in the proliferatory phase.  

More intense peptide signal is seen on the edges of the tissue.  The same intensity 

of peptide is also detected on the right edge of the tissue on Day 9.  The peptide 

then diminishes at the beginning of the remodelling phase (Day 13) only to reappear 

much stronger on Day 16 with the highest intensity appearing in the centre of the 

wound.  The peptide, now, although more concentrated within the wound, extends 

beyond the border of the wound but does not exhibit a “tissue-wide” distribution. 

 

The location of this peptide coincides with the activity of and roles played by TNF-α 

and TGF-β.   

 

TNF-α and TGF-β are present in the inflammatory phase as chemoattractants for 

neutrophils, but also play an important role in the remodelling phase by releasing 

anti-inflammatory cytokines (Broughton et al., 2006; Boateng et al., 2008).  Both 

factors upregulate the inhibitory activity of TIMPs which in turn decreases the 

extracellular matrix degradation by MMPs (Broughton et al., 2006; Muller et al., 

2008).  
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Peptide of m/z 486 

 

The intensity of a peptide with m/z of 486 is high and most concentrated in the 

wound on Day 3.  The same intensity of peptide along with some moderate peptide 

intensity with a wider distribution is observed in and just around the wound on Day 6 

when the wound is approaching the end of the inflammatory phase.  On Day 7, a 

weaker, “tissue-wide” distribution of this peptide is seen.  A vertical side-view of the 

same tissue in the late proliferatory phase, Day 9, shows increased peptide in the 

healthy tissue “cupping” the wound as it nears the end of the proliferatory phase.  At 

the initiation of the remodelling phase, a “tissue-wide” distribution of a moderate 

concentration of peptide is seen.  As the remodelling phase advances (Day 16), the 

peptide concentration decreases further and takes on a relatively random “tissue-

wide” distribution. 

 

 

 

 

The timing and the location of this peptide in the inflammatory and proliferatory 

phases can be related to the function or presence of many other elements involved 

in this transition phase of the wound healing process including: macrophages, TGF-

β, TNF-α, and IL-1 in both phases.   

 

 

 

 

Both interleukin-1 (IL-1) and tumour necrosis factor alpha (TNF-α) are initially 

released by the platelets and later by neutrophils and monocytes/macrophages.  

Both these cytokines are chemo-attractants for neutrophils and stimulate the 

adherence of the neutrophils to the endothelial cells.  The neutrophils play a 

phagocytic role in the wound, engulfing cell debris, bacteria and other contaminants 

that may have entered the wound when injury was sustained (Diegelmann and 

Evans, 2004; Broughton et al. 2006; Boateng et al., 2008; Sibbald and Woo, 2008).  

Macrophages are observed towards the end of the inflammatory phase and are 

necessary for the wound to progress into the proliferation phase.  The macrophages 

release a form of platelet-derived growth factor (PDGF), vascular endothelial growth 

factor (VEGF), and transforming growth factor beta (TGF-β) to facilitate angiogenesis 

which occurs during the proliferation phase (Diegelmann and Evans, 2004; 

Broughton et al., 2006; Sibbald and Woo, 2008; Kyriakides et al., 2009).  The 

macrophages - through phagocytosis - are also involved in clearing the combination 

 
 
 



Page 83 of 154 
 

of excessive or damaged extracellular matrix and debris that could alter the 

proteome in and around these cells (Broughton et al., 2006). 

 

 

Peptide of m/z 607 

 

This peptide was found to be present in high intensity throughout the wound healing 

timeline except for the last day measured; the peptide was completely absent in the 

late remodelling phase.  During the earlier phases of wound healing, the peptide was 

present mainly in the healthy tissue.  On Days 7 and 13, when the tissue is 

transitioning from the inflammatory to the proliferatory and from the proliferatory to 

the remodelling phase, respectively, the peptide maintained its intensity but was 

more widely distributed throughout the tissue.   

 

 

 

 

While the peptide is present in the tissue up until the early phase of remodelling, the 

areas at which it concentrates differ from phase to phase which can be related to the 

presence and role of the components involved at the different phases. 

 

 

 

  

During the inflammatory phase – Days 3 and 6 – the peptide is concentrated in the 

healthy tissue.  This could be a result of the vasodilation in the areas immediately 

surrounding the wound which facilitates the infiltration of numerous growth factors 

due to the increased vascular permeability.  Another possibility is the movement of 

neutrophils to other sites in the tissue through the extracellular matrix (Diegelmann 

and Evans, 2004; Broughton et al., 2006). 

 

 

 

 

During the proliferation phase, the matrix is being laid down on macrophage initiation 

through PDGF and TNF-α expression.  Macrophages also initiate epithelialisation by 

inducing fibroblasts and keratinocytes proliferation with IL-1 and KGF-2, respectively.  

The fibroblasts cause keratinocytes proliferation and migration but these fibroblasts 

also migrate into the wound and initiate the deposition of extracellular matrix.  The 

keratinocytes at this stage express VEGF to direct angiogenesis towards the edge of 

the wound (Singer and Clark, 1999) while TGF-β stimulates the proliferation of 
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fibroblasts of the tissue around the wounded area (Diegelmann and Evans, 2004; 

Blakytny and Jude, 2006; Broughton et al., 2006).  It is thus possible that the 

intensity of the peptide in this area can be related to the presence and functions of 

the discussed growth factors, cytokines, and cells.  

 

 

Peptide of m/z 644 

 

This peptide exhibited high-intensity in select areas of the healthy tissue during both 

the inflammatory (Day 3 and 6) and early proliferatory phases (Day 7).  In both 

cases, the peptide was more strongly present in the healthy tissue around the actual 

wound, although a wider distribution of the peptide was observed throughout the 

tissue on Day 7.  A vertical side-view of the tissue on Day 9, showed low peptide 

abundance throughout the tissue with peptide only visible in healthy tissue away 

from the edges of the wound.  On Day 13, a really small spot of high peptide 

intensity was present within the wound.  This high peptide concentration was, 

however, absent during the remodelling phase (Day 16).  A low intensity of peptide 

was observed in the healthy tissue and no peptide was observed in the wound area.  

 

 

 

 

The behaviour of this peptide can be related to the presence and activity of the 

growth factors, VEGF and PDGF; cytokine IL-1; and macrophage cells which appear 

and are active in the inflammatory and proliferatory phases.  IL-1 is released by 

platelets and stimulates neutrophil adherence during inflammation.  The IL-1 also 

attracts macrophages which release various chemoattractants which, in turn, recruit 

additional macrophages.  The macrophages initiate provisional matrix through the 

expression of PDGF in the later stages of inflammation as the wound transitions into 

proliferation.  The VEGF is expressed by the keratinocytes which are stimulated by 

the macrophages during angiogenesis, towards the end of the proliferatory phase 

(Broughton et al., 2006). 
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Peptide of m/z 795 

 

A peptide with m/z of 795 was detected with a generally weak intensity during the 

early phase of inflammation (Day 3) with two small areas of the healthy tissue 

exhibiting the highest intensity.  The peptide increases greatly in intensity and 

concentrated in the healthy tissue surrounding the wound during the 

inflammatory/proliferatory transitional phase of the healing process (Day 6).  The 

distribution of the peptide at high intensity was more evenly spread throughout both 

healthy as well as wound tissue during the proliferatory phase (Days 7 and 9) and 

then again concentrated more around the wound during the early remodelling phase 

(Day 13) although there appeared to less peptide present than on Day 6. 

 

 

 

 

Considering that this peptide was observed from the point of transition between the 

inflammation and proliferation phases, right up until early in the remodelling phase 

(Days 6 to 13), as well as the location of peptide activity, the distribution patterns of 

the ions could be related to the presence, function, and effects of TGF-β.  TGF-β is 

observed throughout these phases and thus the peptide activity observed here could 

be as a result of TGF-β influence (Broughton et al., 2006).  

 

 

 

 

During the inflammatory phase, TGF-β acts as a chemoattractant for monocytes 

which infiltrate the tissue and become activated macrophages which will play a dual 

role as phagocytes but also as secretors of growth factors PDGF and VEGF (Singer 

and Clark, 1999).  TGF-β, in conjunction with PDGF and the extracellular matrix, 

stimulates the fibroblasts of the tissue in the region of the wound to proliferate.  The 

provisional extracellular matrix is gradually replaced with a collagenous matrix, 

presumably as a result of TGF-β stimulation (Singer and Clark, 1999; Broughton et 

al., 2006).  This growth factor is also responsible for the up-regulation of TIMP and 

the synthesis of collagen I.  TIMPs inhibit MMPs thus increasing tissue adhesion 

proteins.  Finally, to ensure increased wound contractility, TGF-β influences the 

differentiation of fibroblasts into myofibroblasts (Singer and Clark, 1999).  
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Peptide of m/z 833 

 

The peptide with m/z of 833 showed peculiar behaviour.  While the peptide was 

present in different amounts but relatively equal intensities (moderate to high) in the 

healthy regions of the tissue on most of the days in the of the wound healing 

process, it was completely absent on Days 9 and 16.  The peptide was present in 

healthy tissue adjacent to the wound area during the inflammatory phase (Day 3) but 

seemed to migrate closer to the wound‟s edge on Day 6.  The amount of peptide 

present seemed to decrease on Day 7 and was present across the healthy and 

wounded tissue at this time.  The peptide disappeared completely on Day 9 but 

reappeared with a general distribution with the highest intensity in the centre of the 

wound on Day 13.  Moderate peptide intensity was present throughout the healthy 

tissue surrounding the wound.  The peptide was again not detected on Day 16.   

 

 

 

 

The fact that the peptide appeared to no longer be present on certain days could be 

due to experimental phenomenon or due to some kind of protein modification taking 

place within the section representing the peptide of m/z 833.  In both cases, it would 

be expected that at least some background signal would be detectable yet the 

background remained completely blank.  As the samples did show other peptides 

from the same experimental runs it is unlikely to be due to a matrix related or 

digestion related problem.  The same is true for experimental Day 16 for the peptide 

of m/z 795. 

 

 

Peptide of m/z 1044 

 

The peptide with m/z of 1044 was present in high intensity in the healthy tissue 

around the wound during early inflammation.  The peptide intensity increased in the 

healthy tissue by Day 6.  The distribution pattern changed on Day 7 when the 

peptide, remaining almost as intense as on the previous days, spread throughout all 

the tissue including the wound.  Towards the end of the proliferatory phase (Day 9), 

the peptide had begun decreasing to a low-to-moderate intensity and was still 

distributed across the entire tissue section on Day 13 with some small, random areas 

 
 
 



Page 87 of 154 
 

of higher intensity with most areas of moderate intensity by early in the remodelling 

phase.  Almost no peptide was observed in the tissue on Day 16, although a low 

background could be seen remote from the wound in the healthy tissue. 

 

 

 

 

Peptides with m/z 833 and 1044 show overlapping occurrence throughout the wound 

healing process and will be discussed together.  However, since the processes of 

inflammation, proliferation, and remodelling have been discussed in the previous 

discussions of peptide behaviour, only the differences between the two images will 

be considered in terms of the functions and presence of elements that can be related 

to wound healing. 

 

 

 

 

On Day 9 – when the wound is going through proliferation – m/z peptide 833 is 

absent but some m/z 1044 peptide is observed throughout the tissue with some 

areas of intense peptide observed at the edge of the tissue.  A possible reason for 

this is that this phase of healing sees the proliferation of endothelial cells and 

fibroblasts as well as the migration of fibroblasts from the healthy tissue into the 

wound to set in motion the deposition of the extracellular matrix (Broughton et al., 

2006).  In addition to this, epithelial cells on the edge of the wound begin to 

proliferate to create a protective barrier against fluid loss and potential infection 

(Singer and Clark, 1999; Broughton et al., 2006).  A more intense (m/z 1044) peptide 

is observed throughout the tissue on Day 13 – the early days of the remodelling 

phase – with regions of intense peptide being observed in disperse regions of the 

healthy tissue and wound area.  A similar intensity of the peptide with m/z 833 is 

noticeable on this day too.  In both cases, the species involved here could have a 

role to play in the replacement of collagen III with the mature collagen I to ensure a 

wound that is resistant to reopening under force, or even the activity of TGF-β which 

up-regulates TIMP so as to decrease MMP activity (Diegelmann and Evans, 2004; 

Broughton et al., 2006; Sibbald and Woo, 2008).  Equally likely, in the case of m/z 

833, the concentration of intense peptide observed at the wound area could be 

protein components of the scab that had formed by this day of the study in the 

Absorbatox™ groups since this phase results in the formation of scar tissue (Hunt et 

al., 2000; Boateng et al., 2008). 
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In later stages of remodelling, Day 16, TIMP activity is expected to be enhanced 

under the direction of TGF-β.  A weak peptide of m/z 1044 is noted and is a possible 

indication of this (Broughton et al., 2006).   

 

 

 

CONCLUSION 

 

Wound healing starts immediately after an injury is sustained and proceeds with  

complex but well-organized interactions among various types of growth factors, 

cytokines, tissues and cells in sequential, overlapping phases that aim to restore 

physiological and anatomical integrity (Lin et al., 2003; Diegelmann and Evans, 

2004; Blaytny and Jude, 2006; Boateng et al., 2008; Gibson and Schultz, 2009). 

 

 

 

 

The object of MSI is to obtain information from tissue sections concerning the 

localisation and identification of the proteins (and lipids) (Kaletaş et al., 2009).  

MALDI MS tissue imaging can generate data rich spectra, however, the ability to 

successfully identify and pinpoint wound elements using this label-free imaging 

technique is largely dependent on the methods and reagents used during sample 

preparation (Kaletaş et al., 2009; Van Remoortee et al., 2010).  For example, if the 

method used to apply the matrix is poor, resulting in excessive matrix being applied 

to the tissue, the chance of tissue analyte migration increases significantly 

(Aebersold and Goodlett, 2001; Caldwell et al., 2008).  Equally important, are the 

wash steps put in place, especially in the case of FFPE tissue, to ensure that the 

quality of the peptide signal obtained is not disturbed by that given by the wax 

surrounding the tissue (Kaletaş et al., 2009). 

 

 

 

 

Aside from the need to incorporate effective wash steps, the use of quality trypsin to 

give representative tryptic peptides is necessary to give the added advantage of 

increasing sensitivity of detection considering that a large number of the growth 

factors are involved in the wound healing process but are present in very low 

concentrations. Also many of the highly abundant proteins have extremely high 
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molecular mass (fibronectin has a mass of approximately 400 kDa) and some, like 

collagen, do not cleave effectively with trypsin due to the sparse distribution of both 

lysine and arginine residues.  In general, low abundance proteins are difficult to 

analyse using MALDI-TOF when there are proteins with abundance of greater than 

100 times.  The digestion of high molecular weight proteins directly on tissues, and 

the subsequent image analysis of the resultant unique peptides, enables 

visualisation of their distribution throughout the tissue section (Kaletaş et al., 2009) 

but does require unique peptide masses to be able to confidently identify the protein 

from which the peptide was released.  False positive results can easily be inferred by 

incomplete data.  

 

 

 

 

Some complications in using this technique were highlighted when some time points 

did not reveal peptides that were seen at all other time points and the reasons 

cannot be easily pinpointed. 

 

 

 

 

The identification of proteins directly from tissue using MALDI-MSI following in situ 

enzymatic digestion, is a fairly new proteomic approach that has the potential to 

bring about localisation and identification of potential wound protein targets (Djidja et 

al., 2009) such as over-active MMPs, TIMPs, or even inappropriately active or 

inactive TGF-β.  Examination of the healing wound at multiple recovery intervals 

after in situ enzyme digestion allowed for the observation of proteomic differences 

and similarities.  These differences in protein distributions also showed in some 

cases, the difference between the wound area as well as the healthy tissue (Caldwell 

et al., 2008; Djidja et al., 2010).  The use of MALDI-MSI for this study not only 

allowed for the monitoring of the wound healing processes, but further cemented 

what is currently known about the process: the phases of wound healing most 

certainly do overlap (Diegelmann and Evans, 2004; Blaytny and Jude, 2006; 

Boateng et al., 2008; Gibson and Schultz, 2009). 

 

 

 

  

On the whole, direct tissue analysis using MALDI-MSI is a powerful and valuable tool 

for assessing protein (and non-protein) molecule location.  The correlation of this 

information to the anatomical structures in tissue as seen in histology-directed 
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analysis, offers a great promise for better understanding of the biological processes 

of wound healing (Cornett et al., 2007; Walch et al., 2008).  And while more sample 

preparation is required for the successful identification of proteins in FFPE tissue, 

with part of this preparation eliminating important lipid molecules that then cannot be 

imaged, this study opened the door to gain insight into the proteins at work within a 

healing wound. 
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CHAPTER 5: PROTEIN IDENTIFICATION 

 

INTRODUCTION 

 

Proteomics is the study of the expressed protein complement of the genome of an 

organism including the quantitation, identification, and characterisation of proteins 

isolated from biological systems (O‟Malley, 2002; Mallick and Kuster, 2010).  Two 

strategies exist for protein identification: “top-down” proteomics, in which intact 

proteins are analysed using mass spectrometry, and “bottom-up” proteomics in which 

the peptides in proteolytic digests of proteins are analysed (Resing and Ahn, 2005).  

The analysis of intact proteins requires the acquisition of tandem mass spectra which 

are matched against predicted fragments of all peptides present in a sequence 

database and which correspond to the measured molecular masses (Baldwin, 2004; 

Resing and Ahn, 2005).  The measured masses used in this method are obtained 

from internally–fragmented peptides which result in “informative” C- and N-terminal 

peptide fragments (Nielsen et al., 2005; Resing and Ahn, 2005).  “Bottom-up” 

(shotgun) proteomics was first publicized in a study that identified over 1400 proteins 

including several low abundance proteins from Saccharomyces cerevisiae (Baldwin, 

2004; Habermann et al., 2004; Olsen et al., 2004; Resing and Ahn, 2005).  “Bottom-

up” proteomics, which includes peptide mass fingerprinting, is the simplest method of 

protein identification using MALDI-MS analysis.  The matrix-assisted laser 

desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF-MS) based 

peptide fingerprinting method entails proteolytic digestion of a sample with the 

acquisition of one MS spectrum containing all the masses of the detected peptides 

resulting from singly charged ions ([M+H]+).  The combination of all these masses is 

used as a fingerprint to search a database of theoretical protein cleavages (O‟Malley, 

2002; Baldwin, 2004).  Protein mass fingerprinting by MALDI-MS often fails to 

identify low molecular mass proteins and protein fragments due to the limited 

number of detectable unique peptides in these smaller proteins (Thiede et al., 2005).   

 

 

 

 

 

With the progression of proteomics and the improvement of the communication 

network in biological research, the importance of databases has proven itself 
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remarkable.  The current quest of many research groups is to sequence all genes 

and to make the information available on publically accessible databases (Rastogi et 

al., 2006).  These databases are constructed by bioinformatics groups around the 

world and are accessible at all times to add information or to perform searches.    

Bioinformatics is defined as “the mathematical, statistical and computing methods 

that aim to solve biological problems using DNA and amino acid sequences and 

related information” (Rastogi et al., 2006).  

 

 

 

 

There are a number of databases of different types that currently exist.  The 

database types are the primary databases, the composite databases, and the 

structural databases (Rastogi et al., 2006).  Primary databases contain over 300 000 

protein sequences and serve as a repository for the raw data.  Composite databases 

compile and filter sequence data from various primary databases to create combined 

and non-redundant sets that are more comprehensive than the individual databases.  

They also include data on protein sequences from translated coding regions in DNA 

sequence databases.  Structural databases pertain to 2D and 3D macromolecular 

structures (Rastogi et al., 2006). 

 

 

 

 

MASCOT and BLAST are databases that can be used for peptide mass fragment 

searches by correlating mass spectra of peptides in sequence databases to return a 

positive identification and to identify homology between proteins, respectively.  

 

 

 

 

The acronym MASCOT stands for modular approach to software construction 

operation and test (Simpson and Jackson, 1979; Simpson, 1986).  MASCOT is a 

probability-based search engine for peptide identification and peptide sequence 

assignment (Olsen et al., 2004; Weatherly et al., 2005).  Every submitted tandem 

mass spectrum is assigned a list of matching peptide sequences found in the 

database accompanied by a score that indicates the statistical significance of the 

match of the peptide to the submitted spectra.  The score is calculated as 10 x the 

negative logarithm of the probability that the peptide identification is a chance event.  

The algorithm then determines a threshold ion score under which there is less than 
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95% confidence in each individual peptide match (Nielsen et al., 2005; Weatherly et 

al., 2005; Xu and Ma, 2006). 

 

 

 

 

 BLAST – basic local alignment search tool – is one of the most commonly used 

sequence analysis tools available in the public domain to identify unknown proteins 

by sequence similarity to homologous proteins that are available in the database 

(Habermann et al., 2004; McGinnis and Madden, 2004; Johnson et al., 2005).  The 

database was developed by the National Centre for Biotechnology Information 

(NCBI) in the USA.  BLAST is a sequence similarity search program designed for 

speed with minimal sacrifice of sensitivity to distant sequence relationships.  BLAST 

is capable of comparing nucleotide or protein queries to a database of nucleotide or 

protein sequences (McGinnis and Madden, 2004; Rastogi et al., 2006).  This search 

engine is based on the Karlin-Altschul statistical theory which states that all scoring 

schemes for which a positive score is possible, and the expected score is negative, 

have implicit target frequencies (Olsen et al., 2004).   In addition to this, BLAST can 

perform alignments and provide information on the statistical significance of the 

matches it reports.  This significance value is termed the “e-value”.  The e-value, or 

expect value, is a parameter that describes the number of hits that could be 

expected by chance when searching a database of a certain size (McGinnis and 

Madden, 2004; Johnson et al., 2008).  The higher the e-value, the lower the number 

of significant hits; in the case of a comparison, a high e-value may give a large 

number of possible proteins very few of which may be relevant to wound healing. 
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Figure 27: The figure above shows the “top-down” (right) and “bottom-up” (left) 

methods that can be used to identify and characterise proteins (Thiede et al., 2005). 

 

 

 

MATERIALS AND METHODS 

 

Protein identification was performed using MASCOT (Matrix Science Inc. website: 

http://www.matrixscience.com) by submitting the peptide fingerprint data collected 

from MALDI imaging of trypsinised histological wound slices in a query search.  

Within the MASCOT search engine, the criteria were set up to include two possible 

missed cleavages and the modifications allowed were: histidine/tryptophan oxidation, 

methionine oxidation and methionine deoxidation, sodiation (C-terminal, aspartic 

acid, and glutamic acid), as well as deamidation at the N-terminus and at glutamine.  

The following settings were also selected: database – NCBI non-redundant; 

taxonomy – mammals; peptide mass tolerance was set to 1.2 Da.  Only trypsin 

digests were considered.  Setting the number of missed cleavages gives an 

indication of how well the trypsin digestion is expected to have been and tests more 

possibilities.  In other words, setting the missed cleavages to zero simulates a limit 

digest suggesting a perfect digestion in which all possible cleavages have taken 

place leaving no uncleaved fragments.  The variable modifications refer to those 

modifications that may or may not be present in the analysed sample including 
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artefacts of sample handling, such as oxidation, as well as other modifications such 

as the addition of cyanate from the alkaline decomposition of urea.  The presence or 

absence of these modifications is usually not known to the researcher at the time of 

the database submission.  The MASCOT default threshold values were used for the 

search criteria.  In all the analyses, the values were below the threshold and 

therefore positive identification of the proteins within the tissue was not possible 

using this search engine.  Since the MASCOT score was statistically unreliable, all 

acquired peptide sequences were further interpreted by the BLAST database to see 

if a likely homology based match could be found.  

 

 

 

 

The acquired peptide sequences used in the MASCOT search were pasted into 

BLAST.  The e-value was adjusted to 30 however most of the proteins identified fell 

below an e-value of 10.  The query was filtered for the taxonomy i.e: Sus scrofa.  All 

other BLAST parameters were left at their default settings.  The spectra were then 

matched to peptide sequences which either identified the protein or confirmed a hit 

already identified using the MASCOT search. 

 

 

 

 

Figure 28: Graphical description of the workflow for collecting “bottom up” proteomic 

data.  On-tissue trypsin digestion resulted in tryptic digests which gave spectra that 

were fed into databases to give positive identification of the proteins detected in the 

wound tissue (adapted from Fenyö, 2000). 
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RESULTS AND DISCUSSION 

 

The idea of the protein identification part of the study was to identify target proteins 

that were to be monitored for their changing concentrations, the change in the active 

enzymes, and that of the extracellular matrix proteins with an optimistic hope of 

being able to find unique peptides that were specifically associated with cytokines, 

growth factors and select proteins.  During wound healing it would be expected that 

extracellular matrix proteins would be the most abundant proteins along with 

collagen, elastin, laminin, keratin, fibronectin as well as intracellular proteins, 

especially actin to be found.  Other proteins that were expected to have been found 

in fairly large concentrations were the matrix metalloproteinases which are reported 

to be active in wounds during the initial inflammatory phase and during the 

remodelling phase.  Intracellular proteins from the cells that are involved in the 

different phases of wound healing would also be expected to be found in the different 

areas of the wound tissue due to the high concentration of the cells involved.  This 

would include the cells like platelets, neutrophils, macrophages, fibroblasts, 

keratinocytes and specific cells found in the layers of dermis such as fat cells.  Due 

to the fact that the tissue analysed was subjected to cross linking by formalin 

exposure, it was expected that several unusual protein or peptide calls would be 

made when comparing the data to databases containing only unchanged protein 

information.  Identification of proteins from several different animal species was 

reported when the species was not limited to Sus scrofa in the FFPE tissue after 

trypsinisation.  As this was seen during initial database submissions, all of the 

peptides identified between Days 3 to 16 of the wound healing process were limited 

to Sus scrofa.  Despite this, details of some of the porcine proteins could not be 

found.  This is partially because the Swine Genome Sequencing Consortium 

involved in sequencing the pig genome, have not yet completed the pig genome 

sequence analysis (Archibald et al., 2010).  For this reason, some information for the 

transcription factors, etc., found in the pig was related back to their human equivalent 

proteins. 

 

 

 

 

Figure 29 is an example of the output of a BLAST search of a particular set of data 

submitted for protein identification: 
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gi|229558899|gb|ACQ76903.1|: homeodomain transcription factor Nanog-like protein 

[Sus scrofa] 

 

gi|154622684|gb|ABS83566.1|: NANOG [Sus scrofa] 

 

gi|194018700|ref|NP_001123443.1|;gi|90820134|gb|ABD98822.1|: homeodomain 

transcription factor Nanog [Sus scrofa] 

 

gi|350586518|ref|XP_003356650.2|: PREDICTED: hypothetical protein 

LOC100623549 [Sus scrofa] 

 

gi|311253626|ref|XP_003125614.1|: PREDICTED: RNA-binding protein 12B [Sus 

scrofa] 

 

gi|350589828|ref|XP_003131000.2|: PREDICTED: coiled-coil domain-containing 

protein 70-like isoform 1 [Sus scrofa] 

 

gi|311268009|ref|XP_003131832.1|: PREDICTED: nuclear speckle splicing 

regulatory protein 1-like [Sus scrofa] 

 

 

Figure 29: An output table of possible proteins identified from the data submitted to 

the BLAST database. 

 

 

Several high intensity peptides with their MS spectra were submitted to MASCOT 

and BLAST databases for possible identification.  These peptides were selected 

from the peptides with the highest signal intensities in an attempt to improve the 

quality of the submitted MS data and to limit the effects of the background noise. 

This technique of using the most abundant signal intensities introduces a subjective 

bias for the most abundant peptide which is not necessarily the most abundant 

protein in the area of the sample being investigated.  Proteins identified were not 
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subjected to false positive assessment, but rather assessed from the point of their 

potential function and whether this could fit the observation of these proteins in the 

wound biopsies relative to the healing time.  The results of this are dealt with in the 

chronological order of healing and a brief description of the functional characteristics 

of each identified protein is given. 

 

 

Proteins identified on tissue from wound repair DAY THREE 

 

Homeodomain transcription factor Nanog-like protein 

 

A homeodomain is a protein structural domanin that encodes fo a homeobox 

consisting of approximately 60 amino acid resides that make up a structure in which 

three alpha-helices are connected. This structure interacts with specific DNA 

sequences in genes regulated by the homeotic gene (Gehring, 1992; Billeter et al., 

1993).  

 

The transcription factors (TFs) are proteins that bind to the promoter region of a 

gene to regulate its rate of transcription (Barnes and Adcock, 1998).  

 

 

The homeodomain transcription factor for Nanog-like protein is a protein that is 

involved in the regulation of gene expression of the protein NANOG.  

 

 

NANOG 

 

NANOG is a multidomain protein with a conserved NK-2 type homeodomain.  It is 

thought to have a role in controlling pluripotency and the differentiation of stem cells. 

These stem cells go through extensive proliferation but continue to remain prepared 

for multilineage differentiation (Chambers et al., 2003; Pan and Pei, 2005; Camp et 

al., 2009).  Pluripotency refers to the potential of a stem cell to differentiate into any 

of the three germ layers: endoderm, mesoderm, or the ectoderm (such as epidermal 

 
 
 



Page 99 of 154 
 

cells) (Arno et al., 2011).  NANOG has been proposed to play a key role in 

maintaining stem cell pluripotency presumably by regulating the expression of genes 

critical to stem cell renewal and differentiation (Chambers et al., 2003; Pan and Pei, 

2005; Camp et al., 2009; Zhu et al., 2011).  This presumption, however, is based on 

in vitro studies (Camp et al., 2009) and thus remains controversial.  

 

 

 

 

A study conducted by Camp et al. (2009) identified the homologous genes of 

mammalian NANOG in various teleost fish species.  They concluded that the primary 

role of NANOG was in the regulation of embryonic stem cell proliferation (Chambers 

et al., 2003; Mitsui et al., 2003; Camp et al., 2009). 

 

 

 

 

The presence of NANOG in the wound at such an early stage of repair shows that 

despite all the processes of inflammation occurring at the time, the tissue is 

preparing to enter the proliferatory phase by employing this protein to regulate the 

differentiation and proliferation of stem cells (and possibly other cell types)  that will 

be needed further down the line of the wound healing process.  NANOG is also 

responsible for significantly up-regulating genes involved in the cell cycle, DNA 

replication, as well as DNA damage repair (Han et al., 2012).  

 

 

Hypothetical protein LOC100623549 

 

These are proteins that have been predicted from DNA sequence data but for which 

no experimental evidence of their in vivo expression exists.  A hypothetical protein is 

a consequence of a large open reading frame not having an analogue in the protein 

database and thus cannot be related to proteins of known function or structure 

(Zambarenski et al., 1998; Eisenstein et al., 2000). 

 

The function of such a protein can be determined by comparing the amino acid 

sequence of the open reading frame against all functionally assigned sequences in a 

protein sequence database (Zambarenski et al., 1998).  If an extensive similarity 

exists between the open reading frame and a functionally assigned sequence, it is 

assumed that the coded proteins share the same function.  This, unfortunately, is not 
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true for as many as 62% of compared sequences (Zambarenski et al., 1998).  A 

more sensitive and reliable method of defining the function of the hypothetical protein 

is to employ structural genomics although its applicability has been brought into 

question (Zambarenski et al., 1998; Eisenstein et al., 2000). 

 

 

RNA-binding protein 12B 

 

These proteins play key roles in the post-transcriptional control of RNAs.  The RNA, 

along with the RNA-binding proteins (RBPs), regulates the pattern of gene 

expression during development.  Many of the RNA-binding proteins are essential 

factors in the maintenance of the viability of germlines (Lee and Schedl, 2006; Zhu et 

al., 2011) and early embryonic cells during their development.  They also have 

essential functions in the development of tissues such as neuron, muscle, 

hypodermis, and excretory cells.  An additional role is played in the timing of 

development.  The RBPs involved in somatic development have also been shown to 

localise to nuclear speckles in the hypodermis and nervous system (Lee and Schedl, 

2006).   

 

 

Coiled-coil domain-containing protein 70-like isoform 1 

 

The coiled-coil domains are the motifs most commonly used by proteins for 

oligomerisation.  They consist of amphipathic helices that are usually made up of a 

4-3 pattern of hydrophobic and hydrophilic residues repeated in heptads (Leskov et 

al., 2003). 

 

 

Nuclear speckle splicing regulatory protein 1-like 

 

This protein regulates the splicing of nuclear speckles.  The nuclear speckles are 

small, sub-nuclear, membraneless organelles, also called the splicing factor (SF) 

compartments or interchromatin granule clusters.  They are located in the 

interchromatin regions of mammalian nucleoplasm and play a role in mitosis 
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(Lamond and Spector, 2003; Spector and Lamond, 2011).  While speckles are 

present in all cells, their levels are increased during cell division as compared to 

when the cell is resting (Álvarez et al., 2003).  It could thus be possible that speckles 

in this stage are signalling the early progression from inflammation into proliferation.  

 

 

Proteins identified on tissue from wound repair DAY SIX 

 

Two of the proteins identified within the wound tissue six days after initiation were 

also present on Day 3 of the repair sequence.  Considering the functions of the RNA-

binding proteins and the coiled-coil domain-containing protein, it is understandable 

why they would still be present after six days.   

 

 

Protein SCAF11 

 

This is a scaffold protein.  These proteins are molecules that bind to at least two 

other signalling proteins.  They have an additional ability to regulate signal 

transduction and sometimes, to pinpoint signalling molecules associated with the 

plasma membrane, nucleus, Golgi, endosomes and mitochondria to specific areas of 

a cell (Shaw and Filbert et al., 2009).  A number of golgin subfamily proteins were 

also identified in the present study and may be closely associated with SCAF11 to 

regulate the translocation of fibroblast-synthesised proteoglycans to the Golgi 

apparatus for use in the proliferatory and remodelling phases (Blakytny and Jude, 

2006; Broughton et al., 2006).  The scaffold proteins could also serve to enhance 

kinase specificity.  Modelling studies conducted by Shaw and Filbert. (2009) 

confirmed that a scaffold protein can bind mitogen-activated protein kinase (MAPK).  

The activation of MAPKs resulted from membrane tears that occur during fibroblast-

collagen matrix remodelling (Broughton et al., 2006) and, together with other 

kinases, plays a role in cell migration that is initiated in response to extracellular 

signals such as growth factors (many of which are present in the inflammatory 

phase) (Enomoto et al., 2005). 
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Serine/threonine-protein kinase MRCK alpha-like 

 

At Day six, the wound is expected to be transitioning between the inflammation and 

proliferation stages (Blakytny and Jude, 2006).  The proliferatory phase is 

characterised by the migration of cells (such as fibroblasts) through the newly formed 

extracellular matrix and into the wound where they lay down new extracellular matrix, 

develop new tissue, and initiate angiogenesis (Blakytny and Jude, 2006; Broughton 

et al., 2006; Boateng et al., 2008; Arno et al., 2011). 

 

 

 

 

Cytoplasmic serine/threonine protein kinases appear to be activated by signal 

transduction from a variety of cell-surface receptors (Sözeri et al., 1992).  The 

serine/threonine kinase, Akt, is a well-known regulator of cell survival, proliferation, 

and growth as well as angiogenesis and signal transduction (even at various stages 

of muscle development) (Song et al., 1993; Enomoto et al., 2005).  It has also been 

shown to be vital for cell migration (Enomoto et al., 2005). 

 

 

 

 

The detection of this protein in wound tissue on Day 6, matches the changes in cell 

function that are expected at this phase of wound healing; in agreement with 

literature (Enomoto et al., 2005; Blakytny and Jude, 2006; Broughton et al., 2006; 

Boateng et al., 2008; Arno et al., 2011). 

 

 

Myosin-Va 

 

Myosin-Va is an actin-based motor molecule (Libby et al., 2004; Desnos et al., 2007; 

Wagner et al., 2010) that transports from the endoplasmic reticulum into the dendritic 

spines of Purkinje neurons (Wagner et al., 2010).  Myosin-Va may promote the 

recruitment of secretory granules - which store hormones and neuropeptides - at the 

release sites by driving the trafficking of these granules toward the plasma 

membrane (Libby et al., 2004; Desnos et al., 2007).  Neuropeptides stimulate cell 

proliferation and also prompt growth factor production (Sibbald and Woo, 2008). 
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Proteins identified on tissue from wound repair DAY SEVEN 

 

Data from Day seven did not show an overlap of protein identities observed on 

previous days.   

 

 

Periaxin 

 

Periaxin is required for the maintenance of myelin in the peripheral nervous system.  

It is expressed exclusively by myelinating Schwann cells.  Myelin is a multi-lamellar 

structure that surrounds axons and increases axonal conduction velocity (Scherer et 

al., 1995; Gillespie et al., 2000).  It is possible that nerve regeneration in the wound 

tissue was initiated by Day 7. 

 

 

B-cell linker protein (BLNK) 

 

BLNK is an adaptor protein expressed in B cells and macrophages.  This protein 

represents a central linker protein that links the B cell receptor–associated kinases 

with a multitude of signalling pathways and may regulate B cell function and 

development (Fu et al., 1998; Wienands et al., 2008).  Research has shown that B 

cells, which produce antibodies against damaged tissue, play a role in wound 

healing (Boyce et al., 2000; Nishio et al., 2009).  Nishio et al. (2009) observed that 

nude mice that had undergone splenectomy experienced delayed wound healing but 

that transfer of enriched B cells resulted in accelerated wound healing in these mice.  

Boyce et al. (2000) also observed a link between increased B lymphocytes and 

healing in human wounds however, the role of the cells in either case was not 

defined. 
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Leucine-rich repeats and immunoglobulin-like domains 3 (LRIG) 

 

LRIG behaves like a suppressor of receptor tyrosine kinases, such as epidermal 

growth factor receptor (EGFR) (Yi, et al., 2009).  Epidermal growth factor (EGF) is 

chemotactic and a potent mitogenic stimulant for epithelial cells, endothelial cells, 

and fibroblasts (Blakytny and Jude, 2006, Broughton et al., 2006).  LRIG has a direct 

effect on cell growth and proliferation by inhibiting the continuation of both these 

processes.  At this time (Day 7), the wound is expected to be in the proliferatory 

phase.  The suppression of the effect of EGF could be a way of preventing further 

migration of the epithelial cells and fibroblasts into the wound. 

 

 

Angiomotin like 2 

 

Angiomotin is a protein of 675 amino acid residues that is expressed in human 

endothelium.  The function of this protein is to regulate and increase the random 

migration and directed migration of endothelial cells toward growth factors 

(Troyanovsky et al., 2001; Bratt et al., 2005; Aase et al., 2007).   

 

 

 

It appears that while fibroblast and epithelial proliferation is being slowed or stopped 

by the presence of LRIG, the process of angiogenesis - the formation of new blood 

vessels either through sprouting or intussusceptive growth (Bratt et al., 2005) - is just 

beginning.  This is an expected event during the proliferation phase of wound healing 

(Blakytny and Jude, 2006; Broughton et al., 2006). 

 

 

Testis-specific Y-encoded-like protein 2-like (TSPYL-2) 

 

TSPYL-2, also known as differentially expressed nucleolar TGF-β1 target (DENTT), 

is expressed in various tissues including normal human lung (Kandalaft et al., 2008).  

As a member of the super-family, TSPYL, TSPYL-2 plays a role in the regulation of 

cell proliferation and meiotic differentiation (Martínez et al., 2002). 
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Conserved oligomeric Golgi (COG) complex subunit 7 

  

The COG complex is thought to operate in a pathway essential for the proper 

structure and function of the Golgi apparatus.  The Golgi apparatus is central to the 

modification, sorting, and packaging of newly synthesized protein (Presley et al., 

1998) including new proteins for cell secretion or use inside the cell (Presley et al., 

1998; Ungar et al., 2005).  The Golgi apparatus plays a role in proteoglycan 

synthesis which is present in the extracellular matrix of animals (Cuberts et al., 1994; 

Campbell, 1996).  The extracellular matrix is vital for proper wound healing as it 

serves as the scaffold for mature collagen deposition (Broughton et al., 2006). 

 

 

FAS-associated factor 1 

 

FAS-associated factor-1 (FAF1) is a FAS-binding, pro-apoptotic protein that is 

involved in down-regulating NF-κB activation and promoting apoptosis.   NF-κB is 

activated by diverse stimuli, including the pro-inflammatory cytokines: TNF-α and IL-

1 (Park et al., 2004; Blakytny and Jude, 2006).  The presence of this regulatory 

protein at this stage of wound healing could indicate how a normal wound ensures 

proper healing by arresting the inflammatory process when the invading material or 

cell debris has been eliminated by down-regulating the NF-κB resulting from the 

inflammatory cytokines. 

 

 

Protein phosphatase 1 (PP1) 

 

Protein phosphatase 1 is a eukaryotic serine/threonine phosphatase responsible for 

the regulation of a wide variety of cellular functions (Cohen, 2002).  PP1 is highly 

enriched in dendritic spines and plays a role in both the regulation of ionic 

conductance and long-term synaptic plasticity (Allen et al., 1997).  While no dendritic 

spine proteins had been detected prior to Day 7, it is not to say that those proteins 

were not present.  The BLAST searches were conducted at an e-value of 30 

meaning that chance-hits were drastically decreased.  While this adjustment most 

likely gives the most healing-relevant proteins, there is a possibility that other 
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relevant proteins were not identified.  Aside from this, the presence of periaxin could 

explain how PP1 fits into this stage of wound healing. 

 

 

TPM 3 

 

TPM 3 is an entire gene.  This gene transcribes the tropomyosin alpha-3 chain.  A 

tropomyosin beta chain was also identified on this day.  The tropomyosins are a 

family of actin filament binding proteins.  The tropomyosins provide stability to the 

filaments and regulate access of other actin-binding proteins (Lees-Miller and 

Helfman, 2005).   

 

Proteins identified on tissue from wound repair DAY NINE 

 

WD repeat-containing protein 87 

 

The WD repeats are a conserved sequence motif that typically end in tryptophan and 

aspartic acid (WD) and are usually found in all eukaryotes.  They have been linked to 

gene expression, RNA processing, signal transduction, and cell division (Yoon et al., 

2004).  Their function in cell cycle regulation is to serve as a mitotic checkpoint 

responsible for ensuring accurate chromosome segregation (Yoon et al., 2004; 

Smith, 2008).  The occurrence of the WD repeat-containing protein during the 

proliferatory phase is necessary, not just for division, but to ensure that the cells do 

not enter anaphase if a misaligned chromosome is present (Yoon et al., 2004).  This 

is probably important for the stem cells that later differentiate into epidermal cells 

(Arno et al., 2011). 

 

 

Girdin 

 

Girdin is a novel actin-binding Akt substrate that plays an important role in actin 

organization and Akt-dependent cell motility in fibroblasts (Jiang et al., 2008).  Girdin 
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is expressed ubiquitously and is vital in the formation of stress fibres and 

lamellipodia (the cytoskeletal actin projections on the mobile edge of a motile cell) 

and is essential for cell migration (Enomoto et al., 2005; Jiang et al., 2008).   

 

 

Kinesin family member 16B 

 

Members of this super-family are microtubule-associated motor proteins.  The 

motors bind to microtubules and convert chemical energy supplied by ATP 

hydrolysis into kinetic energy allowing these motors to move along the microtubules 

(Hirokawa et al., 1998).  The kinesins play a part in cell division (Goshima and Vale, 

2005) particularly during pro-metaphase and metaphase.  During these cell division 

phases, the kinesins maintain the spindle length and slide the microtubules apart 

within the spindles (Jiang et al., 2008). 

 

 

 

The detection of so many proteins involved in cell division on Day 9 is confirmation 

that, as literature explains (Jiang et al., 2008), the wound is in the proliferatory 

phase. 

 

 

Rho-associated protein kinase 2 

 

Rho family members are regulators of actin re-arrangement and cell growth (Serra-

Pagès et al., 1998).  These small GTPases have been implicated in cytoskeletal 

reorganisation to form stress fibres.  They have also been shown to function in the 

mediation and co-ordination of cell migration and morphology, in response to 

initiation by growth factors and other extracellular signals (Matsui et al., 1996; 

Enomoto et al., 2005).  Rho exerts a variety of actions in the cell, including 

transcriptional regulation by serum-response factor (Uehata et al., 1997).  
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ERC protein 2-like 

 

This protein has been studied in humans; however, the BLAST search indicated that 

this protein is found in Sus scrofa.  In humans, the protein was thought to organise 

the cytomatrix at the nerve terminals active zone (CAZ).  The CAZ has been 

implicated in defining the site of Ca2+-dependent exocytosis of neurotransmitter 

molecules.  The ERC protein may also recruit liprin-alpha proteins to the CAZ 

(Ohtsuka et al., 2002).   

 

 

 

 

The presence of this protein implies that neuronal activity is occurring in the wound 

at this time.  This is possible since sensory nerves that innervate the skin are found 

in contact with dermal and epidermal cells, and can play a role in the wound healing 

process by releasing a variety of neuropeptides (NP) such as substance P (Blakytny 

and Jude, 2006).  Although the nerves in the full-thickness wound have obviously 

sustained damage, it should be kept in mind that a characteristic of the proliferatory 

phase is the migration of epidermal cells (which, according to Blakytny et al. (2005), 

may be in contact with these sensory nerves) into the wound area.  

 

 

 

 

Neurofilament heavy polypeptide was also detected in the wound on Day 9 and may 

be related to the ERC protein. 

 

 

Proteins identified on tissue from wound repair DAY THIRTEEN 

 

Once again, zinc fingers, proteins involved in RNA-binding, as well as coiled-coil 

domain-containing proteins and members of the kinesin family were identified in the 

wound tissue.  This phase of the wound healing process has been referred to as 

transitional phase since the wound is not expected to have fully completed the 

proliferation phase, therefore detecting proteins with strong influences and important 

roles in both mitosis and cell migration are still expected. 
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Ankyrin repeat domain-containing protein 12-like 

 

The ankyrin repeat is one of the most common, modular, protein–protein interaction 

motifs in nature and is also the most frequently observed amino acid motif in protein 

databases.  This 33-amino acid residue motif has diverse functions including 

transcription initiation, cell cycle regulation, cytoskeletal integrity and ion transport 

amongst others.  It was first identified as the yeast cell cycle regulator and the 

Drosophila signalling protein, Notch.  Notch-family receptors mediate signals that 

control the selection between alternative cell differentiation and this signal in primary 

neurogenesis, directs cells to adopt an epidermal fate as opposed to the default 

state of neural differentiation (Royet et al., 1998; Mosavi et al., 2002; Mosavi et al., 

2004). 

 

Proteins identified on tissue from wound repair DAY SIXTEEN 

 

At this stage, the wound is expected to be in the remodelling phase (Boateng et al., 

2008) yet there is an overlap seen in some of the proteins detected during this and 

the inflammatory phases.  Detecting these proteins in the inflammatory phase 

suggested that the wound was preparing to enter the proliferatory phase.  Detecting 

these species during the remodelling phase is not unusual since the pro-collagen 

precursors and immature, but predominant, collagen III synthesized during the 

proliferatory phase, are replaced by a mature, organised collagen I network that 

ensures that a wound is strong and resistant to force and reopening (Diegelmann 

and Evans, 2004; Broughton et al., 2006; Sibbald and Woo, 2008).  The overlapping 

protein species were the RNA-binding proteins, hypothetical proteins, as well as the 

nuclear speckling splicing regulatory proteins. 

 

 

RNA polymerase-associated protein LEO1 

 

RNA-polymerase 1  transcribes the rRNA gene to produce the majority of the 

ribosome.  Since no information on the function of protein LEO 1 is currently 
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available, the RNA polymerase-associated factor 1 complex (Paf1C) was used for 

functional comparison.  The RNA polymerase-associated factor 1 complex is a 

transcription elongation factor with known roles in polymerase II transcription and 

has been shown to have a role in maintaining the identity of the few pluripotent 

embryonic stem cells present (Zhang et al., 2010).  Transcription factors and 

proteins involved in the maintenance of pluripotency in stem cells were first detected 

on Day 3 when the wound was preparing to enter the proliferatory phase.  The 

presence of such proteins during the remodelling phase may be due to the continued 

processes of angiogenesis and the stimulation of fibroblast dendritic network 

swelling (Blakytny and Jude, 2006).  Wound contractility is also an aspect of healing 

that is further reinforced during the remodelling phase.  To increase contractility, 

cells such as the fibroblasts must differentiate into myofibroblasts.  While this takes 

place under the influence of TGF-β, the presence of a protein that plays a role in 

maintaining the pluripotency of stem cells suggests the possibility that perhaps some 

stem cells can also undergo such differentiation (Blakytny and Jude, 2006; Zhang et 

al., 2010). 

 

 

Golgin subfamily A member 5-like 

 

The members of the golgin family give identity and structure to the Golgi apparatus 

and form part of the complex protein network at the Golgi membrane (Striegl et al., 

2009).  The presence of the golgin during the proliferatory phase seems to be in 

preparation for the remodelling phase to increase the overall thickness of the matrix 

for strong repair.  The Golgi is involved in the production and packaging of the 

extracellular matrix and is increased in size and function during highly functional 

phases.  The thicker, denser extracellular matrix expressed by fibroblasts results 

from stronger collagen fibrils since the proteoglycans within it are replaced by the 

more mature collagen type I.  The end result is a strong, less pliant wound 

(Broughton et al., 2006).  This member of the golgin subfamily was also identified on 

Day 6.  Fibroblasts present during the proliferatory phase (Day 6 is the expected 

time of transition from inflammatory to proliferation phases) (Boateng et al., 2008), 

are also involved in the initial synthesis of proteoglycans to create the matrix.   
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CTTNBP2 N-terminal like 

 

Cortactin-binding protein 2 is a neuron-specific, F-actin associated protein that is 

responsible for the regulation and maintenance of dendritic spinogenesis (Hsueh, 

2012).  The dendritic spines are neuron-specific, actin-rich, subcellular structures at 

the site of excitatory synapses (Nimchinsky et al., 2002; Hsueh, 2012).  

 

 

 

 

The presence of proteins responsible for dendritic spinogenesis suggests neuro-

regeneration.  This is the regrowth or repair of nerve tissue by mechanisms such as 

new neurons, axons, and synapses.  While nerve recovery can still occur in the case 

of nerves being separated by a large gap, i.e.: punch biopsy, it is more difficult to 

achieve due to the muscle and skin damage.  This however, does not exclude that 

nerve regeneration is possible or taking place. 

 

 

Nucleoprotein TPR 

 

The nucleoprotein TPR was identified on wound healing Day 16.  A nucleoprotein is 

a protein that is structurally associated with nucleic acid.  The TPR (translocated 

promoter region) is a component of the TPR-MET fusion protein.  MET is a 

membrane receptor normally expressed by epithelial cells and is essential in wound 

healing (Grotegut, 2006; Chmielowiec et al., 2007). 
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CONCLUSION 

 

Wound healing is most certainly a complex continuum of overlapping events.  After 

having indentified many proteins and defining their functions, it is clear that the 

phases of wound healing do, in fact, overlap greatly.  The overlap and continuum is 

well represented in Figure 30. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: A graphical description illustrating the overlap seen in the wound healing 

process in terms of the proteins detected in the animal models used in this study. 
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The identification of these proteins in the porcine wound tissue involved the use of 

peptide mass fingerprinting (PMF) which compares the experimentally obtained 

spectrum to theoretical spectra using a score to measure the degree of similarity.  A 

high score for the theoretical spectrum is considered the best representative of the 

experimental spectrum (McGinnis and Madden, 2004; Johnson et al., 2008).  The 

two databases used were MASCOT and BLAST.  MASCOT, in many cases, 

identified the proteins as those belonging to other animal species completely 

unrelated to Sus scrofa.  This was not completely unusual since the wound biopsies 

had been fixed in formalin which introduces the structural modification of methylene 

bridges (Lemaire et al., 2007; Stauber et al., 2008).  The tryptic digests of the FFPE 

tissue could have yielded peptides very different from a tryptic digest of a fresh, 

frozen sample.   

 

 

 

 

The use of proteomics allowed for the identification of the proteins detected in the 

porcine wound samples.  While the proteins detected did not seem to play a direct 

role in wound healing, each had a function that can support an aspect of the wound 

healing process.  That is, many of the proteins identified play roles in DNA 

replication, cell migration, and the transcription of genes that are necessary in the 

formation of collagen, nerve tissue, as well as contractile fibroblasts.  All the proteins 

identified were of porcine origin, and while the most prominent growth factors in 

wound healing were not detected in these samples of porcine wound tissues, the 

proteins detected have been discussed and their roles in the wound healing process 

have been explained. 

 

 

 

 

During inflammation – immediately upon injury to around Day 6 - inflammatory 

cytokines and immune cells come into play to mediate this process and to remove 

foreign particles so as to prevent infection (Broughton et al., 2006, Blakytny and 

Jude, 2006).  While none of the literature referenced mention the proteins identified 

in the present study, when the characteristics of this phase are looked at more 

closely, the BLAST-identified proteins seem well-placed in this phase.  During 

inflammation, a fibrin clot is formed and serves as a scaffold for the invading immune 

cells.  This clot also generates cellular signals to induce neutrophil response.  The 
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matrix metalloproteinases (MMPs) in this healing phase clear damaged extracellular 

matrix and facilitate cell migration (Blakytny and Jude, 2006; Broughton et al., 2006, 

Sibbald and Woo, 2008).  With regards to the current study, it is the serine/threonine-

protein kinase MRCK alpha-like protein and protein SCAF 11 identified in this phase 

that were shown to be the proteins involved in regulating cell growth and survival, 

cell migration, and signal transduction. 

 

Proliferation begins around day four after the wound is sustained through to day 14.  

During this phase, the main cells undergoing proliferation are the fibroblasts, 

keratinocytes, and endothelial cells following signals initiated by growth factors.  

Angiogenesis in this phase is also directed by the keratinocytes (Broughton et al., 

2006, Boateng et al., 2008).  BLAST identified myosin-Va which recruits granules for 

neuropeptide storage.  Neuropeptides prompt chemotaxis, growth factor production, 

and stimulate cell proliferation (Libby et al., 2004, Desnos et al., 2007, Sibbald and 

Woo, 2008).  Other proteins involved in cell proliferation are: NANOG, Rho-

associated protein kinase 2, WD repeat containing protein 87, and ankyrin repeat 

domain-containing protein which are up-regulated at DNA replication level (Han et 

al., 2012); responsible for transcription regulation (Uehata et al., 1997); involved in 

cell division as a mitotic checkpoint (Yoon et al., 2004; Smith, 2008); and initiate 

transcription and cell cycle regulation (Mosavi et al., 2002), respectively.  NANOG 

was identified during the inflammatory phase, however, as previously reported 

(Blakytny and Jude, 2006; Broughton et al., 2006; Boateng et al., 2008), and as was 

observed in the study, the wound healing phases overlap extensively.  Angiogenesis 

is expected in this phase (Blakytny and Jude, 2006; Broughton et al., 2006; Boateng 

et al., 2008).  Angiomotin like 2 protein, identified in this phase and expressed by 

endothelial cells, regulates and increases endothelial migration (Troyanovsky et al., 

2001, Bratt et al., 2005, Aase et al., 2007). 

 

The remodelling (maturation) phase is characterised by extracellular matrix 

construction by continued synthesis and degradation of the extracellular matrix 

constituents (Diegelmann and Evans, 20004, Broughton et al., 2006).  The 

strengthening of the new epithelium also occurs in this phase (Boateng et al., 2008).  
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Nucleoprotein TPR which is expressed by epithelial cells has been described as 

being essential to wound healing (Grotegut, 2006; Chmielowiec et al., 2007) and was 

identified during this phase.  When the matrix stiffens, Rho-kinase dependent, 

myosin-light-chain phosphorylation mechanism of contraction is observed 

(Broughton et al., 2006).  Rho-associated protein kinase was identified during the 

proliferation phase which greatly overlapped with the remodelling phase.  Ankyrin 

repeat domain-containing protein, identified by BLAST, plays a role in maintaining 

cytoskeletal integrity (Uehata et al., 1997).  The acid also couples to G-proteins to 

activate numerous signal transduction pathways initiated by GTPases such as Rho 

(Broughton et al., 2006).   

 

This chapter discussed the proteins detected in the porcine wound tissue by MALDI-

MSI and this was achieved using the bottom-up proteomics approach and submitting 

only the most intense peptide signals for database comparisons.  Despite the 

unconventional use of FFPE samples thus requiring further tissue sample 

preparation in this study, several proteins that play a supportive role in cell 

proliferation and wound healing were identified and did show a time based flux in 

their concentration which could be matched to the wound healing phase when they 

were identified.   

 

 

 

 

 

Several proteins were expected to have been found such as collagen, fibronectin 

and elastin but in retrospect, these proteins although abundant, do not cleave easily 

with trypsin and this would account for the lack of peptides from these proteins in the 

extracted peptide signal intensities.  There are a number of other proteins such as 

the matrix metalloproteinases and actin that would be expected to be present and 

found.  Initially, this was seen as a failure in terms of the study, but the insight into 

the molecular events occurring during wound healing is valuable information and the 

limitations of the use of FFPE treated samples was noted.  

 

 

 

 

 

 

A study conducted by Lemaire et al. (2007) presented two methods for the direct 

analysis of (dewaxed) FFPE tissue.  The first method – which utilises reactive matrix 
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(2,4-dinitrophenylhydrazine) - is useful for tissues preserved in formalin for less than 

one year (ideally 6 months) while the other can be used for FFPE tissue irrespective 

of the length of fixation time.  The latter relies on repeated spotting of 2 µL of trypsin 

onto the tissue every 10 minutes.  At the end of digestion, the tissue was rinsed with 

80% ethanol and then sprayed with matrix before MALDI analysis.  The use of 

reactive matrix provided improved signal due to its ability to neutralise formalin 

residues.  The Lemaire et al. (2007) study concluded that after a year in formalin, it is 

impossible to obtain good signal by direct analysis.  The tissues used in the present 

study were stored in formalin for approximately 10 months which could explain the 

challenges experienced in obtaining good signals from some of the proteins that 

were expected to be found. 

 

 

 

The identification of wound proteins from formalin-fixed paraffin-embedded tissue 

analysed using MALDI-MSI was successfully done using probability-based search 

engines.  Although the proteins that were expected to be observed were not 

identified, most likely due to the modifications leading to “faulty” trypsin digestion, the 

most intense signals identified proteins that can play a role in the wound healing 

process. 
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CONCLUDING REMARKS 

 

 

The original aim of this study was to investigate Absorbatox™ as a wound healing 

agent to assess whether it can be used in effective treatment for chronic wounds.  

The study was divided into two branches: physical characterisation of Absorbatox™; 

which gave insight into the physical attributes as well as the characterisation of 

healing wounds where the effects of Absorbatox™ on wounds where measured and 

compared. 

 

 

The physical characteristics of Absorbatox™ (granular and micronised) were 

determined to try understand its role as a wound healing agent prior to testing its 

influence on wound tissue protein profiles.   

 

 

The physical characteristics of the surface areas and pore volumes were assessed 

using the BET nitrogen adsorption-desorption technique, and the particle size 

distribution assessed by laser particle sizing.  The particle size differences of the 

granular and micronised Absorbatox™ is visible at the macroscopic level and the 

laser particle sizing results confirmed this in addition to determining the size 

distribution.  Also, the BET nitrogen adsorption-desorption indicated that the surface 

area of the granular Absorbatox™ is significantly less than that of the micronised 

Absorbatox™.  When considering the surface-area to volume ratio, it is clear that the 

two methods employed to physically characterise the Absorbatox™ indirectly 

confirmed each other‟s findings.  The BET nitrogen adsorption-desorption showed 

Type IV isotherms with Type 3 hysteresis for both the granular and micronised 

Absorbatox™ samples which indicate that the particles are mesoporous (2 - 50 nm) 

and exhibit non-uniformity in particle size within each sample.  The laser particle 

sizer showed a micronised Absorbatox™ particle range of 0.8 to 300 µm which is 

large enough to accommodate the average pore volume of 28 nm as determined by 

BET nitrogen adsorption-desorption.  The granular Absorbatox™ had a particle size 

range of 2 – 875 µm which could easily accommodate the average pore volume of 

45 nm. 
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Since the main functionality of the Absorbatox™ lies in its ability to draw up wound 

exudate by strong capillary forces, a very important physical characteristic of the 

Absorbatox™ is in fact the pore size.  A smaller pore size results in stronger capillary 

action which allows removal of excess wound exudate to provide an optimal wound 

environment and to promote healing.  Granular and micronised Absorbatox™ were 

used as the test treatments in the animal study and compared against a negative 

control (a normal wound dressing) and a positive control (Cerdak™ - commercially 

available ceramic particle based adsorbent dressing).  

 

 

The animal study was performed to use a wound healing model from which the 

wounds would be analysed for rates of healing in terms of wound contraction and re-

epithelialisation indicated by wound dimensions including depth measurements.  The 

use of a porcine wound healing model was based on the fact that the skin of the pig 

closely resembles that of humans in anatomy and function with the only major 

difference being the absence of sweat glands in porcine skin.  Wound healing in pigs 

occurs primarily by re-epithelialisation which is the same process as in human skin 

wounds.   

 

 

The difference between wound healing rates of the Absorbatox™-treated and 

Cerdak™-treated groups were statistically significant and it is important to note that 

the histological evaluations of the wounds treated with Absorbatox™ showed wound 

closures that are associated with the establishment of new epithelium with well-

defined basal layers, normal collagen arrangement and neovascularisation that more 

closely resembled normal, healthy tissue than the Cerdak™-treated wounds.  

Measurements of the wound dimensions in the different treatment groups showed 

signs of better wound healing in the Absorbatox™ treatment group.  For example, 

treatment with Absorbatox™ resulted in quicker decrease in wound depth with less 

and slower wound contraction and reached scarring in a shorter period compared to 

both negative as well as positive control groups.  A wound that heals primarily by 

wound contraction is not as resistant to tensile force and re-opening as one that 

heals mainly by re-epithelialisation.  Thus Absorbatox™ and the Cerdak™ (positive 

control) both improve the strength of a healed wound.  However, unlike the 
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micronised Absorbatox™, Cerdak™ wound dressings are filled with ceramic spheres 

with an average particle size of 2.2 mm, pore widths ranging 0.3 – 5 µm, and a 

surface area of 6 m2/g (Cerdak™, n.d).  This suggests that Cerdak™ has a weaker 

capillary force than micronised Absorbatox™.   

 

 

The positive results exhibited by Absorbatox™ are easily translatable to human skin 

due to the similarity of human skin to the porcine skin model making it a promising 

wound healing agent that can result in a stronger wound once completely healed.  In 

light of the apparent improved wound healing based on the wound measurements 

and histological assessment, wound tissue from wounds treated with Absorbatox™ 

were analysed using MALDI-MSI in an attempt to assess the presence of the 

selected cytokines as observed in previous studies.  

 

 

 

 

MALDI-MSI was used to determine the presence of proteins in histological sections 

of excised wound tissue biopsies at different stages of the wound healing process to 

establish which proteins and non-protein species are present during the different 

stages of wound healing.  This technique also allowed for the relative quantitation of 

protein fluctuations in the tissue as the wound heals. 

 

Fresh-frozen tissue samples are typically used for MALDI-MS analysis however, the 

snap-frozen tissue samples for this study were lost due to shipping delays and 

consequently, the thawing and tissue decay which resulted in attempting the analysis 

of formalin preserved tissue by MALDI-MSI.  This proved to be a challenging, but not 

impossible task to analyse formalin-fixed paraffin-embedded (FFPE) tissue and 

required several added sample preparation steps than analysis of fresh, snap-frozen 

tissue.  The sample preparation required for successful imaging of FFPE tissue 

unfortunately washes away almost all lipids during the dewaxing steps and thus only 

the protein derived peptides could be imaged using this preserved tissue.  The most 

important aspects to take into account when conducting MALDI analysis is to ensure 

that target plate conductivity is maintained and that the proteins to be analysed are 

within the range of instrument detection.  Both goals were achieved by using 
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conductive copper tape and introducing an optimised trypsin digestion step to the 

dewaxed samples during sample preparation.  Trypsin digestion cleaves the proteins 

to produce peptides that range between 8-15 amino acids and approximately 1600 

Da.  This peptide size is ideally suited for MALDI analysis as singly charged ions are 

formed.  The first aspect of wound healing that was confirmed is that wound healing 

does indeed begin immediately after a wound is sustained with the most intense 

activity occurring in and immediately around the wound during the initial phase of 

inflammation.  Some proteins involved in wound healing were successfully imaged 

with respect to location and relative concentrations by means of ion intensity 

distributions, indicating the locations of the most activity in the wound.  These were 

in agreement with literature about the sites of protein activity in the wound during the 

various stages of healing and allowed monitoring of the healing process.  Using this 

technology in conjunction with microscopy of the histological sections, allowed for 

the ions to be visually correlated to the anatomical structures in tissue located to 

specific positions or areas in the tissue.   

 

Despite the loss of lipid molecules during the sample preparation, achieving the 

objective of detecting proteins in the wound confirmed the possibility of using 

formalin-preserved tissue for visualising peptide fluctuations in healing wounds. 

 

The final objective was to identify the proteins of origin for selected high intensity 

signal peptides identified by MALDI-MSI.  The approach used to achieve this was 

“bottom-up” proteomics which uses the proteolytic digests of proteins to identify 

complete proteins based on peptide fragment fingerprinting and amino acid 

sequence data.  The MASCOT and BLAST protein databases were used for this 

assessment.  These databases compare the experimentally obtained spectra to 

theoretical spectra for similarity of possible peptide masses and give a score as to 

whether or not a protein can be identified.  BLAST was used to confirm the results 

obtained by MASCOT since many of the MASCOT-identified proteins in the wound 

tissue samples did not belong to Sus scrofa (the domestic pig).  This is most likely 

due to the tissue having undergone formalin fixation which formed cross-links 

between the proteins.  Although the tissue samples were subjected to antigen 
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retrieval, formalin-fixation introduces methylene bridges between the amino groups 

of the lysine chains which are not always reversible; and since trypsin cleaves at 

both arginine and lysine, the tryptic digests could have yielded peptides very different 

from a tryptic digest of a fresh, frozen sample with no post-translational 

modifications.   

 

BLAST identified the proteins as being of porcine origin.  The proteins identified, 

however, did not seem to play a direct role in wound healing; that is, no collagen or 

extracellular matrix proteins were identified (a possible side-effect of the formalin 

preservation and subsequent trypsin digestion); however, the function of the proteins 

identified appear to play a role to various aspects of the wound healing process 

especially cell proliferation and control.   

 

During inflammation, inflammatory cytokines, immune cells, and metalloproteinases 

come into play to mediate this process, facilitate cell migration, and remove foreign 

particles so as to prevent infection.  A literature search found that the functions of the 

serine/threonine-protein kinase MRCK alpha-like protein and protein SCAF 11 

identified in this phase regulate cell growth and survival, cell migration, and signal 

transduction.  

 

The NANOG, Rho-associated protein kinase 2, WD repeat containing protein 87, 

and ankyrin repeat domain-containing protein identified are involved in up-regulating 

DNA replication and mitosis while the angiomotin like 2 protein plays a role in 

regulating endothelial cell migration.  Myosin-Va recruits granules for neuropeptide 

storage and these neuropeptides stimulate cell proliferation.  During the proliferatory 

phase, fibroblast and endothelial cell proliferation is predominant.  Angiogenesis also 

starts during this phase.  While the major proteins normally involved in these phases 

were not identified, it seems that the less acknowledged proteins also contribute to 

the final status of a “healed” wound. 
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The same situation was found in the remodelling phase where collagen synthesis 

continues and the epithelial cells are strengthened.  Nucleoprotein TPR – also 

identified in this phase - contributes towards strengthening the new epithelial cells 

(Grotegut, 2006; Chmielowiec et al., 2007). 

 

 

This study shows that Absorbatox™ with its unique physical characteristics is a 

promising wound healing agent that appears to accelerate wound healing by 

encouraging cell proliferation and re-epithelialisation at a time when untreated full-

thickness wounds are still apparently caught in the inflammatory phase.  This was 

confirmed by the proteins that were identified in the wounds.  In addition to this, the 

wounds, although formalin-fixed, could be successfully imaged using MALDI-MSI 

and the wound healing process was easily monitored.   

 

 

 

 

 

During the planning of this study, the ultimate achievement was envisioned as being 

able to use MALDI-MSI to visualise and indentify the proteins most cited in literature 

in the wound tissues obtained in this study.  The vision was to gain new insight into 

wound healing.  The wound healing proteins most cited in literature were, 

unfortunately, not identified.  What did happen, however, led to the enlightenment of 

the physical aspects of Absorbatox™ which may have been responsible for the 

remarkable wound healing observed in the pilot study conducted in 2009 by 

Oosthuizen et al. when Absorbatox™ was first tested as a wound healing agent.  

This study confirmed that pigs make a good model for the study of excisional wound 

healing because of the similarities between porcine and human skin and because of 

this, the results from this animal model may be easily translated to the human 

condition making Absorbatox™ a promising wound healing agent that will result in 

strong wounds once healed.  Proteins that were never on the radar of intended 

discovery were identified and this manifested the vision: new insight into wound 

healing was gained.  This study exposed some changes that occur in the wound on 

the sub-cellular and to some extent, the molecular level.  As Cooper et al. (1999) 

conveyed in an article about gaining new understanding into wound healing, there is 

a need to approach wound healing at both the cellular and molecular levels to help 
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better wound management.  This research may have contributed towards moving in 

that direction. 
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IMPROVEMENTS TO CURRENT STUDY 

 

While all the objectives in the study were achieved, there are some areas in which 

improvements to the study could be made. 

 

 To better evaluate how Absorbatox™ affects the wound healing process for 

chronic wounds, diabetic pig models could have been used.  Of course, the 

number of pigs would need to be increased accordingly.  Thus the animal study 

design would have been: 

 

Diabetic pigs      Healthy pigs  

Two pigs       Two pigs 

20 wounds      20 wounds 

Both pigs should have wounds treated with Absorbatox™, positive control, and 

negative control 

 

 MALDI MSI should have been conducted on the Absorbatox™, negative and 

positive control wounds of exactly the same day post initiation.  Although this was 

the original plan, the destruction of the frozen tissue which contained the above-

mentioned treatments resulted in only Absorbatox™ treatments in formalin being 

usable. 

 

 Adding a technique such as liquid extraction surface analysis (LESA) coupled to 

ESI tandem mass spectrometry to identify peptide amino acid sequences in 

specific wound areas and healthy tissue areas would have improved the research 

impact by giving more complete data including CID fragmentation confirming the 

peptide sequences.   

 

Despite there being room for improvement in the research, all the objectives were 

met.  Laser particle sizing was added to the physical characterisation to gain 

knowledge of the particle size distribution of the Absorbatox™ samples.  This, in 

turn, worked to indirectly confirm the nitrogen adsorption findings.   

 

 
 
 



Page 125 of 154 
 

The aim of this study was to assess changes in wound tissue and possibly identify a 

mechanism by which Absorbatox™ improves wound healing.  This was achieved.   

 

MALDI-MSI was used to successfully image chronological changes occurring in the 

tissue during wound healing process despite formalin-fixed tissue being used.   

 

Absorbatox™ was shown to seemingly accelerate wound healing by encouraging 

cell proliferation and re-epithelialisation at a time when untreated full-thickness 

wounds were still apparently caught in the inflammatory phase.  The proteins 

identified and the times at which they were present confirmed this.  

 

Thus, Absorbatox™ has been characterised as a wound healing agent both 

physically and biologically. 
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