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ABSTRACT

Nanocrystalline silvefNCS) dressings have antimicrobial and anflammatory effects
which aid healing, particulprin burns and chronic wounds. However, they are cytotoxic and
may delay healing in acute wounds. Therefore, this study aimed to assess the efCSof a

dressing on wound healing in fulickness excisional wounds a porcine model

Healing of porcne skinwas assessed on day 3, 6, 9 and 15-wosihding. Fivewounds

dresed withNCS and five untreatedwounds dressed with polyurethane fifthhe control)

were assessed per day (n=40 wounds). The rate of healing was measured using digital
photographs. fie inflammatory responseestoration ofthe epithelium and blood vessel
formation were evaluated using haematoxylin and eosin stained sections. Picrosirius red
stainingand confocal microscopy weresed to assess collagérmation Proliferation of
keratnocytes was calculated using sections immunolabelled fe87KiAdditionally, the

quality of the reepithelialised wounds was assessed ugi@inical Assessment Score.

There was no difference in the rate of healing between wounds treateN@fthndthose
dressed with polyurethane filfnflammation wasncreasedn NCStreated wounds on day 3
postwounding. Howevercompared to controlgn day 15 postvounding the epitheliunof
NCStreatedwounds more closely resembled normal epithelium. Additignall greater
number of mature blood vessels were seeN@&-treated woundsDifferences werealso

observed in the deposition of collageN@Streated wounds compareddontrols

These results suggeastat NCS may be beneficial for scar formatidrurther investigation is
needed into the effect MCS and its rolein the treatment of wound#cluding novel uses

such aghe prevention o$carring
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1. INTRODUCTION AND LITERATURE R EVIEW

Adult cutaneous wound healing is a complex sequence of molecular and cellulat events
which culminates in the replacement of damaged tissue by gtésaand Hantash, 2013)
Therapeutic agents used to treat wounds aim to increase the rate of Aedlmgximize the
production of functional scar tissuglio and Hantash, 2013)his aim is achieved by
optimizing the molecular and cellular events of cutaneous healing and controlling local
factors, such as infection, which can prolong inflammation anaydebund healindGuo

and DiPietro, 2010; Ho and Hantash, 2013je such therapeutic agent, Acti¢cSaivhich
contains nanocrystalline silver, has reported antimicrobial andndlatnmatory properties
(Atiyeh et al, 2007; Khundkaet al, 2010)which mg aid wound healing. Howevesjlver
nanoparticles are cytotoxic sonumber of cell types, includirigeratinocytesandfibroblasts

(for examples sedsharaniet al, 2009; Samberget al, 2010) Additionally, there are
conflicting reportson the ability d these dressings to improve the rate of wound heélorg
examples se®Ison et al, 2000; Inne®t al, 2001) Therefore, further investigation is needed

to determinghe effect of nanocrystalline silver on cutaneous wound healing.

1.1Normal cutaneous waind healing

In humans, cutaneous wound healing occurs primarily through the process- of re
epithelialisation(Sullivan et al, 2001)with varying degrees of wound contraction. These
events form parof the complex process diealing which can be dividedtmthree phases.
After skin injury, the initial or inflammatory phase of healing is characterized by haemostasis
and the recruitment of inflammatory cells to the wound &@rmaand Hantash, 2013Jhese
events merge with the second or proliferative phddeealing. During this phase damaged
tissue is replaced with new epithelium-@githelialisation), blood vessels (rmemiogenesis

and extracellular matrix (ECM) componenfslo and Hantash, 2013)Through these

1



processes as well as wound contraction, lctv the wound periphery advances towards the
centre of the woun¢Ehrlich and Hunt, 2012the wound is closed. Finally, in the remodeling
phase, the new ECM within the healed wound is transfdrto create a mature, acellular

scar(Ho and Hantash, 2013)

Therapeutic agents, such as nanocrystalline silver, impact on the complex cellular and
molecular events of each of the above phases. Therefore, an understanding of these events is

vital to appreciate the effects of the therapeutic agent on healing.

1.1.1 Early wound healing: the inflammatory phase

At the time of a cutaneous injury, endothelial damage and exposure of blood constituents to
ECM proteins, such as collagen, initiate platelet aggregation and the coagulation cascade
(Reinke and Sorg, 2012)Besdes achieving haemostasis, the resulting fibrin clot provides a
temporary ECM into which the cells involved in cutaneous wound healing can migrate.
Furthermore, tissue damage and platelet aggregation cause the release of multiple cytokines
which initiate he inflammatory response and mediate the proliferative phase of h@dting

and Hantash, 2013)

Neutrophils are the first inflammatory cells in the wound and are recruited to the wound
immediately after haemostasis is achief@ughtonet al, 2006 Wilguset al, 2013) They

produce a number of antimicrobial substances and proteases. These include reactive oxygen
species (ROS) andnatrix metalloproteinases (MMIP, which aid the phagocytosis of
microbes and damaged tiss(Broughtonet al, 2006 Wilgus et al., 2013. Additionally,

neutrophils increase the inflammatory response by releasingnffammatory cytokines



which recruit other inflammatory cells, such as macrophages, to the {lRamike and Sorg,

2012; Wilgus al., 2013)

Approximately 72 hars after skin injury, macrophages replace neutrophils in the wound
(Reinke and Sorg, 2012)nitially, macrophages perform an antimicrobial function, secrete
pro-inflammatory cytokines which regulate the inflammatory response and produce MMPs
and other pteases, which break down damaged tissue before it is remoyethggcytosis
(Broughton et al, 2006; Sindrilaru and Scharffett€pochanek, 2013) As inflammation
resolves, macrophages undergo a phenotypic change and become a primary source of
cytokines ad growth factorgBroughtonet al, 2006; Sindrilaru and Scharffettéochanek,

2013) These factors initiate the proliferative phase of cutaneous wound healing by
stimulating keratinocyte, fibroblast and endothelial cell migration and proliferé8aom

and Arpey, 2005; Broughtoet al, 2006)

1.1.2 Intermediate wound healing: the proliferative phase

The proliferative phase of cutaneous wound healing begins approximately three days after
injury (Reinke and Sorg, 2012}y is mediated by macrophages, keratiyies and fibroblasts
through celECM interactions and the release of cytokines and growth fa(Bansm and

Arpey, 2005; Broughtoret al, 2006; Werneet al, 2007) a few of which are discussed
below. During the proliferative phase, the inflammat@sponse decreases and keratinocyte,

fibroblast and endothelial cell migration and proliferation incréegeand Hantash, 2013)

Re-epithelialisation is the process by which keratinocytes migrate, proliferate and terminally
differentiate to cover the wodnwith a keratinized, stratified squamous epiderthiset al,

2007) After injury, interleukin (IL}1, IL-6, IL-8, tumour necrosis factor (TNFY , pl atel e



derived growth factor (PDGF), epidermal growth factor (EGF), transforming growth factor
(TGFYb and keratinocyte growth fact aator?) &GF ; al
well as keratinocyt&CM interactions induce basal and suprabasal keratinocytes adjacent to

the wound edge to change into a migratory phenofgpeamaniet al, 2007; Werneet al,

2007) These cells are able to detach from the basement rapenland adjacent cells and

migrate into the wound along the temporary ECM compongiteamaniet al, 2007) A

vital characteristic of migrating keratinocytes is the ability to secrete MMPs. -RINRd

MMP-9 are particularly important for digestion of EGddmponents allowing keratinocytes

to move through the fibrin clgfgren, 1999; Sivamart al, 2007)

As keratinocytes migrate into the wound and form tongues of new epithelium, keratinocyte
proliferation is stimulated by H1, IL-6, IL-8, TNFU , PDGF, E G%ivamaniet K GF
al., 2007; Werneet al, 2007) Initially, epithelial stem cells, found in thmasal layer of the
uninjured epidermis as well as epidermal appendages adjacent to the wound edge, proliferate
(Sivamaniet al, 2007; Reinke and Sorg, 2012)his provides a supply of keratinocytes
which can migrate into the wour{@raimanrWilksmanet al, 2007) As reepithelialisation
progresses, keratinocyte proliferation also occurs within the new epithéBuaiman

Wilksmanet al, 2007)

In the final process of repithelialisation the keratinocytes terminally differentiate to form a
keratinized, stratified squamous epitheliur(Li et al, 2007) Terminal differentiation,
stimulated by TG (Werner and Smola, 2001)egins in the new epithelium at the wound
edge and progresses along the new epithelium towards the centre of the (Bwaimén
Wilksmanet al, 2007) However, it does not occur at the centre of the wound until epidermal

continuity is restoredOdland and Ross, 1968; Braim#filksmanet al., 2007)



Oxygen and nutrients are vital for the function of fibroblasts, keratinocytes and the
inflammatory cells within the cutaneous wound. Hypoxia and the acidic milieu created by
anaerobic metabolism are potent stimuli for angiogen@asim and Arpey, 2005)After

skin injury, vascular endothelial growth factor (VEGF) and other angiogenic faaters
released by macrophages, keratinogyt#soblastsand endothelial cellfHo and Hantash,

2013) In response to VEGF, pericytes and endothelial cells from blood vessels adjacent to
the wound loosen their cell junctions and detach from the basemertram({Carmeliet

and Jain, 2011)Endothelial cells secrete MMPs and migrate into the fibrin clot under the
influence of VEGF, TGFb, f i brobl ast growth factor (FGF)
to which the cells are now exposgidverzatet al, 2002; Pardalet al.,2010; Carmeliet ah

Jain, 2011; Greavest al.,2013) The leading or tip cell determines the direction of migration

in response to angiogenic factors while the stalk cells behind it proliferate and form a lumen
(Carmeliet and Jain, 2011nitially, the endothelial tubes @ leaky and blood flows poorly
through them(Carmeliet and Jain, 2011; DiPietro, 201Bricytes, stimulated by TG,

PDGF and angiopoetins, surround the endothelial tgBasmeliet and Jain, 2011\ new
basement membrane is deposited and endothelial cell junctions are increased. This stabilises
the vessels improving blood flofCarmelet and Jain, 2011Endothelial tubes which have

poor blood flow regress whereas those that have good blood flow and are surrounded by
pericytes persis(Carmeliet and Jain, 2011Jhus a mature, functional vascular network is

formed within the new ECM.

Restoration of damaged ECM begins during the proliferative phase and continues into the
remodelling phase of cutaneous heal(ip and Hantash, 2013lnder the influence of
PDGF, TGFb , -1JTNFU FGF, EGF, iontenrd eEOM dqdmmNonent

cysteine rich 61 (cyr61), fibroblasts from the adjacentwonnded dermis migrate into the



wound area, proliferate and secrete the components ofrapent ECM(Baum and Arpey,

2005; Broughtoret al, 2006) Starting three to five days after injury, fibroblasts secrete
collagens, proteoglycans and glycosaminoglycans, replacing the fibrin clot with a
collagenous matriBaum and Arpey, 2005IGFRb  afibrdblastECM interactions are of
particular importance as they control not only collagen synthesis, but also the secretion of
MMPs by fibroblasts and differentiation of fibroblasts into myofibrobl@8tum and Arpey,

2005; Broughtoret al, 2006).Myofibroblasts can be found in the wound from day four or
six after injury and are important in wound contraction, decreasing the size of the skin wound
(Baum and Arpey, 2005)As with keratinocytes, MM® play an important role in the
migration of fibroblastsnto the wound area. In addition, they are vital for the remodelling of
the ECM from the temporary matrix of the fibrin clot into the collagenous matrix of a mature,
functional scar(Baum and Arpey, 2005)Therefore, the secretion of MMPs and their
inhibitors, tissue inhibitors of matrix metalloproteinases (TIMPS), are carefully regulated by

TGFDb, IL1, cyr61, PDGF and EGfBaum and Arpey, 2005)

1.1.3 Late wound healing: the remodeling phase

The collagen secretion that began three to five days after injutlye iproliferative phase of
healing, continues at an increased rate for approximately three \(Baksh and Arpey,

2005) FibroblastECM interactions as well as TNF  a n-il theh mediate a decrease in
collagen synthesis until the rate of collagen synshéy fibroblasts and degradation by
MMPs are equal. In this steady state remodelling occurs and may continue for 12 months

(Baum and Arpey, 2005)

During the proliferative phase, fibroblasts lay down type 1l collagen and proteoglycans. In

the remodellg phase, these ECM components are replaced by type | collagen which is



secreted by fibroblasts along lines of tension in the wo(Bmum and Arpey, 2005;
Broughtonet al.,2006) As remodelling progresses, the collagen fibres within the wound are
alignedparallel to the wound surfaq&hrlich and Krummel, 1996)in addition, increased

fibril crosslinking results in stronger collagen fibres with larger diamg@asim and Arpey,

2005) Larger collagen fibres aid wound contraction and increase the tensiigth of the

wound (Baum and Arpey, 2005; Ehrlich and Hunt, 2012jound contraction, mediated by
myofibroblasts, occurs for approximately 14 days after skin injury and further decreases the
size of the wound area. Concurrently, the number of blood Igesgthin the wound
decreases and fibroblasts undergo apopt®asm and Arpey, 2005)Thus, remodelling
increases the tensile strength of the scar and results in the morphological characteristics of an

acel l ul ar ,(Bagmmand Arpgeye 20053 c a r

This simplistic description of events in cutaneous wound healing belies the true complexity
of the process. Growth factors may influence healing in different types of wounds in
distinctive ways. Oveexpression of T&b i n -tpickmessiwauhds results in increased
re-epithelialisation whereas in fulhickness wounds it delays healifiredgetet al, 2005)

In addition, the equilibrium of different growth factors and cytokines within a wound, the
time at which tley are expressed and ECM interactions all influence the effect of a particular
factor (Sivamaniet al, 2007; Wilgus 2012; Greaves al, 2013) Furthermore, cleavage of
factors by MMPs can result in factactivation orinactivation (Ho and Hantash, 2013
McCarty and Percival, 2018y the formation of alternative isoforms with different functions
(Carmeliet and Jain, 201I)hus, the correct balance of growth factors, cytokines, SR
TIMPs are vital for the progression of healitigdeed, an increadenflammatory response,
excessive MMP activity and abnormalities in cytokine and growth factor expression are the

hallmarks of chronic wound¥Vidgerow, 2012)



1.2Silver in wound healing

Traditionally, ionic silver (Ag), in the form of silver salts or siér sulfadiazine, has been
used to treat wounds that are infected or at risk of infe¢idmundkaret al, 2010) The
rationale for using these dressings is the antimicrobial action bhdajnst gram negative
and gram positive bacteria, including resigtstrains, as well as fungal pathogéisyeh et

al., 2007) This broad spectrum of antimicrobial activity, which is concentration dependent,
is attributed to the ability of Ago affect the bacterial cell wall, disrupt the respiratory chain
and inhibt protein, RNA and DNA synthesigPercival et al, 2005) While bacterial
resistance to silver has been described, it is transient and infreeaitvalet al, 2005)
Therefore, silver is an attractive topical therapeutic and prophylactic antimiceg®at,

particularly in light of the emergence of mediiug resistant bacter{&hundkaret al, 2010)

However, there is evidence that A¢gs toxic to keratinocytes and fibroblasis vitro
(McCauleyet al, 1989; Hidalgo and Doimguez, 1998; Lee andoon, 2003; Fraseet al,

2004; Poon and Burd, 2004hd that wounds treated with Algeal more slowly compared to
other dressingéMalik et al, 2010; Dokteet al, 2013; Hoeksemat al, 2013; Wasialet al.,

2013; Vloemanset al, 2014) An additionalconcern when using Agdressings is the
increased pain and treatment cost due to frequent dressing cl{@ngggetet al, 1998;
Varaset al, 2005; Muangmaet al, 2006; Coxet al, 2011) Ag" is delivered to the wound

in a bolus form and is rapidly activated by chloride, proteins and other compounds within
the wound(Atiyeh et al, 2007) Therefore, frequent dressing changes are needed to maintain

the concentration of Agand thereby its antimicrobial effedttiyeh et al., 2007)

Technological dvances have allowed the formulation of dressings which releasataghe

wound in a sustained manner. Actic8tone of the sloweleasssilver dressings;onsists of
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two layers of polyethylene mesh coated with silver nanoparticles (<20nm diameter)
surounding a layer of absorbent rayon polyester ggixenn and Edwardones, 2004,
Atiyeh et al, 2007) As the silver is impregnated in the mesh, it is continuously released into
the woundproviding a sustained silver concentration over the time thesidgess used
Additionally, both ionic (Ad) and norionic (Ag”) silver are released by Actico¥t(Atiyeh

et al, 2007).Ag? is deactivated less rapidly than Agy chloride, proteins and other
compounds in the wour(dtiyeh et al, 2007) Furthermore, & is ionized within the wound
environment to provide an additional source of Abe active form of silve¢Atiyeh et al,

2007) Thus, nanocrystalline silver dressings lead to a sustained concentration of active silver
within the wound. This negates theed for frequent dressing changésis improving
patientsperception of pain and decreasing treatment ¢dseslgetet al, 1998; Vara®t al,

2005; Muangmaset al., 2006; Atiyehet al, 2007; Coxet al, 2011)

Wounds treated with silver nanopaltéis may heal faster that those treated with other forms
of silver (Cuttle et al, 2007; Huanget al, 2007; Tianet al, 2007; Nadwornyet al, 2008;
Gravante and Montone, 2010; Wasiek al, 2013) In addition, Acticodt! is a more
effective antimicrobihagent than silver sulfadiazin®Vright et al, 1999; Yinet al, 1999;
Uygur et al, 2009)as well as a number of other silver containing dressfiigemas and
McCubbin, 2003; Fongt al, 2005; Heggergt al, 2005; Edwarddones, 2006; It al,
2006; Castellanoet al, 2007). These differences are attributed to the sustained silver
concentratiomreleased by Acticodf (Thomasand McCubbin, 2003; Castellaedal, 2007)

as well as the unique properties of the nanoparti@égeh et al, 2007; Foldierg et al,
2009; Parket al, 2011; Beet al, 2012) Therefore, the present review is restrictednto

vivo or in vitro studies which investigate the effects of silver nanoparticles.



Due to their small size, silver nanoparticles are able to ealisrlyy endocytosigAshaRani

et al, 2009; Weket al, 2010; Greulictet al, 20011b; Haaset al, 2011; Singh and Ramarao,
2012) Within the cytoplasm, the silver nanoparticles are found near or in the nucleus and
mitochondria(AshaRaniet al, 2009; We et al, 2010; Greulicket al, 2011b; Haaset al,

2011; Hackenbergt al, 2011; Singh and Ramarao, 2012; Bressaal, 2013; Rigoet al,

2013) Silver nanoparticlesaffect mitochondrial structure and functiomhich induces
oxidative stressvith the generation of ROS and decrease8 viability (Carlsonet al, 2008;
AshaRaniet al, 2009; Teodoret al, 2011; Singh and Ramarao, 2012; Bressaai., 2013)

While it is unclear if the generation of ROS and decreased cell viability always results in
apoptosis and cell deatArora et al, 2008; Hsinet al, 2008; Van den Plast al, 2008;
AshaRaniet al, 2009; Foldbjerget al, 2009; Singh and Ramarao, 2012; Reg@l, 2013) it

is clear that ROS damage DNAhamedet al, 2008; Aroraet al, 2008 AshaRaniet al,

2009; Kalishwaralaét al., 2009; Hackenberet al., 2011).This inhibits cell proliferation and
causes arrest in the G2/M or S phase of the cell ¢pdbaRaniet al, 2009; Parket al,

2010; Weiet al, 2010; Zanettet al, 2011; Beret al, 2012).

The aboveeffects are dependent on the length of exposure to and concentration of the silver
nanoparticlegfArora et al, 2008; AshaRanet al, 2009; Greulichet al, 2009; Parket al.,

2010; Weiet al, 2010; Greulichet al, 2011a;Greulichet al, 2011b; Hackenbergt al,

2011) Furthermore, smaller silver nanopartic{€arlsonet al., 2008; Weiet al, 2010; Park

et al, 2011)and those that are not coated by stabilising ageigplay increased toxicity
(Samberget al., 2010; @& Limaet al, 2012) Culture of keratinocytes with unwashear
washed uncoated silver nanoparticles (20nm, 50nm and 80nm) at concentrations of
0.34ug/ml to 1.fug/ml decreased cell viability compared to untreated controls and carbon

coated silver nanopieles (25nm and 35nnfpamberget al, 2010)
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Additionally, silver nanoparticles have different effects on different cell types. Fibroblasts are
more susceptible to the toxic effects of silver nanoparticles than keratinf¢ge®en Plas
et al, 2008;Liu et al, 2010)or macrophage@arket al, 2011)and monocytes and-dells
respond differently to silver nanoparticl€Sreulich et al, 2011a) Polyvinylpyrrolidone
coated (PVPJilver nanoparticleslecreased cell viability when cultured with HaCadllls
(<48.8nm, >6.2fAg/ml) (Zanetteet al, 2011) endothelial cells (<5nm, >@/ml) (Kang et
al., 2011) monocytes (<90nm, >pg/ml) (Greulichet al, 20113 and human mesenchymal
stem cells (100nm, >345/ml) (Greulichet al, 2009) Furthermore, decrsad cell viability
is seen in human fibroblasts cultured wdiver nanoparticleg5-15nm) at concentrations
greater than 100pfALiu et al, 2010)in endothelial cells cultured witkilver nanoparticles
(50nm) at concentrations greater than 50Qi@drunahanet al, 2009; Kalishwarala¢t al.,
2009) and in mouse macrophages cultured witkilver nanoparticles(<90nm) at
concentrations of 0.8 and 1.6ppiiParket al, 2010)

t™ createsa sustainedilver concentratiorof silver between

Release of silver fronActicoa
70ug/g and10Qug/g in human serum substittitéRigo et al, 2012). This concentration is
substantlly higher than those at whidilver nanoparticleslecrease cell viabilityn vitro
(for examples sed@rora et al, 2008;Carlsonet al, 2008;Liu et al, 2010; Sambergt al,
2010;Parket al, 201]). Indeed decreased viabilitis reported in keratinocytes, HaCaT cells
and fibroblasts cultured with Acticddt (Fraseret al, 2004; Lamet al, 2004; Poon and
Burd, 2004; Burcet al, 2007; VanDen Plaset al, 2008; Kempfet al, 2011).This is one

reason Acticoal! is not recommended for the treatment of acute-inlamed wounds

(Widgerow, 2010)

# 1uM is approximately equal to 0.1ug/ml  ~ 1ppm is approximately equal to 1pg/ml 11
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However,in vitro results may not be directly transferable to the clinical situaStudies o

wound fluid have shown that the quantity and type of proteins present in chronic wounds
differ from acute wounds (Widgerow, 2011). As thivesi released from Acticodf forms
complexes with chloride and proteins (Rigioal, 2012), the wound environmiemay affect

the concentration of silver within the wounth addition, the complexity of the cell
environment influences the activity of silver nanoparticles. Fewenmatinocytes and
fibroblasts are viable when cultured with silver nanoparticles delivieredater or saline

compared to culture medentaining growth factor@urd et al,, 2007).

Furthermore dlver nanoparticles affect cell function as well as viability. Toxic
concentrations of silver nanopatrticles inhibit endothelial cell migrationtame formation
(Gurunathanet al, 2009; Kalishwaralakt al, 2009)and human mesenchymal stem cell
migration in vitro (Greulich et al, 2009) Additionally, toxic concentrations of silver
nanoparticles stimulate secretion of1LIL-6 and TNFU by pimemes(Carlsonet al,
2008 Parket al, 2010; Singh and Ramarao, 20B2dkeratinocytefSamberget al, 2010)
and decrease the secretion ofdLIl-8 and VEGF by human mesenchymal stem ¢elistro
(Greulichet al, 2009; Hackenbergt al, 2011) However lower nontoxic concentrations of

silver nanoparticles can increase or decrease the function of different cell types.

Fibroblasts cultured with more thaPbuM silver nanoparticleg5-15nm) produce less
collagen and hydroxyproline and undergpheenotypic change to myofibroblagtsu et al,

2010) The phenotypic change was confirmadvivo in a mouse model of futhickness
excisional wounds treated with a dressing containing 0.04rigéérsilver nanoparticles

whi ch s howe-8MAiexpessiersos @ay 7 pesbunding(Liu et al, 2010)

12
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Increased endothelial cell migration and tube formation, mediated via VEGF receptor
signaling pathways, was reported when endothelial cells were cultured witicdi
silver nanoparticleg<5nm, concentration 5ug/ml to 20pg/mliKang et al, 2011) These
changes were associated with increage@:F expression in endothelial ce(lkanget al,

2011) Similarly, increased VEGF expression has been describmgsenchymastem cells
cultured with noA o X i C concentrations of silver
(Hackenberget al, 2011) Additionally, in a mouse matrigel model, thicker and more
functional blood vessels were found in matrigel impregnated withi@QDOmg/kg of PVP
coated silver nanoparticles(<5nm) than in matrigel which did not contain silver

nanoparticles, ten days after the matrigel was injected into the(ikaoget al., 2011)

Silver nanoparticleslso affect the secretion of MMPs and TIMPs. Mabiagges cultured
with 0.8ppm and 1.6ppm dfilver nanoparticle§<90nm) showed decreased expression of
MMP-3, MMP-11 and MMR19 RNA as well as TIMA RNA (Parket al, 2010) Silver

t™ and solutions

nanoparticles are also able to dihg affect the function of MMB. Actica
of silver extracted from Actico8f decrease the activity of MM, MMP -9 (Walkeret al,

2007)and bacterial collegenag¢8hi et al, 2010; Jovanoviet al, 2012)respectively. Silver
ions also inhibit serine proteaggthamberst d., 1974) The decrease in MMR and MMR

9 levels and activity sedn vitro have been reproducea vivoin porcine models ofontact
dermatitis(Nadwornyet al, 2008; 2010)and contaminated wound$Vright et al, 2002)
treated with Acticodt’. However, as MMPR2 and MMR9 are important in re

epithelialisation, their inhibition by Acticodf is another reason for recommending that the

dressing is not used for the treatment of acutesiniteamed woundg{Widgerow, 2010)

1pM is approximately equal to 0.1pg/ml 1ppm is approximately equal to 1pg/ml 13



Changes in cytokine and growth factecretion are also noted in cells cultured with silver
nanoparticlesMacrophages ctured with nortoxic concentrations of silver nanoparticles
secrete greater amounts of TWKCarlsonet al, 2008; Parlet al, 2010; Parlet al, 2011)
Similarly, increased 11 and IL-6 secretion was observed in sihmanoparticle treated
macrophageg¢Carlsonet al, 2008; Parket al., 2011)and human mesenchymal stem cells
(Hackenberget al, 2011).Increased IL6 and I-8 secretion was also noted when human
blood monocytes were cultured with PVP coaglyer nanoparticlesat concentrations
between fg/ml and 20upg/ml(Greulich et al, 2011a) In contrast, PVP coatedsilver
nanoparticleslid not affect the secretion of {2 or IL-4 by T-cellsin vitro (Greulichet al,

2011a)

In contrastdecreased levels of TNB, -8larid TGFb; and increased levels of EGF, KGF,
KGF-2 and IL-4 aredescribed in porcine and mouse models of contact dermatitis treated with
Acticoat™ or solutions of silver nanoparticles eluted from Acti¢atompared to ingtive
controls(Nadwornyet al, 2008; 201Q)Similarly, in a mouse burn wound model treated with
Acticoat™ compared to silver sulphadiazine or antibiotic dressings, decreased level6 of IL
and increased levels of VEGF,-IIl0 and IFNo  we r e r d pfdhedays ihvestigatec
(Tian et al, 2007) However TGFb; levels wereraisedwithin the first 5 days after injury

but were significantly lowebeyond the 8 day after injury in Acticodt”-treated wounds
(Tian et al, 2007) These changes in cytolkd and growth factor expression are associated
with a decreased inflammatory response and an increase in macrophage and
polymorphonuclear cell apoptoqié/right et al, 2002; Bhol and Schechter, 2004; Bhol and
Schechter, 2005; Tiaet al, 2007; Nadwornt al., 2008 Nadwornyet al, 2010) Due to the

importance of the inflammatory response in regulating cutaneous wound H&ubrighton
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et al, 2006) the ability of silver nanoparticles to modulate cytokine and growth factor

production and the inflammatpresponse is significant.

Thus, silver nanoparticlesay influenceall phases of healingot only by direct effects on

cell viability and function but alsothroughinfluencing cytokine, growth factor, MMP and
TIMP expression and functiodue to theseeffects ofsilver nanoparticless well as their
antrinflammatory action angotent antimicrobial activityn vitro, they are recommended for

the treatment of wounds with high levels of inflammation, such as chronic and infected

wounds and burn@Vidgerow, 2010)

Indeed, studieshow improvement in chronic wounds treated with silver dressings compared
to Allevyn (a polyurethane foam dressin@argensonet al, 2005)or local best practice
(MUnter et al, 2006) Furthermore, improved rates of healingyddeen found when silver
nanoparticle solutions, creams and dressings are compared to a variety of controls in rodent
models of excisional woundsiu et al, 2010; Aricaret al, 2012; Prestest al, 2012) burns

(Tian et al, 2007)and contact dermai (Bhol and Schechter, 2005%imilarly, improved
healing is seen in silver nanopartitteated porcine donor sites compared to petrolatum
gauze(Olsonet al, 2000) porcine models of contaminated wourtdéright et al, 2002)and
porcine models of contha dermatitis(Nadworny et al, 2008; 201Q) In addition, clinical
studies have shown improved-epithelialisation of split thickness skin graft donor sites
when treated with Acticodf as compared to Allevy(Argirovaet al, 2007)as well as split
thickness skin graft recipient sites when treated with Actiébabmpared to a standard
Xeroform dressingDemling and DeSanti, 2002)Furthermore, a retrospective review found
decreased healing times in fiftickness burns treated with ActicBat(Gravante and

Montone, 2010).
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However, decreased-epithelialisation was noted in Aticd&ttreated split thickness skin
graft donor sites compared to Allevyinneset al, 200) and mouse excisional wounds
compared to Tegader(Burd et al, 2007) Similarly, deceased reepithelialisation is seen in
porcine models of deep partiglickness burns treated with Acticatcompared to hydrate
gel/ gauze dressing®Vanget al, 2010) Acticoat™ also inhibited reepithelialisation of ful
thickness wounds in a skin d&apt model(Fredrikssoret al, 2009) Silver et al (2007) found

no difference in healing between meshed autograft sites treated with Alticra6%
sulfamylon. Similarly, no difference was found in the rate of healing of contact dermatitis in
mice betwen silver nanoparticle creams and steroids or tacroliBusl and Schechter,
2004; 2005) Silver dressings, including Acticdat, were also no more effective than 10%
povidoneiodine in the treahent of MRSA infected excisional wounds in diabetic (bt et

al., 2013) Furthermore, systematic reviews report similar or worse healing times in-silver
treated wounds compared to contr@StormVersloot et al, 2010; Azizet al, 2012;

OO0 Me @t al @22013)

Interpretation of these contradictory resultdificult due to the multiple wound models
used to investigate the effect of silver nanoparticles on healing. Apart from differences in
healing between the various animal mod@ssell et al., 2012) differences exist in the
manner in which different tygeof wounds heal. Partittickness wounds, such as burns,
donor sites and contact dermatitis heal predominantly througpitieelialisationwhereas in
full-thickness woundssuch as excisional woundfgrmal constituents play an increased role

in healirg (Davidson, 1998) Furthermore acute norrinfected wounds heal differently to
infected or chronic wound@avidson, 1998; Reinke and Sorg, 2Q1Bhus results from

studiesinvestigating partiathickness, infected or chronic wounagy not be applicabl®
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acute, fulithickness, no#infected wounds. In addition, few studies have described the effect

of nanocrystalline silver on the acuteund bedAtiyeh et al, 2007)

Therefore,the present study aimed to investigate the effect of a nanocrystalives si
dressing (Acticoat') on wound healing iacutefull -thickness excisional dermal wounds in a

porcine model.

The domestic pig was chosen as the model for this study due to the known histological and
physiological similarities between porcine and hans&in (Sullivan et al, 2001) Among

many similarities, the arrangement of the epidermis and dermis, turnover time of epidermal
cells, epidermal proteins and lipids, biochemical structure of collagen and the arrangement of
vascular structures within theiermis are all comparable between humans and(plgsvafy

and Cassens, 1975; Meyert al, 1981; Meyeret al, 1982; Morris and Hopewell, 1990;
Wollina et al, 1991; Vardaxiset al, 1997; Sullivanet al, 2001) Additionally, in both
humans and pigsvourd healing occurs primarily through-epithelialisation as compared to
other common animal models, such as the mouse and rat which heal mainly through wound

contraction(Sullivanet al, 2001)
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As the phases of healing occur in a predictable manreer acute wound, the events of each
stage can be used to assess the progress of wound healing. Therefore, the following aspects
were studied:

1. The rate of wound closure as evidenced by the percentage change in wound area

2. A clinical assessment of wound quwlih the reepithelialised wound

3. A histological assessment of epithelial restoration and blood vessel formation

4. The number of inflammatory cells in the wound

5. The number of proliferating keratinocytes and fibroblasts

6. An assessment of the percentage areaaamaaghgement of collagen within the wound

7. A quantitative estimation of collagen content
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2. MATERIALS AND METHODS

2.1Experimental animals
Ni ne femal e AL 8usgaofa\ddmestigusvhiclp weigked lhetween 30 and

60kg, were used for the study. Each pias housed in a separate pethatCentral Animal
Services of the University of the Witwatersrand and was given free access to food and water.

The pigs arrived in the unit at least five days before surgery, to allow them to acclimatise.

Ethical clearace for the study was obtained from the Animal Ethics Screening Committee of

the University of the Witwatersrand (AESC number 2009/2604) (Appendix A).

2.2Wound creation and specimen collection

Intramuscular Ketamine (11mg/kg) and Midazolam (0.3mg/kg) wesd tes sedate each pig
before induction of general anaesthesia with%2 Isoflurane administered through a mask.

The dorsum of the pig was shaved using animal clippers, washed with sterile water and
draped with surgical drapes. A sterilised template wasd us mark four paravertebral
wounds of 5x20mm each, on each side of the midline. The short axis of the wound lay
parallel to the vertebral column (Fig. 2.1). Fillickness excisional wounds were created by
using a scalpel blade to excise the skin of eaarked area down to the fascial plane. In the

first two pigs which underwent surgery, the wounds were spaced 20mm apart. Due to
problems with adherence of the secondary dressing, the distance between wounds was

increased to 40mm in subsequent experiments.

Wounds to the left and right of the midline were allocated as a pair for excision on either day
3, 6, 9 or 15 postvounding. The allocation according to the day pestunding varied

between the pigs so that specimens from different regions of the dofstiva pigs (e.g.
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towards the head or tail) were collected on each of the excision days (Fig. 2.1). Day 3, 6, 9
and 15 postvounding were chosen as the days for excision to allow for investigation of the

effect of nanocrystalline silver in all of the phagd# healing (Broughtoat al, 2006).

Acticoat™ (Smith & Nephew Medical Limited) was provided by Professor Heinz Rode,
Department of Paediatric Surgery, School of Adolescent and Child Health of the University
of Cape Town. Opsif& (Smith & Nephew Medial Limited) was obtained from the Central
Animal Services of the University of the Witwatersrand. Op¥itea polyurethane film
dressing, was selected as the control dressing as it aids healing by providing a moist

environment (Ahamed, 1982; Kaufman andsHbwitz, 1983; Sullivaet al, 2001).

Before dressing the wounds, a calibrated scale was placed alongside each wound and
standardised digital photographs were taken at right angles to the wound. The dorsum of the
pig was then cleaned with sterile watBor each wound pair, the wound on the left of the

midline was allocated to the experimental group and dressed with the experimental dressing

(Acticoat™

), which was cut to the size of the wound and moistened with sterile water as per
t he ma n uihstructionsr Tde voosnd on the right of the midline was allocated to the
control group and dressed with the control dressing (Off3iteAll wounds received a
secondary dressing of gauze, Op&lteElastoplast and veterinary stocking in order to
minimise the risk of infection and to prevent the experimental and control dressings being
displaced when the pigs rolled on the floor or scratched their backs. The allocation to the

experimental group (dressed with Acticd8tor control group (dressed with Olf) and

to a day for excision postounding was recorded by the researcher.

20



— | T
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1 1 1 1
S T
Pig Weight | The day postwounding on which the wound was excised
number | (kg)
1 56.5 6* 9* None 15* 3*
2 58.1 6* o* None 15* 3*
3 45.5 3 6 9 15* 15*
4 46.4 3 6 9 15 None
5 43.4 15* 3 6 9 None
6 40.2 15* 15* 3* 6* 9
7 35.8 o9* 15* 3 6 15*
8 33.9 o* 15* 3 6 15*
9 38.75 |15 9 15 15 15

Figure 2.1: Position of the wounds on the dorsum of the pig and allocation to the day for
excision postvounding.

[] = experimental woun@l = control wound; *wound pair excluded from analysis
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On day 3, 6, 9, 12 and 15 pagbunding, each pig was anaesthetised in the same way as on
the day of wound creation. The dorsum of the pig was cleaned with sterile water, taking care
not to remoe adherent scabs or damage the new epithelium beneath scabs. Surgical drapes
were placed on the dorsum of the pig. A calibrated scale was placed alongside each wound
and digital photographs were again taken, as on the day of wound creationentifee
epidermis, dermis, hypodermis and underlying fascia ofiteeof theallocated experimental

and control wounds were excised, together with a uniform perimeter of normal tissue. The
resulting excisional site was sutured and excluded from further analysissXEised tissue

was fixed in 10% buffered formalin for 24 hours and then processed according to the
protocols of the School of Anatomical Sciences (see Section 2.4). The remaining wounds
were dressed with the experimental or control dressing as allocatddthe secondary
dressing was applied as on the day of wound creation. If it was thought that hair would
interfere with the adherence of the secondary dressing, the hair was shaved using animal

clippers before the secondary dressing was applied.

Due tothe pigs scratching their backs, the dressings on three experimental wounds for
excision on day 3 postounding, three experimental wounds for excision on day 6 post
wounding, four experimental wounds for excision on day 9 post wounding and eleven
experinental wounds for excision on day 15 pesiunding were displaced from the wound

bed (Fig. 2.1). These wounds were excluded from the study and one wound pair, allocated for
excision on the appropriate day, was added to each pig in subsequent experineeetsrelh

five experimental and five control wounds were analysed for each excision day (day 3, 6, 9

and 15) postvounding (total number of wounds = 40).
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2.3Macroscopic assessment

2.3.1 Measurement of the change in wound area over time

The change in wound areaer time for each of the 40 wounds was calculated using digital
photographs taken at the time of wound creation and on days 3, 6, 9, 12 and 15 respectively
postwounding. The number of wounds measured for the change in area over time decreased
on each dayostwounding as wounds were excised. Therefore, twenty experimental and
twenty control wounds were measured for the change in wound area from day O to day 3
postwounding, fifteen experimental and fifteen control wounds for the change in wound area
from day O to day 6 postounding, ten experimental and ten control wounds for the change

in wound area from day O to day 9 pesiunding and five experimental and five control

wounds for the change in wound area from day 0 to dandifo day 15 postvounding

Using Imaged (version 1.46), a public domain, java based image analysis programme
available at http://rsb.info.nih.gov/rimage/, the appropriate scale was added and the area of
each wound was calculated by tracing the perimeter of tkepitimelialsed area of each
wound. Adherent scab, if present, was included within the area of the wound. Each area was
traced three times and the average area of the wound was calculated forreath image
(Branskiet al, 2008; Pather, 2009)The average ared the wound was used to calculate the
percentage change in the area of each wound from the time of wound creation to day 3, 6, 9,

12 or 15 postvounding. The following formul@Pather, 2009)vas used:

Percentage change in aredArea of wound on day © Area of wound on day x¥ 100
Area of wound on day 0

The percentage change in the area of each wound for the appropriate time period was used for

further analysis.
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2.3.2 Clinical assessment of wound quality

The AClIiIinical As s e s s me & tool f& ¢he clinical amdahistoladjieall e | o p

assessment of healed wounds in hum@eausanget al, 1998) It has subsequently been
utilised for the assessment ofepithelialised wounds in porcine models of wound healing
(Theunissen, 2001)The Score ampares the repithelialised wound to the surrounding
normal skin using five parameters, each of which is allocated a numerical value (Table 2.1).
In addition, a visual analogue scale of 0 to 10 is used to indicate an overall assessment of
each wound. Theisual analogue score and numerical values are added together to give an
overall score indicating the quality and clinical acceptability of eagpithelialised wound

(Beausangt al, 1998)

The researcher and two independent observers used thgnalpbi® of the five experimental
and five control wounds on day 12 and 15 pestinding to determine the Score for each re
epithelialised wound. As photographs were used to determine the Score, the fifth parameter

(Texture) was excluded from the ScéBzaisanget al, 1998)

Table 2.1: Clinical Assessment Score

Score A: Colour B C: Contour D: Distortion E: Texture

1 Perfect match Matte Flush with None Normal
surrounding skin

2 Slight mismatch Shiny Slightly proud/ Mild Just palpable
indented

3 Obviousmismatch Hypertrophic Moderate Firm

4 Gross mismatch Keloid Severe Hard

Adapted fromBeausangt al, 1998.
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2.4Biochemical and histological assessment

All of the excised tissue from the five experimental and five control wounds for each excision
daywas dividel into four pieceseach approximately 5mm in lengtBach piece walxed in
10% buffered formalin (Appendix B1) for 24 hours, dehydrated through a series of graded

alcohols, cleared in chloroform and embedded in paraffin wax.

Serial 5um thick sections, interspersed with five 15um thick sections (for collagen
estimation), were cut from the paraffin embedded tissue of the central portion of each wound
and mounted on glass slides coated with-dBfatissue section adhesive (Leica, USA).
Sectionsof 5um thickness were selected from three spaced regfoeech experimental and
control wound for routine haematoxylin and eosin (H & E) staining (n=120 sections),
immunocytochemical labelling with K87 (n=120 sections) and staining with 0.1%
picrosirius red (n=120 sections). A 15um section adjacent to each picrosirius red stained
5um section was allocated for the quantitative estimation of collagen content of the wound.
In addition three spaced 5um sections from each wound were used to determuteriaba
were present within the wound by use of a Gram stain (n=120 sec{Basgroft and

Gamble, 2002)

2.4.1 Histological analysis of haematoxylin and eosin stained sections

Following dewaxing in xylene and rehydration of the sections through a gradesl ckrie
alcohols, routine H & E staining (Appendix B2) was carried out on the three spaced 5um
sections from each experimental wound (n= 5 for each day of excision) and control wound
(n= 5 for each day of excision). This resulted in a total of 15 sections éxperimental
wounds and 15 sections from control wounds being analysed for each day of excision post

wounding (n=120 H&E stained sections).
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A Zeiss Axioskop 2 microscope fitted with a Sony 3CCD camera (magnification 0.63x) was
used to analyse each diet 120 H&E stained sections to assess the formation of blood
vessels, the presence of inflammatory cells and the degree of wound closure and restoration

of the epithelium, as outlined below.

Note that the figures illustrating H&E stained sections werenaksing an Olympus BX61VS
microscopeand XC10 Camerausing Olympus Dot Slide software (Olympus Soft Image
solutions). As all figures were adjusted to fit the pagéetscale bar in each image is
representative of the true scalhe total magnificationincluded in the figure legend for
ease of uses indicative of the magnification ¢fieimagewhenit was takerand not the final

magnification of the imagd-or composite images the total magnification is not included.

2.4.1.1 Wound closure and restoration of he epithelium
Wound closure was assessed histologically by determining the size of the gap between the
edges of the epithelial tongue as well as the percentage by which the wound ha{l@desed
al., 2011) Three spaced sections were used from the Bwpetal and control wounds
excised on day 9 and day 15 puesiunding (n=15 sections from experimental wounds and
15 sections from control wounds for each day esinding). These measurements were not
performed for wounds excised on day 3 or day 6-p@sinding as, in these latter wounds,

the wound edges moved after excision thus obviating measurement of these wounds.

The restoration of the epithelium was evaluated by measuring the area and length of the
epithelial tongue and the thickness of the epitimelat the edge of the wound and the tip of
the epithelial tonguéliaet al, 2011) These measurements were carried out on all 120 H&E

stained sections.
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Using the 10x objective, digital images were taken of the epithelial tongue on the left and
right side of each wound. In addition, for measurement of the size of the epithelial gap,
images were taken of the area between the tips of the epithelial tongues for wounds excised
on day 9 and day 15 pesbunding. In cases where the region of interest cooldbe
photographed in a single field of view, overlapping images were taken and reconstructed into
a single image using Gnu Image Manipulation Program (GIMP version 2.8), a free image
manipulation programme available online at http://www.gimp.org/downlodd® size of

the epithelial gap, the percentage by which the wound had closed, the area and the length of
the epithelial tongue were measured in micrometres on these images using’ |(aaggdn

1.46), after the addition of the appropriate scale.

Thepercentage by which the wound had closedas calculated using the following formula

Percentage closure =(Width of the wound areai epithelial gap) x 100

Width of the wound area

Thewidth of the wound areawas measured in experimental and controlinds excised on

day 9 and day 15 pestounding (n=60 sections) using the straight line tool in IMaged

ensure that the measurement was not increased by measuring at an angle, vertical lines were
drawn at the junction of the wounded and wwarunded drmis beneath the epithelium on the

left and right sides of the section. The straight line distance between these reference lines was
measured as the width of the wound area (FR). (diaet al, 2011) For each section, each
measurement was repeatecethtimes and the mean width of the wound area was calculated.
Similarly, the size of thepithelial gap between the tips of the epithelial tongues on the left

and right side of the wound was measured three times and the mean calculated for each of the
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three spaced sections from wounds excised on day 9 and tw@asding (Fig. 2). The
measurement was the straight line distance, parallel to the measurement of the width of the
wound area, between vertical lines drawn through the most distal point efpithelial

tongues on the left and right sides of the section.
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Figure2.2. Representativehotomicrograplof wounded skinllustrating the measurement of (a) the width of the wound area and (b) the size of the epitheli
gap. The width of the woundrea was measured between vertical lines placed at the junction of the wounded-adimied dermis on the left and right
sides of the wound (lines 1 and 2). The epithelial gap was measured between vertical lines through the tips of théoepitleliithes 3 and 4). *indicates
normal collagen within the newounded dermis on each side of the wound. Natages have been merged to create a composite image. (H&E)
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Thelength of the epithelial tonguealong the basal layer of the epithelium frore thound

edge to the tip of the epithelial tongue was also measured, using the freehand line tool in
Image¥ (Fig. 23). The wound edge was defined as the epithelium overlying the point of
change from mature collagen of the normal dermis to a fibrin ciotroature collagen of the
wound area. The tip of the epithelial tongue was defined as the most distal point of confluent
epithelial cells on the epithelial tongue. The length of the epithelial tongue was measured
along the basal layer of the epithelium amad, as is traditional, as the straight line distance
perpendicular to the wound edge, from the wound edge to the tip of the epithelial diague

et al, 2011)as this parameter was utilised as a marker of epithelial restoration and not wound
closure. he length along the basal layer of epithelium would indicate the migration and
proliferation of epithelial cells in all directions, whereas measurement of the straight line
distance might not account for epithelial cells which had not migrated in a stragfrom

the wound edge.

Figure 2.3. Representativephotomicrographof an epithelial tongueillustrating the

measurement of the length of the epithelial tongue from the wound edge (indicated by arrow

6ad) to the tip of edbyarovwelNote:hneates Ve been meggade
to create a composite imadel&E)
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Using the freehand tracing tool in Imafethe perimeter of the epithelial tongue, as outlined

in Figure 24, was traced and tharea of the epithelial tonguecalculated inpm® The
presence and position of the stratum corneum on the skin sections was variable as the stratum
corneum separated from the stratum granulosum during sectioning and staining of tissue.
Therefore, the stratum corneum was excluded from the area wfgéeerated epithelium as

it could not be ascertained if its absence was due to technical constraints.

Figure 2.4. Representative photomicrograpbf an epithelial tongueillustrating the
measurement of the epithelial area (delineated by the blagk Amrow (a) indicates the
wound edge and arrow (b) the tip of the epithelial tonijlede: Images have been merged to
create a composite imagdel&E)

For sections in which repithelialisation was complete, the area and length of the new
epithelium, fran wound edge to wound edge, was measured three times and a mean value
calculated for each section. For sections in whickpiéhelialisation was not complete, the

area and length of the epithelial tongue on the left and right sides of the wound were
measuwed three times and an average value calculated for each side of the wound. The
average values from the left and right sides of the wound were then added to calculate a mean

value for each section in which-epithelialisation was not complete. The sunth&f average
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values was used to obtain the mean value for sections in whegthelialisation was not
complete, as the mean value obtained from the sections in whighithelialisation was

complete included both the left and right sides of the wound.

Once again, three spaced sections from each wound were utilised to acquire digital images of
the epithelium at the wound edge and the tip of the epithelial tongue. These images, obtained
using the 40x objective, were used to measurdhic&ness of the efthelium on both the

left and right sides of each section (n=120 H&E stained sections). At later stages of healing,
where no epithelial tongue was present due to compledpitieelialisation, notoverlapping

images were taken of the epithelium on thetrigghd left of the midpoint of the regenerated
epithelium. In cases where the region of interest could not be photographed in a single field

of view, overlapping images were taken and reconstructed into a single image using GIMP.

Two precautions were takeéa ensure that measurements of the thickness of the epithelium
were not falsely increased due to the measurement being taken at an angle through the
epidermis. Firstly, all 120 sections selected for analysis and stained with haematoxylin and
eosin (H&E) were cut perpendicular to the epidermis as evidenced by the cells of the stratum
basale being columnar or cuboidal in shape and containing round to oval(fthelildsen

et al, 1998)
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Secondly, all images were standardised before the measuremeatsker. A line (R) was

drawn parallel to the basement membrane of the wounded epithelium and the image rotated
so that this line was in the horizontal plane with the dermis placed inferiorly. All
measurements were taken at 90 degrees to this line. Tleimaeents were taken from the
basement membrane to the superficial edge of the stratum granulosum %fidf the
basement membrane was not visible, the transition point from the stratum basale to the
dermis was used. If the superficial edge of thetwtnagranulosum was not visible, the deep

edge of the stratum corneum was used. The stratum corneum was not included in the
measurement due to its variable presence due to desquamation and technical constraints

during processing of the sections.

After theaddition of the appropriate scale using Im&ge&rsion 1.46), the straight line tool

was used to perform three measurements of the thickness of the epithelium on each image,
namely: the maximum thickness of the epithelium, the minimum thickness gpithelem

and the thickness of the epithelium at the point midway between the maximum and minimum
measurements (Fig. 3. All three measurements were repeated three times and a mean
epithelial thickness calculated for each image. For each section, theepidzelial thickness

from the right and left sides of the section were averaged to calculate the mean thickness of

the epithelium at the wound edge and the tip of the epithelial tongue respectively.
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Figure2.5. Representativelmtomicrograplof new epithelium at the wound edggistrating

the measurement of the epithelial thickn€By. reference line, (a) maximum thickness, (b)
thickness at the point midway between the maximum and minimum thickness measurements,
(c) minimum thicknesgH&E, 20X magnificatior)

As epidermal appendages contribute to thepi¢helialisation of wounds, they may confound
results when assessing the effect of treatment -@pitbelialisation(Broughtonet al., 2006;
Leveyet al, 2007) Therefore, the presence or ahse of epidermal appendages in the-non
wounded dermis adjacent to the wound area on each side of the wound was recorded.
Epidermal appendages were said to be present if they were visible in the field of view when

the noawounded dermis adjacent to thewmal was viewed with the 40x objective.
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2.4.1.2 Presence of inflammatory cells
Using the 40x objective, four nesverlapping, digital images were taken of the wound area
for each H&E stained section (n=120 sections). The images were taken of the wound area
adjaent to the notwounded dermis in a manner which ensured that the wound area filled the
field of view. Two images were taken on each side of the wound with the second image
approximately 1mm deep to the first image (Figg)2In Imaged (version 1.46), the
appropriate scale and a grid with squares of 1008 were added to each image. The
inflammatory cells, identified by their nuclei, were counted in every second square of the grid
according to the principles outlined by Weibel and Gomez (1961). Theinftahmatory
cell count for each section, obtained by adding the counts from the four images, was

determined three times and the mean inflammatory cell count was calculated for each section.

.c s g / 3 ,: J;& 5 a I:l
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Figure 2.6. Representative hmptomicrograplof wounded skinllustrating the position of the
first (a) and second (b) images used to assess the presence of inflammatory cells.
(H&E, 5X magnification
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2.4.1.3 Formation of blood vessels
The wound area, to the left and right of the midline (Fi@),2f each of the three aped
sections from each wound was scanned, using the 40x objective, to assess the formation of
blood vessels. In order to distinguish blood vessels from aggregates of red blood cells within
the fibrin clot, blood vessels were defined as a lumen with anclissurrounding of
endothelial cells. The number of blood vessels within the wound area was scored using a 4
point scale in which 06006 indicated that no
many blood vessels were present. In addition, the ¢yplood vessels within the wound area
were scored usinga@oi nt scale in which 0606 indicated
single | ayer of endotheli al cells surrounde:
second layer of tissuendicative of either pericytes or a basement membrane, was visible
within the vessel wall. The scores for the type and number of blood vessels from the left and

right side of each section were averaged to give a mean score for each section.

Figure 2.7. Representative lptomicrographof wounded skinillustrating the area of the
wound used to assess the type and number of blood ves&&lEs 5X magnification
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2.4.2 Assessment of proliferation of keratinocytes and fibroblasts

Ki-67 is a nuclear protein agsated with all stages of cell proliferation and absent during the
resting stage of the cell cyc(&erdeset al, 1984) It is therefore a reliable marker of cell

proliferation, the use of which has been validated in porcine(€kitileet al, 2006)

The percentage proliferag cells in the epidermis and dermisaaich wound was assessed

by immunocytochemical labelling for K§7 of one 5um section from each wound mounted

on a Superfro§t Plus slide (Thermo Scientific, Germany). Only one section femoh
wound was utilised as the sections mounted on glass slides usiog®Siasue section
adhesive could not be used due to difficulties encountered with the antigen retrieval step of

the immunocytochemical labelling protocol which are discussed below.

Prior to immunocytochemical labelling for 467, the optimal protocol for
immunocytochemical labelling for K67, including the optimal concentration of polyclonal
rabbit antibody to ki67 (Novocastra, United Kingdom), was determined using 5um sections
of human tonsil (as recommended by the manufacturer) mounted on glass slides using Sta
on® tissue section adhesive. Ethical clearance was obtained for the use of the human tonsil
from the University of the Witwatersrand Human Research Ethics Committeecé@V)ed

(M110801) (Appendix C).

In all further assays, human tonsil was used as a positive control. Negative controls were
performed for each assay by omission of the primary and secondary antibody respectively, on
a selection of 5um sections which lay adjat to the experimental and control sections which

were labelled for Ki67.
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During the initial assays, sections of human tonsil mounted on glass slides usi@g®Sta
were incubated with ethylenediaminetetraacetic acid (EDTA) at a pH of 9.0 (Appendix C1) i

a microwave (900W) for 10 minutes to retrieve the antiger6{ifrom the nucleus. In these
experiments, polyclonal rabbit antibody to-&7 (Novocastra, United Kingdom) was used as

the primary antibody and goat anéibbit antibody (Dako, Denmark) aket secondary
antibody. Polyclonal rabbit antibody to1&i7 was used as previous assays using monoclonal
mouse antibody to K67 (Sigma Aldrich, South Africa), used according to the
manufacturerdds instructions, h atte amssays usipg o d u c «
polyclonal rabbit antibody to K67, the avidin/biotin complex kit (ABC kit, Vector
Laboratories, USA) was used to detect the secondary antibody and diaminobenzidine (DAB)
was used as the chromagen. This protocol (Appendix C2) producetl Igbelling of
proliferating cells in human tonsil (Fig. 8. However, when this protocol was used for
immunocytochemical labelling of the selected sections of the skin mounted on glass slides
using StaOn°®, the sections disintegrated. As the cause ofitigration of the sections was
thought to be the high temperature and pH to which the sections were exposed during the
antigen retrieval step, a number of antigen retrieval techniques were tried. These included
incubation of the sections with citrate (@D and 8.0) (Appendix C3), EDTA (pH 8.0) and

5% Tris urea solution (pH 9.5) (Appendix C4) in both a microwave (900W and 720W for 5, 7
and 10 minutes) and an incubator (5, 10 and 15 minutes’@ta@ 95C). In addition, the

above protocols were attemptesing either the goat antabbit antibody and ABC kit or the
Peroxidase Detection System (Novocastra, United Kingdom). None of these protocols
resulted in consistent immunocytochemical labelling of proliferating cells in sections of
human tonsil or porae skin. Neither did these protocols resolve the issue of disintegration of

the sections mounted on glass slides using&taissue section adhesive.
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Figure 2.8. Representative photomicrograph of human tonsil immunolabelled wii/ Ki
(initial protocol). Arrows indicate examples of nuclei positively labelled for the Ki67 antigen.
(DIC microscopy 25X magnificatiof

Ultimately, additional sections of experimental and control tissue were cut and mounted on
Superfrost Plus slides (Thermo Scientific, é@nany). The increased adherence of the
sections to the Superfr6®lus slides allowed for the optimisation of the following protocol

for immunocytochemical labelling of sections with-&7 antibody.This protocol produced

good immunolabelling for k67 in human tonsil (Fig. 2) as well as porcine skitHowever,

as minimal tissue remained, only one section could be obtained from each experimental and
control wound for immunocytochemical labelling with-&7 antibody (n=5 sections from

experimental woundand 5 sections from control wounds for each day post wounding).
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Figure 2.9. Representative photomicrograph of human tonsil immunolabelled w7 Ki
(final protocol).Arrows indicate examples of nuclei positively labelled for the Ki67 antigen.
(DIC microscopy 25X magnificatioi

Sections of the experimental and control wounds as well as the positive and negative control
sections were dewaxed in xylene and rehydrated through a series of graded alcohols before
being washed in running tap water for five otigs. To retrieve the antigen from within the

cell nucleus, the sections were placed in a solution of EDTA (pH 9.0) in a microwave (900W)
for ten minutes. After cooling for ten minutes at room temperature and being washed in
running tap water for 5 minude the sections were incubated at room temperature for five
minutes with 100 pl of peroxidase blocker, which forms part of the Peroxidase Detection
System. The sections were washed for five minutes in two changes of a Tris Buffered Saline
solution (TBS) (Apendix C5). Each section was then incubated at room temperature for 5
minutes with 100 pl of the protein blocking solution provided in the Peroxidise Detection
System. After being washed in two changes of TBS for five minutes, each section was
incubated wernight with 100ul of polyclonal rabbit antibody to-Bv diluted in TBS to a

concentration of 1: 3000.
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The following day, the sections were washed for five minutes in two changes of TBS before
incubation at room temperature for 30 minutes with 100 pkhef secondary antibody
provided in the Peroxidise Detection System. The sections were washed for five minutes in
two changes of TBS and incubated for 30 minutes with 100ul of the strepa&iiin
solution provided in the Peroxidase Detection System. Aglaensections were washed for

five minutes in two changes of TBS. One hundred pl of DAB was diluted with 2000ul of the
solution from the kit provided for this purpose. Each section was incubated with 100ul of
DAB for five minutes. The excess DAB was removfeain each section and the sections
washed in running tap water for 5 minutes. The sections were thenealrhorizontally
overnight before being passed through a graded series of alcohols and cleared in xylene

Coverslips were mounted with entellan.

Using the 40x objective in conjunction with a Nomarg@kifferential interference contrast

DIC) lens, cells within the epidermisvhich were positively labelled for the 7 antigen

were counted in the epithelial tongue and in the-wonnded epidermis. Or53.67um x
190.25um field of view of the newounded epidermis at the wound edge was utilised for
this count (Fig. 2.Q). The proliferating cellsvere identifiedas being withinthe epidermis

due totheir position above the basement membrake colocalisation of the Ki67 antibody

with keratinocyte or melanocytespecific antibodies was not carried out, it was not possible
to determine if the proliferating cells within the epidermis were keratinocytes or melanocytes.
However, as keratinocytes are morenanous than melanocytes within the epidermis and the
proliferation of melanocytes is slower than keratinocytes (Ross and Pawlina, 2003), the
majority of the proliferating cells within the epidermis wéaken to bekeratinocytesThe

number of proliferatig keratinocytesvithin the epidermi®n the left and right of the section
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were counted three times atiee valuesaveraged to give a mean count of the proliferating

keratinocytes for each section.

While the above protocol produced optimdyddling of human tonsil (Fig 2.pand porcine
skin for Ki-67 antigen, the antigen retrieval step still resulted in disruption of the dermis.
Therefore, analysis of the number of fibroblasts positively labelled fdi7Kantigen in the

dermis was not investigated furthe

4. 1000 pm

Figure 2.10. Representative tomicrographof wounded skirillustrating the area in which
proliferating keratinocytes in the nemounded epidermis (small boxes) and epithelial tongue
(large box) were counted.

(Immunocytochemical labelling for K&7, brightfield microscopysX magnificatior)

42



2.4.3 Assessment of collagen

From each of the three spaced regions of each experimental wound (n=5 wounds per day
postwounding) and control wound (n=5 wounds per day paginding), a 5um section

which lay adjacet to a 15um section was utilised. These 5um sections were dewaxed in
xylene and rehydrated through a graded series of alcohols. The sections were then stained
with a 0.1% solution of Sirus red in saturated picric acid (Appendix D1) (n=120 picrosirius

redstained sections).

The 25x objective (glycerine/ watgiof a Zeiss confocal laser scanning microscope (LSM

710), utilising Zen 2010 software and fitted with an Axiocam MRm camera (magnification

1.0x), was used to acquire four 566.5um x 566.5um imagdseoivbund area on each of the
picrosirius red stained sectionsad Tiwp ,Rinp g2.s
were taken adjacent to the namounded dermis on the left and right sides of the section. The

third and fourth images, indicated byh e boxes | ab 4lwkerea leastblébimi n Fi

deep to image O6ab.

Figure2.11. Representative photomicrograph of wounded skin illustrating the position of the
first (a) and second (b) images on the left and right sides of the wound area feetgsrent
of collagen(Picrosirius red, brightfielanicroscopy 5X magnification
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Confocal microscopy has previously been used to view collagen in tissues stained by the
picrosirius red method, including pig skiPolber and Spach, 1993; Vardaxasal, 1997)
However, when images of namounded collagen were acquired using the standard excitation
(488nm) and emission (514nm) wavelengths described by Dolber and Spach (1993), poor
quality images were obtained. Therefore, the same area aftmomded collagn was imaged

using the different rhodamine and fluorescein channels provided with the LSM 710 and the
Zen 2010 software, in order to determine which wavelengths produced the best quality
images. Ultimately, using excitation and emission wavelengths dhrB6and 606nm
respectively (rhodamine channel) produced the best fluorescent images (laser: 2%, pinhole:
36.8um, zoom: 0.6, digital gain: 830, digital offset: 2). As areas of the field of view which are
not in focus do not fluoresce optimally, the collagerthese areas cannot be seen clearly.
Therefore a second channel utilising the photomultiplier tube (PMT) was added to obtain a
brightfield microscopy image of the same area shown in the fluorescent image. The
fluorescent and brightfield images were camelol to produce a single tif image. This ensured
that all collagen within the field of view was visible within the image (Fig2R)1For each

of the four fields of view on each section, the combined tif image was used for image

analysis.

2.4.3.1 Percentage are of collagen
Using Imaged (version 1.47), thirty images of namounded collagen, obtained using the
above confocal settings, were colour thresholded in the hue, saturation and brightness (HSB)
colour space by adjusting the saturation levels so thatodfigen was included in the
thresholded image (Fig. 2B). As the upper saturation level did not change, only the lower
saturation level for each image was recorded and the mean value calculated. The lower

saturation level to use in thresholding the insagkthe experimental and control wounds was

44



then determined as the mean value minus two standard deviations (value = 105) as this would

include the majority of collagen in the images.

Y
A
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Figure2.12. Representative photomicrograph of nreounded collageibefore (A) and after
(B) thresholding(Picrosirius red, confocahicroscopy 25X magnificatioi

After the addition of the appropriate scale and colour thresholding as described above, the
area of the image which contained collagen, was calculated irfqureach image from the
experimental and control wounds. The percentage of the wound area which contained
collagen was then calculated by dividing the area which contained collagen by the total area
of the image. For images in which the wound area didilhthe field of view, the image was
cropped so that the area analysed was filled by the wound. For each section, the percentage of
the wound area which contained collagen was measured three times. The percentage values
for the images from the same sentwere averaged to give a mean percentage for each

section.
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2.4.3.2 Qualitative assessment of collagen
The density of collagen, collagen bundle size and organisation of collagen fibres were scored

using scales based on those described by Singer and McZ0ai®) ( The density of collagen

and collagen bundle size were scored using@6i nt scale in which 060
dense or no collagen and 646 indicated the n
of collagen was scored using a goin t scale in which 6006 indi
di sorgani sed coll agen in the entire image, O

organised collagen in the entire image.

2.4.3.3 Quantitative estimation of collagen
The 15um sections, which lay adgnt to each picrosirius red stained 5um section, were
allocated for the quantitative estimation of the collagen content of each wound according to
the dyebinding mehod described by Lope2e Leon and Rojkind (1985) and modified by
CasteleBrancoet al(1994). In this method, the absorbance values of solutions of picrosirius
red and Fast Green, obtained by elution from a stained section, are determined by
spectrophotometry and used to calculate the collagenous arabit@genous protein content
of the setion. This calculation is dependent on colour equivalence values which relate the
absorbance values of picrosirius red and Fast Green to the concentration of collagerr and non

collagenous proteins respectively.

In order to determine the colour equivalervalues of collagen and nonllagenous proteins
in this study, absorbance values obtained by thebayding method were plotted against
biochemical estimations of hydroxyproline and total protein in normal pig(3kmeset al,

1990)
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Permission wasbtained from the Animal Ethics Screening Committee of the University of
the Witwatersrand to harvest normal pig skin, 20mm x 20mm in size, from the abdomen and
dorsum of seven pigs euthanased for reasons not associated with this study. Half of the skin
from each region was frozen e80°C and used for hydroxyproline and total protein
determination (Woessner, 1961; Bradford, 1976; Reddy and Enwemeka, .199&)
remaining skin was fixed in 10% buffered formalin for 24 hours, dehydrated through a series
of graded alcohols, cleared in chloroform and embedded in paraffin wax. Six 15um thick
sections cut from each block of paraffin embedded tissue were processed according to the

dye-binding method, to give absorbance values at 540nm and 620nm.

Biochemical detemination of the concentrations of hydroxyproline and total protein

To determine the hydroxyproline content of the tissue, 0.02g of normal pig skin was frozen in
liquid nitrogen, crushed with a mortar and pestle and mixed with 50ul of 0.9% normal saline.
Freezing the tissue in liquid nitrogen before crushing the tissue was chosen as the method to
create the solution as previous attempts at homogenising the pig skin using -dunrnaixra

homogeniser (IKA, Germany) were unsuccessful due to the small amdigutiof

Fifty pl of 10M sodium hydroxide was added to the above solution. The resulting solution

was vortexed before being autoclaved at °C2Gor 20 minutes. One hundred pl of
Chloramine T reagent (Appendix D2) was added to 100ul of the hydrolysigsosoio an

eppendorf tube and the resulting solution was incubated at room temperature for 25 minutes
after which 5000l of freshly prepared Ehrl i
After incubation for 20 minutes at 8D, 150ul of the solution as transferred to a 96 well

plate and the absorbance read at 540nm using a spectrophotometer. The hydroxyproline

content of the tissue was then determined from a standard curve obtained by using serial
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dilutions of 1mg hydroxyproline in 1ml of assay buf®alution (Appendix D4). This was

repeated three times for each piece of normaskiig (n=1).

To determine the total protein content of the tissue, 0.2g of normal pig skin was homogenised
in 5 ml of homogenising buffer (Appendix D6) using the uttraax homogeniser. The total
protein content of the tissue was then determined using the Bradford proteiiBasstgrd,

1976) Standard dilutions of bovine serum albumin (50ug/ml to 1000ug/ml) (SAjaréch,

USA) were prepared. Five microlitres of eastandard solution and the homogenised
solution were transferred to wells on a 96 well plate and 250l of Bradford reagent{Sigma
Aldrich, USA) was added. The resulting solutions were mixed on a rotary shaker for 30
seconds before being incubated at roemperature for 10 minutes. The absorbance of the
solutions was read at 595nm on a Multiskan FC spectrophotometer (Thermo Fisher
Scientific, USA). The total protein content of the tissue was calculated from the standard

curve. The assay was repeated thirmeg for each piece of normal pig skin (101

Dye-binding method for quantitative estimation of collagen

Each 15um section of normal skin was placed in a small, glass cell culture plate and
incubated sequentially for five minutes with 2ml of xylene, wmgteethanol (v:v), ethanol,
ethanol: distilled water (v:v) and distilled water. Each section was then incubated with 2ml
0.01% Fast Green in saturated picric acid for 15 minutes in the dark at room temperature. The
excess fluid was withdrawn with a pipetted each section rinsed in distilled water until the
water was colourless. Each section was then incubated with 2ml of a solution of saturated
picric acid containing 0.1% Sirius Red and 0.04% Fast Green for 30 minutes in the dark at
room temperature onratary shaker. The excess fluid was withdrawn and each section rinsed

in distilled water until the water was colourless. One millilitre of 0.1N sodium hydroxide in
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absolute methanol (v:v) was added to each section and the colour eluted from the section by
gently shaking the section in the solution for a few seconds. For each section, 150l of the
fluid containing the eluted dye was placed into three wells of a 96 well plate and the
absorbance of the fluid was read immediately on an Anthos 2010 spectroptest@n

540nm and 620nm, the maximal absorbance of Sirius Red and Fast Green respectively.

Fast Green also has absorbance at 540nm which is reported in the literature to be 7.8% of the
absorbance at 630n(@asteleBrancoet al, 1994) To determine thegrycentage absorbance
attributable to Fast Green at 540nm, the absorbances of serial dilutions of a 0.04% Fast Green
solution were read on the Anthos 2010 spectrophotometer (Biochrom Ltd, United Kingdom)
at 540nm and 620nnn=10). While there was a goodorrelation ¢=0.99) between the
absorbance readings at 540nm and 620nm, the relationship varied according to the
concentration of the solution (Appendix D7). Therefore, the absorbance of Fast Green at
540nm could not be expressed as a single percentage @b#orbance of Fast Green at

620nm.

In addition, no constant relationship could be found between the hydroxyproline and total
protein values obtained for normal pig skin using the biochemical assays and the absorbance
values obtained by the dymnding method (Appendix D8). Therefore, the colour
equivalences for collagen and total protein could not be calculated and thengiyey

method was not applied to the 15um sections of experimental or control wounds.
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2.4.4 Presence of bacteria

Due to differencesni the inflammatory cell infiltrate found in experimental and control
wounds on day 3, 9 and 15 pesbunding, three spaced 5um sections from each of these
wounds (n=90) were dewaxed in xylene, rehydrated through a graded series of alcohols and
stained usig the Gram method for paraffin sections (Appendix(Bancroft and Gamble,

2002) The Gram stain is used to demonstrate gram positive and gram negative bacteria
(Bancroft and Gamble, 2002%ections of lung tissue from individuals with pneumonia,
obtainedfrom the School of Pathology of the University of the Witwatersrand, were utilised

as control sections. Use of these sections was authorised by the Chair of the Human Research

Ethics Committee (HREC) of the University of the Witwatersrand.

The granulatia tissue of each stained section was viewed using the 100x objective of the

Zeiss Axioskop 2 microscope and the presence or absence of bacteria within the fibrin clot or

granulation tissue of wounds was noted.
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2.5Statistical analysis

Microsoft Excef and Satistica (version 12) were used for all statistical analyses.

2.5.1 Observer errors
For gquantitative variables, the relevant measurement, as described in section 2.5.1 to 2.5.3,
was repeated on 10% of the sample by the primary observer as well as a secoret.obse
Linébs Concordance corr el atandimerobsarger emraflend t o cC
1989) A co-efficient of 0.9 or greater was accepted as evidence of an acceptably low level of

observer errofAllan, 1982)

For categorical variables, threlevant measurement, as described in section 2.5.1 to 2.5.3,

was repeated on the entire sample by both t
kappa ceefficient was used to calculate the inteand interobserver erro(Cohen, 1960)A

co-efficient of 0.8 orgreater was accepted as evidence of acceptably low levels of observer

error for categorical variabléBlackman and Koval000)

The coefficients of the Linds c¢ obtanedilthance cc

current studyare preented in Appendix F.

2.5.2 Calculation of mean values
As described in section 2.5.1 to 2.5.3, mean values for each quantitative variable were
obtained for each section. The mean values for the three spaced sections from the same
wound were averaged to calcidaa mean value for each experimental wound (n= 5 per day

postwounding) and control wound (n= 5 per day pesunding). Similarly, mean scores for
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each experimental wound and control wound were calculated for the categorical variables,

using the mean soes from the three spaced sections from the same wound.

2.5.3 Descriptive statistics

The distribution of the data was assessed using a SHaAfdke test. A pvalue greater than
0.05 indicated that the data was normally distributed. Results of the Skéf® test are

presented in Appendix G.

Despite the majority of the data being normally distributed (Appendix G), the median and
minimum and maximum values were chosen to describe the data due to the small sample size

and the tendency of the median to remmaffected by outlier@/Nhitley and Ball, 2002)

2.5.4 Tests for statistical significance

Due to the small sample size, the Maniitney U test was used to establish if statistical
differences were present (p< 0.05) between experimental and control wouddg 8n6, 9

and 15 postvounding, for both quantitative and categorical variables.

As the presence of epidermal appendages, the age of the pig and the region in which the
wound is positioned can affect the rate of healing, the differences betweendhabkes on

day 3, 6, 9 and 15 pestounding were assessed. A Kruskalbllis oneway-analysis of
variance by ranks was used to assess if a significant difference (p< 0.05) existed in the
presence of epidermal appendages or the weight of the pigs. Gmaynigibles were used to
identify differences in the region in which the wound was positioned as well as which pigs

were utilised for each day pesbunding. However, due to the number of categories within

52



these latter variables as well as the small sanspte, neither the Fischer exact test nor

P e ar s o-squared @st was suitable to determine if differences were significant.

To assess the effect of weight, region, pig and treatment group on healing between days 3, 6,

9 and 15 postvoundingamaie f f ect s anal ysis of wvariance (A
test was used to assess the assumption that the variances were homogenous. However, the
assumptions that the residuals were normally distributed and that the variances were
homogenous were not metespite log transformation of the data. Therefore, this analysis

could not be pursued.
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3. RESULTS

3.1Macroscopic assessment

Throughout the study, no pig showed signs of adverse effects due to the nanocrystalline silver

or systemic signs attributable to wablimfection.

Although inspection of the experimental and control wounds on day 3wpostding
revealed erythema surrounding the edges of both wound types, this was noted to be greater in
the experimental wounds (Fig. 3.1). In addition, by day 3-poshding, the area of the
experimental wounds had increased by a median value of 47%, which was significantly

greater than the 7% median increase in the area of the control wounds (Table 3.1).

On day 6 poswvounding the increase in the area of the expertadlevounds from the day of
wound creation remained significantly greater than that of the control wounds (Table 3.1).
However, the erythema surrounding the control wounds on day évposiding appeared to

be greater than that surrounding the experimentainds (Fig. 3.1). In addition, greater
volumes of exudate were noted in control wounds on day 3, day 6 and dayv#opasing

(Fig. 3.1). Signs of repithelialisation were not visible at the wound margins in either wound

type on day 3 or day 6 pestounding.

In both experimental and control wounds on day 9 -pmsinding, areas of e
epithelialisation were observed at the wound margins with the central portion of the wound
being filled with granulation tissue (Fig. 3.1). However, the area of the tamtonds
decreased significantly by a median value of 63% compared to only 31.5% in the

experimental wounds (Table 3.1; Fig. 3.1).
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By day 12 postvounding there was no longer a significant difference between the change in
the area of experimental andnt@l| wounds (Table 3.1). However, of the five experimental
and five control wounds remaining on day 12 pestinding, only two control wounds were
considered to have +epithelialised (Fig. 3.2 C & E). These wounds were given Clinical
Assessment Scores 11.5 and 10.5 on day 12 pasounding and 10.9 and 11 respectively

on day 15 postvounding (Fig. 3.2 D & F).

On day 15 postvounding, the only additional wound which was considered to have re
epithelialised was one experimental wound (Fig. 3.2 B)s T\ound was given a Clinical
Assessment Score of 10.6. All wounds obtained similar scores for each of the variables as

well as similar values for the visual analogue scales (Table 3.2).

Of the three control and four experimental wounds which were coeditie be incompletely
re-epithelialised by day 15 pestounding, two control wounds and all four experimental
wounds were covered by adherent scabs. The remaining control wound did not have any
clinical sign of infection and the wound area had decreag&9% in comparison to the day

of wound creation. In all experimental wounds, the scabs were noted to be black due to
discolouration from the nanocrystalline silver (Fig. 3.1). However, discolouration of the skin
and hair seen in experimental wounds frday 6 to day 15 postounding (Fig. 3.1) was
superficial and could be removed with normal saline. No grey discolouration, suggestive of
argyria, was noted in the normal skin surrounding the wowrds the scars of re
epithelialised wounds. Neither werdver deposits seen in the nevounded dermis or

epidermis of the sections of experimental wounds assessed histologically.
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3.2Histological assessment

There was no significant difference in the presence of epidermal appendages between

experimental and carol wounds on any day pestounding (Table 3:33.6).

While few significant differences were found in the measured variables between
experimental and control wounds on any day pasinding, differences were observed
between the granulation tissue ane\wnepithelium of experimental and control wounds
(Table 3.3 3.6). By day 15 postvounding, it was apparent that the rete ridges and thickness
of the new epithelium of the experimental wounds more closely resembled the epithelium of
normal skin than did #t in the new epithelium of control wounds. In addition, blood vessels
within the granulation tissue of experimental wounds appeared more mature, with an
additional layer of tissue seen within the vessel wall more frequently, when compared to

control woundg.

3.2.1 Histological assessment of wounds on day 3 pesbunding

On day 3 poswvounding, newly formed epithelium was seen to extend from the wound edge
into the wound area in both experimental and control wounds (Fig. 3.3). While no significant
differences wee found between experimental and control wounds for the measures of
epithelial restoration (Table 3.3), the higher ranges found in the experimental wounds were
supported by observation. When compared to control wounds, the length and thickness of the
epithelial tongue in experimental wounds was greater and more variable (Fig. 3.4). In
addition, experimental wounds tended to have two cell layers in the tip of the epithelial
tongue compared to the single layer of cells found in control wounds (Fig. 3conthast to

the above findings, preliminary results for the number of proliferating keratinocytes within

the epidermis indicated that control wounds had a significantly greater number of
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proliferating keratinocytes than experimental wounds (Table 3.3; 3&). Proliferating
keratinocytes were observed within the basal layer of cells of the epithelial tongue more
frequently in control wounds than in experimental wounds. No proliferating keratinocytes

were visible amongst suprabasal keratinocytes.

At the wound edge, all layers of the epidermis, including the stratum corneum, were present
in both experimental and control wounds (Fig. 3.4). However, neither differentiated layers of
the epidermis nor basement membrane were visible at the tip of the epitrgize in either

wound type (Fig. 3.5).

In both experimental and control wounds, isolated fibroblasts, aggregates of red blood cells
and numerous inflammatory cells were visible throughout the fibrin clot which was adherent
to the wound edge within ¢hdermis and hypodermis (Fig. 3.7). In the control wounds the
fibrin clot appeared larger and more organized than in the experimental wounds (Fig. 3.7).
Quantification of the number of inflammatory cells within the wound confirmed that
significantly more mflammatory cells were present within the wound area of experimental
wounds than in control wounds (Table 3.3). However, on sections that were gram stained, no

bacteria were seen within the fibrin clot of experimental or control wounds (Fig. 3.8).

Neitha blood vessels nor collagen were visible within the wound area of either type of
wound (Fig. 3.7; Fig. 3.9), as is reiterated in the scores of zero obtained for the size, density
and organization of collagen bundles as well as the type and number of Vdesels

(Table 3.3). While the percentage area of collagen on picrosirius red stained sections, is not

significantly different between experimental and control wounds, the variability within the
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experimental group is substantial (Table 3.3). This magtiobuted to silver particles within

the wound area of experimental wounds (Fig. 3.10)

3.2.2 Histological assessment of wounds on day 6 pasbunding

No significant differences were found between the experimental and control wounds for any
measure used to &ss epithelial restoration on day 6 pastunding (Table 3.4). However,

on observation, a greater number of larger developing rete ridges as well as longer and
thicker epithelial tongues were noted in control wounds when compared to experimental
wounds (Fgs. 3.11 and 3.12). In contrast, at the tip of the epithelial tongue three or four
layers of cells were found more frequently in experimental wounds whereas control wounds,
comparable to the findings on day 3 pastunding, tended to have one or two layef cells

(Table 3.4; Fig. 3.13). Similarly to day 3 pasbunding, the layers of the epidermis,
including the stratum basale and stratum corneum, were not visible at the tip of the epithelial

tongue in either experimental or control wounds (Fig. 3.13).

As on day 3 postvounding, proliferating keratinocytes were found more often within the
basal layer of the epithelial tongue of control wounds than in experimental wounds.
Additionally, proliferating keratinocytes in experimental wounds were noted d¢ar ags
single cells while in control wounds they were more often arranged in groups (Fig. 3.14).

This arrangement of cells was not related to the plane of the tissue.

In contrast to day 3 pestounding, granulation tissue filled the wound area in thentgjof
experimental and control wounds on day 6 pestinding (Fig. 3.11). Numerous fibroblasts
as well as variable numbers of adipocytes, inflammatory cells and blood vessels were seen

within the granulation tissue of both experimental and control d®umn day 6 post
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wounding (Fig. 3.15). Scores for the number and type of blood vessels indicate that both
experimental and control wounds contained an intermediatger of blood vessels with a
single layer of cells in the wall of the vessel (Table &, 3.15).Similar to day 3 post
wounding, silver particles were visible within the dermis of experimental woomatay 6

postwounding

On day 6 postvounding, most experimental and control wounds contained small collagen
bundles, arranged close teethorwounded dermis, which were neither densely packed nor
well organised (Table 3.4; Fig. 3.16). However the amount of collagen visible in both wound
types was very variable with some wounds displaying large, densely packed bundles of
collagen while othes contained no collagen. In general, denser collagen and larger collagen
bundles were observed in a greater number of control wounds as compared to experimental

wounds.

3.2.3 Histological assessment of wounds on day 9 pasbunding

On day 9 postvounding, bothexperimental and control wounds were approximately 70%
healed (Table 3.5). In regions of the wound which were not completelyitteelialised, the

layers of the epidermis, including the stratum corneum and stratum basale, were visible in the
new epitheabm a variable distance from the wound edge but not at the tip of the epithelial
tongue. This was similar to day 6 pesbunding (Figs. 3.17 and 3.18). In contrast, in the
regions of the wound which were completelyemathelialised, the distinct layerd the
epidermis, including the stratum corneum, were noted throughout the new epithelium of both
experimental and control wounds (Figs. 3.19 and 3.20). However, when compared to the
epithelium of normal porcine skin, the stratum granulosum and straturaucoraf the new

epithelium in both wound types contained a greater number of nuclei (Fig. 3.20).
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Additionally, the thickness of the new epithelium of experimental wounds more closely
resembled normal skin whereas that of control wounds was more variaigesiiber thinner

or thicker than the epithelium of normal skin (Figs. 3.19 and 3.20). This observation was also
noted in regions of the wound which had not completetgpithelialised. These latter
observations are reflected in the higher range valmethé area of the new epithelium and
length of the epithelial tongue seen in experimental wounds (Table 3.5). However, in both
wound types on day 9 pestounding, the number and size of developing rete ridges as well
as the number of cell layers at thp of the epithelial tongue (Figs. 3.17 and 3.19) were

highly variable.

Similarly to day 6 postvounding, proliferating keratinocytes in control wounds were
grouped and were seen more frequently within the basal layer of the new epithelium. In the
expermental wounds the proliferating keratinocytes were more common within the basal

layer of the norwounded epidermis and as single cells (Fig. 3.21).

By day 9 postvounding, granulation tissue filled the wound area of all experimental and
control wounds (s. 3.22 and 3.23). The amount and density of granulation tissue was
similar in both wound types. While numerous adipocytes and fibroblasts were visible in both
wound types, they were less densely arranged than on day-@&@asting (Fig. 3.24). An
intermediate number of blood vessels were still present in both experimental and control
wounds. However, a second layer of tissue was visible within the vessel wall in a greater
number of blood vessels in both wound types than on day éyoestiding (Table 3.5Fig.

3.24).
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Inflammatory cells appeared to be more numerous in regions of both wound types which had
not completely reepithelialised. In experimental wounds additional aggregations of
inflammatory cells were seen around silver deposits at the levéheoflower dermis

(Fig. 3.23). These inflammatory cells formed nodules which also contained giant cells as well
as cells with large, palstaining, basophilic nuclei and prominent nucleoli, and were
suggestive of granulomas (Fig. 3.25). No bacteria wesile within the granulomas on

gram staining of the experimental sections (Fig.3.26).

On day 9 poswvounding, a great deal of variability was still seen in the area, density, size and
organisation of the collagen within and between experimental ancbtamunds. However,

in contrast to day 6 pestounding, denser, larger collagen bundles which were arranged
parallel to the wound surface, (Fig. 3.27) were seen towards the centre of experimental and
control wounds on day 9 pesounding, i.e. further fnm the norwounded dermis. It is
noteworthy that experimental wounds showed significantly greater organisation of collagen

than control wounds on day 9 pasbunding (Table 3.5).

3.2.4 Histological assessment of wounds on day 15 pagbunding

By day 15 postvounding, only one control wound had not completely healed (Table 3.6). In
the region of this control wound which had not completelgp#helialised, the epithelium

and granulation tissue resembled that from similar regions in control wounds on day 9 post
wounding. In contrast, in regions of the control wounds which had completely re
epithelialised, the thickness of the new epithelium was less variable on day 15 (Fig. 3.28)
than on day 9 postounding (Figs. 3.22 and 3.23) whereas in experimental wounds the
thickness of the new epithelium seemed similar on both days. However, the new epithelium

at the centre of experimental wounds (i.e. at the tip of the epithelial tongue) was significantly
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thicker than control wounds on day 15 pestunding (Table 3.6, Figs3.28 and 3.29). In
addition, rete ridges were more numerous and larger in experimental wounds than in the
control wounds (Figs. 3.28 and 3.29). Therefore the new epithelium of experimental wounds

more closely resembled normal skin than did the new épith@f control wounds.

All layers of the epidermis were present throughout the new epithelium in both the
experimental and control wounds and the stratum granulosum contained fewer nuclei and was

seen more clearly than on day 9 pastunding (Fig. 3.29)

By day 15 postvounding, arrangement of proliferating keratinocytes within experimental
wounds more closely resembled that of control wounds. The proliferating keratinocytes were
arranged in groups and were seen throughout the basal layer of the ittestivep (Fig.

3.30).

In both experimental and control wounds on day 15-posinding, the granulation tissue
contained fewer fibroblasts, adipocytes and blood vessels than on dayv@oposiing (Fig.

3.28). However, on day 15 pesbunding, control wonds appeared to have a greater
number of blood vessels within the wound area than experimental wounds (Fig. 3.31). In
contrast, the blood vessels in experimental wounds had a second layer of tissue within the
vessel wall more frequently than did those amtcol wounds. However, the blood vessels in
both wound types had a second layer of tissue in the vessel more frequently on day 15 post

wounding than on day 9 peatunding (Table 3.6, Fig. 3.31).

The granulomas seen on day 9 pesunding which surrouretl silver deposits in

experimental wounds were larger and more numerous on day a@astling (Figs. 3.28
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and 3.32). Again, no bacteria were visible within the granulomas on gram staining of the
experimental sections (Fig. 3.33). In contrast only seadterflammatory cells were seen in

the granulation tissue of control wounds (Fig. 3.31).

As on day 9 postvounding, the collagen within the wound area of both wound types was
arranged parallel to the epidermis. However, from day 9 to day 15wpostding the
percentage area of collagen within the control wounds increased, whereas it remained
constant in the experimental wounds (Table 3.6). Similarly, for control wounds, the density,
size and organisation of the collagen bundles increased from daya9 fibgpostvounding

(Fig. 3.34). Surprisingly, in experimental wounds the density, size and organisation of
collagen bundles decreased from day 9 to day 15waosghding (Table 3.6). This decrease
combined with the increase in size of the collagen bundlesntrol wounds resulted in the

size of the collagen bundles in experimental wounds being significantly smaller than in

control wounds (Table 3.6).

3.2.5 Assessment of healing from day 3 to day 15 pestounding

The differences observed between experimemtdl @ontrol wounds on day 3, 6, 9 and 15

postwounding were apparent when healing was studied across all of the dayspoding.

The rate of increase in the area (Fig. 3.35) and length of the epithelial tongue (Fig. 3.36) from
day 3 to 6 postvoundingwas similar in both experimental and control wounds. However,
between day 6 and 9 pesbunding experimental wounds continued to increase at a constant
rate whereas the rate of increase in control wounds slowed (Figs. 3.35 and 3.36). This is
evident in tke differences observed in the epithelial tongues of experimental and control

wounds on day 9 postounding (Figs. 3.22 and 3.23).
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Similar to the longer rate of increase in the area and length of the epithelial tongue in
experimental wounds, a higher rateincrease in the thickness of the epithelium at the tip of
the epithelial tongue was noted from day 9 to day 15wosihding in experimental wounds
when compared to control wounds (Fig. 3.37). This was apparent in the significantly greater
thickness 6 the epithelium within the centre of experimental wounds on day 15 post
wounding when compared to control wounds (Table 3.6). In addition, the preliminary results
for the number of proliferating keratinocytes revealed a greater increase in the number of
proliferating keratinocytes in control wounds when compared to experimental wounds, before
day 9 postvounding (Fig. 3.38). From day 9 to day 15 pesunding there was a rapid
increase in the number of proliferating keratinocytes in experimental wouadsnat when

the numbers of proliferating keratinocytes within control wounds remained constant (Fig

3.38).

From day 6 postvounding, the score for the number of blood vessels decreased in
experimental wounds whereas it continued to increase in contwhdg (Fig. 3.39). In
contrast, the score for the type of blood vessels increased from day 9 to day -15 post
wounding, suggesting that experimental wounds contained fewer, more mature blood vessels

than control wounds on day 15 pegbunding (Fig. 3.40).

The percentage area of collagen (Fig. 3.41) and the scores for the density (Fig. 3.42) and size
of collagen bundles (Fig. 3.43) increased at a similar rate in both experimental and control
wounds to day 9 postounding. However, the score for the orgatian of collagen in
experimental wounds had a greater increase between day 6 aneWbpoding than control
wounds (Fig. 3.44). From day 9 pagbunding, the percentage area of collagen and scores

for size, density and organisation of collagen bundtegxperimental wounds decreased
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whereas in control wounds these parameters continued to increase, although the rate slowed
(Fig. 3.4% 3.44). These findings reiterate the significantly greater organisation of collagen
found in experimental wounds on day8stwounding compared to control wounds as well

as the significantly greater size in collagen bundles found in control wounds compared to

experimental wounds on day 15 pesiunding (Tables 3.5 and 3.6).

These findings should be interpreted with cauts different pigs and regions on the dorsum

of the pig were utilised for assessing healing on day 3, 6, 9 and Xw@asting (Table 3.7

and 3.8). While the Kruskallvallis oneway-analysis of variance by ranks showed no
difference in the weight of theigs (p=0.54) or the presence of epidermal appendages
(p=0.57) between the days pesbunding, the assumptions of the ANOVA were not valid
and therefore the contribution of these factors to differences in the healing of experimental

and control wounds beten different days pestounding could not be determined.

In summary, the following differences were found between experimental and control wounds.

1 Although experimental wounds decreased in area significantly more slowly than
control wounds, from day Jj@ostwounding there was no significant difference in the

percentage change in area between experimental and control wounds.

1 Experimental wounds contained a significantly greater number of inflammatory cells
on day 3 postwounding compared to control wods. In addition, within
experimental wounds on day 9 and 15 pestnding, granulomas were seen

surrounding silver deposits.
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1 While the results are preliminary, a significantly greater number of proliferating
keratinocytes were found in control woundsrtha experimental wounds on day 3

postwounding.

1 On day 15 postvounding, the thickness and number of rete ridges within the new
epithelium of experimental wounds more closely resembled normal skin than did the
new epithelium in control wounds. The newitkelium within the centre of

experimental wounds was significantly thicker than in control wounds.

1 On day 15 postvounding, fewer blood vessels were observed in experimental
wounds as compared to control wounds. In addition, a greater number of more mat

blood vessels were seen within experimental wounds than in control wounds.

1 While the amount of collagen within both wound types was similar on day 15 post
wounding, the size of the collagen bundles within control wounds was significantly

greater thamn experimental wounds.

Thus, despite a greater inflammatory response in experimental wounds, no difference was
found in the rate of healing of experimental and control wounds on day *&@asting. In
addition, in experimental wounds the blood vésseere more mature and the new epithelium
more closely resembled normal skin when compared to control wounds on day-15 post
wounding.Furthermore, smaller collagen bundles and decreases in the organisation, density
and percentage area of collagen wereenlesd in experimental wounds from day 9 to day 15

post wounding compared to control wounds.
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Table 3.1: Percentage change in wound area for experimental and control wounds

Experimental wound | Control wound p
Median Median (Mann Whitney U
(Minimum: (Minimum: test)
Maximum) Maximum)
Wound area on day 0 pes] 94.00 96.50 0.66
wounding (mm) (31.00: 123.00) (41.00: 147.00)
Day O to day 3 post -47.00 -7.00 0.001
wounding (-202.00: 13.00) (-80.00: 35.00)
Day O to day 6 post -25.00 0.00 0.04
wounding (-94.00: 1900) (-110.00: 33.00)
Day 0 to day 9 post 31.50 63.00 0.04
wounding (-36.00: 91.00) (25.00: 92.00)
Day O to day 12 post 83.00 97.00 0.310
wounding (46.00: 98.97) (77.00: 100.00)
Day 0 to day 15 post 83.00 98.29 0.31
wounding (73.00: 100.00) (80.00: 100.00)

Note: negative values indicate an increase in wound area

Table 3.2The Clinical Assessment Sceref the reepithelialised wounds on day 12 and

day 15 postvounding.

Wound Day | Observer A B C D VAS Total
1 3 2 1 2 3.5 11.5
Control 1 12 2 2 1 2 3 3 11
3 2 2 2 2 12
1 3 1 2 1 3.5 10.5
Control 2 12 2 4 1 2 2 12
3 3 1 2 2 13
1 3 1 1 2 3.9 10.9
Control 1 15 2 3 1 2 2 2.4 10.4
3 2 1 2 1 3 9
1 3 2 1 1 4 11
Control 2 15 2 4 2 1 1 2 10
3 3 2 1 1 4 11
1 4 1 1 1 3.6 10.6
Experimental 15 2 4 1 1 1 2.3 9.3
3 2 1 2 1 3 9
A: Colour, B: matte/ shiny, C: Contour; D: Distortion 67

VAS: Visual analogue scale: 10 indicates a poor scar, O indicates a good ¢




Table 3.3: Median values for histological measurements on day-3vpasting

Experimental wound Control wound p
Median Median (Mann Whitney U
(Minimum: (Minimum: test)
Maximum) Maximum)
Area of the epithelial 82324.72 61420.48 0.14
tongue (um) (58001.89:128672.80 (40090.70:88520.06
Length of the epithelial 1565.04 1347.27 0.09
tongue (um) (1283.34: 2215.80 )| (1070.54: 1470.41)
Thickness of the 96.28 92.22 0.30
epithelium athe (87.38:117.84) (50.27: 99.23)
wound edge (um)
Thickness of the 52.93 38.31 0.09
epithelium at the tip of the (42.85:71.56) (32.60: 55.80)
epithelial tongue (um)
Score for epidermal 0.83 0.83 0.92
appendages (0.33: 0.83) (0.33:0.83)
Number of proliferating 4.67 9.33 0.02
keratinocytes (1.33: 7.00) (7.00: 26.00)
Number of inflammatory 314.78 120 0.01
cells (232.78: 373.22) (54.56: 147.00)
Score for 0 0 0.92
blood vessel type (0: 0) (0: 0)
Score for 0 0 0.92
blood vessel amber (0: 0) (0: 0)
Percentagarea of collager 2.65 0.53 0.06
(um?) (0.84: 5.23) (0.17: 1.96)
Score for collagen density 0 0 0.92
(0: 0) (0: 0)
Score for collagen 0 0 0.92
bundle size (0: 0) (0: 0)
Score for collagen 0 0 0.92
organisation (0: 0) (0: 0)
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Table 3.4: Median values for histological measurements on day-6vpasting

Experimental Control wound p
wound Median (Mann Whitney U
Median (Minimum: test)
(Minimum: Maximum)
Maximum)
Area of the epithelial 424848.10 495958.60 0.53
tongue (umM) (204293.80: (363205.70:
530267.50) 673859.70)
Length of the epithelial 5061.80 5881.10 0.30
tongue (Um) (3047.00: 6002.10)| (4209.00: 8693.30)
Thickness of the epitheliun 147.57 129.29 0.53
at the (92.78:192.39) (10357:159.85)
wound edge (um)
Thickness of the epitheliun 72.89 58.57 0.09
at the tip of the epithelial (61.39:110.63) (53.18: 65.60)
tongue (um)
Score for epidermal 0.67 0.67 1.00
appendages (0.33: 0.83) (0.50: 0.83)
Number of proliferating 8.00 25.67 0.09
keratinocytes (0.00: 13.33) (8.33: 100.33)
Number of inflammatory 39.44 96.67 0.83
cells (26.78: 174.44) (29.89: 142.89)
Score for 1.00 1.00 0.35
blood vessel type (1.00: 1.00) (1.00: 1.33)
Score for 1.83 1.83 0.46
blood vessel number (1.00: 2.00) (1.33: 2.67)
Percentage area of collagg 12.22 18.61 0.68
(Um?) (6.10: 22.85) (3.45: 43.20)
Score for collagen density 0.58 0.92 0.83
(0.17: 1.67) (0.08: 2.00)
Score for collagen 1.25 1.50 0.30
bundle size (0.92: 1.67) (1.00: 2.00)
Score for chagen 0.92 1.0 0.60
organisation (0.58: 1.25) (0.25: 1.83)
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Table 3.5: Median values for histological measurements on day-9vpasting

Experimental wound

Control wound

p

Median Median (Mann Whitney U
(Minimum: (Minimum: test)
Maximum) Maximum)
Size of the epithelial gap 1431.55 1159.18 0.53
(Um) (868.66: 1575.74) (0.00: 2615.38)
Percentage by which the 70.43 69.58 1.0
wound has closed (64.39: 81.39) (53.58: 100.00)
Width of the wound area 4095.105 3048.418 0.14
(Um) (3484.32: 4663.460)| (266075: 5365.21)
Area of the epithelial 989659.20 640817.60 0.09
tongue or new epithelium (618998.60: (393321.60:
(um?) 1181906.00) 790971.80)
Length of the epithelial 8691.20 7016.20 0.14
tongue (um) (6034.60: 9223.00) | (3887.50: 8070.50)
Thicknessof the epithelium 158.61 204.90 0.14
at the (130.19: 174.30) (151.30: 251.26)
wound edge (um)
Thickness of the epitheliun 86.31 91.83 1.00
at the tip of the epithelial (73.12: 96.02) (36.95: 135.43)
tongue (um)
Score for epidermal 0.67 0.67 0.83
appendages (0.17: 1.00) (0.67: 1.00)
Number of proliferating 8.33 31.33 0.17
keratinocytes (0.00: 39.00) (8.33: 65.33)
Number of inflammatory 19.89 36.78 0.09
cells (13.44: 27.67) (17.11: 44.33)
Score for 1.33 1.50 0.75
blood vessel type (1.17: 2.00) (1.17: 1.83)
Score for 1.50 2.00 0.46
blood vessel number (1.50: 2.33) (1.17: 2.33)
Percentage area of collage 45.67 43.55 0.40
(Lm?) (41.68: 60.86) (24.93: 59.55)
Score for collagen density 2.17 2.17 0.40
(1.83: 2.75) (1.50: 2.33)
Score fo collagen 2.33 2.08 0.21
bundle size (2.00: 2.33) (1.92: 2.25)
Score for collagen 1.75 1.42 0.04
organisation (1.50: 2.17) (1.00: 1.67)
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Table 3.6: Median values for histological measurements on day wposting

Experimental wound Control wound p
Median Median (Mann Whitney U
(Minimum: (Minimum: test)
Maximum) Maximum)
Size of the epithelial gap 0 0 0.68
(um) (0: 0) (0: 819.95)
Percentage by which the 100 100 0.68
wound has closed (100: 100) (78.91: 100)
Width of the wound area 2112.36 1717.733 0.83
(Um) (1279.21: 2387.66) | (1205.75: 3048.87)
Area of the epithelial 377299.40 191806.90 0.09
tongue (umM) (218576.10: (146321.30:
589713.40) 303423.10)
Length of the epithelial 3931.90 2860.90 0.53
tongue (um) (2457.30: 4392.40) | (2262.40:4752.20)
Thickness of the epitheliun 141.93 119.41 0.40
at the (73.81: 221.80) (107.03: 166.20)
wound edge (um)
Thickness of the epitheliun 146.83 83.32 0.04
at the tip of the epithelial (125.65: 200.47) (79.01: 140.51)
tongue (um)
Score for pidermal 0.50 0.83 0.14
appendages (0.33: 0.83) (0.50: 1.00)
Number of proliferating 39.67 31.00 0.68
keratinocytes (6.33: 78.00) (1.33: 74.00)
Number of inflammatory 8.67 14.67 0.14
cells (3.89: 18.33) (12.00: 35.11)
Score for 1.83 1.67 0.06
blood vessel type (1.83: 2.00) (1.33:1.83)
Score for 1.00 1.17 0.40
blood vessel number (1.00: 1.17) (1.00: 1.50)
Percentage area of collagg 46.39 54.47 0.30
(um?) (24.25: 61.08) (39.20: 65.71)
Score for collagen density 1.83 2.25 0.14
(1.25: 2.42) (1.92: 2.58)
Score for collagen 2.00 2.42 0.03
bundle size (2.00: 2.25) (2.17: 2.50)
Score for collagen 1.42 1.67 0.75
organisation (1.17:1.83) (1.17:1.83)

71




Table 3.7: Contingency table indicating the regionghe dorsum of the pigsgilized on each
day postwounding

Day Towards Middle Towards Total*
post the head the tail (experimental and
wounding control wounds)
3 0 4 6 10
6 4 2 4 10
9 4 4 2 10
15 6 2 2 10

*Total number of experimental and control wounds

Table 3.8: Contingendyble indicating the pigs utilized on each day pestinding

Day Pigl | Pig2| Pig3| Pig4 | Pig5| Pig6 | Pig7 | Pig8| Pig9 | Total*
post-
wounding
3 0 0 2 2 2 0 2 2 0 10
6 0 0 2 2 2 0 2 2 0 10
9 0 0 2 2 2 2 0 0 2 10
15 0 0 0 2 0 0 0 0 8 10

*Total number é experimental and control wounds
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Figure 3.1 Representative photographs of experimentafF)Aand control wounds (G) on

the day of wound creation (A, G) and on day 3 (B, H), day 6 (C, 1), day 9 (D, J),
day 12 (E, K) and day 15 (F, L) pesbunding. Note the erythema surrounding the
experimental wound on day 3 (B) and the control wound on day 6 (l). The solid arrows
indicate small amounts of exudate visible on the control wounds on day 6 (I) and day 9 (J).
The dotted arrows indicate areas of new eitim. Black scabs, discoloured by the silver,

are present on experimental wounds on day 12 (E) and day IBigEdlouration of the hair

in experimental wounds particularly noticeable on day 15 (F)
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Figure 3.2 Photographs of experimental (A, Bj)d control (&F) wounds utilised for the
Clinical Assessment Score on day 12 (A, C, E) and day 15 (B, D, Fivoosiding.Note B
F are reepithelialised and A is not.
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Figure 3.3 Representative photomicrographs of experimental (A) and control (B)dwowm day 3 poswounding illustrating the new
epithelium 6olid arrow) extending into the wound area and the fibrin clot (*) adjacent to the dermis (D) and hypodermido(elD)e longer
epithelium tongue (solid arrows) on the left of the experimemtaind (A) when compared to the control wound (B). However, the epithelial
tongue on the right of the experimental wound (A) is shorter than the left, illustrating the variability in experiments. wboenamount of
fibrin clot (*) is greater in control munds (B). Areas of inflammatory infiltrate within experimental (A) and control (B) wounds are also visible

(dashed arrowsNote:images have been merged to create a composite i(hEfe)
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Figure 3.4 Representative photomicrographs of epithelial teagum experimental (A) and control (B) wounds on day 3-p@sinding
illustrating the longer and thicker epithelial tongue seen in experimental wolimelsips of each epithelial tongue are indicated by the solid
arrows. Note that the epithelial tonguetire experimental wound (A) contains a rete ridge (dashed arrow). All layers of the epidermis,
including the stratum corneum (sc) are visible at the wound edge in both experimental (A) and control wounds (B). Th&lgneataiory
response in the experental wound (A) is also visibleNote: images have been merged to create a composite Iin{BigE)
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Figure 3.5Representative photomicrographs of the tips of epithelial tongues in experimental (A) and control (B) wounds on day 3 post
wounding. This illustrates the greater number of cell layers in the tip of the epithelial tongue of experimental wounds (A) and the lack of
differentiation of the epithelium in both wound types. (H&BX magnificatioh
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Figure3.6 Representative photomicrographs of pecditing keratinocytes in the epithelium of experimental (A) and control (B) wounds on day
3 postwounding.The positive control (C: human tonsil) and negative control (D: an adjacent section to A) are also Ahaws. indicate
examples of thaucleiof proliferating cells immunolabelled for K§7. Note the single cell within a rete ridge of reaunded epithelium in the
experimental wound (A) compared to the greater number of cells which are situated within the basal layer of the epghelialtt® control
wound (B). The dotted line in D indicates the position of the epidewmeamal junction. (Immunocytochemicalabelling for Ki67, DIC

microscopy 25X magnificatiol
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Figure3.7 Representative photomicrographs of a fibrin clot in experimehtarn(d control (B) wounds on day 3 pasbunding illustrating the
greater inflammatory response in the experimental wounddA®.6 i ndi cates an adipocyte. rbc i
Note the lack of blood vessels or collagenathbwound typesH&E, 20X magnificatior)
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Figure3.8 Representative photomicrographs of fibrin clot in experimental (A) and control (B) wounds on day8uyasng, illustrating the
absence of bacteriaiong arrows in A and B indicate examples oflanimatory cell nucleiC is the positive control in which gram positive
bacilli can be seen (short arrowpram stain63X magnification
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Figure3.9 Representative photomicrographs of the wound area of experimental (A) and control (B) wound3 postlapunding illustrating
the lack of collagen within the wound aréandicates an area of normal collagen in the control wound (B). Note the silver particle (arrow) in
the experimental wound (A)P{crosiriusred stain, confocahicroscopy 25X magriication)
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Figure3.10 Representative photomicrograph showing deposits of silver (solid arrows) within the wound area of an experimerdaldayuhd
postwounding.* indicates an area of normal collageRidfosiriusred stain, confocahicroscopy 25X magnificatior)



€8

Figure 3.11 Representative photomicrographs of experimental (A) and control (B) wounds on daw@updstg illustrating the longer and
thicker epithelial tongues (solid arrows) in the control wolkhate the larger rete ridges (dha&sl arrows) of the new epithelium (solid arrows)
within the control wound (B). * indicates the granulation tissue which fills the wound area of both wound types and adliptastes (a) can
be seen. bv indicates new blood vessels within the controhadv@B). D: norwounded dermis, HD: hypodermiblote: images have been
merged to create a composite imageél&E)
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Figure 3.12 Representative photomicrographs of epithelial tongues in experimental (A) and control (B) wounds on daypénpog). The

tips of each epithelial tongue are indicated by ttiiek, solid arrows.While rete ridges (dashed arrows) are seen in both wound types, the
epithelial tongue of the control wound (B) is longer and thicker than that of the experimental wound (A) andtales a greater number of
rete ridges. The stratum corneum (sc) can be seen extending down the epithelial tongues of both wound types. Inbdatutitiocessel (bv)

can be seen in the control wound (BJote:images have been merged to create a ositgpimage(H&E).
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Figure 3.13 Representative photomicrographs of tips of epithelial tongues (outlined by the dotted lines) in experimental (Ayahr{8)con
wounds on day 6 postounding illustrating the greater number of cell layers in the exgerial wound (A (H&E, 20X magnification



98

Figure3.14 Representative photomicrographs of proliferating keratinocytes in the epithelium of experimental (A) and contraid8pwaday
6 postwounding.The positive control (C: human tonsil) and négatcontrol (D: an adjacent sectidom B) are also showrArrows indicate
examples of theucleiof proliferating cells immunolabelled for 7. Note the clusteof Ki-67 labelled cells within the control wound (B)
compared to the single cells within tegperimental wound (A)The dotted line in D indicates the position of the epidemheamal junction.

(Immunocytochemicdhabelling for Ki67, DICmicroscopy 25X magnificatiof
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Figure 3.15 Representative photomicrographs of granulation tissue irrimegogal (A) and control (B) wounds on day 6 pastunding
illustrating blood vessels (bv) with a single layer of cells in the vessel wall and areas of new collagen depositamafskpih both wound
types.6 ad i ndicates adi pndicatetthe swuclei dfhseattetedh inflammatory acels svhilé the long, thick arrows illustrate

fibroblast nuclei(H&E, 20X magnificatioi
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Figure 3.16 Representative photomicrographs of collagen within the wound area of experimental (A) and controh(8) amoday 6 post
wounding illustrating small collagen bundles (arrows) which are not densely arranged nor orgBicisesirius red stain, confocal microscopy
25X magnification.
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Figure 3.17 Representative photomicrographs of the epithelial tomgusxperimental (A) and control (B) wounds which have net re
epithelialised by day 9 pestounding.Note the stratum corneum (sc) visible on the epithelial tongue at variable distances from the wound edge
and the thinner epithelium within the control woar(®) when compared to experimental wounds (A). Dashed arrows indicate rete ridges. The
solid arrows indicate the tip of epithelial tongidate images have been merged to create a composite i(FEfE).
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Figure3.18 Representative photomicrographshef tip of the epithelial tongue (outlined by the dotted line) in experimental (A) and control (B)
wounds which had not +epithelialised by day 9 pestounding illustrating the undifferentiated nature of the epithelium.
(H&E, 20X magnification)
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Figure 3.19 Representative photomicrographs of the new epitheliumepitieelialised experimental (A) and control (B) wounds on day 9 post
wounding.Note the stratum corneum (sc) visible throughout the new epithelium of both wound types. Dashed arratesételiadges. Nate
images have been merged to create a composite iibQE)
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Figure3.20 Representative photomicrographs of new epithelium from tbpitteelialised experimental (A) and control (B) wounds as well as
the epithelium of normal porainskin (C) on day 9 postounding.Note the stratum corneum (sc) and stratum basale (visible above the dotted
line) present in both experimental and control wounds. Increased numbers of nuclei (arrows) can be seen in the stratuiscamestratum
granulosum (sg) of the wounded epidermis (A and B) when compared to normal epidermis (G)2(X&B&agnificatiof
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Figure3.21 Representative photomicrographs of proliferating keratinocytes in the epithelium of experimental (A) and contraid8 pnay
9 postwounding.The positive control (C: human tonsil) and negative control (D: an adjacent section to B) are alsoAshmmshindicate
examples of theuclei of proliferating cells immunolabelled for 4&i7. Note the cluster of K67 labelled cellsvithin the control wound (B)
compared to the single cells within the experimental wound (A). The dotted line in D indicates the position of the egrder@hglinction.
Arrows indicate examples of theuciei of proliferating cells immunolabelled for 46i7. (Immunocytochemicalabelling for Ki67, DIC

microscopy 25X magnificatioh
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Figure 3.22 Representative photomicrographs of experimental (A) and control (B) wounds which havepititet@mlised by day 9 post
wounding illustrating granulation ssue (*) within the wound aredhe dashed arrows indicate areas of inflammatory cell infiltrates.
a: adipocytes D: dermis  HD: hypodermisNote:images have been merged to create a composite irfldg€&)
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Figure3.23 Representative photomicrograpifise-epithelialised experimental (A) and control (B) wounds on day $woshding. The circles
indicate areas of inflammatory cell infiltrates associated with silver deposits in the experimental woandd#pocytes D: dermis
HD: hypodermisNote:images have been merged to create a composite irfldg&)
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Figure3.24 Representative photomicrographs of granulation tissuoeexperimenta{A and C) and control (B and D) wounds on day 9 ost
wounding. Photomicrographs A and B are from wounds akhhave not repithelialised and illustrate the greater inflammatory response
compared to wounds which hadepithelialised (C and D)hin arrows indicate inflammatory cell nuclei. Blood vessels (bv) are seen in both

wound types. Fibroblasts (thick aws) and areas of collagen (short arrows) are also vigh&E, 20X magnificatiof
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Figure 3.25 Representative photomicrograph of a granuloma in an experimental wound on dayw8upadstg.* indicates a giant cell; thin
arrows indicate inflammatoryetl nuclei and thick arrows indicate epithelioid ce{ld& E, 20X magnificatiof

































































































































