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Abstract

Wound infection is major health problem, however, there is an urgent need for
new anti-microbial strategies to evade the development of antibiotic resistance
and local toxicity to skin cells, which hinders wound healing. This is currently
hampered by the lack of in vitro models of skin infection; this thesis describes
the development and validation of a 3D infected skin model for testing new anti-
microbial strategies. The effectiveness of two potential anti-microbial strategies
for infected wounds, together with effects they exert on mammalian skin cells
was determined. Biocides known to have potential anti-microbial activity via free
radical formation were investigated alone or in combination with Low Frequency
Ultrasound (LFU). To study the biocidal effects, nitrocellulose membranes were
used initially to form simple biofilms. A skin model was developed in vitro using
DED scaffolds, HaCaT cells and commercially available primary fibroblasts. The
3D skin models were burnt, and infected with S. aureus or P. aeruginosa.
Bacterial penetration and migration were determined and effects of biocides
investigated. Effects on mammalian cells were determined by measuring skin
cell death zones, and immunohistochemistry used to determine phenotype.
Biocides reduced bacterial count, with greater effects on planktonic bacteria
than on biofilms. Infection caused toxicity to the skin cells in the 3D model,
which was greater for P. aeruginosa infection than S. aureus. Manuka honey
was the most effective agent against bacterial infection, while associated with
the least toxicity to skin cells.

LFU decreased planktonic bacterial loads. An additive effect was observed
when LFU was combined with biocides, enabling lower concentrations of
biocides to be used, if combined with US, with less toxic effects on mammalian
cells. Together the data presented in this thesis validates a novel 3D skin model
which can be utilised to test new anti-microbial strategies in a robust manner in
vitro.
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Chapter 1

General Introduction



1.1- Introduction

Wound infection management is a major medical and financial challenge for
healthcare authorities. The cost of ulcer management, for instance, is about
£1.4 - 2.1 billion every year in the UK (Bennett et al. 2004). The development of
this type of infection relies on a number of factors, which include higher
longevity, as incidence of burns and infections increase in the elderly. This
increased incidence is due to decreased physical activity in the elderly, together
with health conditions like diabetes, hypertension and obesity increasing in
prevalence in the ageing population. This can result in more complex wounds
with prolonged healing, which often leads to the development of slow/non-
healing ulcers (Bowler et al. 2001). Skin wound infection relates to a range of
different pathogens, including bacteria and fungi (O'Dell 1998), which are
commonly found in cases of thermal injuries (Church et al. 2006) and in patients
with chronic wounds (Jeffcoate et al. 2003). Recently, there has been growing
concern over bacterial infection of wounds, especially in elderly patients or
those with diabetes who are more likely to have chronic injuries. Four to ten
percent of diabetics suffer from foot ulcers (Singh et al. 2005), which can
become chronically infected. In addition to this, antibiotic resistance has
become an increasing threat to healthcare (Sen et al. 2009; Fair et al. 2014).
Financially, resistant infections cost the healthcare in the US about $20 billion

(CDC 2014), and more than 1.6 € billion in the European Union (EMA 2009).

With the improvement of medical treatments, survival of severely burned
patients has increased. Furthermore, there has been a considerable rise in

hospital acquired infections, which occurs through health workers, patients,



visitors, contaminated medical devices and sub-optimal hospital environment
(Mears et al. 2009).

To overcome such risks of wound infection and limit the healthcare and
economic costs, early diagnosis and appropriate treatment play critical roles in
reducing mortality and morbidity. However, wound infection treatment depends
heavily on antibiotics; either as topical creams or systemic agents (Howell-
Jones et al. 2005). The increase in antibiotic resistance and increase in hospital
acquired infections (e.g. healthcare acquired methicillin resistant
Staphylococcus aureus) has resulted in a need to find alternative effective

treatments, such as wound irrigation (Valente et al. 2003).

These factors lead to increased risk of infection for long term burns patients,
who are more prone to infection with both ordinary and antibiotic resistant
organisms (Glasser et al. 2010), further complicating the condition. Lack of
access to new treatments, together with hypersensitivity reaction to antibiotics
increases the clinical implications of infections (Glasser et al. 2010). Thus, new
therapeutic strategies are needed for infected burns of the skin. This thesis
discusses the development of model systems which can be utilised to test
therapeutic alternatives. These models are utilised to investigate the efficacy of
a number of free radical forming biocidal agents and the potential application of
ultrasound for infection control.

1.1.1- Morphology of Normal Skin

1.1.2.1- Structure and function of the skin

Skin is the specialised covering of the human body that provides preservation of
the body's characteristics (e.g. hydration and temperature) (Romanovsky 2014)
and protection against external threats (e.g. pathogens, UV radiation and

trauma) (Brohem et al. 2011; Belkaid & Segre 2014).
3



It is the largest organ of the body, forming collectively about 1.8m? of highly
regulated functional sheet of specialized cells (Gawkrodger et al. 2016).

The architecture and dynamics of skin cellularity reflect its functions. It is formed
of continuously proliferating and differentiating outer layer of cells, known as the
epidermis (outer layer of skin) (Ross et al. 1989). The dermis, located between
the dermal-epidermal junction and subcutaneous tissue (Figure 1.1), contains
blood vessels, lymph vessels, sweet glands and hair follicles (Figure 1.1). The

thickness of skin depends on the site of the body (Patton & Thibodeau 2014).

Figure 1.1: Anatomy of skin (Kolarsick et al. 2011)

1.1.2.1.1- The epidermis:

The epidermis is the outer layer of the skin that forms a thickness of about 0.1
to 0.2 mm (Sorokin 2010) (Figure 1.2). It is made up of a layer of rapidly
proliferating cells (keratinocytes) and is separated from the dermis by a
specialist extracellular matrix layer known as the basement membrane (Adra et

al. 2010; Lee et al. 2012) (Figure 1.2).



Figure 1.2: Epidermal layer Anatomy (Salaons 2013).

1.1.2.1.2- The basement membrane:

The basement membrane is a thin lamina of 50-100nm thickness, which is
composed of a number of specialist types of extracellular matrix (ECM). The
collagen forming the basement membrane is mainly type IV collagen, which is
more flexible than the fibrillar type | collagen forming the ECM of the dermis
(Paulsson 1992). Other components which make up the basement membrane
are the glycoprotein laminin and heparan-sulphate proteoglycans (HSPGS).
Laminin is a high molecular weight protein that is found in all basement
membranes, whilst heparan sulphate is mainly located in the lamina densa
(Timpl et al. 1979).

The basement membrane is a transitional zone which separates the dermis and
the epidermis, known as the dermal, epidermal junction (DEJ) (Schittny &
Yurchenco 1989). With the use of transmission electron microscopy, the DEJ
can be seen to be composed of two layers: the lamina densa and the lamina
lucida. The two main cellular components of the skin are keratinocytes and
dermal fibroblasts. The basement membrane is principally formed by the dermal
fibroblasts, although a keratinocyte contribution has been suggested (Varkey et

al. 2013).



From in vitro culture studies, bovine keratinocytes cultured on collagen were
unable to form a recognizable basement membrane alone and co-culture with
dermal fibroblasts was essential to form a basement membrane (Marinkovich et

al. 1993).

1.1.2.1.3- Keratinocytes:

Keratinocytes are rapidly proliferating cells of the epidermis, which originate
from the basal layer of cells situated on the basement membrane producing
daughter keratinocytes that are pushed upwards forming the various layers of
the epidermis. The renewal process is continuous in order to maintain the
barrier function of all the layers during constant wear and tear which takes place
in such exposed and vulnerable part of the body (Pastar et al. 2014). The
epidermal layers can be described as follows:

1.1.2.1.3.1- Stratum basale:

The basal layer on the basement membrane is known as the stratum basale. Its
proliferating keratinocytes gives rise to daughter cells which migrate upwards to
form the upper layers. Daughter cells, on their way upwards, differentiate to
form the characteristics of each layer until reaching the outermost surface of the
skin. There is scientific debate as to whether the basal cells are differentiated
cells which further differentiate when proliferating or whether there is a small
stem cell population which gives rise to all keratinocytes beginning with the
basal cells themselves (Sterry et al. 2006; Seyhan 2011).

1.1.2.1.3.2- Stratum spinosum:

The keratinocytes, in this layer become polyhedral with large pale-staining
nuclei. Cells in this layer synthesize cytokeratin, a fibrillar protein, whose
molecules aggregate together forming tonofibrils and desmosomes to strongly

bind adjacent keratinocytes. The cells appear spiny on Haemotoxylin and Eosin



(H & E) staining due to shrinkage of the microfilaments between the newly
formed desmosomes giving them their characteristic name (Sterry et al. 2006;
Seyhan 2011).

1.1.2.3.3- Stratum granulosum:

In this layer, the cells lose their nuclei and their cytoplasm becomes granular
due to the abundance of kerato-hyaline granules. These granules are filled with
cysteine and histidine-rich proteins to bind together keratin filaments. Thus,
adjacent cells become strongly adhered together to perform the preservative
and protective function of the skin (Sterry et al. 2006; Seyhan 2011).
1.1.2.1.3.4- Stratum lucidum:

The stratum lucidum so named for its clear appearance under the microscope.
Formed of dead cells which become clear after they have lost their nuclei,
organelles and fill with eleidin, which is an intermediate form of keratin (Sterry et
al. 2006; Seyhan 2011).

1.1.2.1.3.4- Stratum corneum:

The stratum corneum is the outermost layer of the epidermis, standing for the
horny layer (Osseiran et al. 2018). The dead cells (corneocytes) become flat
with no nuclei or organelles but with mature keratin filaments extending along
their cytoplasm, forming together the protective keratin layer, which forms a
cornified envelop. In addition, here is an extracellular hydrophobic lipid envelop
which together with keratin provides the barrier properties of the skin (Sterry et
al. 2006; Seyhan 2011). The thickness of the stratum corneum varies with the
location of the skin in the body, being thicker in areas subjected to pressure,
stress or irritation (Robertson et al. 2010; Foss et al. 2016). It is also thicker in
areas exposed to UV radiation, where increased protective pigmentation is

observed (Pearse et al. 1987).



1.1.2.2-The dermis:

The dermis is the deep layer of the skin responsible for nourishment and
support of the overlying epidermis. Moreover, it forms the preservative and
protective part of skin against coarse external factors as stress and trauma. It
varies in thickness from 0.3 mm, in the eyelid, to 3.0 mm on the back (Eves et
al. 2003). It is formed mainly of collagen and elastic fibres, which serve as
cushions against stress and strain.

There are about twenty types of collagen, which provide strength and durability
to the skin (Compton et al. 1998; Kruger et al. 2013). Elastic fibres, on the other
hand, provide the skin with elasticity and flexibility. The cellular components are
formed principally of fibroblasts, which produce the fibrillar part of the dermis as
well as producing ECM including glycosaminoglycans. The glycosaminoglycans
form a gel-like substance bound together by proteoglycans which are
embedded in the fibrillar collagen network and the cellular elements. Other

cellular components are macrophages and adipocytes.

1.1.3- Classification of wounds

Wounds have been defined as a discontinuity of skin which occurs due to
external injury (Saukko & Knight 2015). Wounds usually involve the upper
layers, which are the epidermis and dermis, however in severe cases may
extend to subcutaneous tissues in deep wounds (Gantwerker & Hom 2012).

Wounds can be classified as acute or chronic.

1.1.3.1- Acute wounds

These are wounds which heal with no or minimal scarring within an expected
period of time from 4-12 weeks which is determined by its site and its severity
(Boateng et al. 2008). They may be traumatic or surgical; traumatic wounds

occur accidentally in the form of lacerations, cuts or punctures as a result of

8



injury and usually involve both the skin and subcutaneous supporting tissues
(Davis et al. 1992; Kumar & Leaper 2005). Since this type of wound is
associated with bleeding, this may affect the whole circulation and can lead to
circulatory shock; thus, restoration of blood volume is an important priority.
Locally, traumatic wounds, especially lacerated ones, should be debrided to
remove dead or devitalized tissues so as not to be the seat of infection and to
promote the healing process of healthy tissues. Proper dressing and medication
significantly reduce the risk of infection and subsequent complications
(Demidova-Rice et al. 2012). A surgical wound is a deliberate incision into the
skin made by a surgeon, usually with a scalpel to get access to the deeper

tissues during operations.

1.1.3.2- Chronic wounds

Chronic wounds are characterized by requiring long times to heal (up to 12
weeks) with the possibility of failure to heal or recur (e.g. diabetic and leg
ulcers). Chronic wounds require specialized care and treatment to achieve
healing (Davis et al. 1992; Boateng et al. 2008). In chronic wounds, the balance
between the formation of ECM molecules (e.g. collagen and chondroitin
sulphate) and their degradation is lost, with degradation occurring at a faster
rate than formation, leading to the chronicity of the wound (Schénfelder et al.
2005). Chronic wounds show incomplete progression through the phases of
wound healing (Brownrigg et al. 2013; Richmond et al. 2013) (See section
1.1.7), with wounds failing to progress beyond the inflammatory phase (Snyder

& Sigal 2005).

1.1.3.3- Classification of chronic wounds

Chronic wounds are generally classified into vascular insufficiency ulcers,

pressure ulcers, diabetic ulcers and chronic infection ulcers (Nunan et al. 2014).
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1.1.3.3.1- Vascular insufficiency ulcers:
Insufficiency of blood flow may involve the arterial system or the venous

system; both may lead to ulcerations due to different reasons:

1.1.3.3.1.1- Arterial insufficiency ulcers:
Arterial insufficiency occurs mainly due to narrowing of the lumen of arteries

with the result of reduction of blood flow to certain parts of the body, together
with the overlying skin, a condition called ischemia; hence, the resultant ulcers
are sometimes called ischemic ulcers. There are many arterial diseases that
produce arterial narrowing, e.g. Burger's disease, atherosclerosis (Thiruvoipati
et al. 2015) and diabetes.

The diminished blood flow leads to reduced nutrition and oxygenation to the
affected tissues leading to necrosis (death) of the tissues and ulceration.
Ischaemic ulcers usually take place in the lateral sides of the legs and dorsal
surface of the foot and toes. They have a punched-out appearance, grey or
whitish dry base and are extremely painful. Signs of ischemia are detectable

(e.g. diminished or lost pulse in the affected limb) (Sieggreen & Kline 2004).

1.1.4.3.1.2- Venous insufficiency ulcers:

Venous insufficiency occurs when the drainage of venous blood from the area
of skin, is impeded. As in the case of arterial insufficiency, the legs are the most
affected parts. The legs are the most affected because the venous blood from
the skin drains into superficial veins, which drains into deep veins upto the heart
against gravity (O'Meara et al. 2014).

There are venous valves between superficial and deep veins and within the
deep veins to allow the blood to be drained up to the heart and not in the
opposite direction. When the muscles of the leg contract, they pump the blood

towards the heart; the venous valves prevent the blood from returning back
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(Caggiati, 2013). If these valves become dysfunctional, blood fails to drain
properly, instead, blood stagnates and its pressure within the veins increases.
Venous hypertension not only impedes venous drainage, but also causes fluid
extravasation into the skin and subcutaneous tissues, and deposition of
hemosiderin pigments in the skin tissues causing dermatoliposclerosis (Nicholls
2005). With time, the skin becomes unhealthy and ulcerates. The ulcer normally
forms in the medial side of the leg, is characteristically shallow, with irregular

sloping edges and wet base with exudate (Etufugh et al. 2007).

1.1.3.3.2. Diabetic ulcers

Diabetes Mellitus is a common cause of chronic ulcers (Kolluru et al. 2012).
There are many factors responsible for the development of ulcers in diabetic
patients. One of the crucial factors is peripheral neuritis, which usually affects
patients with long standing, poorly controlled blood sugar levels. Peripheral
neuritis decreases the sensations in the terminal parts of the limbs, especially
the lower limbs. Thus, any small injuries in the feet can pass unnoticed and
become the site of future ulceration in the presence of other factors.

Secondly, most uncontrolled diabetic patients develop ischemia due to lack of,
or resistance to insulin (Kolluru et al. 2012). The effect of high blood sugar
effect on endothelial cells can lead to endothelial dysfunction which can result in
impaired vasodilation and angiogenesis ultimately resulting in ischemia (Bir et
al. 2009), and slow healing of wounds (Goligorsky 2005).

Thirdly, the high sugar levels in the diabetic tissues encourage infection with
bacteria and other microorganisms due to reduce in the response of both T cells

and neutrophil function (Peleg et al. 2007), also humoral immunity disorder
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(Geerlings & Hoepelman 1999). Infection adds to the burden of the immune
system to affect wound healing (Reiber 1992; Falanga 2005).

Diabetic ulcers have serious complications which can often lead to amputation,
with a 10 to 30 fold higher risk of having amputations in diabetic patients than
those without diabetes (Trautner et al. 1996; Armstrong et al. 1997).

1.1.3.3.3. Pressure ulcers

These are ulcers that develop from prolonged pressure on the skin in certain
parts of the body. The parts most commonly affected are those where the skin
overlies a bone or a bony prominence, because the skin becomes compressed
between the externally applied pressure and the bony part. Since the most
common cause of the external pressure is the body weight itself, which is
usually the case in immobilized individuals, the most common sites of pressure
ulcers are the buttocks (overlying the ischial tuberosities), the heals (overlying
the calcaneus) and the shoulder blades (overlying the scapulae) in the
recumbent individual. Causes of prolonged recumbency include paralysis; coma
or fractures which necessitate immobility (e.g. fracture of vertebrae, pelvis or
lower limbs). The continuous pressure on the skin interferes with the cutaneous
blood supply leading to ulceration. As such, it can be regarded as a form of
arterial ischemic ulcer (Defloor 1999; Reddy et al. 2006).

1.1.3.3.4- Chronic infection ulcers:

Repeated infections of a wound decrease its ability to heal properly, and lead to
chronic ulcer formation. This is common in diabetic and immunocompromised

patients with wounds that have not been treated properly.
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1.1.4- Burn injuries

Burn injuries are classed into several degrees of burn, which are determined by
the size and depth of the injury which is caused by the intensity and exposure

time to the causative factor. There are three burn degrees:

1.1.4.1- First degree burn (Superficial burns):

This type of burn usually occurs after sun exposure, due to UV rays, minor flash
injuries or short exposure to a heat source. The burn involves only the
epidermis (Hutchinson et al. 2007; Saager et al. 2010). Usually it affects the
uppermost layer (the stratum corneum), which when burnt, leads to increased
blood flow giving the skin at this site a pinkish appearance. Although first
degree burns are superficial and normally heal without scarring within about a
week (Heimbach et al. 1992; Sullivan et al. 2001; Monstrey et al. 2008), they

are painful due to the preservation of the nerve endings.

1.1.4.2- Second degree burn (Partial thickness burns):

Second degree burns involve both the epidermis and the dermis, and are very
painful, since the nerve endings are exposed. Second degree burns can be
further divided according to the depth of the burn into superficial dermal and
deep dermal burns.

In superficial dermal burns (superficial partial thickness burns), the deep layers
of the dermis are preserved, together with the hair follicles, sweat and
sebaceous glands. The skin is erythematous, swollen, painful and blisters form
which fill with inflammatory fluid. When the blisters undergo sloughing, the
pinkish dermis appears. It classically heals with no or minimal scarring, as the
intact dermal layer provides an adequate source of re-epithelialisation in around

14 days (Jackson 1953; Heimbach et al. 1992; Monstrey et al. 2008).
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Deep dermal burns (deep partial thickness burns) involve most of the dermal
layer, leaving only a thin viable dermal layer at the base. Generally, it has the
pinkish appearance of the residual deep dermis with fewer blisters. It usually
heals with scarring due to the induction of fibrous tissue healing rather than re-

epithelialization (Sullivan et al. 2001; Monstrey et al. 2008).

1.1.4.3- Third degree burn (Full thickness burns):

In this class, almost all the depth of the dermis is damaged, and the burn
reaches down to the hypodermis, with occasionally scattered minimal dermal
tissue at the base. Due to blood capillary damage, the burnt area appears
white, very light pink or charred.

However, some capillaries remain viable and regenerate. Thus, a blood supply
to the residual tissues is usually maintained, but varies from one site to the
other and is generally sluggish (Jackson 1953). To encourage healing, it is
essential to maintain viability within residual tissues. The time needed for
healing is variable for third degree burns and it can often be unpredictable, and
regular reviews are essential to assess response to treatment and healing
progress. In many cases, a skin graft is likely to be required. In some cases,
there are blisters, but they are generally few and mostly with less fluid or almost

dry (Jackson 1953; Sullivan et al. 2001; Monstrey et al. 2008).

1.1.5- Mechanisms of burn injuries

Burns are classified according to the causative injury, and include scald burns,
flame burns, contact burns, chemical burns and electrical burns.

1.1.5.1- Scald burns: These are burn injuries which are caused by hot fluids
like water, tea or milk. Burns due to scalds are usually superficial first degree

burns but can sometimes reach full thickness third degree burns.
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Boiling oils and fats cause serious burns due to their high boiling temperature
(Bousfield 2002; Hettiaratchy & Dziewulski 2004; Hettiaratchy et al. 2005):
1.1.5.2- Flame burns: These are caused by contact to flames, which can be
from a variety of sources (petrol, gas, open fires or electrical fires). They are
generally deeper than scald burns. If the burn is caused by a building fire, the
condition is often accompanied by inhalation injury due to smoke. Flash burns
are a specific type of flame burns where there is a very brief exposure to high
voltage electricity (Bousfield 2002; Hettiaratchy & Dziewulski 2004; Hettiaratchy
et al. 2005):

1.1.5.3- Contact burns: These results from contact to hot objects (e.g. pans,
irons). Contact burns can also include friction burns which are caused by the
heat of friction, however these are also accompanied by lacerations from the
shearing of skin against other surfaces (e.g. the ground in road traffic accidents)
(Bousfield 2002; Hettiaratchy & Dziewulski 2004; Hettiaratchy et al. 2005):
1.1.5.4- Chemical burns: Chemical burns occur from exposure of the skin to
corrosive chemicals (e.g. acids, alkalis, domestic cleaners, bleaches, cement).
The resultant burns vary according to the concentration of the chemical and the
time of exposure. Strong alkalis tend to cause deeper burns than acids.
Because the alkaline effect on our proteins in skin like keratin in a process
called denaturing and causes loss in shape and function of cell structure
proteins. However, during skin exposure to an acid, the cells die but don't
disintegrate, except following contact with hydrofluoric acid which causes
damage deep into the skin (Bousfield 2002; Hettiaratchy & Dziewulski 2004;
Hettiaratchy et al. 2005).

1.1.5.5- Electrical burns: These occur when an electric current pass from an

electrical source through the body to the earth.
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The resultant damage depends on the voltage and the time of exposure.
Domestic 240-volt electricity causes deep burns at the entry and exit sites of the
current. The electric current may also interfere with cardiac electricity leading to
arrhythmias and may cause stimulation of the body's muscles leading to violent
shaking, tears in muscles, tendons or ligaments, falls or other traumatic injuries.
1000-volt electricity which can be obtained from specialist equipment would
cause extensive tissue damage both in soft tissues and bones. (Bousfield 2002;
Hettiaratchy et al. 2004; Hettiaratchy et al. 2005).

1.1.6- Wound healing

Infected and chronic wounds either heal slowly or do not heal at all, especially if
there is an underlying disease (Prompers et al. 2008) or if infected with biofilm
forming organisms (Ngo et al. 2007; Dowd et al. 2008; James et al. 2008).
Strategies to enhance healing of these wounds vary according to the underlying
causes of delayed healing. Of utmost importance is to identify the causative
organism and treat the cause with the appropriate antibiotic. In more
complicated cases, other measures may be added such as hyperbaric oxygen,
electromagnetic therapy, ultrasound, growth factors and bone marrow derived
cells. In severe cases, debridement of tissues and even amputations may be
needed. Wound healing is the active mechanism by which the body repairs
itself following injury. Wound healing is completed via 4 phases: haemostasis;
inflammation; proliferation and remodelling.

1.1.6.1- Immediate response (Haemostatic phase):

Following injury, blood vessels are normally severed resulting in bleeding. The
first phase is a haemostatic response to prevent excessive blood loss.

Some of the blood accumulates in the site of injury and coagulates forming a

blood clot. The blood clot releases cytokines and growth factors to draw
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inflammatory cells into the site of injury. The blood clot also serves as a
temporary scaffold upon which cells migrate and grow (Guyton 2006).

1.1.6.2- Inflammation phase:

As a consequence of injury, inflammatory cytokines are released at the site of
injury. Some of these cytokines, known as chemokines, call for circulating
inflammatory cells to come to the site of injury via chemotaxis. The first cells to
get to the site are neutrophils. These are followed by monocytes, which
differentiate into macrophages after extravasation and settling in the tissues
within 24 - 48 hours. The macrophages recognise pathogens in several ways,
which include the pattern recognition of the receptors which recognise several
of the pathogen-derived chemical molecules (e.g., mannose, lipo-
polysaccharides, glucans, and flagellin). They also recognise the pathogen
bound complement molecules or the antibodies whose involvement leads to
the phagocytosis of the pathogens (Abbas et al. 2003; Mosser & Edwards
2008). Additionally, the macrophages release transforming growth factors
(TGFs), cytokines including: interleukin-1 (IL-1); interleukin-8 (IL-8); and tumour
necrosis factor (TNF)(Kobayashi et al. 2003). Although the inflammatory cells
serve mainly to defend the body against the injurious agents and activate the
body to face the probable upcoming infection after the skin barrier has been
violated, they also remove dead and damaged skin cells from the wound region
and secrete chemotactic factors and signals for the epithelial cells to move to

the site of injury (Kim et al. 2008).

1.1.6.3- New tissue formation (Proliferative phase):
Keratinocytes, attracted by cytokines and growth factors, migrate from the
wound edges towards the centre of the wound and proliferate to fill the gap, in a

process termed re-epithelialization which normally occurs with four weeks in an

17



uninfected wound (Werner et al. 1994). In the dermis, fibroblasts also migrate
and proliferate secreting a considerable amount of collagen, the fibroblasts
differentiate into contractile myofibrils (Schultz et al. 2005). The fibrils contract
bringing the edges of the wound together, minimizing the gaps as much as
possible.

At the same time, the secreted cytokines and growth factors by fibroblasts and
other cells activate the process of angiogenesis by which both blood and lymph
vessels invade the wound and supply nourishment and oxygenation to the
growing tissues (Bauer et al. 2005).

1.1.6.4- Remodelling:

The final process by which the newly formed tissues are restored to the
optimum dimensions to regain the continuity which has been breached by the
wound is known as remodelling. The process includes a balance between the
regeneration of appropriate ECM and structure, whilst degradation of the
temporary repair tissue occurs. The balance is achieved and regulated through
a network of intercellular communication and signalling pathways. A lot of
specialized cells and cytokines are involved and balanced to prevent over-
production of tissues with excessive scarring as well as inconvenient
contraction of the tissues (Xue & Jackson 2015; Sorg et al. 2017).

Although wound healing is a highly organized process, it does not totally regain
all the functions of the original skin. First of all, the healed skin lacks all the skin
appendages (e.g. hair follicles, sweat and sebaceous glands).

Secondly, the newly formed skin lacks the normal elasticity and other
mechanical properties due to the excessive fibrous tissue involved in the
healing process (Xue & Jackson 2015). However, foetal skin is capable of

healing without the formation of scar tissue, which is attributed to the lower
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number of immune cells involved in healing, which raised the hypothesis that
excessive inflammatory reaction might restrict the regenerative ability of tissues
in adults and activate scar formation (Lorenz et al. 1993; Buchanan et al. 2009;
Walraven et al. 2014).

Furthermore, tumours could be arising at sites of chronic wounds or chronic
irritation, where it is thought the repair processes during healing in these cases
have gone out of control leading to malignant transformation. There are a
number of similarities between wounds (specifically healing chronic wounds)
and tumours. Both tumorigenesis and wound healing involve angiogenesis,
fibrin deposition, proliferation and migration of keratinocytes, conversion of
epithelial cells to mesenchymal cells and the differentiation of fibroblasts to
myofibroblasts. The intriguing observation was that almost all of these changes
are stimulated by similar factors and mitogens. The main difference is that
during wound healing these processes are organized and disciplined, whilst in
tumours they are out of control (Coussens & Werb, 2002; Schafer et al. 2008;

Stuelten et al. 2008; Qian & Pollard 2010).

19



Figur 1.3: Wound healing phases within the skin (Beanes et al., 2003)

1.1.7- Wound infection

Wounds are prone to microbial contamination, from both exogenous and
endogenous sources, the seriousness of the wound infection depends on the
number, types and virulence of microorganisms involved (Bowler et al. 2001;
Agostinho et al. 2011). Wound infection caused by bacteria embodies a
significant concern to healthcare organisations (Wright et al. 1990), where
approximately 1-2% of the population of developed countries experiences such
non-healing or chronic wound inflammation which are often infected by
Pseudomonas aeruginosa and Staphylococcus aureus (Kirketerp-Moller et al.

2008).
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The common symptoms of wound infection include localised reddening,
swelling, heat, pain, and loss of function (Okhiria 2010). Patients with chronic
wounds can develop necrotic tissue, wound breakdown and tissue

depigmentation (Grey 1998; Stringfellow et al. 2000; Baxter 2003).

Infection of skin and mucous membranes by pathogenic organisms takes place
when specific conditions related to the pathogenic organisms and the host
occur. Pathogenic organisms such as S. aureus and P. aeruginosa express a
number of virulence factors which enable organisms to infect the host (Section
1.1.9) (Tang et al. 1996; Williams et al. 2000; Sibbald et al. 2003; Jensen et al.
2007; Cornejo et al. 2017). Furthermore, for pathogenic organisms to infect the
host, the protective mechanisms of the host (Section 1.1.10) must be
compromised. Where the protective skin layer is damaged via wounds such as:
abrasions, bruises, lacerations and burns this can facilitate the invasion and
spread of the pathogenic organisms (Sinno & Prakash 2013). Even in the
absence of such wounds, marked colonisation of the organisms on the skin of
the host provides an organismal load that may lead to spontaneous invasion
and dissemination of the organism resulting in local and/or remote infections
(Kadioglu et al. 2008). For the organism to invade the skin or mucous
membranes, it must first be attached firmly to them. This attachment is usually
achieved through the expression of fimbriae or pili, which possess adhesins at
their tips (Choy et al. 2007). Adhesins have also been shown to play an
important role in both chronic infection and in biofilm formation (Peng et al.

2008; Bu et al. 2008).
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1.1.8- Host defence mechanisms to infection of skin

1.1.8.1- Physical and Immunological skin barriers:

Skin is an essential barrier which prevents the entry of the pathogenic microbes
which are present in the surrounding environments. The skin surface has many
constitutive properties like a low pH and temperature, the presence of skin
commensal microorganisms which compete for space and nutrients, and
antimicrobial peptides such as human beta-defensins that can prevent bacterial
colonisation. The skin epidermis consists of several keratinocyte layers,
including the granular, corneal, spinous and the basal layer. The corneal layer is
the main physical skin barrier. This layer is the exit point of many sweat and
sebaceous glands, along with hair follicles which extend down through the
epidermis. Also, the skin contains many residual immune cells which contribute
towards immune responses, including macrophages, epidermal Langerhans
cells and dermal dendritic cells, T and B cells, mast cells, plasma cells and
natural killer (NK) cells that are present in the dermal layer (Mann et al. 2012).

1.1.8.1.1-The normal cells in the dermis include:

Mast cells which contain granules that are packed with histamine among other
chemicals; they are released when the cell is upset (Krystel-Whittemore et al.
2016). Vascular smooth muscle cells which allow blood vessels to shrink and
expand; they are necessary for controlling body temperature (Brozovich et al.
2016). Specialised muscle cells such as myoepithelial cells which are present
around sweat glands: they contract to expel sweat (Makarenkova et al. 2015).
Fibroblasts cells which produce and deposit collagen among other elements of
the dermis as necessary for growth or for repairing wounds; a resting fibroblast
usually has very little cytoplasm that is compared to an active cell; it seems to

have a ‘naked’ nucleus (Darby et al. 2014).
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Immune cells which are of different types; tissue macrophages (histiocytes)
remove and digest foreign or despoiled material (a process known as
phagocytosis) (Koh & DiPietro 2011). In the normal dermis, one may see small
numbers of lymphocytes. Transient inflammatory cells or leukocytes which are
white cells that leave the blood vessels destroying infections, healing wounds,
or causing disease. They comprise: Neutrophils (polymorphs) that have
segmented nuclei; they are regarded as the first white blood cells that enter the
tissues when there is acute inflammation (Leiding, 2017). T and B Lymphocytes
that are small inflammatory cells having many subtypes; they appear later but
they persevere for a long time in inflammatory skin. They are vital for regulating
the immune response. Plasma cells are specific lymphocytes which produce

antibody (Alberts 2002).

Eosinophils that have bi-lobed nuclei with pink cytoplasm on H&E stain.

Monocytes that shape the macrophages (Bavle 2014)

The skin cells that communicate with each other by discharging great numbers
of biologically active cytokines together with chemotactic factors that control

their function and movement; they are too small to be seen by light microscopy.

On the other hand, one of the shortcomings of these types of cells is that they
are unable to reproduce cellular heterogeneity and skin complexity under
inflammatory or basal conditions. Thus, 2D-3D culture systems are proposed,;
they simulate the differentiation process. In a comparatively short time, one may
use a 3D culture system whereby numerous cell lineages keratinocytes,
fibroblasts and immune cells will be co-cultured to secure better skin

microenvironment reproduction (Li 2011; Colombo 2017).
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1.1.8.2- Skin immunity

Skin is the largest organ of the body, which encompasses all other internal
organs within, protecting and isolating them from the surrounding environment.
Thus, it is considered to be the first line of defence against external challenges
(Salmon et al. 1994). Infection is one of the main threats to the body. Skin
represents a structural and functional barrier that combats infection.
Structurally, it provides multiple layers of highly dividing and regenerating cells
that reduce microbial attachment and remove pathogenic organisms.
Functionally, it forms an essential part of the immune system that detects,
interacts and destroys invading microbes (Grice et al. 2011; Percival et al. 2012;
MacLeod et al. 2016). Skin cells detect pathogenic organisms through specific
molecular patterns on the outer surface of pathogens called pathogen-
associated molecular patterns (PAMPs) or danger associated molecular
patterns (DAMPSs). These patterns are recognized by specialized receptors on
the skin cells, Toll-like receptors (TLR) (Grice et al. 2011; MacLeod et al. 2016).
Once pathogens are recognized, skin cells initiate the appropriate immune
response through secreting a group of chemokines and cytokines (Grice et al.
2011) that play an important role in both responses: the generalised non-
specific innate immune response and the specific adaptive immune response
(Krishna et al. 2012). Cytokines produced by keratinocytes are either pro-
inflammatory: e.g. interleukin-1 (IL-1), interleukin-6 (IL-6), T-cell trophic
interleukin-7 (IL-7), interleukin-15 (IL-15) and tumour necrosis factor-alpha
(TNF-a) or immunomodulatory: e.g. interleukin-10 (IL-10), interleukin-12 (IL-12),
interferons (IFNs) and chemkine (IL- 8). The latter group functions as an
essential part of the immune process or, alternatively in response to variable

stimuli (Grone 2002).
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Other than the main skin cells (keratinocytes), there are immune cells scattered
through the epidermis, e.g. Langerhans and antigen-presenting cells. Upon
stimulation, they migrate to the local lymph nodes to present foreign antigens to
naive T-cells; thus triggering an adaptive cell mediated immune response
(Ilkovitch 2011). It is also suggested that these cells are involved in providing
commensal bacteria of the skin with immune tolerance (Chomiczewska et al.
2009). Innate immune cells, such as macrophages and mast cells abound in the
dermis where they carry out non-specific response to a wide range of
pathogens through producing variable inflammatory cytokines and protective

enzymes, e.g. proteases (llkovitch 2011).

1.1.9- Common infective agents in skin infections

Skin microbiota is open to contamination from the exterior environment; it is an
unusual place for the growth of microbes (Bojar et al. 2002). The severe
conditions of the skin reduce the number of bacteria that can grow there; they
become part of the aboriginal micro-flora (Percival et al. 2012). The inhabitant
commensal micro-flora comprises microorganisms like Staphylococcus,
Propionibacterium, and Corynebacterium and Malassezia yeast strains (Bojar et
al. 2002; Cogen et al. 2008; Dryden, 2009; Holland et al. 2009; Holland et al.
2008; Percival et al. 2012). Additionally, bacterial infections that are Gram
positive and Gram negative are the most common ones that cause mortality as
a result of thermal injury (Rowan et al. 2015). The surface of the burn is a rich
environment since it is favourable for microbial colonisation and proliferation.
Consequently, the bacteria that rest on the skin or that are connected with skin
attachments surviving the thermal offence can inhabit the wound surface within
the first two days. Mostly, they are the Gram positive commensal staphylococci

like S. epidermidis (Church et al. 2006). Other species of bacteria such as the
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pathogen, S. aureus, can also inhabit and cause wound infection within two
days after a skin injury; it is visible in the early stages of chronic wounds
(Church et al. 2006). If the wounds are not properly treated, they will be
colonised by other bacteria species such as P. aeruginosa and Escherichia coli
(late colonisers) (Percival et al. 2012). A vital factor in burn wound infections
is the formation of biofilm by bacteria (e.g. P. aeruginosa and S. aureus)

(Church et al. 2006).

1.1.9.1- Nature and distinguishing characteristics of
Staphylococcus aureus

S. aureus are spherical bacteria that exist in bunches or grape-like clusters.
They range from 0.5 to 1.5 um in diameter. They are non-motile and non-spore
forming (i.e. they live as vegetative and reactive forms). But in the absence of
oxygen, they can survive depending on anaerobic mechanisms of producing
energy; hence they are facultative anaerobes S. aureus is a resilient organism
capable of surviving in a wide range of environmental conditions, which adds to
its durability and pathogenicity.

Structurally, all strains of Staphylococci have cell walls, which are bounded by a
thick layer of peptidoglycan (e.g. N acetylmuraminic acid and N-
acetylglucosamine) (Ghuysen et al.1963). S. aureus is characterized by having
special pentaglycine interbridges that crosslink the glycans. Many strains of S.
aureus produce polysaccharide capsules (PC), especially pathogenic strains,
which have types 5 and 8 PC (Tong et al. 1997; Grundling & Schneewind,
2006).

S. aureus produces coagulase, catalase, urease and phosphatase enzymes.
These enzymes allow the bacteria to spread and thrive in its environment,

whether it is pathogenic or non-pathogenic. The enzymes are also important
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during diagnosis, where catalase distinguishes between staphylococci and
streptococci, whereas coagulase test differentiates between S. aureus and S.
epidermidis.

1.1.9.1.2- Pathogenicity and Virulence

Although S. aureus lives as a commensal organism on the human skin, gastro-
intestinal tract and vagina, it becomes more virulent when it gains access to the
blood. Its virulence is a consequence of virulence factors.

Firstly, it has the ability to bind proteins e.g. fibrinogen (Bodén et al. 1992),
fibronectin (Flock et al. 1987), collagen (Patti et al. 1992), laminin, elastin and
thrombospondin (Park et al. 1996), allowing it to adhere to basement
membranes and endothelial cells, aiding penetration through the skin. This
adhesion is via specific surface proteins on its surface that are capable of
recognizing certain host molecules to bind to them; these bacterial surface
proteins are called microbial surface components recognizing adhesive matrix
molecules (MSCRAMMS) (Vazquez et al. 2011; Foster et al. 2014). One
important example of these is Protein A, which binds to immunoglobulin and is
considered to be a crucial factor of S. aureus virulence (Ghasemian et al. 2015).
Secondly, S. aureus secretes many enzymes that cause host tissue damage
and at the same time allow bacteria to invade tissues and spread through them
(e.g. protease, lipase, nuclease and staphylokinase) (Recsei, 1986; Smeltzer et
al. 1993; Said-Salim et al. 2003). Furthermore, certain strains of S. aureus
induce extensive immune reactions leading to shock via excretion of exotoxins
such as toxic shock syndrome toxin 1 (TSST-1). Finally, S. aureus has to be
able to colonise skin and mucous membranes withstanding harsh conditions;
hence, it is a potential source of infection with heavy bacterial load once

circumstances allow.
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1.1.9.1.3- S. aureus and resistance to antibiotics

S. aureus developed resistance to penicillin a short period after the discovery of
penicillin and its application in the medical field. This is attributed to the genomic
plasticity and diversity S. aureus possesses (Davies & Davies 2010).

The active antibacterial part of the penicillin molecule is the p-lactam ring. The
B-lactam ring binds to penicillin binding proteins (PBP) in the bacterial cell wall
inhibiting the synthesis of peptidoglycans cross-links, which are structurally
essential. With the normal degradation of these cross-links and the failure of
bacterial cells to synthesise new bonds, it occurs as a consequence of
peptidoglycan subunit build up in the cytoplasm triggering proGrammed cell
death and autolysis. Some strains of S. aureus are able to secrete an enzyme,
which specifically destroys the B-lactum ring, known as B-lactamase (Lowy
2003). Medical researchers sought to overcome these resistant strains, in 1960,
a penicillin derivative was synthesised whose lactam ring was chemically
protected from the influence of the bacterial enzyme: Methicillin, which was
described as B-lactamase-resistant penicillin (Fairbrother & Taylor 1961). S.
aureus struggled against the new antibiotic derivative and achieved its second
victory within just a few years by evolving new strains also resistant to
methicillin; known as methicillin resistant S. aureus (MRSA).

A further antibiotic, vancomycin, is capable of combating MRSA. However,
strains of S. aureus have emerged that are resistant to vancomycin; these are
pathogenic, resistant and responsible for considerable mortalities. Two grades
of resistance to vancomycin developed: intermediate grade resistance in
Vancomycin-Intermediate S. aureus (VISA) and high grade resistance in
Vancomycin Resistant S. aureus (VRSA). Fortunately, VISA and VRSA

infections are limited and isolated in hospital settings (Chambers & Deleo
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2009). The cause of VRSA was found to be due to the gene vanA, which is
believed to have first developed in resistant enterococci before it was
transferred to staphylococci (Chang et al. 2003). In contrast, the genetic cause
of VISA is still to be fully identified, although certain changes in the phenotype
of resistant strains have been observed, e.g. cell wall thickening and increased

pigmentation which may provide clues (Renzoni et al. 2010).

1.1.9.2- Staphylococcus epidermidis

Staphylococcus epidermidis (S. epidermidis), is principally considered as a skin
commensal that lives on healthy human skin, is a non-motile Gram positive and
coagulase negative bacterium. However, with the medical development that led
to the extensive use of devices, it has grown to be pathogen (Otto 2009).
Coagulase-negative staphylococci are frequently altogether referred to as
CoNS (or CNS). S. epidermidis is an important member of this family which is
significant clinically (Raad et al. 1998; Rogers et al. 2009; Otto 2009). Since S.
epidermidis generally causes infection in immuno-compromised patients or in
patients who undergo surgery, it is a recurrent source of nosocomial infections
(Otto 2014). In the US, CoNS by themselves cause 31% of all the nosocomial
bloodstream infections (BSIs) and 11.4% of total healthcare-associated
infections (HAIs) (Wisplinghoff et al. 2004; Sievert et al. 2013). Medical devices
that offer surfaces for the bacteria to adhere to and colonise include
intravascular catheters and cardiac pacemakers, joint arthroplasties and
implanted heart valves (Simon et al. 2005; Parvizi et al. 2010).

S. epidermidis infections are resilient for several reasons. They are able to grow
in dense accumulations, on both biotic and abiotic surfaces forming biofilms
(Otto 2012). The biofilm growth increases the tolerance of the bacteria to

antimicrobials compared with planktonic grown cells (Gristina et al. 1987; Ceri
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et al. 1999). S. epidermidis biofilm formation protects against the host immune
system (Scherr et al. 2014). The polysaccharide adhesion PSA, polysaccharide
intracellular adhesion PIA forming a sort of positively charged capsule around
S. epidermidis as a general mechanism to shield the bacteria from immune
system (Cerca 2006, Le2018). Methicillin resistance in isolates of CNS has
increased significantly in the recent years, a great percentage of S. epidermidis
isolated from clinical settings possess methicillin resistance genes which using
the mecA gene which encodes penicillin binding proteins (PBPs) is MecA
(Chambers 1997; Diekema et al. 2001).

1.1.9.2.1- Virulence factors of S. epidermidis

1.1.9.2.1.1- Enzymes and Toxins in S. epidermidis

S. epidermidis, is termed as moderately innocuous partly because it lacks the
secreted toxins, compared with S. aureus secretion, which has a huge large
collection of secreted molecules which are toxic to humans, including a-toxin,
enterotoxins, and a sequence of leukocidins (Foster 2005). Several reports
which describe the irregular incidence of the toxic shock syndrome toxin (TSST)
and the enterotoxins in CNS present in S. epidermidis (Bautista et al. 1988;
Marin et al. 1992). S. epidermidis prosses a pathogenicity island, referred to as
SePI, which encompasses staphylococcal enterotoxin-like toxin L (SEIL) and
staphylococcal enterotoxin C3 (SEC3) (Madhusoodanan et al. 2011). However,
the secretion of such toxins by S. epidermidis is rare. The acquisition of toxin
gene-harboring mobile genetic elements (MGES), possibly from S. aureus, is
infrequent. The CRISPR interference mechanism is determined that S.
epidermidis secretes numerous enzymes that are involved in virulence
(Marraffini & Sontheimer 2008). It produces a sequence of secreted proteases

that they may contribute to virulence through the processes of host tissue
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destruction and the host proteins. It is possible to attribute definitive
mechanisms to SepA, that damage the human AMPs (Lai 2007), and to Esp,

that destroys fibrinogen and complement factor C5 (Dubin et al. 2001).

1.1.9.3- General characteristics of Pseudomonas aeruginosa

P. aeruginosa is a key Gram negative bacterium which is a major cause of
wound infections, particularly those in burn patients (Lyczak et al. 2000). P.
aeruginosa forms biofilms rapidly (Harrison-Balestra et al. 2003), through the
production of quorum sensing molecules (Fuqua 2006), which play an important
role in the multistep process of biofilm formation. P. aeruginosa also produces
an exopolysaccharide alginate which enables it to escape the immune
mechanisms of the host (Leid et al. 2002).

Infections with P. aeruginosa are characterized by greenish blue pus due to the
production of the pigment pyocyaneus. P. aeruginosa secretes a number of
other pigments, e.g. pyoverdine (yellow) and pyorubin (red). These pigments
play a role in the pathogenicity of P. aeruginosa through inhibiting the host
cellular respiratory functions leading to their apoptosis (Allen et al. 2005).

P. aeruginosa in laboratory cultures form small rough colonies when isolated
from environmental sources as soil or water, whilst those isolated from clinical
samples form irregular edged shaped mucoid large colonies, due to the
presence of the exopolysaccharide alginate, which has a crucial role in the
virulence of these pathogenic forms of P. aeruginosa (Mathee et al. 1999; Li et

al. 2005; Pritt et al. 2007).

1.1.9.3.1- Pathogenicity and virulence factors of P. aeruginosa
infections

P. aeruginosa cause serious infections in humans, animals and plants due to its
virulence factors, such as strong attachment to the host with pili (Lyczak et al.

2000) and the production and secretion of virulence factors including exotoxin A
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(Van Delden et al. 1998), exoenzyme S (Hamood et al. 1996; Woods et al.
1997; Jia et al. 2006) phospholipase, elastase (Blackwood et al. 1983),
lipopolysaccharidases and proteases (Woods et al. 1997) and the previously
mentioned alginate (Potvin et al. 2003).

P. aeruginosa has a number of virulence strategies including the secretion of
factors such as hyaluronidase and gelatinase enzymes which break down the
hosts extracellular matrix, enabling migration of the bacteria (Naglik et al. 2003)
and exotoxin S which induces apoptosis in host cells (Caldwell et al. 2009) (Jia
2006). Both of these P. aeruginosa toxins damage host tissue and the host
immune response leading to septic shock. LPS of P. aeruginosa is composed of
the polysaccharide O and core antigens and lipid A composed of fatty acid and
phosphate groups bonded to a glucosamine disaccharide (Ernst, Adams et al.
2006; Vitkauskiene 2005; Hancock 1983). Elastase is the best proteolytic
enzyme secreted by P. aeruginosa; it has an extensive range of substrates,
such as elastin, collagen, fibronectin and laminen. In addition, molecules of
immune and host defence such as fibrin, gastric mucin, transferrin, a-1
proteinase inhibitors, 1gG, y-interferon and components of complement pathway
(Engel & Balachandran 2009). The elastase produces when bacteria cells are in
the late logarithmic phase (Finnan et al. 2004). Some studies have reported that
the levels of virulence factors depend on the site of P. aeruginosa infection
(Runbaugh et al. 1999; Hamood et al. 1996). For example, toxin A (ExoA or
toxA) is a protein performance as a main virulence factor of P. aeruginosa,
similar in action to that of diphtheria toxin and exoenzyme S release are
associated with skin infection. Thus, the production of P. aeruginosa of
exotoxins in wound infections lead to inhibition of wound healing (Engel &

Balachandran 2009). These substances not only destroy the host tissues locally
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(Schmidt & Hensel 2004; Hansen-Wester & Hensel 2002). Biofilm formation
increases the capability of the organisms to achieve chronic infections (Brady et

al. 2008).

1.1.9.3.2- P. aeruginosa opportunistic and nosocomial
infections

P. aeruginosa is the cause of numerous opportunistic and nosocomial infections
(Moolenaar et al. 2000; Srinivasan et al. 2003). Being able to survive with very
low nutritional resources, P. aeruginosa has been found on medical devices and
instruments presenting a common source of infection in hospitals (Srinivasan et
al. 2003; Kolar et al. 2009).

P. aeruginosa causes infection in almost all parts of the human body, including:
wounds of the skin (Cooper 2009; Fazli et al. 2009), surgical infections (Efem
1988), severe burns (Estahbanati et al. 2002), and diabetic ulcer (Dowd et al.
2008). P. aeruginosa is frequently isolated from individuals with ill health or
compromised health conditions, such as opportunistic infections in cystic
fibrosis patients (Santucci et al. 2003).

1.1.9.3.3- Antimicrobial resistance

P. aeruginosa resists antimicrobial agents through various mechanisms. Some
mechanisms are intrinsic to the bacteria, whilst others are acquired from
interaction with the surrounding environment. Almost all strains of P. aeruginosa
(Brinkman et al. 2000) have reduced permeability to antibiotic agents, thus
reducing the concentration which can reach its target, reducing effectiveness.
This decreased permeability has been found due to overexpression of proteins
by P. aeruginosa on the outer surface of the cells which competes with the
lipopolysaccharides (LPS) to bind to rifampicin or gentamicin as the first step of

actively passing the antibiotic molecule into the cell (Brodersen et al. 2000).
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However, low molecular-weight hydrophilic antibiotics such as lactams are not
affected because they pass through the aqueous channels formed of outer
membrane protein porin proteins (oprD). Porin proteins (oprD) is extremely
regulated protein at transcriptional and post-transcriptional levels. Thus, P.
aeruginosa can develop resistance to lactams by decreasing the expression of

OprD proteins (Livermore 2001).

1.1.9.3.3.2- Efflux pumps system:
The efflux pump is an active mechanism by which P. aeruginosa selectively

drives the antimicrobial molecules back out of the cell. Four types of efflux have
been described: mexXY-oprM; mexAB-oprM; mexEF-oprN10 and mexCD-oprJ
(Lambert 2002). Most of the antibiotics are susceptible to extrusion by one type

efflux systems or more, except the polymyxins (Lambert 2002).

1.1.9.3.3.3- B-lactamase production:
Almost all strains of P. aeruginosa have the ability to produce an enzyme which

hydrolyses the active ring (beta lactam ring) of penicillins and cephalosporins
via the expression of the ampC gene, thus decreasing efficacy (Bradford 2001;

Nicasio et al. 2008).

1.1.9.3.3.4- Production of extracellular substances:
P. aeruginosa secretes a number of extracellular substances including mucus,

capsule and alginate. These aid in the formation of biofiims and reduce
antibiotic effectiveness. Alginate and mucins have been shown to hinder the

penetration of antibiotics (Hentzer et al. 2001).

1.1.9.3.3.5- Mutational changes of target enzymes:
Many antimicrobials act through targeting essential bacterial enzymes to disturb

the bacterial metabolism; however, mutations resulting in changes to enzyme
structure render them insensitive antimicrobial activity (Moolenaar et al. 2000;

Martinez & Baquero 2000). For example, P. aeruginosa undergoes changes in
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the quinolone-resistant-determining regions (QRDR) of gyrA, gyrB, parC and
parE leading to changes in the amino acids forming the DNA gyrase, which is
the target for quinolone antibiotics, rendering them inactive (Akasaka et al.

2001).

1.1.9.3.3.6- Change of metabolic processes:
P. aeruginosa has the ability to change its metabolism from oxygen-dependent

(aerobic) into oxygen-nondependent (anaerobic). This advantageous trait of P.
aeruginosa enables it to escape antimicrobials attacking the aerobic metabolic
pathway. Such metabolic change has been observed in patients with cystic
fibrosis of the lungs, where originally aerobic P. aeruginosa has been able to
survive anaerobically when the aerobic pathway is targeted by antibiotics

(Hassett et al. 2009).

1.1.9.3.3.7 Transfer of genetic materials:
Genetic transfer occurs between P. aeruginosa cells, especially those included

within biofilms. The change in the genetic make-up of bacterial cells allows
them to escape the effect of antibiotics directed towards certain genetic and
phenotypic structures (Ghigo 2001). As mentioned already, there are many
other factors causing increased resistance of biofilm bacteria relative to their

planktonic counterparts.

1.1.10- Biofilm formation

Biofilms are generally defined as the growth of micro-organisms over a surface
with the formation of extracellular polymeric substance (Garrett et al. 2008).
Bacterial biofilms are characterised by a dynamic complex system that exists
either on other biological systems (e.g. human skin) or abiotic environments
such as plastic surfaces. Biofilm structure is one of the dominant and preferred
forms of bacterial existence in nature (Costerton 1999), because it allows

protection of bacteria in the face of turbulent environments (e.g. water pipes and
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ventilation flues), dehydration, salinity, UV radiation and antibacterial agents.
Moreover, biofilm structure facilitates the interaction between bacterial cells in
proximity for the benefit of the whole bacterial colony (Hall-Stoodley et al. 2004).
Once bacteria form biofilms these become less susceptible to biocides and
antibiotics than planktonic bacteria (Donlan & Casterton 2002). Accordingly, a
bacterial biofilm is a major issue in skin infections, often forming a source of
persistent soft tissue infections and infections related to operative devices and
prostheses (Cloete 2003).

The resistance of bacterial biofilms to biocides are a result of:

e The protective effect of the extracellular polymeric substance (EPS)
matrix, which interferes with the diffusion of antibiotics and other biocidal
agents through it and at the same time, allows beneficial supportive
interaction between the biofilm cells.

e The resistant nature to antibiotics of biofilm bacteria due to factors such
as the slow growth rate and altered metabolic state, together with the
high adaptation to the environmental conditions, which are transferred
genetically to daughter cells creating subpopulations of highly resistant
cells (Cloete 2003; Keren et al. 2004).

Many environmental conditions stimulate bacterial cells to form biofilms
(Karatan & Watnick 2009). Biofilm formation is a multi-step process, which
begins with attachment and terminates with maturation. The process has been
the subject of study from many researchers in recent years (Karatan & Watnick
20009).

Cyclic diguanosine monophosphate (ci-di-GMP), a signalling molecule prevalent
in most types of bacteria, is a major regulator of biofilm formation, which

switches the bacterial growth phase from planktonic to sessile and lastly biofilm
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forming bacteria (Van Gestel et al. 2015). The association between high
intracellular levels of ci-di-GMP and the tendency to sessility has supported the
involvement of this molecule in the biofilm process.

The biofilm process often involves two component regulatory systems (TCS).
TCS are stimulated at specific receptor sites by environmental factors (e.qg.
sensor histidine kinase receptors). Then regulatory responses are elicited by
response regulators which mediate the expression of multiple genes
responsible for EPS and biofilm formation. The conserved GasS-GacA system
is one example of a TCS that has been found in P. aeruginosa (Karatan &
Watnick 2009). Sometimes, the regulatory system is composed of three
components, as in Gram negative bacteria: a LuxR receptor homolog, a Luxl
synthase homolog and an acyl-homoserine-lactone (AHL) signalling molecules,
which works in harmony to form biofilms (Fuqua & Greenberg 2002).
Quorum-sensing (QS) circuits have been shown to play a role in the process of
biofilm formation in a wide range of bacterial strains (Karatan & Watnick 2009).
QS molecules are small factors which are produced and sensed by bacteria
within the EPS of the biofilm. They serve to communicate between bacterial
cells, co-ordinate their functions and regulate the responses required to
establish the biofilm architecture. They are thus called auto-inducers and are
effective when their concentration in the EPS exceeds a certain threshold.
Biofilm forming bacteria have been the subject of many studies to elucidate the
process of biofilm formation, beginning from attachment and ending in
maturation. Biofilm formation is a five-stage process that starts with attachment
and proceeds to the biofilm maturation and then to the bacterial cell detachment

(Figure 1.4) (Otto 2008; Otto 2012).
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Bacterial adhesion (attachment) to a surface-material is the principal step in the
attachment process; it is typically a nonspecific process depending on the
forces operating between the surface of the bacterial cell and the surface
material, like the hydrophobic interactions between bacteria and polyethylene
plastic (Jacquin et al. 2019). In the case of inserting an indwelling medical
device or an implant into the body, it is rapidly covered with host matrix proteins
serving as bacteria receptors (Veerachamy et al. 2014). The most significant
factor in the preliminary attachment is typically adhesion to these proteins.
Microbial surface components can bind adhesive matrix molecules: they are
able to link to host matrix proteins such as vitronectin, fibronectin, collagen and
fibrinogen (Patti et al. 1994; Bowden et al. 2008). Additionally, some proteins
directly mediate adherence to both the matrix proteins and the surface material
(Heilmann et al. 1997). Thus, being able to connect directly to the mammalian
cell surface polymers and to host matrix proteins is one of the most significant
of the microorganism, and is particularly important in device-related infection
(Otto 2013). Biofilm structuring is the next vital step in the maturation process.
Biofilm structuring depends on the disruptive processes that lead to the
mushroome-like structure formation and the complex structures such as the fluid
filled channels for exchanging metabolic waste products and nutrients (Sanford
et al. 1996). The detachment of the bacteria clusters or the single cells from the
biofilm is the final step in the life cycle of the biofilm. This process depends on
parts of the matrix that are detached from the remaining of the biofilm; for
example, through enzymatic activity or mechanical forces that break down the

molecules of the matrix (Rollet et al. 2009).
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Figure 1.4: A model of biofilm formation and development on an abiotic surface: The five main
stages of biofilm development: (1) Initial attachment; (2) reversible attachment (3) aggregated
cells change to a non-motile state and become irreversibly attached (4) colonies develop into
mature biofilms where the bacteria are fixed in an exopolysaccharide matrix; (5) final stage is
biofilm forming, it may disrupt and disperse cells into the external environment (Riedel and Eberl
2007).

1.11.1- Effect of biofilms on wound healing

Biofilms have been observed in wounds with chronic infection (Ngo et al. 2007).
Although the human immune mechanisms endeavours to clear invading
bacteria and limit spread into tissues, biofilm formation remains a challenge to
both the body and external treatment mechanisms (Guyton 2006).
S. aureus in biofiilms has been demonstrated to be less sensitive to
antimicrobials than its planktonic counterparts (Davis et al. 2008). The
multispecies nature of biofilm forming bacteria presents a virulent microbial load
(Ngo et al. 2007; Malic et al. 2009), that is often associated with complications
(Bjarnsholt et al. 2008; Rhoads et al. 2008).

Two of the mechanisms involved in the resistance of biofilm organisms are
prevention of phagocytosis (Leid et al. 2005; Gunther et al. 2009) and

opsonisation of bacteria owing to the protective action of EPS within the biofilm.
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Spontaneous healing of wounds infected with biofilms is unlikely due to the high
bacterial production of toxins, which interferes with the healing processes and
physical impediments.

The presence of high levels of antigens has grave consequences on wound
healing (Cerca et al. 2006). Some studies have observed that QS molecules
(QSMs), produced by Gram negative bacteria, such as P. aeruginosa in
biofilms, inhibit keratinocyte migration, hence preventing wound healing
(Whiteley et al. 2001; Hofmann et al. 2005).

Moreover, the resistant bacteria showed cross-resistance to other unrelated
antipseudomonal agents (Mulet et al. 2009). As such, mutant strains develop in
the context of treating chronic wound infections (Hofmann et al. 2005). Thus, it
is of great importance for medical practice and care to eradicate biofilms in
managing chronic wounds, (section; 1.1.12).

1.1.12- Skin wound infections therapy

1.1.12.1- Wound cleansing and debridement

For wounds to heal both foreign bodies and devitalised tissues should be
removed, as they interfere with the healing processes and provide suitable
media for infection (Grey & Segre 2006; Stadelmann et al. 1998; Ng et al. 1997;
Leaper 2002). Cleansing is the term used for removal of foreign materials and
debridement is that used for removal of devitalised tissues. Cleansing is
mechanical, chemical or biological, which can be performed using water (Riyat
and Quinton, 1997), saline or antiseptic solutions (Ferguson et al. 2004; Anglen
2001).

Moore and Cowman, 2008, demonstrated a saline spray with aloe vera, silver
chloride and decyl glucoside was superior to saline alone in healing of pressure

ulcers.
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1. 1.12.2- Autolytic debridement

Autolytic debridement, which is caused by the patient's own enzymes, removes
eschar and slough from the wound. This natural phenomenon needs moist

environments to occur (Hofman 2007; Konig et al. 2005).

1.1.12.3- Maggot (larval) Debridement

The green bottle fly larvae debride dead tissues in wounds by feeding on them
(Chan et al. 2007; Church et al. 2002). The larvae also decrease the bioburden
of wounds by secreting bactericidal metabolic products (Steenvoorde & Oskam
,2006; Armstrong et al. 2005; Church et al. 2002). Moreover, it is not effective
when the causative agent of wound infection is P. aeruginosa, since the

organism is lethal to the larvae (Andersen et al. 2010).

1.1.12.4- Enzymatic debridement

Enzymatic debridement utilises enzymes such as collagenase, streptokinase,
and fibrinolysin to digest the protein components of sloughs or eschars of
wounds (Marazzi et al. 2006). Enzymatic debridement is selective according to
the specific action of the enzyme used. For instance, collagenase degrades
only the collagen components of wound sloughs (Marazzi et al. 2006; Moore &

Jensen 2004).

1.1.12.5- Surgical debridement

Surgical debridement is mechanical removal of most of the necrotic tissues,
usually in operating theatres under anaesthesia. It is fast, effective and can
prevent further complications such as amputation if slower methods of
debridement are used and fail, especially in vulnerable patients, e.g. diabetics

(Werner et al. 2008; Wang et al. 2008; Armstrong et al. 2002; Faglia 2006).
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1.1.12.6- Topical Oxygen Therapy

Oxygen is delivered to a wound in the form of supersaturated oxygen (Davis et
al. 2007; Gottrup 2004). It provides cells with energy that is utilized in protein
production and angiogenesis, which are necessary for wound healing (Davis et

al. 2007; Gottrup 2004).

1.1.12.7- Hyperbaric oxygen therapy

This form of oxygen therapy is needed where oxygenation is lacking, e.g. in
devitalized chronic wounds especially in diabetic patients (Kalani et al. 2002). It
provides oxygen tension required by the tissues to support wound healing

(Flanagan et al. 2009; Roeckl-Wiedmann et al. 2005).

1.1.12.8- Negative pressure wound therapy (NPWT) via vacuum-
assisted closure

Negative pressure wound therapy (NPWT), also known as vacuum-assisted
wound closure. Using sub-atmospheric pressure to the superficial area of
wounds and management of various acute and chronic wound treatment
(Capobianco et al. 2009). This therapy helps wound closure and healing
(Armstrong et al. 2007; Steenvoorde & Oskam 2006). but is currently lacking

clinical evidence (Novak et al. 2014; Panayi et al. 2017).

1.1.12.9- Antiseptics/ topical applications

These are mainly used to reduce the microbial load of wounds, but they can
achieve total clearance of microbes in some instances. Accordingly, they are
primarily used as prophylactic measures to prevent or decrease the risk of
wound infection (White et al. 2001). One drawback of their use is the occasional

development of resistant strains (Cheng et al. 2008).
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1.1.12.9.1- Povidone iodine

Povidone iodine is either used alone or combined with other antimicrobials to
maximize and widen its effect (Ferguson et al. 2003; Sherlock 1984). There is
controversy regarding the efficacy of iodine in decreasing the bioburden of
wounds with conflicting results (Giacometti et al. 2002). Cooper (2007),
confirmed in his review that poviodone iodine is an effective, broad-spectrum
agent with no recorded organismal resistance. It has also been shown that it is
less toxic than most antimicrobials (Muller et al. 2008). This suggests it may be

one of the best topical antimicrobial preparations for management of wounds.

1.1.12.9.2- Silver dressings

Silver compounds have been demonstrated to be successful in treating wounds
(Parsons et al. 2005), in both in vitro and in vivo studies (Ip et al. 2006; Church
et al. 2006). Of these compounds, the most known agents are silver
sulphadiazine and silver impregnated activated charcoal. Silver compounds
carry out their antimicrobial effect through depriving the organisms of vital ions.
This has been demonstrated by X-ray microanalysis (Hobot et al. 2008). Silver
has been showen to require higher concentartion to Kill bilfilm organisms than
planktonic organisms (Knight et al. 2009; Bjarnsholt et al. 2007), regardless of
whether the biofilm is formed of single or mixed bacterial strains. Effectiveness
of silver dressings is related to the rate of silver release, which should be taken

into consideration to choose the appropriate dressing type.

1.1.12.9.3- Combined dressings

Combinations of antimicrobials in dressings increase their efficacy due to their
synergistic effects on microbes. Examples of these are 1% silver-zinc
allantoinate cream (Margraf & Covey 1977) and Povidone iodine and alcohol

(Mertz et al. 1984). Although, these are more effective than single
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antimicrobials, these combinations may fail due to the heavy microbial burden

(Mertz et al. 1984) or the presence of biofilms (Percival et al. 2004).

1.1.12.9.4- Surgical intervention

Surgical interventions may be resorted to in cases of non-healing wounds or if
there is high risk to organs or life. They vary from removal of dead tissue, with

skin replacement, to amputation of a toe, foot or the whole limb.

1.1.13- Possible new alternative skin wound infection treatment

To date, treatment of skin wound infections has heavily relied on the use of
antibiotics as either topical creams or administered systemically (Howell-Jones
et al. 2005). However, the increase in antibiotic resistance have encouraged
researchers to find solutions for managing both wound infections in general and
antibiotic resistance. Recent studies have shown that ultrasound can be used in
conjunction with antibiotics to treat infection (Yua et al. 2011; Ensing, et al.
2006; Carmen et al. 2004; Redisk et al. 1998; Williams & Pitt 1997; Redisk et al.
2000). This method relies on the basis that ultrasound causes an increase in
membrane permeability allowing large molecules such as antibiotics to enter the
infected cells (Runyan 2006) which increases efficacy of antibiotic delivery and
aids wound healing (Alumia 2013; Lewin et al. 2013). Ultrasound is a potential
alternative method which could be used either alone or in combination with
other approaches.

Ultrasound is defined as mechanical waves, which penetrate different materials,
such as fluids and soft tissues. The main mechanism of therapeutic action of
ultrasound as it can stimulate cell activity, and enhances the movement and
vibration of cellular fluids near the surface of cell (Ward 2015). Acoustic
cavitation caused by ultrasound, in which tiny bubbles form in surrounding

liquids and rapidly collapse with a huge increase in local pressure and shear
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stresses is one mechanism by which ultrasound may have antibacterial
properties and form of free radical (Erriu et al. 2014; Scherba et al. 1991). In
one study using ultrasound alone, Joyce et al. (2003) investigated the effect of
power ultrasound at different powers and frequency (20, 38,512 and 850 kHz)
on Bacillus subtilis. They found that low frequency ultrasound (20 and 38 kHz)
can reduce viable numbers of cultured Bacillus subtilis, while high frequency
(512 kHz and 850 kHz) effectively disperses clumps of bacteria.

Therefore, it would be beneficial to investigate the use of antibiotic-independent,
lower frequency ultrasound in reducing the bacterial load of infected skin

wounds (Chapter 6).

1.1.14- Aim and objectives

Many of the current agents used to treat wound infections, also result in toxicity
to mammalian cells and the extent to this and their effects on wound healing is
not fully understood. Novel anti-microbial strategies are needed which avoid the
limitations of antibiotic resistance and local toxicity to skin cells which delay
wound healing. Thus, this thesis aimed to investigate the effects of different
types of anti-microbial strategies which generate active free radicals to reduce
bacterial load in infected wounds. Using tissue engineered skin as an infected-
wound model, the effects of antimicrobial strategies were determined on the
bacterial load and the skin cells.

To achieve this, this thesis will discuss a number of objectives:

1- Investigate the effects of different types of anti-microbial strategies which
generate active free radicals or reactive oxygen species (Chapter 2, section
2.1.2.1.3.2, Equation 2.1) in common skin infecting organisms in planktonic and

biofilm culture.
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2- Establish an in vitro tissue engineered skin model using easily accessible
and well characterised cell lines: HaCaT and fibroblasts.

3- Evaluate the use of a tissue engineered 3D skin as a model for infected
wounds and burns.

4- Determine the effect of biocidal agents on the viability of bacteria on 3D skin
wounds and burns.

5- Determine the effect of biocidal agents and infective agents on keratinocyte
and fibroblast viability and phenotype.

6- Investigate the effect of low frequency ultrasound (LFU) on bacteria and skin

cells.
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Chapter 2

Effects of biocides on planktonic and biofilm bacteria
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2.1- Introduction

Biocides are chemical compounds containing one or more active substances
which Kill or inhibit microorganisms (McDonnell & Russell 1999). However,
biocides have non-specific target activity and generally can inhibit any organism
present rather than showing selectivity to specific types of bacteria (Maillard

2002)

Biocidal agents have been applied for centuries. Agents such as oils and
balsams were used as early as 2400 B.C during mummification of the dead. In
addition, the use of copper and silver containers for storage of drinkable water,
were utilised for centuries to reduce bacterial load within water. Moreover,
natural compounds such as salt and spices have been used for the preservation
of foods, and treating of skin wounds using vinegar and honey (Maillard 2002;
Russell 2003).

There are a wide range of biocidal agents in common use both during
preservatives and in the medical area as antiseptics and disinfectants (Hugo
1991; Russell, 2003). Biocidal agents have the ability to inhibit or destroy
infectious microorganisms. However, these are different from biocides, with the
key difference being mode of action.

An antimicrobial can be defined as a low concentration of medicines exerts an
action exhibits selective toxicity towards against microbial pathogens. Typically,
the antimicrobial agents have one specific target site within the microorganism
with an essential function (Saga & Yamaguchi 2009). For example, B-lactams
and glycopeptides which inhibit peptidoglycan layers synthesis in the cell wall,
whilst, tetracyclines, chloramphenicol and (macrolide antibiotics) prevent protein

synthesis (Riesbeck et al. 1990), and sulphonamides disrupt folic acid
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synthesis. However, biocidal agents have multiple and unspecific target sites in
the microorganisms affecting cytoplasmic membranes, proteins, DNA, RNA and
other cytosolic components (Russell 2003).

Antimicrobial therapy is applied in vivo and is often targeted to the locus of
infection, the concentrations utilised are sometimes near the minimum inhibitory
concentration (MIC), decreasing bacterial load and enabling the immune system
to eliminate the pathogen. Biocides are often applied at concentrations much
higher than the MIC and the minimal bactericidal concentration (MBC). Biocidal
agents are commonly used as decontaminants on surfaces, and are utilised for
short time periods, whereas antimicrobial therapies are applied to the patient
directly for days to weeks (Maillard 2002).

2.1.1- Application of biocidal agents

During the twentieth century several biocidal compounds became common in
clinical use. Today, biocides play an important role in controlling infectious
diseases and in the prevention of healthcare-associated infections (Maillard
2005). However, with the increase in antimicrobial resistance worldwide leading
to increased mortality and morbidity as a result of infections, the importance of
infection control and the role of preventative biocides in health care are
paramount. Biocides are used in many aspects of the environment such as
treatment of water; disinfection during clinical practice; industrial food stuffs;
cosmetics and pharmaceutical products.

2.1.2- Mode of action of oxidising biocidal agents

Biocides are broad-spectrum (Figure 2.1) and can be used in various settings
with multiple and unspecific target sites within microorganisms, targeting the
cytoplasmic membrane, proteins, DNA, RNA and other cytosolic components.

Oxidising biocidal agents are low molecular weight compounds, and thus have
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the ability to pass through bacterial cell membranes and attack internal targets
or cause disruption of bacterial cell walls and membranes causing cell death
(Figure 2.1). There are wide ranges of oxidising biocides available; this thesis
focuses on four potential biocidal agents: silver nitrate, hydrogen peroxide,

isothiazolone and medical grade manuka honey (Figure 2.1).
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Figure 2.1: Mechanism of different types of biocides and target site action. Four potential
oxidizing biocidal agents used in this project: silver nitrate, hydrogen peroxide, isothiazolone
(shown in red).
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2.1.2.1- Silver nitrate

Silver (Ag) is a natural heavy metal with a specific gravity of more than 5 (Silver
2003) (Duxbury et al. 1986). It is a transition metal according to its electron
configuration (McNaught & McNaught 1997), when ionised (Ag+), is a weak
acid (Gadd 1992). The antibacterial activity of silver was discovered thousands
of years ago (Rai et al. 2009). There is evidence of Silver nitrate (AgNO3)
utilisation for medical conditions during Roman periods in 69 B.C (Klasen 2000).
In the 14th century, AQNO3 was used as a prophylaxis against wound infection
by local application and in the following century (Alexander 2009). In the 19th
century, silver compounds were discovered to have antibacterial activity,

especially against S. aureus and Bacillus anthracis (Schneider 1984).

The success of silver in infection prophylaxis persisted until the early 20th
century. For instance, the efficacy of Silver-containing dressings in preventing
infections in burns and wounds was established (Castellano et al. 2007; Chopra
2007). Silver was also used in the treatment of eye infections, e.g. streptococcal
sepsis, which were treated with silver suspensions (Roe 1915; Sanderson-Wells
1918). There was a drop in the use of silver as an antibacterial agent after the
discovery of antibiotics (Chopra 2007; Davies et al. 2013). Neverthless, in the
1960's, AgNOs represented a cheaper more effective alternative than antibiotics
in the prevention of infections of burns (Moyer et al. 1965).

A 0.5% concentration of AgNOs, was found to inhibit the growth of
Streptococcus pyogenes and P. aeruginosa, the most common organisms to
colonise burns, without affecting the successful application and acceptance of a

subsequent skin graft (Moyer et al. 1965).
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2.1.2.1.1- Current applications of antibacterial silver

AgNOs continues to be the standard prophylaxis for ophthalmia neonatorum in
some developing countries (Mullick et al. 2005). Although silver-containing
dressings were originally used in burns, their use has expanded to include
almost all types of wounds, e.g. acute, chronic, pressure ulcers, diabetic and
neuropathic ulcers, especially heavily infected ones (Edwards-Jones 2009).
(Silver et al. 2006; Atiyeh et al. 2007).

Another important medical use of silver is its incorporation into medical devices
which are implanted in the body to prevent colonisation of bacteria on these
devices with subsequent complications (Weber & Rutala 2001). The
antibacterial effect of silver was utilised in non-medical products as well, e.g.
clothing, deodorants, kitchen appliances, children's toys and water purifiers

(Luoma 2008).

The use of silver as an antibacterial agent has markedly increased during the
last decade (Chambers et al. 2007). In 2004, the expenditure of the NHS on
silver dressings was £858,000, which rose to £25 million in 2010 (National
Prescribing Centre 2010). One concern related to the increasing exploitation of
antibacterial silver is the development of bacterial silver resistance, thus
impinging upon its efficient use in combating infection (Chopra 2007).
2.1.2.1.2-Toxicity of silver

Heavy metals, e.g. mercury, arsenic and lead, are known to be toxic at low
concentrations (Ibrahim et al. 2006); nevertheless, silver is well tolerated when
applied to wounds with only minimal adverse effects like skin irritation (Weber &
Rutala 2001). Silver-containing implanted medical devices (e.g. catheters and
endotracheal tubes) were not associated with any toxicity to patients and high-

risk patient populations are rare (Veenstra et al. 1999).
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The effect of anti-sub-cytotoxic Ag* concentrations is that it enhances the
human keratinocytes proliferation that might be linked to a modest increase in

intracellular ROS levels (Duan et al. 2018).

Silver toxicity to skin cells based wound dressings which need to be managed
by a wound nurse who can determine at which point the dressing becomes
more harmful than helpful. On the other hand, repeated systemic introduction of
silver, either orally or by injection, may confer some risk through deposition in
liver, lungs, spleen, brain and skin. Silver deposition in skin and mucous
membranes causes argyria, a condition characterized by bluish grey
discolouration of tissues with life threatening consequences. Fortunately, this

resolves upon stoppage of silver treatment (Lansdown 2007).

The only organ that seems to be adversely affected by silver deposition is the
brain and the nervous system giving rise to conditions like myoclonic status
epilepticus, seizures and peripheral neuropathy (Vik et al. 1985; OHBO et al.
1996; Mirsattari et al. 2004). In view of the above, there is no sound reason to
stop using silver as a local antibacterial agent for skin infections (Lansdown
2007).

2.1.2.1.3- Antibacterial mode of action of silver

Ag* binds to several anions, including sulphur (Grier 1968). Since sulphur is
abundant in biological systems, it has been suggested that Ag* performs its
antibacterial activity through binding to vital bacterial sulphur-containing
nucleophiles (Nies 1999). Some of these targets have been discovered and will

be discussed below.

2.1.2.1.3.1. DNA
It has been suggested that silver compounds perform their antibacterial activity

through binding to the DNA of bacterial cells (Rosenkranz & Carr 1972). Fox,
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1969, determined the sites involved in this binding to be the nitrogen atoms
sharing in the hydrogen bonds between the two DNA strands, specifically N1 of
adenine and guanine and N3 of cytosine and thymine; thus, deforming the DNA

enough to interfere with its replication.

Later, it was confirmed, through Fourier transform infrared spectroscopy that
Ag+ can bind to DNA in vitro; but contrary to Fox's hypothesis, the binding takes
place through N7 of guanine and adenine (Arakawa et al. 2001). In vivo, this
binding leads to condensation of the bacterial DNA as seen by the transmission
electron microscopy and also by X-ray microanalysis, which interferes with its
subsequent replication. It is not known for sure whether the DNA condensation
is directly related to silver binding or is secondary to other damage caused by
Ag+ (Feng et al. 2000).

2.1.2.1.3.2. Protein

Silver is known to bind to amino acids; and indeed is utilised to stain proteins in
polyacrylamide gels (Clement & Jarrett 1994). Ag* binds to sulphur residues or
nitrogen-containing side chains of amino acids (e.g. arginine, histidine, lysine
and methionine) (Jover et al. 2008). As a consequence of this binding, the
tertiary structure of proteins is disrupted with inhibition of its function (e.g.

enzymes lose their catalytic functions).

Although in vitro studies have specified the enzymes that can be inhibited by
Ag+ (e.g. succinate and NADH dehydrogenases, NADH quinone reductase and
phosphoribosyl 1-pryrophosphatase), this is not a guarantee that the same
action would occur in vivo or that the enzymatic inhibition is the cause of the
antibacterial MOA of Ag+ (Martin 1963; Bragg & Rainnie 1974; Semeykina et

al. 1990; Xu & Imlay 2012). However, it is well established that Ag+ can inhibit
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dehydratase enzymes of E. coli in vivo and that these enzymes may well be

considered targets for antibacterial agents (Xu & Imlay 2012).

It has been found that binding of Ag* to dehydratases results in the release of
Fe?* as a consequence of the reaction of Ag* with the 4Fe-S clusters within the
enzymes (Xu & Imlay 2012). It has been proposed that the release of Fe?*,
rather than the enzymatic inhibition per se, that leads to bacterial cell death, as
Fe2+ produces toxic reactive oxygen species (ROS) through the Fenton
reaction (Xu & Imlay 2012)(Equation 2.1).

Fe?* + H.O2 — Fe®*+ OHe + OH-

Equation 2.1: The Fenton reaction (Benatti et al. 2006)

2.1.2.1.3.3- Cell membrane
The cell membrane was found to be one of the main targets of Ag*, with 80% of

Ag+ in antimicrobial silver preparations binding to the cell membrane, with the
remaining 20% bound to nucleic acids, as evidenced by radiolabelled Ag+
(110AgSu) applied to P. aeruginosa for 1 h, (Rosenkranz & Carr 1972). Further
studies using TEM showed the effect of AQSu on S. aureus (detachment of the
cell membrane from the cell wall) and on P. aeurginosa (distortion of cell
membranes) (Coward et al. 1973).

Whether detachment or distortion of cell membranes is the mechanisms
responsible for the antibacterial MOA of Ag* remains unclear. Ag* was found to
cause fast dissipation of the proton motive force at the cell membrane in E. coli
and Vibrio cholerae (Dibrov et al. 2002; Holt & Bard 2005), which denotes that
the function, in addition to the structure, is disturbed by Ag+. Lok et al, 2006,
confirmed this concept by observing that exposure of E. coli cells to Ag* led to

rapid and substantial leakage of K* and ATP out through their cell membranes.
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Moreover, Ag* was found to interfere with the oxidative phosphorylation
pathway stalling the electron transfer at complex | (NADH dehydrogenase),
suggesting inhibition of this complex (Holt & Bard 2005).

As a consequence of electron transfer stalling, reactive oxygen species (ROS)

may be released with further damage (Holt & Bard 2005).

2.1.2.1.3.4. Generation of reactive oxygen species
During metabolic oxidation reactions, molecular oxygen is reduced to either

hydroxyl radical (HO), hydrogen peroxide (H202) or superoxide (O?), which are
collectively known as ROS (Imlay 2013). O2- and H202, are short-lived with
minimal toxic effects but they can interact with iron-sulphur clusters in various
enzymes releasing free iron (Fe?'), which, in turn, may react with H202

producing OH through the Fenton reaction (Imlay 2013).

OH, contrary to O% and H202, has high oxidating potential that may damage
DNA, proteins or cell membranes and eventually may lead to cell death
(Kohanski et al. 2007). The toxic potentials of ROS are guarded against by
specific scavenging enzymes (e.g. catalses and superoxide dismutase
scavenging H202 and O? respectively). It has been suggested that Ag+ would
create favourable conditions for O generation through binding In the cytoplasm
to thiol-containing enzymes (e.g. NADH and succinate dehydrogenase) (Texter
et al. 2007), the target of silver nitrate in the cytoplasm by binding to the Thiol
groups and causing inactivation of enzymes and proteins. The main interaction
of Silver with the 30S ribosomal subunit, led to disorders of activity and activity
of cellular enzyme (Yamanaka et al. 2005). Silver may also act directly on DNA,
producing many changes condensation and degeneration of DNA strands and

cell death (Klueh et al 2000; Warriner et al. 2005).
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2.1.2.2- Isothiazoline

Isothiazoline compounds, such as N-methylisothiazolinone (MIT), 5-chloro-N-
methylisothiazolinone (CMIT) and benzisothiazolinone (BIT), are characterized
by antibacterial activities (Nicoletti et al. 1993).

These antibacterial activities affect a wide range of bacteria and work in a wide
range of temperatures and pH values, making isothiazolone a favourable
bacteriostatic agent (Russell et al. 2004), comparable and even superior to
formaldehyde. The available suspensions of isothiazolone are water soluble
and tend to undergo chemical degradation to non-toxic compounds.
Furthermore, they are compatible with a wide scale of products. These
characteristics have also made isothazoline preparations commercially
successful in a wide range of industrial purposes (Nicoletti et al. 1993).
Preservative preparations are one of the common uses of isothiazolones in
industry. However, due to its irritative nature, isothiazolone preservative
solutions are restricted in use.

Chloromethylisothiazolinones, which are included in personal care products for
example, are not intended to come into contact with mucous membranes.
Another example of the industrial restricted use is Benzisothiazolinone, which is
not legalised to be used in personal care products in Japan (Ministry of Health,
Labor and Welfare 2005) and Europe (European Union 1976); this is used in
household products, paints, adhesives and industrial emulsions.

As preservatives against bacteria, isothiazolones are assumed to chemically
react with thiol containing cytoplasmic and membrane bound bacterial enzymes
(Denyer 1995). This mechanism of action is supported by the finding that the
activity of isothiazolones is markedly antagonised by competitive materials

containing thiol within their structure. Isothiazolone antibacterial action is
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automatically intensified by the character that the interaction of isothiazolone
with bacterial enzymes leads to the oxidation and the production of more ring-
opened forms of biocides and more isothiazolone dimers that add to the
antibacterial action (Collier et al. 1991). In addition, some preparations like
chloro-methyl-isothiazolinone affect and damage of DNA (Russell & Chopra
1990).

2.1.2.3- Hydrogen peroxide

2.1.2.3.1- Nature and characteristics

Hydrogen peroxide is a colourless acid that is slightly more viscous than water
(Housecroft et al. 2010). Due to its antimicrobial properties it was mainly used
as a disinfecting and sterilizing agent for surfaces and instruments. Thanks to
its relative safety, its use extended to wide scale use as a food preservative and
even as a local treatment to combat bacterial infections (e.g. in wound
infections).

2.1.2.3.1.2- Historical background

Hydrogen peroxide was first discovered in 1818 by the French chemist Thenard
(Thénard 1818), but it was the British doctor, Richardson who first suggested its
use as a disinfectant in 1858 when he observed its ability to get rid of foul
odours, based on the belief, which was not far away from the truth, that foul
odours were related to offensive disease-producing micro-organisms. Thus,
hydrogen peroxide was commercially used as a disinfectant for the first time

under the name of Sanitas (Block 2001).

2.1.2.3.1.3- Hydrogen peroxide existence in the biological
systems

Hydrogen peroxide is naturally produced in many organisms as an intermediate
product during cellular oxidation processes. When oxygen carries out its

function of oxidising cellular substrates to produce energy, it becomes reduced
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forming several compounds. The ultimate end product of these compounds is
water, but it is formed in steps passing through intermediate potentially harmful
compounds including hydrogen peroxide.

For that reason, organisms evolved ways to safeguard their structures against
it.

One of the solutions was to evolve enzymes capable of degrading hydrogen
peroxide, like catalase, peroxidase and superoxide dismutase (Winterbourn
2013). These enzymes are the main cause of resistance to externally applied
hydrogen peroxide.

2.1.2.3.1.4- Range of activity

Hydrogen peroxide is active against a wide range of micro-organisms: bacteria,
protozoa, prions, viruses, yeast and fungi. Concerning its action on bacteria, it is
highly effective against vegetative bacteria, but it also hinders the growth of a
wide range of anaerobic bacteria and bacterial spores (Baldry et al. 1983). With
greater activity on Gram negative than Gram positive bacteria (Dorobantu et al.
2015), this is thought to be due to the difference in cell walls. The concentration
of hydrogen peroxide preparations varies according to the application. As a skin
antiseptic or in wound treatment, it is used in a concentration of 3-6% v/v in
water. In dental disinfection, it is applied in a concentration of 0.4-1% v/v. Whilst
at a concentrations of 7.5% vlv, it is used as disinfectant, where it is able to
inactivate all micro-organisms except large spores (SCENIHR (Scientific

Committee on Emerging and Newly Identified Health Risks) 2009).

2.1.2.3.2- Mechanism of action

Hydrogen peroxide, after entering the bacterial cell, reacts with bacterial
intracellular iron or trace elements according to the Fenton reaction. The

reaction results in the production of free oxygen radicles (e.g. hydroxyl ions),
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which have a high potential of oxidising vital structures in the cell destroying
them. This oxidative damage is the consequence of breaking vital molecular
bonds. For example, it causes DNA and RNA damage (Henle & Linn 1997),
deformities in the backbone of vital proteins (Dean et al. 1997) and also directly
damages the cell membrane and membranous organelles like mitochondria and
the cytoplasmic reticulum (Brandi et al. 1991; Peterson et al. 1995; Baatout et
al. 2006). Colobert, in 1962, confirmed the pivotal role of iron, or other metal
ions for the antibacterial action of hydrogen peroxide, by demonstrating that in
the absence of such metal ions, no bactericidal activity would be observed. He
conducted his experiments on E. coli using ethylene diaminetetracetic acid as a

chelating agent to remove free ions from the media (Colobert et al. 1962).

2.1.2.3.3-Advantages of hydrogen peroxide

One of the advantages of H20:2 is the wide spectrum of micro-organisms it
combats. Thus, when used for disinfection or sterilisation in the appropriate
concentrations, the disinfected place or instrument is ensured to be reducing of
living micro-organisms. It has been used successfully in USSR and the US for
sterilisation of spacecraft and was reported to be practical in this field (Wardle et
al. 1975). Another advantage is its safety within a considerable range of
concentrations; it is naturally degraded into water and oxygen. For this reason,
hydrogen peroxide is used as a food and water preservative (Yoshpe-Purer et

al. 1968; Naguib & Hussin 1972).

2.1.2.3.4- Microbial Resistance to hydrogen peroxide

As it has been pointed out above, some micro-organisms possess enzymes that
are capable of degrading hydrogen peroxide into water and oxygen (e.g.
catalase, superoxide dismutase and peroxidase), which is the main cause of

resistance to hydrogen peroxide. Almost all aerobic bacteria and some
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facultative anaerobes possess catalase enzymes (Baureder et al. 2012). Thus,
they are potentially resistant to the action of H20:2 if subjected to it in moderate
concentrations.

Fortunately, the concentrations of H202 in-use in the various antimicrobial
activities referred to above are considerably higher than that which can be
overcome by the organismal natural resistance (Rutala et al. 1999).
Accordingly, limited tolerance has developed against hydrogen peroxide in spite
of the agent having been used for a long time. Another cause of bacterial

resistance against H20: is the formation of biofilms.

2.1.2.3.5- Hydrogen peroxide action on biofilms

H202 has been shown to have lower activity on biofilm bacteria when compared
with planktonic cultures (Exner et al. 1987; Vincent et al. 1989). This reduced
activity was related to decreased penetration and diffusion of H202 through the
extracellular polymeric substance (EPS) of the biofilm, a finding that was
confirmed by the observation that bacteria near the outer surface of the biofilm
were affected to a greater extent compared to those in deeper layers.
Accordingly, the production of oxygen from a biofilm culture treated with H202 is
an indicator of breakdown of H202 by resistant catalase-producing bacteria.
Further laboratory confirmation of the role of catalase in resistance was the
finding that when a catalase inhibitor such as 3-amino-l, 2, 4- triazole was
added to the culture, no oxygen was released (Gee et al. 1970; Paul et al.
1973).

However, compared to other disinfectants, H20:2 is still more active in combating
biofilms. For instance, it has been shown that contact lens storage solutions

using H202 were accompanied with significantly lower incidence of

62



contamination with biofilms than in cases where other disinfectants were used
(Wilson et al. 1990).

2.1.2.4- Honey

2.1.2.4.1- Honey and medical history

Honey is produced by bees from nectar of flowers they feed on. The main
components of honey are sugars including fructose and glucose which
contribute about 40% and 30% of the total mass respectively (White & Doner
1980) with smaller amounts of sucrose (1% to 12%) and maltose (about 9%).
Water and enzymes (diastase, invertase, glucose oxidase and catalase) form
the rest of the content (Kamal et al. 2002). In addition, honeys contain phenols,
which influence its antimicrobial activity, and minerals, such as Mg?*, K*, Na*,
Zn** and Cu?* (Farooq Khan & Magbool 2008), antimicrobial peptides
dependent upon the pollen source (Danihlik et al. 2018). In order to use honey
as a medicine, it should be stored below 20 °C to preserve its active
constituents for long storage periods, it is recommended to store honey below
4°C to avoid the accumulation of hydroxy-methyl-fur aldehyde (HMF) (Rybak-
Chmielewska et al. 1995).

2.1.2.4.2- Physico-chemical properties of honey

These depend on the constituents of honey. Natural honey contains minor
substrates such as carbohydrates and water. But the major components are
proteins, minerals, phytochemicals and antioxidants, as well as other physico-
chemicals including H202, acids, enzymes and antimicrobial peptides

(Abdulkhaliq et al. 2017).

2.1.2.3.2.1- pH of honey
Honey is naturally acidic, with pH ranges between 2.19 to 4.5 (White & Doner

1980; Ghazali 2009). Honey's acidity prevents most microrganisms from
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growing in it. The presence of caffeic and ferulic acid in honey adds to its

antimicrobial effect (Wahdan 1998).

2.1.2.3.2.2- Osmolality of honey
Honey has high osmolality 532 + 38 mOsm/L (Crailsheim 1985), being a

saturated mixture of monosaccharides in a low water content. Although the high
osmolality of honey is essential for its antimicrobial effect, it is not the only
mechanism. Diluted honey still preserves its antimicrobial effect when
compared with concentrated sugar solutions (French et al. 2005).

With honey constituents, rather than the osmolality alone, are providing the

antimicrobial activity (French et al. 2005; Molan 2006).

2.1.2.3.2.3- Hydrogen peroxide activity of Honey
H20:2 is the product of the enzymatic breakdown of glucose by glucose oxidase

(White et al. 1963), exerting an antimicrobial activity, without causing toxicity to
the patient's tissues, due to its slow release (Molan 2006). Its release is
regulated by a negative feedback mechanism; the H202 increases the acidity,
which in turn decreases the activity of glucose oxidase enzyme responsible for
its release. Another regulating factor is the breakdown of H20: itself by the
catalase enzyme contained in honey as well as discussed above. Mammalian
tissues are further protected, by iron contained in honey, which reacts and
neutralises free oxygen radicals released as side products of H202. Some
honeys fail to generate peroxides; thus, their antimicrobial action are related to
other honey constituents, especially phytochemical ones (Mavric et al. 2008;

Adams et al. 2008; Atrott et al. 2009).

2.1.2.3.2.4- Phytochemical components of honey
Phytochemical components of honey can also generate antimicrobial affects

(Molan 2006; Mboto et al. 2009), especially in non-peroxide honey, e.g. Manuka
honey. Methylglyoxal (MGO) is one of these compounds (Atrott et al. 2009;
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Mavric et al. 2008; Adams et al. 2008). MGO ranges from 189 to 835 mg/kg in
Manuka honey with antibacterial activity of 12.4 to 30.9 % phenol concentration
equivalent.

MGO has been found to be 1000 times higher in manuka honeys than
conventional honeys (Mavric et al. 2008). Manuka honey (30% wi/v) has also
been shown to have more antimicrobial effect than ordinary honeys, which are
only show anti-bacterial effects 80% w/v. Adams and colleagues (2008)
confirmed the non-peroxide activity of 49 manuka honeys.

The antimicrobial activity was found to be attributed to methylglyoxal through
HPLC analysis. Methylglyoxal is produced by the action of honey enzymes on

dihydroxyacetone (Adams et al. 2008; Kwakman et al. 2010).

2.1.2.4.2.5- Antioxidant properties of honey
Free oxygen radicals are harmful active substances that react with tissues

leading to their damage. They are produced by some pathogenic organisms,
such as P. aeruginosa, involved in wound infection. Antioxidants neutralize
oxygen free radicals, thus, protecting tissues from their lethal effects. Honey
has also been shown to have antioxidant properties (Henriques et al. 2006;
Oddo et al. 2008). It has also been shown that the antioxidant content of honey
diminishes with time, especially after six months, regardless of the storage
conditions (Jiménez et al. 1994); hence, fresh honey is more beneficial than
stored, as the level of antioxidants is higher. The antioxidant activity of honey
varies according to the phenolic content (Gheldof et al. 2002), floral content and
source of honey (El-Hady et al. 2007).

2.1.3- Bacterial Biocide Resistance

Bacterial resistance to preservatives and disinfectants is both a growing
economic and health problem that causes serious concern (Chapman 2003).

Reduced bacterial sensitivity to many biocidal compounds has been extensively
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reviewed, together with the mechanisms of resistance (Chapman 2003; Tumah
2009). However, there is scientific controversy regarding the appropriateness of
the term biocide resistant as compared to the commonly used term of antibiotic
resistant (Russell 2003). It was suggested that the term reduced susceptibility is
more acceptable in this domain (Beumer et al. 2000). Contrary to the MIC
breakpoint of antibiotics defined by the National Committee for Clinical
Laboratory Standard (NCCLS), the MIC breakpoint of preservatives and

disinfectants are variable according to the case.

This difference is due to the fact that antibiotics target specific sites, whereas
biocides act on various targets (Chapman 1998). Bacterial resistance to
biocides can be divided into two categories. The first is intrinsic resistance due
to the inherent property of an organism and the second is acquired resistance
due to mutation or through acquiring a plasmid or transposon (McDonnell &

Russell 1999).

The most described mechanism of intrinsic bacterial resistance is cell
membrane impermeability to biocides, which prevents their penetration or
uptake (e.g. Gram-negative bacteria). Other intrinsic mechanisms are the efflux
system, which actively pumps biocides out of the cytoplasm (e.g. mex pump in
P. aeruginosa) and the enzymatic biodegradation of the biocidal compound
(e.g. pseudomonas inactivation of phenols and aldhydes). The resistance
acquired by mutation or acquisition of resistant genes is of particular importance

in cases of cross resistance and co-resistance (Chapman 2003).

While cross-resistance is a description of the bacterial resistance being
extended (i.e. resistance to a certain biocide would make the bacterial strain

resistant to other biocides sharing the same target, uptake or metabolic routes),

66



co-resistance describes the resistance conferred by certain gene cassettes or
gene arrangements, which act against a set of biological agents. As a
consequence, both cross-resistance and co-resistance lead to the provision of

bacteria with insusceptibility to more than one biocidal agent (Chapman 2003).

An important mechanism of bacterial resistance to antimicrobials is the
formation of biofilms. Biofilms form when bacteria come into contact with
surfaces, which provokes an interaction leading to the formation of a sessile
form of bacterial communities embedded in a slime-like matrix formed of
extracellular polymeric substances (EPS) (Stoodley et al. 2002) (Section

1.1.12).

2.1.4- Aims and objectives

The aim of this chapter was to investigate the effects of different types of anti-
microbial strategies which generate active free radicals to reduce bacterial load
in planktonic and biofilms culture. To achieve this chapter will discuss a number
of objectives:

1- The effects of different types of biocides including (silver nitrate
Isothiazolone, H202 and medical grade manuka honey) which generate active
free radicals or reactive oxygen species to inhibit four strains of bacteria;
Staphylococcus aureus SH1000, Pseudomonas aeruginosa NCIMB 2895,
Staphylococcus epidermidis and Methicillin-resistant Staphylococcus aureus
(MRSA) as planktonic and biofilms culture which are important in infections

following burns.

2- Determine the effect of biocidal agents and infective agents on keratinocyte

and fibroblast monolayer viability and phenotype.
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2.2- Materials and Methods

2.2.1- Bacterial strains

Bacterial strains representing both Gram classifications which are important
infective agents in skin infections in burns patients were selected. Including the
Gram-positive strains S. aureus (SH1000) was isolated by Simon Foster group
in Sheffled Hallam university, a S. epidermidis clinical isolate from Northern
general hospital (Sheffield, Microbiology department) and Methicillin-resistant
Staphylococcus aureus (EMRSA-16) and the Gram-negative bacteria
Pseudomonas aeruginosa (NCIMB 8295) strain. These are the most common
bacteria that are found in both acute and chronic skin wound infections and
produce an extensive range of virulence factors (Sukumaran & Senanayake,
2016). It is therefore important to provide adequate antimicrobial coverage for

these infections.

2.2.1.1 Recovery of frozen bacteria
One mL of Brain heart infusion (BHI) broth (VWR, UK) was added to frozen

vials of bacteria (S. aureus, S. epidermidis, MRSA and P. aeruginosa), vortexed
and then 0.5 mL of the bacterial suspension used to inoculate a BHI agar plate
which was then incubated in a non-shaking incubator at 37°C for 24 hours.
Frequent reversion to the seed culture from the frozen stocks was used to keep

the genotype as unaltered as possible.

2.2.1.2- Broth cultures

In all experiments requiring a broth culture, a single colony of the required
bacteria strain from a BHI plate was used to inoculate 10 mL of BHI broth. This

was then incubated in a shaking incubator for 24 hours at 37°C.
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2.2.1.3- Viable Counts

Viable counts were used to determine the concentration of viable bacteria in a
suspension. All the bacterial cultures were grown overnight in BHI broth and
serially diluted (down to 1x10-%)in a microtiter plate. Aliquots (100 ul) were taken
from all tubes and ten microliter drops were plated out for each dilution
according to the Miles & Misra method in triplicate on BHI agar (Miles & Misra,
1938). Numbers of CFU/mL in the original cultures were then calculated.
Measuring the optical density (O.D) defined is an indirect way to determine the
number of cells present in the bacterial broth. In addition, serial dilution was
also used to determine bacteria CFU/ml. The correlation between OD600 and
cell number for each bacterial species was established by means of a standard

curve.

2.2.1.4 Standardisation of cultures

All bacteria strains were grown overnight in BHI broth and suspended in 10 mL
of BHI broth. Serial 1 in 10 dilutions were performed and optical density
readings were taken on a spectrophotometer (Biosciences, UK) at 600 nm.
Each individual dilution was further serially diluted and plated out using the
Miles & Misra method. All experiments were repeated in triplicate. This data
was then used to create a calibration graph by plotting the optical density

against CFU/mL which was used for future reference.

2.2.3- Biocides

The biocides used were hydrogen peroxide, sliver nitrate, 2- methyl- 4-
isothiazolone, (Sigma, Dorset, U.K.) and 100% medical grade Manuka honey
(Advancis Medical, UK) as antimicrobial agents. Fresh stocks were prepared for

each use due to instability of reagents.
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2.2.3.1- Minimum inhibitory concentration (MIC) testing

The MIC of biocidal agents values were determined by using microdilution as
described previously (Forbes et al. 2013). Briefly, overnight bacteria were
adjusted to optical density 0.8 and diluted 1:100 in BHI to produce a bacterial
inoculum for susceptibility testing, MICs were determined using doubling
dilutions of biocide to give an indication of the susceptibility of the organism to a
specific biocide. 1.2% wi/v alginate extracted from seaweed (Sigma, Poole, UK)
in 0.15 M NaCl was used to apply biocides to biofiims and thus was used here
alone as a control to ensure no toxicity was seen to bacterial cultures. All of
bacteria strains in the project were grown overnight in BHI broth. The microtitre
plate was then incubated for 24 hours at 37°C in plate reader (CLARIOstar,
Offenburg, Germany). The MIC was the lowest concentration of biocide where

bacterial growth was inhibited.

2.2.4- Bacterial biofilm preparation on nitrocellulose membrane

Sterile nitrocellulose membranes of 1cm? (Thermo Scientific) were used to
create biofilms. The protocol described by Merritt et al., (2005) was applied.
Approximately one colony of each bacterial strain was incubated in 10 mL BHI
in a shaking incubator at 37°C for 24 hours. The nitrocellulose membranes were
then added to the culture for 24 hours to allow bacterial adherence to the
surface.

Membranes were washed by phosphate buffered saline (PBS) to remove any
planktonic bacteria, then transferred using sterile forceps to the surface of agar
media 24 hours; forming a biofilm on the nitrocellulose membrane. Biofilms
were treated with 62.5ug/ml silver nitrate, 62.5 pg/ml Isothiazolone, 0.046 v/v
hydrogen peroxide resuspended in 1.2% w/v alginate/0.15M NaCl, and neat

medical grade manuka honey was applied directly on the forming bioifilm,
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together with untreated and 1.2% w/v alginate controls and incubated at 37°C

for 24 hours in triplicate.

2.2.4.2- Viable bacterial biofilm count

Following 24 hours of incubation of nitrocellulose membrane in bacterial broth,
three membranes were removed from the media and washed in sterile
phosphate buffer in order to remove all planktonic cells. These were then
transferred into separate tubes containing 10 ml of sterile PBS and were then
transferred to a sonicating bath for one minute on/ one minute off for five cycles
to release all viable cells. The tubes were finally vortexed for 30 seconds to
homogenise the suspension and 1x10* to 1x10° serial dilutions were generated
to obtain colony forming unit count (CFU/mI). Filters soaked in phosphate buffer

without bacteria were used as negative controls.

2.2.6- Statistics

All experiments were performed independently at least three times. Effects of
biocidal agents on biofilms are demonstrated with scatter plots to demonstrate
all data points together with the median. Statistical significance of the
experimental results (significance level of P<0.05) was calculated by using Stats
Direct (StatsDirect Ltd, UK). Data did not follow a normal distribution, thus, non-
parametric Kruskal-Wallis and a Connover Ingman post hoc test were applied to

investigate significant differences from untreated and alginate treated controls.
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2.3- Results

2.3.1- Standard curve of optical density versus cell number for
each bacterial stain

In this project two methods were utilised to determine bacterial counts: optical
density (O.D.) with Miles and Misra enumerations and counting numbers in
bacterial chambers to determine the original cell density by CFU/cm3. The
correlation between ODsoo and cell number for each bacterial species was
established by a standard curve, which showed correlations between the ODsoo

of bacteria and number of bacteria (R?>0.95 for all) (Figure 2.2, 2.3, 2.4, 2.5).
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Figure 2.2: Standard curve of optical density (OD) versus bacterial cell number. The correlation between OD600nm
and bacterial cell number for S. aureus was established by means of a standard curve for both a; (log CFU/mL) and
b; counting chamber of bacteria.
P. aeruginosa (NCIMB 8295) P. aeruginosa (NCIMB 8295)
. = 2E+09% = 1E+ 2.56409
z 1.6£+09 y Rﬁ"_og’;;;?os ! y = 2E+09x - 3E408
5 1.4E+09 - — / . 5 0E409 R2=0.977
S 126409 ,/if E :
[1-] ]
E 1.0E+09 5 1.5e+09
S 8.0E+08 - F
2 2 1.0e+09
i 6.0E+08 - §
E 4.0E+08 -§ 5.0E+08
E 206408 - / 5 .
< 0.0e+00 | ‘ : : ; : : 0.08+00 05 o o6 o . 5
0 0.2 0.4 0.6 0.8 1 1.2 ’ : ’ i ’
-5.0E+08
0D 600nm OD 600nm

Figure 2.3: Standard curve of optical density (OD) versus bacterial cell number. The correlation between OD600nm
and bacterial cell number for P. aeruginosa was established by means of a standard curve for both a; (log CFU/mL)

and b; counting chamber of bacteria.
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and b; counting chamber of bacteria.
MRSA MRSA
y = 3E+08x - 7E+06
4.E+08 - = 5.E+08
5 RT=0.9969 AE+08 y = 3E+08x - 2E+07
5 3.E+08 T R?=0.9742
% 3.E408 : 4. E+08
B+ —
8 g 3.£+08 -
£ 2.E408 § 3.£408 %
©
S 2E+08 5 % 2.E408 /§/
'6 [
5 LE+08 / g 2E08
b / E 1.E+08
E s.E+07 Z c 07
z 0/' ’
0.E+00 T T T T | 0.E+00 T T T T T |
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
0D 600nm OD 600nm

Figure 2.5: Standard curve of optical density (OD) versus bacterial cell number. The correlation between OD600nm and
bacterial cell number for MRSA was established by means of a standard curve for both a; (log CFU/mL) and b; counting

chamber of bacteria
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2.3.2- Minimum inhibitory concentration (MIC) of silver nitrate
against P. aeruginosa (NCIMB 8295), S. aureus (SH1000), a S.
epidermidis clinical isolate and MRSA (EMRSA-16)

The susceptibility of S. aureus, P. aeruginosa, S. epidermidis and MRSA were
determined by measuring the MIC of biocides (Table 2.1). There was evident
bacterial growth in both the control and the alginate treated cultures following
two hours of incubation, denoting that bacteria were viable, no significant effect
was seen following treatment with alginate demonstrating alginate did not affect
normal bacterial growth (Figure 2.7, 2.8 and 2.9). Serial dilutions of silver nitrate
and 2- Methyl-4-isothiazoline-3-one of 250 pg/ml,125 pg/ml, 62.5 pg/ml and
31.25 pg/ml were used to identify the MIC of bacteria after 24 hours (Table 2.1).
At the concentration of 62.5 pug/ml, no bacteria growth was observed. The
results obtained from the plate reader showed that following treatment with
31.25 pg/ml the bacterial was observed following 8-10 hours of incubation for
the all bacterial strains while in case of the of hydrogen peroxide MIC was =

0.046%v/v (Table 2.1)

Table 2.1: The MICs of biocides and bacteria strains

Biocide  Silver 2- Methyl -4- isothiazoline -3- Hydrogen Peroxide
Bacteria nitrate one
S. aureus 62.5 pg/ml 62.5 pg/ml 0.046 viv
P. aeruginosa 62.5 pg/ml 62.5 pg/ml 0.046 viv
S.epidermidis 62.5 pg/ml 62.5 pg/ml 0.046 viv
MRSA 62.5 yg/ml 62.5 ug/ml 0.046 viv
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2.3.3- Effect of biocides on the bacterial biofilms

Four biocidal agents, Manuka honey, silver nitrate, 2- Methyl -4- isothiazoline -
3-one and Hydrogen peroxide were tested against biofilms of S. aureus, P.
aeruginosa, S. epidermidis and MRSA biofilms in vitro using the nitrocelluose

biofilm method.

2.3.3.1- Effect of Manuka honey on the bacterial biofilm

Bacterial biofilm models (S. aureus, P. aeruginosa, S. epidermidis and MRSA)
were produced on a nitrocellulose substrate and were exposed to Manuka
honey. The effect of honey was measured after 24 hours of application using
viable counts. Manuka honey significantly reduced the bacterial count in all
models compared with control groups (P = 0.0008 , P = 0.0001, P < 0.0001 and
P = 0.0003) for S.aureus, P.aeruginosa, S.epidermidis and MRSA respectively
(Figure 2.6). The biocidal efficacy was more pronounced in P. aeruginosa, S.
epidermidis, and MRSA than in S. aureus (Figure 2.6, a). The reduction in S.
epidermidis and P. aeruginosa were 2 to 2.23 logio reduction in CFU/mI.
Whereas in S. aureus and MRSA, only 1.87 and1.69 logio reduction CFU/mlI

(Figure 2.6).
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Figure 2.6: Effect of Manuka honey on a; S. aureus b; P. aeruginosa c; S. epidermidis d;
MRSA infected 3D nitrocellulose models. The Manuka honey biocide effect was compared
between controls and nitrocellulose biofilm biocidal treated samples. * = P<0.05
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2.3.3.2- Effect of silver nitrate on the bacterial biofilm

From the previous experiments on planktonic bacteria, the planktonic MIC of
silver nitrate for all bacteria investigated (S. aureus, P. aeruginosa, S.
epidermidis and MRSA) was 62.5ug/ml. Thus, this dose was applied to bacterial
biofilms grown on 3D nitrocellulose to investigate whether the biofilm mode of

growth would affect the efficacy of the biocidal agent.

The effect of silver nitrate on the four bacterial strains (S. aureus, P.
aeruginosa, S. epidermidis and MRSA), together with treatment of bacteria with
alginate alone as a control was examined (note alginate utilised to enable
delivery of biocidal agents to biofilms). No significant difference in the CFU/mI
between the control and alginate groups was observed indicating that alginate

had no adverse effect on bacterial growth (P>0.05) (Figure 2.7).

Silver nitrate significantly reduced the bacterial count in all the models
compared with the bacterial control and alginate groups P<0.05. The biocidal
efficacy was more pronounced in P. aeruginosa than in the other three
examined strains (Figure 2.7), with a 1.76 logio fold reduction in P. aeruginosa
CFU/ml, whereas in S. aureus, S. epidermidis and MRSA the decreases were

1.38, 1.47 and 1.6 logio reduction in CFU/ml, respectively (Figure 2.7).
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Figure 2.7: Effect of Silver nitrate on a; S. aureus b; P. aeruginosa c; S. epidermidis d; MRSA
infected 3D nitrocellulose models. The Silver nitrate biocide effect was compared between
controls and nitrocellulose biofilm biocidal treated samples. * = P<0.05
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2.3.3.3- Effect of 2- Methyl -4- isothiazoline -3- one on the
bacterial biofilm

The planktonic MIC of 2- Methyl-4-isothiazoline-3-one for all bacteria
investigated (S. aureus, P. aeruginosa, S. epidermidis and MRSA) was
62.5pug/ml, thus this concentration was applied to biofilms grown on
nitrocellulose to investigate whether the biofilm structure would affect the

efficacy of the biocidal agent.

2- Methyl - 4- isothiazoline -3- one significantly decreased CFU/ml bacteria
recovered from biofilms of all the four tested bacterial species (S. aureus, P.
aeruginosa, S. epidermidis and MRSA) (P < 0.0001) (Figure 2.8). S. epidermidis
and P. aeruginosa were the most sensitive strains with 2.5 and 2 logio reduction
of CFU/ml compared to 1.4 and 1.6 logio reduction of CFU/ml of S. aureus and

MRSA respectively (Figure 2.8).
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Figure 2.8: Effect of 2- Methyl -4- isothiazoline -3- one on a; S. aureus b; P. aeruginosa c; S.
epidermidis d; MRSA infected 3D nitrocellulose models. The 2- Methyl -4- isothiazoline -3- one
biocide effect was compared between controls and nitrocellulose biofilm biocide treated
samples. * = P<0.005
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2.3.3.4- Effect of Hydrogen peroxide on the bacterial biofilm

The planktonic MIC of Hydrogen peroxide for all bacteria (S. aureus, P.
aeruginosa, S. epidermidis and MRSA) was 0.046 % v/v. thus this concentration
was applied to biofilms grown on nitrocellulose to investigate whether the biofilm

structure would affect the efficacy of the biocidal agent.

Hydrogen peroxide was shown to be an effective biocidal agent against
S.aureus, P.aeruginosa, S.epidermidis and MRSA on bacterial cells cultured as
a biofilm on nitrocellulose membranes. Hydorgen peroxide resulted in 1.88 log*°
fold significant decrease in P.aeruginosa CFU/ml compared to control and
alginate treated group P < 0.0001 (Figure 2.9). S.aureus, S.epidermidis and
MRSA also showed significant reduction with 1.7, 1.6 and 1.48 logio reduction
in CFU/ml (P < 0.0001). P.aeruginosa was shown to be the most senstive stain

of the four investigated (Figure 2.9).
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Figure 2.9: Effect of Hydrogen peroxide on a; S. aureus b; P. aeruginosa c; S. epidermidis
d; MRSA infected 3D nitrocellulose models. The Hydrogen peroxide biocide effect was
compared between controls and nitrocellulose biofilm biocidal treated samples. * = P<0.05
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2.4- Discussion

This study utilised a selection of Gram positive and negative bacteria which are
representative of infective organisms for burn wounds (S. aureus, P.
aeruginosa, S. epidermidis and MRSA (Sukumaran & Senanayake, 2016,
Gauglitz et al. 2017)). A number of potential biocidal agents which are thought
to work via free radical formation were investigated, including: silver nitrate;
isothiazolone; hydrogen peroxide; and medical grade Manuka honey. The
effects of the biocidal agents were determined on bacterial growth in planktonic
cultures and biofilms formed on nitrocellulose membranes.

2.4.1- Biocidal effects on planktonic and biofilm cultures

2.4.1.1 Biocidal effects of Silver nitrate in planktonic culture

The unspecific antimicrobial actions of silver are produced by the high reactivity
of silver ions with cellular component. MIC concentration of silver nitrate on
bacterial growth was determined in the current study within planktonic growth,
with an MIC of 62.5ug/ml against all bacteria investigated. This was slightly
higher than that found in previous studies where MIC has been found to in the
range of 5 — 40 yg/mL (Randall et al. 2012; Zheng et al. 2017; Burrell 2003; Ug
et al. 2003). Similarly, all the bacteria investigated in this thesis were sensitive
to AgNOs. The differences between specific MICs reported may be due to the
culture media utilised (Hamilton-Miller & Shah, 1996; Sondi & Salopek-Sondi
2004; Ruparelia et al. 2008; Randall et al. 2012), but more likely due to the
detection method. This project utilised a plate reader which is a sensitive
technigue and thus may have detected bacteria at lower levels than other

methodologies.
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2.4.1.2- Biocidal effects of Silver nitrate within biofilms

Exposure of S. aureus, P. aeruginosa, S. epidermidis and MRSA significantly
reduced CFU/ml bacteria within biofilms formed on nitrocellulose membrane
following exposure to the planktonic MIC of silver nitrate, although viable
bacteria remained on biofilms demonstrating lower efficacy of treatment in
biofilms compared to planktonic culture. Sharma et al., (2015) reported that the
MIC of silver in < 25 yg/mL planktonic bacteria had no effect on the biofilm of P.
aeruginosa (MTCC) also demonstrating loss of efficacy (Sharma et al. 2015). In
addition, Sutterlin et al., 2012 found that the MIC values for the silver nitrate
determined were 16—32 mg/l for S. aureus strains. Whilst the biocides were not
as effective on biofilms as compared to planktonic bacteria, silver nitrate at
62.5ug/mL inhibited of P. aeruginosa approximately 100 fold (2 logio fold) with

biofilm (Sutterlin et al. 2012).

2.4.2- Isothiazolone

Isothazolines are water soluble and undergo chemical degradation to toxic
compounds. Furthermore, they are compatible with a wide range of products.
These characteristics have also made isothazoline preparations commercially
successful in a wide range of industrial purposes (Nicoletti et al. 1993b).
Preservative preparations are one of the common uses of isothiazolone in
industry. However, due to its irritative nature, isothiazolone preservative
solutions are restricted in use (Lundov et al. 2012; Bregnbak et al. 2013). 2-
Methyl-4-isothiazoline-3-one (MIT) was used in this study as an antimicrobial
agent. The application of MIT as an individual treatment as a potential
antimicrobial biocide for use in mammalian infections is a novel application.
Following treatment of biofilms on nitrocellulose membranes with MIT at the

planktonic MIC, S. epidermidis and P. aeruginosa were shown to be the most
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sensitive strains, although CFU/ml for S. aureus and MRSA were also
significantly reduced. Interestingly isothiazolone has not been previously used
as a potential treatment for bacterial infection in any medical purpose, but rather
in environmental sanitation and cosmetic purposes (Garcia-Hidalgo et al. 2017),
2.4.3- Hydrogen peroxide

Hydrogen peroxide is broadly used for decontamination of microorganisms in a
variety of settings (Rios-Castillo et al. 2017). Bacterial biofiims of S. aureus,
Pseudomonas aeruginosa, S. epidermidis and MRSA were exposed to
planktonic MIC levels of hydrogen peroxide. The viable bacteria counts were
significantly reduced.

Painter et al., (2015) revealed that S. aureus SH1000 exposure to H202 at sub-
lethal concentrations (400 uM) resulted in a positive inhibition. No bacterial
growth was noticed in the entire CFU counts with respect to the existence of 1
mM H202.The result is a prolonged hold-up phase that continued until the
reduction of the H202 concentration to < 400 yM, when the H202 concentration
was reduced (Painter et al. 2015). In contrast, Elkins et al., (1999) reported that
3-5% v/v H20:2 eradicated biofilms generated by clinical S. epidermidis isolates
(Elkins et al. 1999). This concentration is considerably higher than the one used
in the present research.

Tote et al., (2010) observed that the hydrogen peroxide concentration required
to inhibit S. aureus (ATCC 6538) biofilms was 2.5% v/v, which affected 50% of
the bacterial sustainability; whereas a lower concentration of hydrogen peroxide
1.7% was found to be the MIC for P. aeruginosa (ATCC 700928). The

destruction of biofilm matrix was observed around 3.2% (Tote et al. 2010).
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The use of hydrogen peroxide as a disinfectant resulted in a reduction in the
residual contamination of MRSA in hospital rooms. Moreover, it reduced the
number of patient's hospital infections. (Mitchell et al. 2014).

2.4.4- Manuka honey

Interestingly hydrogen peroxide is generated as a free radical from Manuka
honey which could lead to its biocidal effects; however, Manuka honey also has
a number of other potential mechanisms including acidic pH, osmolality,
hydrogen peroxide, phytochemical and antioxidants properties. Activon medical
Manuka Honey induced a significance reduction in all the bacteria biofilms
investigated here. The MIC of natural (wild) Manuka Honey has previously been
reported as 12.5-25 % (Grecka et al. 2018; George et al. 2011; Grecka 2018).
Fidaleo et al., (2011) noted that inhibition of bacteria increased with increasing
concentration of Italian honeys of different floral origin from 12.5 % w/v and
17.5% wiv. The Gram negative P. aeruginosa ATCC1045 was more sensitive
than S. epidermidis and S. aureus (Fidaleo et al. 2011) which agreed with the
current study.

Almasaudi (2017) investigated the effect of five types of Manuka honey on S.
aureus, affecting both the methicillin resistant bacteria and the sensitive S.
aureus at the highest concentration of honey (20% w/v). In contrast to previous
studies using wild Manuka honey, our study, using the medical grade Manuka
honey, displayed low bactericidal activity against the biofilm (Almasaudi et al.

2017).

2.4.5-The effect of biocidal agents on the biofilms v/s
planktonic cultures

Bacteria and EPS are essential for the development of biofilms, and thus to
enable targeting of bacterial biofilms targeting both components will provide

greater efficacy.
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Biofilms generally are more resistant to kiling by an extensive range of
antimicrobial agents. Four biocides were included in this study. MICs were

determined for these biocides against planktonic bacteria.

The P. aeruginosa and staphylococci biofilms showed similar sensitivity to
biocidal agents. Manuka honey was the most effective biocide on biofilms in all

types of bacteria.

2.4.6- Conclusions

This study demonstrated that biocidal agents (silver nitrate, isothiazolone,
hydrogen peroxide and medical grade Manuka honey) decreased planktonic
and biofilm viability and could be useful agents for the treatment of infections.
However planktonic bacteria are known to respond differently to biofilms and as
the biofilm models here were simple nitrocellulose models, these results may
not relate to clinical results. The biofilms utlised here were formed on
nitrocellulose membranes, this is a good initial model to screen biocidal agents
but may fail to mimic biofilm formation on skin. Thus, it is essential to determine
efficacy of biocidal agents for skin infections the effects of the biocidal agents
on biofilms formed in contact with skin cells. Further the effects of these biocidal
agents on the native skin cells must be determined to identify potential side

effects and local toxicity.
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Chapter 3

Development of an in vitro 3D skin model
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3.1- Introduction

Skin is a major barrier to infection, however, when damaged; infection can
become a major problem (Pereira et al. 2013; Frykberg & banks 2015; Wang et
al. 2018). Current skin infection treatments include wound cleansing and
debridement (Madhok et al. 2013), Maggot debridement (Gottrup & Jorgensen
2011), topical hyperbaric oxygen therapy (Kaufman et al. 2018), negative
pressure (Cole 2016), and topical or systemic antibiotics (Howell-Jones et al.
2005). However, these treatments have a number of disadvantages such as
pain linked to debridement (Bechert & Abraham 2009), and antibiotic resistance
(Johnson et al. 2013). In vivo animal skin models have been used (e.g. murine
and guinea pig) to experimentally inflict wounds and test various treatment
modalities but this was at the expense of animal suffering and the high risk of
causing toxicity, especially when applying high treatment doses, as in
maximization testing (Magnusson 1969). Furthermore, the use of experimental
animals is costly and there are differences between human and animal skin
immunity that would inaccurately predict the real human response to the tested
treatments (Mestas & Hughes, 2004; Geer et al. 2004). In accordance with 3Rs
principle (Russell et al. 1959), there is an urgent need to develop alternate skin
models, which characterise human skin physiology.

In response to these challenges, in vitro skin models have been developed, to
enable testing of new therapeutic agents and approaches (Geer et al. 2002).
The development of full thickness skin models is essential to investigate the

topical administration of drugs and skin diseases.
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For a successful in vitro 3D skin model various factors need to be considered
such as the sources of necessary cell types (keratinocytes and fibroblasts)
(Rheinwatd & Green, 1975); the ECM substrate; and the culture environment,
including the presence of growth factors. Keratinocytes are the main cell type in
the epidermis of the skin; whilst fibroblasts support the keratinocytes via
paracrine signalling, such as production of Interleukin 1(IL-1) a and @;
keratinocyte growth factor/ fibroblast growth factor 7 (KGF/FGF-7) and
transforming growth factor a (TGF a) (Dlugosz et al. 1994, Werner & Smola
2001, Maas-Szabowski, Stark et al. 2000). The basal membrane between the
epidermis and dermis comprises collagen type IV, collagen type VII, laminin,
heparin sulphate and fibronectin. The combination of extracellular matrix (ECM)
components and paracrine signals control keratinocyte proliferation and
phenotype (Marinkovich et al. 1993; Fleischmajer et al. 1998)

The first skin models were developed ~80 years ago, utilising trypsin powder
containing elastase to separate the epidermis from the dermal layer (Medawar
1941). Since then, numerous studies have been conducted to tissue engineer
skin models in vitro, such as the use of human keratinocytes in in vitro tissue
engineered skin models (Rheinwatd et al. 1975; Xie et al. 2010; MacNeil 2007;
Deshpande & Ralston et al. 2013). 3D tissue models have been extensively
used, with a number of systems investigated to date. The majority of these skin
models utilise scaffolds as dermal equivalents which can be cellular or acellular
(Shevchenko et al. 2010). These organotypic cultures utilise dermal scaffolds
such as de-epidermised dermis (DED), collagen matrices, fibrin gel, fibroblast
derived matrices and lyophilised collagen and glycosaminoglycan matrices

(Table 3.1).
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Table 3.1: In vitro 3D skin models

Authors Cells used Scaffold Medial/ GFS Result
lyears
Maas- HaCaT cells, Primary a collagen type | gel DMEM, supplemented with 10% | TGF-a-treated cultures demonstrated that the
Szabowski et | human fibroblasts and FCS and TGF-a for HaCaT. improvement of survival of HaCaT cells was the main
al. 2003 keratinocytes Greens medium for Normal function of TGF-a in the development of epidermal

human keratinocytes (NHK)

tissue; thus, it is has contributed significantly to
increasing the number of cell layers.

Harrison et al.

Primary human

De-epidermised dermis

Greens medium (DMEM/Ham’s

This in vitro model of human skin considered definite

2006 fibroblasts and (DED) F-12 (3:1), 1% UG, 50 mg/mL cross-linking paths as potential pharmacologic targets
keratinocytes gentamycin, 1 mM for inhibiting graft contracture in vivo.
hydrocortisone, mM
isoproterenol, 0.1 mM insulin,
and 2 ng/mL KGF)
Carlson et al. | Primary human Human skin equivalents Green’s media lllustrating that the model reacts to the topical use of
2008 fibroblasts and (HSEs)as a collagen skin sensitizer as demonstrated by the up-regulation of

keratinocytes

matrix

CD86 and HLA-DR on the mDCs.

Shepherd et

Primary fibroblasts and

De-epidermised dermis

Green’s media

New models of complex human skin infection were

al. 2009 keratinocytes (DED) applied to examine the microbial invasion of normal
skin epithelium, connective tissue and basement
membrane; as a model, it is used to study approaches
to decrease bacterial load in skin wounds.

Canton et al. Primary human Collagen matrix and Green’s media 3D tissue contrived co-culture models for the in vitro

2010 fibroblasts and EPISKIN1 testing of annoying chemical

keratinocytes
Bellas et al. | Normal human Using silk and collagen | DMEM/F12, 10%, 1% PSF + | comprehending some essential factors required to
2012 keratinocytes (NHK) | biomaterials 2day 500uMIBMX, 5uM design a steady functional model of full-

Rosiglitasone ect.
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Authors Cells used Scaffold Medial/ GFS Result
lyears
Deshpande | Thickness skin. Euroskin (DED) Green’s media Displayed the creation of a well-connected
et al. 2013 Primary epithelium together with several features of
keratinocytes (NHK) normal skin while a basement membrane is
and fibroblast present. Nonetheless, physiological levels of
calcium are required for the stratified epithelium
formation while a basement membrane is absent.
Chau et al. HaCaT, HEKn-CaY | commercially available | Green’s medium. Combining Y-27632 Rock Inhibitor with Low
2013 or HEKn and human | microfibre made of wet Calcium raises the Proliferative Capacity,

foreskin fibroblast

spun PES/viscose rayon
microfibre material
containing a butadiene
copolymer,

Lifespan of Primary Human Keratinocytes and
Expansion Potential whereas, it retains Their
Capability to Distinguish into Stratified Epidermis
in a 3D Skin Model

Reijnders et | human TERT- Human skin equivalents | Green’s medium. TERT-HSE can re-epithelialize and discharge
al. 2015 immortalized (HSEs) wound-healing mediators that are inflammatory.
keratinocytes and
fibroblasts
Jung et al., HaCat cells and Human Skin Equivalent | DMEM High glucose The device can rebuild the epidermal morphology,
2016 fibroblast Model conentration + 10% FBS comprising the cornified layer, that resembles its
formation in vivo
Groeber et Primary human Declearized segment of | Keratinocytes 2 medium in cell barrier formation
al, 2016 fibroblasts and a pocrine jejenum endothelial cells lined the walls of the vessles
keratinocytes
Smits etal. | Two immortalized human epidermal Green’s medium. They effectively produced N/TERT-HEEs along
2017 keratinocyte cell equivalents (HEEs) with psoriasis or atopic dermatitis features and

lines (N/TERTL,
N/TERT2G)

Stratum corneum penetrability.
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3D tissue skin models can be utilized in academic and industrial research
laboratories (Ahn et al. 2009; Pacak et al. 2011). A number of different kinds of
human skin equivalents have been investigated to date, including: human
epidermal equivalents (HEEs) model is de-epidermized dermis (DED) skin
development and human keratinocyte cultures demonstrated that air exposure;
human skin equivalents (HSEs) as full thickness 3D skin models are
bioengineered substitutes composed of primary human skin cells
(keratinocytes, fibroblasts and/or stem cells) and components of ECM (mainly
collagen) such as in vitro reconstructed skin (RS), commercially available 3D
tissue models include: EpiSkin; Skin Ethic RHE; EpiDerm and EST1000 models
(Ponec et al. 2002; Netzaff et al. 2005; Macfarlane et al. 2009). These systems
have been utilised to investigate the genotoxicity potential of topically applied
compounds and for screening chronic and acute skin irritation (Macfarlane et al.
2009). EST1000 and EpiDerm were approved for skin irritation and skin
corrosion studies (Cannon et al. 1994; Fentem et al. 2001). However, these skin
models comprise only keratinocytes, lacking dermal components, fibroblasts
and immune cells (Gibbs et al. 2013; Desprez et al. 2015). To meet these
challenges, a number of research groups have improved in vitro skin models to
test new therapeutic approaches and agents.

In 1983, Pruniéras used human isolated keratinocytes cultured on a de-
epidermised dermis (DED) (Prunieras et al. 1983). Human dermis was treated
to remove cellular content, producing acellular DED. Fibroblasts and
keratinocytes were then seeded onto DED and exposed to air liquid interface
(ALI) for 14 days demonstrating formation of skin like structures such as rete

ridges and differentiated epidermal layers (MacNeil 2007).
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Efforts have been exerted over the past decade to develop 3D skin models
utilising acellular DED. The substitute DED can be attained from human
cadaveric skin (MacNeil 2007; Shepherd et al. 2009; Shepherd et al. 2011)
which can be accessed via skin banks or obtained as excess skin from
surgeries including breast reduction and abdominoplasties (MacNeil 2007;
Shepherd et al. 2009; Shepherd et al. 2011). A number of studies have
investigated improvements for these 3D skin models using DED; for example,
Kanta (2015) seeded fibroblasts in collagen matrixes which were then overlaid
by DED and seeded with keratinocytes (Kanta 2015). However, with collagen
matrices, a number of limitations are present, for example, collagen gels shrink
following seeding with fibroblasts in a cell number dependant manner, which
subsequently affects scaffold stiffness (Rnjak et al. 2011).

In 2007, MacNeil utilised DED to culture primary keratinocytes, which were
proposed to be applicable to tissue-engineered skin for both clinical use (such
as to replace partial thickness skin in burns patients) and academic laboratory
research (MacNeil 2007). However, the use of DED directly from cadaveric
donors has the drawback of variable thicknesses and risk of infection to the
user. In utilising DED human skin as a scaffold, primary human keratinocytes
and fibroblasts are seeded onto the DED and cultured at the ALI. The culture
media is supplemented with growth factors including epidermal growth factor
together with fetal bovine serum, and insulin (MacNeil 2007). Deshpande,
(2013) overcame donor related drawbacks by sourcing DED directly from
cadaveric skin by using Euroskin (a skin bank which enables selection of skin
thickness) (Deshpande et al. 2013). However, the same risks of donor variability
and risk of infection (e.g. HIV and hepatitis) were present due to the use of

primary cells from donor biopsies.
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Furthermore, the use of primary cells is not accessible to all laboratories as it
requires access to clinical samples and ethical permission for extraction.
Primary cells are also limited in their replication potential which limits the
number of models which can be prepared from each patient sample.

To avoid the disadvantages of using human primary cells, cell lines of
immortalised keratinocytes have been investigated for the development of 3D
skin models (Reijnders et al. 2015; Smits et al. 2017). Boelsma et al, 1999
investigated the use of HaCaT cells, a non-tumorigenic human keratinocytes
line on three types of scaffold: DED; collagen gel matrices; and filter inserts
(Boelsma et al. 1999). The HaCaT cells grown at an ALl undergo incomplete
epidermal differentiation, i.e. the terminal steps of differentiation such as
development of a stratum granulosum and stratum corneum did not take place.
The type of substrate and culture conditions did not seem to play a crucial role
in this terminal differentiation process. No significant difference was observed in
terms of epidermal differentiation when the cultures on collagen gels were kept
submerged for one or seven days. Similar outcomes were observed when
natural substrates like DED or filter inserts were used to grow HaCat cells
(Boelsma et al. 1999).

However, the 3D architecture showed pronounced improvement when a higher
proportion of fibroblasts were involved in the substrate. Without growth factors,
the epidermal layer development was delayed. Basal and suprabasal
keratinocyte cells were present (Boelsma et al. 1999). However, there was an
impaired capacity of HaCaT to synthesize lipids that were important for barrier
formation, and tissue structure was disordered (Boelsma et al. 1999). Maas-
Szabowski, (2003) was able to achieve a structured, differentiated, functional

and ordered epidermis in HaCaT cell lines grown in collagen type | when
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cultured in the presence of transforming growth factor alpha (TGFa). Where
TGFa improved proliferation and differentiation lead to the formation of multiple
layers of epithelium following two to three weeks of ALl (Maas-Szabowski et al.
2003). However, this model lacked a dermis and only utilised keratinocyte like
cells, and thus was not fully representative of human skin.

In 2016 Jung, developed in vitro 3D skin models which co-stimulated HaCaT
cells by mechanical stress and air liquid exposure. Mechanical stress induced
differentiation of the keratinocytes and air exposure induced stratification of
epidermal layers (Jung et al. 2016).

Recently, an advancement of 3D printing technology referred as bioprinting
was exploited to make cell loaded scaffolds to produce constructs which are
more matching with the native tissue. A fascinating field that offers new
opportunities for creating skin models is 3D bioprinting (Cubo et al. 2016). The
disadvantages are only applicable for viscous liquids, poor functionality for
vertical structures, low cell densities and High cost, thermal damage due to
nanosecond/femtosecond laser irritation (Hopp et al. 2012) lack of printing
multi-cells, and damage to cells during photo curing
The current study investigates the development and characterisation of an in
vitro tissue engineered skin model using immortalised HaCaT and commercially
available primary fibroblast cells layered on a Euro skin bank DED scaffold.
Such a model would be easily transferable across laboratories for high

throughput testing of novel therapies for the skin.
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3.2 - Materials and Methods

3.2.1- Cell Culture

The keratinocyte cell line (HaCaT) (Cat Number; T0020001) was supplied by
AddexBio (San Diego, USA) and Normal Human Dermal Fibroblasts (NHDF- C
39315) were supplied by PromoCell (Heidelberg, Germany). HaCaT cells were
grown in Dulbecco's modified Eagle's medium (DMEM) (Biosera Ltd, Ringmer,
UK) supplemented with 10% v/v foetal bovine serum (FBS) (VWR, UK);
penicillin (100 U/mL); and streptomycin (0.1 mg/mL). HaCaT cells were used
between passages 20 and 35. NHDF cells were grown in fibroblast medium
(PromoCell, Germany) which contains recombinant human basic fibroblast
growth factor (bFGF) (1ng/ul), recombinant human insulin (1ng/ul) with 10% v/v
foetal bovine serum (FBS) and penicillin-streptomycin (100 U/MI - 0.1 mg/mL).
Cells were incubated at 37 °C for 24 h with 5% CO:. Fibroblasts from passage 3
to 8 were used for the experiments. All cells were routinely checked for
mycoplasma and were mycoplasma free throughout the study.

To prepare cells for the skin model, cells were detached using Trypsin-EDTA
(0.05% v/v), (Gibco®. Grand Island, New York). The detached cells were
centrifuged at 400g for 10 minutes. Cells were counted using Countess™

automated cell counter (Invitrogen).

3.2.2- Three-Dimensional Tissue Engineered model

The protocol for creating TE skin was adapted from MacNeil et al., (2011) as
follows: dermal scaffolds (de-epidermised dermis, DED) for the construction of
the TE skin were created by de-cellularising human donated skin obtained from
Euro-skin (Beverwijk, Netherlands).

De-cellularised human skin was washed by placement into PBS which was

changed daily, up to 5 days at 37 °C incubation, and then the DED was
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removed and placed into 1M NaCl overnight at 37 °C or until there was visible
separation of the dermis from epidermis. The dermis was then gently separated
from the epidermis using sterile blunt forceps. DED was stored in DMEM
supplemented with 10% v/v foetal bovine serum (FBS); penicillin (100 U/mL)
and streptomycin (0.1 mg/mL) at 4 °C for 48 hours. DED was cut with a cork
borer (VWR UK) into a circle of approximately 18 mm diameter and kept moist
in DMEM media. A 0.4um pore size cell strainer (Thermo, Fisher Scientific,
Loughborough, UK) was placed inside each well of a 6-well tissue culture plate
(ThinCertTM Greiner). Each tissue segment was gently placed into the cell
strainer with the reticular surface uppermost and pressed down with sterile
forceps, and excess media was removed. Each DED sample was seeded with
fibroblasts and keratinocytes in 500 ul of culture media (Table 3.2 for cell
densities investigated). Three different media substrates were used to optimise
3D tissue skin models: a) commercial keratinocyte media (PromocCell,
Heidelberg, Germany); b) DMEM media supplemented with 10% v/v FBS; and
c) DMEM media supplemented with 10% v/v FBS and 2ng/ml of transforming
growth factor alpha (TGF-a). The wells were filled with media to feed the skin
from underneath. Following 48h, 500 pl of media covering the DED was
removed, and the media bathing the tissue from underneath replaced with 1.5
ml fresh media, forming an ALI. Following this, the culture media in the wells
were changed every 2-3 days with freshly prepared 2ng/ml TGFa and the 3D
cultures were removed for analysis following 4, 7, 14, and 21days in culture at

ALI. All experiments were performed in triplicate and repeated as three

independent experiments.
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Table 3.2: 3D skin models cell densities investigated

Models and cells Model 1 Model 2 Model 3 Model 4 Model 5
density
5 5 5 5 5
Density of HaCaT Cells 3X10 6x10 9x10 6x10 9x10
Density of Fibroblast 1x10° 1x10° 1x10° 2x10° 3x10°

Cells

3.2.3- Histology of 3D skin models

Following culture for 4, 7, 14 and 21 days, triplicate skin models were removed
from culture and fixed in 10% v/v formalin for 36-48 h at 4°C. The skin was then
processed to wax overnight using a Leica TP1020 processor from Leica
microsystems (Milton Keynes UK). Four micron sections were then prepared
using a Leica microsystems SM 2400 (Leica, Milton Keynes UK) with Leica low
profile microtome blades, type 819 (Leica, Milton Keynes UK) and mounted

onto X-traTM Adhesive slides, (Leica, Milton Keynes UK).

3.2.3.1- Haematoxylin and Eosin (H & E)

Skin sections were dewaxed and stained with H&E to investigate morphology.
Sections were deparaffinised in Xylene substitute (sub-x) (Leica, Milton Keynes
UK ) for 3x5 minutes followed by 100% v/v, 70% v/v and 50% v/v industrial
methylated spirit (IMS) for 5 minutes each. Slides were then submerged into
Harris haematoxylin (Leica Microsystems, Milton Keynes UK) for 5 minutes and
washed in running tap water for 5 minutes. Sections were stained with eosin for
2 minutes followed by dehydration using graded IMS (Fisher, Loughborough
UK) 30% viv, 70% v/v, 100% v/v. Following clearing in sub-X (Leica
Microsystems, Milton Keynes UK) (3 x 5 min), sections were mounted in DPX

(Leica Microsystems, Milton Keynes UK).
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3.2.3.2- Masson's trichrome stain

Following dewaxing and rehydration, Masson's trichrome stain (Bio OPtica,
Milano, Italy) was performed according to manufactures instructions to stain
collagens within the skin models. Following staining, sections were washed in
distilled water for 5 minutes, dehydrated in IMS (Fisher, Loughborough UK),
cleared in sub-X and mounted with DPX (Leica Microsystems, Milton Keynes
UK).

3.2.4- Immunohistochemistry

Anti-Caspase-3, anti-collagen 1V, anti-S100A4, anti- Cytokeratin 10 anti-
Cytokeratin 14 and anti-Pancytokeratin (PCK-26), were selected for
immunohistochemistry (IHC) to assess variability and differentiation capacity of
3D skin models (Table 3.3). Sections were prepared as described for
histological analysis; IHC was performed as previously described (Le Maitre, et
al., 2005). Briefly, 4 um thick paraffin sections were dewaxed in xylene and
rehydrated in IMS and endogenous peroxidase-blocked using hydrogen
peroxide (Sigma, Aldrich Poole UK). 3D tissue slides were subjected to antigen

retrieval methods (Table 3.2).

Following washes in tris-buffered saline (TBS; 20 mM tris, 150 mM sodium
chloride, pH 7.5) nonspecific binding sites were blocked for 90 min at room
temperature with 25% w/v serum (Abcam, Cambridge, UK) in 1% w/v bovine
serum albumin in TBS. Primary antibody was added to sections and incubated
overnight at 4°C (Table 3.3). Negative controls in which mouse or rabbit IgGs
(Abcam Cambridge UK) were used in place of the primary antibody at the same
protein concentration were applied (Table 3.3). Following washing in TBS,
tissue sections were incubated with 1:500 biotinylated secondary antibody

(Table 3.3).
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Avidin biotin complex was used to detect secondary antibody during 30 min
incubation (Vector Laboratories, Peterborough, UK). After washing in TBS,
0.08% v/v hydrogen peroxide in 0.65mg/mL 3,3-diaminobenzidine
tetrahydrochloride (DAB) (Sigma Aldrich, Poole UK) in TBS was added for
20 min incubation. Mayer’s Haematoxylin (Leica Microsystems, Milton Keynes
UK) was used as counterstain, dehydrated in IMS (Fisher, Loughborough UK)
(3% 5min), cleared in SubX (Leica Microsystems, Milton Keynes UK)
(3 x 5min) and mounted in Pertex (Leica Microsystems, Milton Keynes UK).
Sections were analysed using an Olympus BX 51 Microscope and images
captured by camera (name camera) and capture pro OEM v8.0 software (Media

Cybernetics, Buckinghamshire, UK).

Table 3.3: Target antibodies marker used in IHC and antigen retrieval methods.

Antigen retrieval methods are three types (a)- non retrieval (b)- heat antigen retrieval, (0.05 M
Tris Buffer, pH 9.5 pre-heated to 60 °C, (2x5 min) 40% and 20% microwave irradiation) (C)-
enzyme antigen retrieval (20 mM Tris, 150mM sodium chloride, 46.8mM Calcium chloride
dihydrate pH 7.5 and 0.01% w/v a-chymotrypsin bovine pancreas at 37 °C for 30 min).

Target Clonality Optimal  Antigen Secondary Serum  Cat No.
antibody dilution  retrieval antibody block
Caspase-3 Rabbit 1:400 Enzyme Goat anti- Goat ab4051
polyclonal rabbit
Ani-collagen Rabbit 1:400 None Goat anti- Goat ab6586
v polyclonal rabbit
S100A4 Rabbit 1:100 Enzyme Goat anti- Goat ab41532
polyclonal rabbit
Cytokeratin Mouse 1:400 None Rabbit anti Rabbit  ab9026
10 monoclonal mouse
Cytokeratin Mouse 1:100 None Rabbit anti Rabbit  ab7800
14 monoclonal mouse
Pan Rabbit 1:400 Heat Goat anti- Goat ab6401
cytokeratin polyclonal rabbit
(PCK-26)
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3.3- Results

3.3.1- Effect of culture media composition on 3D skin model
development

To establish an in vitro 3D culture system to represent human skin, HaCaT cells
and primary fibroblasts were seeded on a DED scaffold. Differentiation of

HaCaT was achieved by culturing the 3D skin model at an ALI for up to 21days.

HaCaT cells underwent noticeable changes in the epidermal morphology when
exposed to ALI during culture (Figure 3.1). When decellularized tissue of dermis
alone (DED) was cultured in the absence of HaCaT or fibroblasts, no evidence
of cellular material was observed, indicating successful deceullurisation (Figure
3.1a). A thin layer of cells were observed, when HaCaT cells and fibroblasts
were cultured in Keratinocyte medium, with only small increases in cell layers
seen with time in culture (Figure 3.1b). Culture of HaCaT cells and fibroblasts in
TGFa-free DMEM demonstrated a thin layer of cells on the surface of the DED,
although increased cells were seen with increasing time in culture minimal
differentiation was evident (Figure 3.1c). In contrast, TGFa was added to
DMEM, the epidermal cell layer showed thicker cell layers and evidence of
differentiation with increasing time in culture, evident with changes in cellular

morphology (Figure 3.1d).

103



4 Days 7 Days 14 Days 21 Days

°
ot DED skin model DED skin model DED skin model DED skin model
28
i :
£8 / -
'
a2 £
S+ 5 HaCaT HaCaT HaCaT HaCaT
$v3
252 = ——
gggg_"‘.' o ve T Ve T o .—‘m P8 e - " Bn ]
g T €5 . e ¢ LA
s+ 8¢ e
X p
-] 3
83%
ol 4 200pm 200pm 200pm 200pm
< HaCaT HaCaT HaCaT HaCaT
ER
s, 3
o +
B + / - 5
ES G . ‘
c g K.} /
I 8
% O
K ‘é /»
- 200pm

HaCaT HaCaT

£t o
B
o 8=
28 .
'E -E g .!.-6‘_, - B \

ic
E++
it
ads 200pm
223 =

Figure 3.1: H&E stained 3D skin models. a: decellular tissue controls; b: DED, HaCaT cells and
fibroblasts in keratinocyte medium 2; c¢: DED, HaCaT cells and fibroblasts cultured in DMEM
media without TGFa; d: DED, HaCaT cells and fibroblasts in DMEM media with TGFa (d). Scale
Bar = 200um.
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Skin models were stained with Masson's trichrome stain. The epidermal layers
showed red to dark purple by the Weigert's hematoxylin component of the stain,
DED dermal layers appeared blue indicating presence of collagen fibres (Figure
3.2). In addition, caspase 3 immunohistochemistry was deployed to investigate
the presence of apoptosis. Since caspase 3 is a major executioner of apoptosis,
positive caspase activity in stained cells is an indicator that the cells have
undergone apoptosis. Very low numbers of HaCaT cells showed
immunopositive staining for caspase 3 (Figure 3.2c), compared with caspase 3
immunostained lymph nodes as a positive control (Figure 3.2b) suggesting
excellent viability of HaCaT cells and fibroblasts. Since models cultured with
DMEM in TGF-a demonstrated the thickest layers of cells and potential

evidence of differentiation these were selected for further optimisation.

105



4 days 7 days 14 days 21 days

a
Massontrichrome
stain

Caspase 3 positive control antibody marker (Lymph node tissue)

" Lymphnode :f}‘_; 7. Lymphnode - -

400

% /- s :#;;.‘:.t‘&?ﬁf};,_s £ AW e
3 ! - ab - ¥ e g v B O
= ; T3 ot W L v S sy sl
o _ > S ,".'. - ’,‘h' » K 3 -',
2y X - » N % s e W'y
E. e g | N P 4 p Ao
'\ N Ann TN - 4 ¢ ~
& F ¥ b .’,__Eggoo o RN om A P PAIL
4 Days 7 Days 14 Days
+
gu o HaCaT HaCaT HaCaT HaCaT
855
35% st
o EF i 5 M
'8 ~ : .
Bi5 2 P % b
ao0Q d T o
W g 200pm _ 200pm

Figure 3.2: a: Masson trichrome stained 3D skin models with HaCaT cells and fibroblasts cultured in DMEM media with TGFa (collagen
is shown in blue).b: Caspase 3 immunopositive staining by enzyme retrieval positive control tissue (lymph node). c: Apoptosis was
measured using a Caspase 3 antibody marker. 3D skin models with HaCaT cells and fibroblasts cultured in DMEM media with TGFa
stained using caspase 3 immunohistochemistry. Scale bar = 200um
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3.3.2- Effect of cell seeding density on 3D skin model formation

Cell seeding of HaCaT cells and fibroblasts in the ratio of 3x10° and 1x10°
respectively, resulted in successful proliferation, differentiation and reasonable
skin depth layer at 21 days (Figure 3.3). Caspase 3 immunostaining
demonstrated low levels of apoptosis (Figure 3). Thus, seeding experiments
with variable ratios of HaCaT cells (3 x10°, 6 x10° and 9 x10°) and fibroblasts
(1x10°%, 2x10° and 3x10°) were performed in order to reach the optimal seeding
density to achieve the optimal thickness of the epidermal layers of skin models.
H & E stained models demonstrated formation of multi-layered HaCaT cells and
fibroblasts in all cell densities investigated (Figure 3.3).The denser the seeding
ratio was, the thicker the epidermal layer became (Figure 3.4 & 3.5). The
optimal thickness of epidermal layers was achieved with the seeding ratios of
2x10° fibroblast & 6x10° HaCaT, demonstrated by being on average 64um
thicker than all other cell densities (Figure 3.5). This ratio also resulted in
multilayers of keratinocytes in the epidermal layer, which was clearly shown in
tissue sections stained with H&E and Caspase 3 antibody (Figure 3.4).

With Masson trichrome stain, the epidermal layer appeared red to dark purple,
whilst the dermal layer stained blue indicating the presence of collagen fibres
(Figure 3.3). Only a thin layer of keratinocytes were obtained from low density
HaCaT and fibroblasts. The best results were obtained with ratios of (2x10°
fibroblast & 6x10° HaCaT) and (3x10° fibroblast & 9x10° HaCaT), as was
determined from H&E staining (figure 3.3). Caspase 3 immunohistochemistry
showed limited staining, indicating low levels of cell death with the skin models

(Figure 3.3).
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Figure 3.3: 3D skin models with different densities of HaCaT and fibroblast cells. Stained for H & E, Masson Trichrome and immunohistochemistry
caspase 3.
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Figure 3.4: 3D skin epidermal layer thickness. Optimal condition seen in 2x1
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The human epidermis is comprised of distinct differentiated layers and a
characteristic polarised pattern of keratinocyte growth, with actively proliferating
cells situated at the dermal-epidermal junction. The expression of various
keratinocyte differentiation markers in in vivo skin (from the same donor) were
analysed using immunohistochemistry (Figure 3.6). Caspase 3 immunostaining
demonstrated low levels of apoptosis (Figure 3.6a). Pancytokeratin
immunopostive staining was observed across the entire epidermis. Cells
remaining formed cornified envelopes (Figure 3.6b). The presence of
cytokeratin 14 appeared to be more strongly detected around the basal
keratinocytes in native skin (Figure 3.6c). In human skin tissue, a gradual
decrease in the expression of keratin 14 immunopositivity was observed from
the suprabasal cell layers towards the stratum corneum. The expression of
cytokeratin 10 was investigated as a marker of terminally differentiated
keratinocytes in the epidermis (Freedberg et al., 2001) and collagen type IV
observed in the basement membrane, the expression was notably clear
between the epidermal and dermal junction (Figure 3.6d). There was a more
uniform distribution and slightly diminished expression of S100A4

immunopositivity among the epidermal layer (Figure 3.6e).
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Figure 3.6: Normal human skin was stained by a. caspase 3; b. PCK; c.CK14; d.CK10; and e. S100A4. Scale bar = 200um
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Following culture of 3D skin models in vitro at ALI for 7, 14 and 21 days, they
were investigated using immunohistochemical analysis to determine the cellular
phenotype and differentiation status using protein markers (collagen type 1V,
Pancytokeratin, Cytokeratin 10, Cytokeratin 14 and S100A4). Varying ratios of
HaCaT cells and fibroblasts were used to build skin models with the aim of
defining the ideal ratio capable of achieving appropriate differentiation, and

localisation of proteins as well as optimal epidermal thickness.

Collagen type IV was abundant in all skin models whatever the ratio was, as
was the main component of the DED which cells were seeded onto (Figure 3.7).
Low density HaCaT and fibroblast models, showed partial immunopositivity for
collagen type IV between the dermal and epidermal layers by day 7 and 14 of
culture (Figure 3.7). In high density models (2x10° fibroblasts and 6x10° HaCaT
cells), the collagen type IV expression was observed in the basement

membrane at the epidermal-dermal junction following 21 days (Figure 3.7).

There was also evidence for organised expression of type IV collagen.
Furthermore, the upper layer of stratum corneum was observed in high density

models (2x10° fibroblasts and 6x10° HaCaT cells) (Figure 3.7).
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Figure 3.7: 3D skin models with different densities of HaCaT and fibroblast cells, following culture for 7, 14, 21 days at air liquid interface (ALI).
Immunohistochemistry for collagen 1V, Optimal condition was seen in 2x10° fibroblasts with 6x10° HaCaT cells. Scale bar = 100um
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Immunopositive staining for Pan cytokeratin (PCK), was observed following 7-
14 days. The thickness of the PCK expressing layer increased with increasing
time in culture to reach its highest at day 21 (Figure 3.8). In the optimal cell
density of 2x10° fibroblasts and 6x10° HaCaT cells, normalised epithelial tissue
morphology was achieved following 21 days (Figure 3.8).

At that time, cytokeratin 14 immunopositivity was observed in the basal layers
indicating the formation of stratum basale resembling that of normal human skin
(Hill et al. 2015) (Figure 3.9).However, in early time points (7 and 14 days) and
in low density HaCaT and fibroblast cultures, the growing basal layer was not
sufficient to support fully the cytokeratin 14 expression seen in normal skin
(Figure 3.9).

Cytokeratin 10 was shown to be expressed in the terminally differentiated
keratinocytes among the basal and suprabasal layers of the epidermis in higher
density HaCaT and fibroblast cultures following 21 days in culture, denoting the
presence of well differentiated keratinocytes. No CK10 expression was
observed in the epidermal layers in low cell density cultures at 7 and 14 days,

(Figure 3.10).
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Figure 3.8: 3D skin models with different densities of HaCaT and fibroblast cells, also different time point 7, 14, 21 days Air liquid interphase (ALI).
Immunohistochemistry for Pan Cytokeratin (PCK), optimal condition seen in 2x105 fibroblasts with 6x105 HaCaT cells, Scale bar = 100um.
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Figure 3.9: 3D skin models with different densities of HaCaT and fibroblast cells, also different time point 7, 14, 21 days Air liquid in
Immunohistochemistry for Cytokeratin 14 (CK14), optimal condition seen in 2x105 fibroblasts with 6x105 HaCaT cells, Scale bar = 100um.
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Figure 3.10: 3D skin models with different densities of HaCaT and fibroblast cells, also different time point 7, 14, 21 days Air liquid interface (ALI).
Immunohistochemistry for Cytokeratin 10 (CK10), optimal condition seen in 2x105 fibroblasts with 6x10%> HaCaT cells Scale bar = 100um
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Fibroblasts were detected immunohistochemically by S100A4 antibody. During
the growth of the skin model, the fibroblasts were seen to proliferate through the
dermal layer (Figure 3.11). S100A4 immunopositivity was shown to be
expressed along a wider thickness of dermis and epidermis in the optimal ratio
(2x10° fibroblasts with 6x10° HaCaT) cells after 21 days, demonstrating a
potential increase in fibroblasts through the layers of the model. Expression
levels of S100A4 were not clearly detected with low density cultures, or in those

cultured for 14 days or less (Figure 3.11).
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Figure 3.11: 3D skin models with different densities of HaCaT and fibroblast cells, also different time point 7, 14, 21 days Air liquid interface (ALI).
Immunohistochemistry for S100A4, Optimal condition were seen in 2x105 fibroblasts with 6x105 HaCaT cells. Scale bar = 100um.
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3.4- Discussion

The generation of the various types of tissue-engineered skin constructs
capable of modelling the morphology and organisation of the human epidermis,
has previously been documented (Prunieras et al., 1983; Ponec et al., 1997;

Bernerd et al., 2012).

Currently, there is still an urgent need for the development of simple in vitro 3D
human skin models for human skin burns, skin infection and treatment, although
there are different in vitro 3D models that are frequently used. However, some
of the studies focused on the use of primary human cells and the lack of dermal
skin, because these use materials such as collagen matrices as a scaffold for
reconstructing 3D skin at an air-liquid interface with dermal keratinocytes and
fibroblasts (Carlson et al. 2008; Chen 2014). Prunieras et al., (1983), Regnier et
al., (1981) and Shepherd (2009) reported that exposing cultured primary
keratinocytes to ALI develops cell recognition and leads to the differentiation of
a stratified epithelium, consisting of all epidermal layers. However, the
immortalized human keratinocyte line HaCaT is extensively utilized as a
representative of primary keratinocytes due to its similar function and phenotype
to primary human keratinocytes. According to Breitkreutz et al. (1998), Micallef
et al. (2009) and Jung et al. (2016), such kinds of culture conditions, involved
complicated alterations in cellular responses, specific supplement culture
medium for keratinocyte growth and differentiation such as growth factors and
calcium level. In addition, the paracrine interaction between the two cells at the
(ALI). Further research was carried out to improve the cells growth prior seed it

onto DED scaffold skin culture conditions.
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Many studies report that culturing of keratinocytes prior to seeding them onto
the DED or using other scaffolds. Culturing of keratinocytes on a layer of
Fibroblast feeder cells, usually irradiated 3T3 cells which provide signals to the
keratinocytes so they differentiate properly when seeded onto DED.
(Rheinwald et al. 1975; Carlson et al., 2018; Chen 2014, Prunieras et al., 1983;
Regnier et al., 1981 and Shepherd et al. 2009). Thus, optimal HaCaT cell
growth is required to the fibroblast feeder cells (Schoop et al. 1999; Mass-

Szabowski et al. 2000).

The present work demonstrates that the ratio 3:1 of HaCaT cells with fibroblasts
in the 3D skin models was optimal. It was found out that HaCaT with fibroblast
failed to reach full thickes and it was unable to produce a defined epidermal
layer. However, the ratio 3:1 of HaCaT cells with fibroblasts resdponding to is to
the TGFa on DED. The results showed the enhancing effect of TGFa on the
proliferation and differenation of epidermal layer. However, the morphological
features (H & E stain, Masson's trichrome) of the epidermal layer thickness
found out that the thickness of the epidermal layer was thinner in this case to
form a confluent upper surface interface.

Importantly, the transforming growth factor a (TGF-a) production, a known
keratinocyte autocrine factor such as growth factors, strongly reduced
differenentiaton protein expression in HaCaT epithelial compared to that of
normal human keratinocytes cells NEKs (Smits et al. 2017, Mass-szabowski et
al. 2003). Previously, HaCaT cell keratinocytes were used to build a full
thickness skin model, in which fibroblasts seeded into DED, derived from
cadaver skin, collagen matrices and inert filters without TGFa were utilized
(Boelsma et al. 1999). However, the use of the HaCaT cells in the full thickness

skin model was a less successful epidermal differentiation than NHKs.
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On the other hand, Maas-Szabowski et al (2003) used HaCaT cells with
collagen type | gel as a scaffold cultured in DMEM with 2ng/ml TGFa. It was
reported that TGFa supplement induced HaCaT cell line to form structured

epidermal tissue in line with the current model.

The current study presents the first model that demonstrates the combination of
Euro- skin tissue as a source of DED scaffold, HaCaT cells and culture media
containing TGF-a produced a well differentiated epidermal layer with many
hallmarks of normal human skin. This was dependent on HaCaT to fibroblast
ratios, with a 3:1 ratio. Maas-Szabowski et al., (2000), Schoop et al., (1999) and
Maas Szabowski et al., (2003) observed that the fibroblast number that is
needed for the optimal HaCaT cell development and for the development of the
tissues is precisely specified as 6x10° cells/ml for HaCaT cell and 2x10° cells/ml
for fibroblast development. Additionally, the formation of the epidermal tissues
by the HaCaT cells that was delayed for three weeks was unfinished when it
was compared with the organotypic cultures of the primary keratinocytes (Maas
Szabowski et al. 2003; Stark et al. 1999).

TGF-a treatment promoted stratification in HaCaT epidermal cell layers. In
addition, the double paracrine keratinocytes regulation and fibroblast interaction
induces IL-1a expression from keratinocytes and TGF-a, enhancing the HaCaT
cells receptors including; keratinocyte growth factor (KGF) receptors and
granulocyte macrophage colony stimulating factor (GM-CSF) to improve the
epidermal layers differenation in in vitro skin models (Maas Szbowaski et al.,
2003; 2000). The immunohistochemical analysis performed in this study,
demonstrated appropriate keratin expression patterns produced by the HaCaT

cells within the epidermal layers of the 3D skin model.
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Keratinocyte differentiation was observed by immunopositive staining for PCK,
CK10, CK14 and collagen type IV. Similar to previous studies, PCK staining
was localised, indicating the surface of the stratum. The production of CK10 by
HaCaTs indicates that terminal differentiation was taking place in the epidermal
layers (Rosario et al., 1979; Bernerd et al. 2008). CK14 was expressed earlier
than K10 (Song et al. 2001) indicating the proliferation and differentiation of
HaCaT cells were ongoing. Collagen type IV positive expression was observed
in between the basement membrane and the upper dermal layer of in vitro skin
models (Bell et al., 1979; Asselineau et al., 1985; Thomas et al. 1993). This
result indicates that the collagen type IV motivates the proliferation of basal
keratinocytes and progress the stratification of epidermal layers in skin models
(Matsuura-Hachiya et al. 2018). In addition, the lack of caspase 3
immunopositive cells in the epidermal layers in the tissue models indicated low

levels of HaCaT cells apoptosis

3.5- Conclusion

The current study demonstrated the optimal HaCaT cell to fibroblast ratio, along
with addition of TGFaq, to create in vitro skin models using DED as a dermal
scaffold that structurally resembled native human skin. Higher numbers of 2x10°
cells/ml fibroblasts and 6x10° cells/ml HaCaT cells supported an improved 3D
skin model. Both histological and immunohistochemical analysis demonstrated
morphology and differentiation of appropriate epidermal layers. This model
could serve as a good alternative to, or an addition to animal models for burned

and/ or infection skin infection layers with the 3D skin model.
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Chapter 4

Effect of biocides on in vitro burned 3D skin infection with
Staphylococcus aureus biofilm
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4.1- Introduction

Wound infections can be caused by a range of pathogens including viruses,
fungi and bacteria and are common in cases of chronic non-healing wounds
such as diabetic ulcers and thermal injuries. The management of wound
infection presents a challenge to healthcare authorities both in terms of
economic burden and the need to reduce the use of antibiotics due to the rising
global crisis of antibiotic resistance. Large numbers of the population in western
countries have been affected by chronic wounds, especially elderly people
(Garcia et al. 2006), and in patients with diabetes whose non-healing ulcers are
challenging (Boulton et al. 2005; Ramsey et al. 1999; Ramsey et al. 2006).
Thus new treatments are required which can address bacterial infection of
wounds whilst supporting wound healing. To date, models utilised for
investigating new biocidal agents fail to recapitulate the environment of an

infected wound within humans.

4.1.1: Animal models of wound infection

In vivo models of wound infections especially using murine and porcine models
have been extensively used (Ahrens et al. 2011; Sullivan et al. 2001; Ansell et
al. 2014), However, these animal models are not necessarily good
representatives of human skin and such investigations have raised concern
regarding the use of animals’ skins due to differences between human and
animal immune systems (Mestas & Hughes, 2004). Moreover, using animals’
samples in these models also has ethical issues (Liguori et al 2017). Thus,
Carlson et al., 2008; Safferling et al., 2013; and Xu et al., 2012 amongst others

developed 3D models to better mimic the stracture and responses of skin.
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4.1.2 Tissue engineered skin models of infection

Over the last two decades, the tissue-engineered skin models have been
developed, which are similar to human skin (Ghosh et al. 1997; Chakrabarty et
al., 1999; Netzlaff et al. 2005; MacNeil et al. 2007) (See chapter 3). Holland, et
al. (2008) successfully used a 3D skin model using fibrin populated with
fibroblasts to study skin colonisation by human cutaneous skin commensals
including S. epidermidis, Propionibacterium acnes and Malassezia furfur.
However, this model maintained an intact epidermidis as the study was
investigating normal flora colonisation rather than pathological ingress which

occurs during skin injury (Holland et al. 2008).

De Breij et al. (2012) studied. Acinetobacter baumannii (ATCC 19606) and A.
junii (RUH2228) skin colonization of a three-dimensional (3D) model. The
capacity of the disinfectant chlorhexidine to decolonize the skin equivalents was
also evaluated. The findings showed that both strains colonised and expanded
on the stratum corneum for more than 72 h, however, no migration into the
epidermis was seen. Shepherd, et al. (2009) and (2011) also developed three-
dimensional models of normal human skin to study infection of P. aeruginosa

(SOM1), and S. aureus (S-235) and S. aureus (NCTC6571).

The 3D model developed was reproducible, and showed similar properties to
human skin, well defined keratinocyte layers and a complicated epidermal—
dermal junction with a clear basement membrane. S. aureus is the most
common bacteria isolated in infected wounds; it is a transient coloniser of the
skin that has an extensive range of virulence factors. Thus, this study utilised
the 3D skin model developed in chapter 3 to develop skin model infected with S.

aureus. This model was utilised to investigate the effects of biocidal agents
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investigated in chapter 2 to reduce S. aureus bacterial load in infected wounds
using tissue engineered skin as an infected-wound model. Importantly the use
of this model to determine effects of infection and biocidal agents on native skin

cells was also investigated.
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4.2- Materials and Methods

To determine the effect of biocides on tissue engineered (TE) skin, a TE skin
model was cultured as described in Chapter 3. Briefly, HaCaT cells and human
dermal fibroblasts are seeded onto a decellularised dermal scaffold, brought to
an air-liquid interface and cultured for 21 days. A full thickness 3D model of
human skin is thus generated. Initially, Alamar blue assays were performed on
monolayers of HaCaT, fibroblasts and HaCaT, and fibroblasts treated with
biocidal agents to determine the effect on cell viability of the skin cells
individually. Then, to optimise the 3D model of human skin, the skin model was
thermally burned to allow egress of bacteria through the epidermal barrier to
create a model of infected skin.

The skin was infected with S. aureus (using a range of infection loads) for 24h
and both skin morphology and viability were assayed as described above. The
viable counts of bacteria with and without treatment were investigated. Infected
TE skin was homogenised and bacterial viability determined using CFU counts,
and skin also was formalin fixed, paraffin embedded and stained using H&E
stains and Gram stains to determine migration and pentration rates.
Furthermore the effects of infection and biocidal agents on skin cell viability and

phenotype were determined using histology and immunohistochemistry.

4.2.1- Cell viability of 2D cultured fibroblasts and keratinocytes
treated with biocidal agents

4.2.1.1- Alamar Blue method

Monolayer cultures of HaCat cells and fibroblasts individually or as a 3:1
HaCat/Fibroblast co-culture were seeded at 15000 cells /well and allowed to
adhere overnight. Cells were then treated with 100 ul of the biocidal agents

(silver nitrate, isothazolione and hydrogen peroxide) with a range of 0 to 250

129



pg/ml of biocide for 24 hours. Following treatment with the biocides for 24hrs,
wells were thoroughly washed with PBS to remove traces of media and biocides
completely. Alamar blue (10 pg/ml) was pipeted to each well and incubated for
4 hours at 37 °C / 5% COz2. The blue resazurin salt is reduced to red resazurin
by mitochondrial enzymes. The absorbance was determined with a CLAROSstar
(BMG Labtech, Offenburg, Germany) microplate reader set at 570nm. The

readings were normalized using control non-treated cells.

4.2.2- Wound Model

4.2.2.1- 3 D skin model composites

3D skin models were produced as per the optimised 3D skin model described in
chapter 3. Briefly, human dermal fibroblasts and HaCaT cells were obtained
from ECACC Company. Sterilized Euroskin tissue was decellularised and
prepared as per section (3.1.2). DED was seeded with 2x10° fibroblast and
6x10° HaCaT keratinocytes, and cultured in Dulbecco's modified Eagles
medium (DMEM) with 10% fetal bovine serum FBS, penicillin and streptomycin
and 2ng/ml Transforming growth factor alpha (TGFa), where TGFa was
refreshed every 48hrs. 3D skin models were used for experiments after 21days

at ALl at 37°C in 5% CO..

4.2.2.2- 3D skin burn wound models and bacterial infection

A single bacterial colony of S. aureus was suspended in 20 ml brain heart
infusion broth (BHI) for 24hours at 37°C in a shaking incubator. Constructs were
burnt by application of heated metal rod (4 mm diameter) for 6 seconds (Figure
4.1) with a fixed depth of injury (75-100um) before infection with 1x10° S.

aureus cells in 100ul of BHI by pipetting directly onto to the region of the burn.
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Infected and non-infected (control) 3D skin models were incubated in antibiotic
free 10% v/iv FBS DMEM with TGFa at 37°C in 5% CO:2 atmosphere for 24
hours post infection prior to antimicrobial treatment. Alginate gel (1.2% wi/v) was
utilised to dissolve biocidal agents as described in section (2.2.1). Biocidal
agents were utilised at the MICs for planktonic culture determined in chapter 2
(Silver nitrate and 2- Methyle -4- isothiazoline -3-one: 62.5 pg/L; Hydrogen
peroxide: 0.046 v/v). One hundred microliters of biocidal gel was added via
pipette to the top of the 3D skin construct to ensure coverage of the wound.
These constructs were incubated at 37°C in 5% CO2 atmosphere for 24 hours.
Following treatments 3D skin models were bisected with sterile scalpels, half of
the construct model was fixed in 10% formalin for ~24 hours prior to processing
to paraffin as described previously (Section 3.1.3), immunohistochemical
staining was preformed as described previously (Le Maitre, et al 2005)(Section
2.1.4) and Gram stained as per standard procedures (Shepherd et al. 2009a).
The other half was weighed and homogenised in 1ml of BHI broth. The resulting
homogenate was serially diluted and used to perform viable counts of bacteria

per Gram.

Contact point for stop to ensure accuracy

skin depth and century

Area heated in
flam

P -

Washers Shaft

Figure 4.1: Metal rod tool used for burning 3D skin models. Scale 30mm
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4.2.2.3- 3D skin model cell death zone

The skin models previously prepared in this study were subjected to infect by S.
aureus to assess the size of the zone of mammalian cell cytotoxity (‘death
zone') that forms as a result of the injury/infection. The infected models were
then treated with four biocidal agents and the resultant death zone after 24
hours of incubation was assessed, to determine if there was an increase after
treatment. The 3D skin models with no biocides were immunohistochemically
stained with Caspase 3 (as described in section 3.2.4), to detect the presence
of apoptosis in the 3D skin model. Normal skin models, stained with caspase 3
were used as control slides to be compared with burned skin models, burned
and S. aureus infected skin models and lastly with burned and infected skin
models with alginate (the medium used to introduce the biocide). Tissue
samples were analysed and zone death measured by microscopy. Sections
were analysed using an Olympus BX 51 Microscope and images captured by
camera (Microcapture V5.0 RTV digital camera (Q imaging, Buckinghamshire,
UK) and capture pro OEM v8.0 software (Media Cybernetics, Buckinghamshire,

UK) (Figure 4.2).

H&E

gt SR

L&E 100pm &E

Measure death zo%
-~
| -

v

Live cells

Live cells !
Dead mammalian cells

Figure 4.2: Model of 3D skin describing the measurement of mammalian cell death zone. The
three pictures are shown in each section of the 3D skin models. The middle one shows the
centre of the slide while the peripheral ones show the peripheries of the slide.
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4.2.2.4- Bacterial migration and penetration

After investigating the effect of the burned of in vitro 3D skin models, bacterial
infection and biocidal agent treatment, further experiments were conducted on
3D skin models infected with S. aureus with the aim of estimating the degree of
bacterial migration and penetration of the bacterial cells. Initially, bacterial
migration was measured after skin had been infected for 24 hours. Following
this, migration was measured in skin infected for 24 hours then measured the
bacterial migration. In addition, the skin infected with S. aureus for 24 hours
then treated with biocides for 24 hours. Silver nitrate, isothiazolone, hydrogen
peroxide and Manuka honey were used. Similarly, the degrees of migration
(horizontal spread) across the skin model after the same periods of time were

estimated in millimeters.

In order to accurately estimate the depth of penetration and extent of horizontal
spread, immunohistochemical staining with specific antibody markers against S.

aureus proteins was used together with a Gram stain.

Sections were analysed using an Olympus BX 51 Microscope and images
captured by camera (Microcapture V5.0 RTV digital camera (Q imaging,
Buckinghamshire, UK) and capture pro OEM v8.0 software (Media Cybernetics,

Buckinghamshire, UK).

4.2.3- Immunohistochemistry

Anti-Caspase-3, Ani-collagen type IV, Anti-S100A4, anti- Cytokeratin 10 anti-
Cytokeratin 14, anti- Pancytokeratin (PCK-26) and anti S. auerus antibody,
were selected for immunohistochemistry (IHC) investigation to assess variability

and differentiation of 3D skin cells models and identification of presence of S.
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auerus. Sections were prepared as described for histological analysis; IHC was

performed as previously described in chapter 3 section (3.2.4).

Sections were analysed using an Olympus BX 51 Microscope and images
captured by camera (Microcapture V5.0 RTV digital camera) (Q imaging,
Buckinghamshire, UK) and capture pro OEM v8.0 software (Media Cybernetics,

Buckinghamshire, UK).

4.2.4- Statistical analysis

All experiments were performed independently at least three times and results
are shown using scatter plots with medians. Statistical significance of the
experimental results (significance level of P<0.05) was calculated. Data did not
follow a normal distribution, thus, non-parametric and Kruskal-Wallis with a

connover Ingman post hoc test was used to investigate significant differences.

4.3- Results

4.3.1: Effect of biocidal agents on monolayer mammalian cells

Initially the effects of biocides on mammalian skin cells were studied. The
biocides used were silver nitrate, isothazoline and hydrogen peroxide as
investigated in Chapter 2. The skin cells investigated were HaCaT epidermal
cells, fibroblasts and mixture of HaCaT cells and fibroblasts in the ratio of 3:1
respectively. The cells were grown as a monolayer in plates and were treated
with gradually increasing concentrations of biocides.

4.3.1.1- The effect of silver nitrate, isothiazolone and hydrogen

peroxide on HaCaT cells, fibroblasts and a 3:1 mixture of
HaCaT and fibroblasts.

The effects of silver nitrate, isothiazolone and hydrogen peroxide on
mammalian monocultures were determined. Furthermore, the concentration

determined as the MIC for silver nitate and isothazoline on bacteria (chapter 2)
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is indicated as a red, line demonstrating that bacterial MIC against bacteria
concentrations also induced decreased metabolic activity in fibroblasts, with a
20 fold decrease in metabolic cell activity (Figure 4.3). Fibroblasts were the
most sensitive mamalian cells and HaCaT cells were the most resistant to the
effects of silver nitrate, isothazoline and hydrogen peroxide (Figure 4.3). Co-
cultures of HaCaT cells and fibroblasts showed sensitivity which was between
the individual cultures following treatment with all three biocidal agents (Figure

4.3).
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planktonic bacteria (chapter 2).

136



4.3.2- Effects of biocidal agents on 3D skin models infected

with S. aureus

To determine the effect of oxidazing biocides on S. aureus skin infections, an in
vitro surface wound model infected with S. aureus was subjected to various
biocidal agents: Silver nitrate, isothiazoline (2- Methyl -4- isothiazolin -3-one),
Hydrogen peroxide and Manuka honey. In the case of the first three biocides,
an alginate treatment was included as a control as alginate was utilised to apply
biocides. A non-treated infected skin model was also utilised as a control. There
was evident bacterial biofilm growth in both the infected non-treated control and
the infected and alginate treated tissue models, following 24 hours of incubation
(Figure 4.4). Alginate did not affect the CFU/mI of S. aureus recovered from skin
models (P value = 0.691) (Figure 4.4). In the test groups, skin models were
infected with S. aureus and incubated for 24 hours at 37°C prior to treatment
with each of the biocides at their pre-determined planktonic MIC, as described
in chapter 2 (Section 2.3.2). Silver nitrate and 2- Methyl -4- isothiazoline -3- one
significantly decreased the S. aureus CFU/ml within 3D skin models by 1.4
logio, compared to infected untreated controls (Figure 4.4). A significant
reduction of 1.6 logio of S. aureus in 3D skin models was also seen following
Hydrogen peroxide (0.046v/v) treatment (Figure 4.4). The bacterial reduction by
hydrogen peroxide was significantly greater than Silver nitrate (P= 0.0047) and
2- Methyle -4- isothiazoline -3-one (P=0.0047). S. aureus was more susceptible
to Manuka honey than to other biocidal agents, and showed the highest
statistically significant reduction (P =0.0045), with a 1.9, logio reduction in

CFU/ml (Figure 4.4).
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Figure 4.4: Effect of biocides on 3D skin models infection with S. aureus (SH1000). CFU/g normalised bacterial counts in
skin tissue. In vitro 3D skin wound model biofilms grown were treated with Silver nitrate, 2- Methyle -4- isothiazoline -3-one
at 62.5 pg/L, Hydrogen peroxide at 0.046 v/v and Manuka honey for 24 hours. In vitro wound model biofilms, showing
significant inhibition of biofilm of cells following treatment with Silver nitrate, isothiazolone (P<0.0047),and Hydrogen
peroxide (P<0.0046), with a significant of Honey Manuka (P<0.0045) for 24h. * = P<0.0.005.
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4.3.3 - S. aureus skin migration

The 3D skin models were used to demonstrate the degree of migration of S.
aureus along the surface of skin starting from the infected spot where applied.
This was performed by examining sections of the skin in the vicinity of the
infected area with Gram stains (Figure 4.5). The skin infection with S. aureus
lasted for 24 hours and then the skin was treated by biocides for 24 hours. The
average size of migration in infected tissue, treated with alginate alone or
untreated control tissues was 8.9mm across. Manuka honey significantly
reduced the distance that S. aureus migrated (P= 0.033) (Figure 4.6). However,
other biocidal agents (Silver nitrate, isothiazoline and hydrogen peroxide) did

not show any significant reduction in S. aureus migration, (Figure 4.6).

4.3.4 - S. aureus skin penetration

Burned 3D skin models were infected with S. aureus for 24h then treated with
biocides, with alginate tratment as a control group. S. aureus infection
penetrated the 3D skin model in untreated or alginate treatment alone models
58.5 = 4.3 pum. Treatment of infected models with isothiazoline; hydrogen
peroxide and Manuka honey significantly reduced the bacterial penetration
depth when compared to controls (P= 0.0357, 0.0462 and 0.0109 respectively)
(Figure 4.7). Silver nitrate showed no significant reduction (P = 0.0675) (Figure

4.7).
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4.3.5- Anti- S. aureus antibody marker:

3D skin models section was infected with S. aureus and stained by IgG
negative control. It was negative immunohistochemistry. However, tissue
sections uninfected models were slightly brown without bacteria forming biofilm
on the surface tissue.

When skin models were infected with S. aureus for 24 hours, biofilm formation
was evident on the surface of the models with considerable penetration into the
epidermal and superficial dermal layers. This was evidenced by a thick
immunopositive staining for S. aureus antibody on the surface of the model
(Figure 4.8). S. aureus were seen to penetrate into the tissue models
(penetration potential) and migrate across the surface of the skin model
(migration potential). it was 58.5 + 4.3 um penetration of S. aureus into dermal
layer of the skin model (Figure 4.8).

In models that were subjected to infection with S. aureus for 24h and treated by
silver nitrate, isothiazoline and hydrogen peroxide. Tissue sections showed
brown colour immunopostive S. aureus cells was mainly in the center, while in
the periphery no such brown coloration was observed (immunonegative) due to
bacterial migration. However, the penetration of S. aureus into the depth and its
migration towards the edges decreases with biocides treatment, rendering the
middle brown thicker bacterial biofilm and the peripheral parts moderately
stained with the characteristic brown color (Figure 4.8).

When the 3D skin models were treated with manuka honey, the tissues showed
less destruction and immunopositivity in the centre of skin tissue Nevertheless,
the immunopositivity was less towards the margins due to the relatively lower

density of S. aureus organisms towards the edges (Figure 4. 8).
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4.3.6- Mammalian cell death zone caused by infection with S.
aureus alone and with treatment with biocidal agents

Infection of skin by bacteria can cause de-epithelialization of part of the infected
skin. This was noticed as an area of absence of keratinocytes in the epidermal
layer. The area was described as a cell death zone and was measured in
millimetres (Figure 4.9). Unfortunately, the biocides used in the treatment of

skin infections also caused cell death.

The death zone associated with a burn was taken as the injured uninfected
control; was 4 +* 0.17mm. When the burn was treated with alginate, no
significant change in death zone was observed 4.1 + 0.62 mm, (P = 0.9039),
(Figure 4.8). Infection with S. aureus caused a death zone that was significantly
more than the control (P= 0.0153) (Figure 4.9). Treatment with silver nitrate
further increased the zone of death significantly compared with that caused by

S. aureus infection alone (P= 0.0428) (Figure 4.9).

Similar results were found with 2- Methyl -4- isothiazoline -3- one and hydrogen
peroxide, where an increase in the mammalian cell death zone (8.89 + 0.39
mm) caused originally by the infection (7.2 £0.52 mm). The further increase in
skin death zone by 2- Methyl -4- isothiazoline -3- one (7.2 £0.52 mm) and
hydrogen peroxide (11.3 £0.75 mm) was significant compared to that caused by
S. aureus infection alone (9.1 +0.47 mm) (P values were 0.0428 and 0.0488
respectively) (Figure 4.9). Contrary to the other three biocides, Manuka honey
decreased (5.51 +0.49 mm) rather than increased the death zone caused by S.
aureus infection (7.2 +0.82 mm), although this was not significant (P= 0.6554).
Accordingly, Manuka honey was considered to be one of the most effective
biocides to S. aureus with the least toxicity to the mammalian cells in the 3D
skin model (Figure 4.9).
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Figure 4.9: Effect of biocidal agents on infected 3D skin models showing death zone of skin following biocidal
treatment. The biocidal effect was compared between burned infected controls and burned S. aureus infected

biocidal treated samples. * = P<0.05.
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4.3.7-The effects of biocides on skin models infected with S.
aureus using immunohistochemical staining.

In order to observe the effect on cellular phenotype of biocides on normal,
burned and/or S. aureus infected skin models, immunohistochemical staining
targeting various antibody markers were used (Caspase 3, Collagen IV, CPK,

CK 10 and CK14).

4.3.7.1- Caspase 3

Caspase-3 activity is also needed for producing pluripotent stem cells from
human fibroblasts (Li et al. 2010), for differentiating stem cells (Fujita et al.
2008; Janzen et al. 2008), and for distinguishing neural stem cells (Fernando et
al. 2005). Additionally, caspase-3 is required for driving DNA double-strand
breaks; it can cleave and it can activate kinases from the constitutive viewpoint,
(Fernando et al. 2002; Fernando et al. 2005; Kanuka et al. 2005) or terminate
proteins required for maintaining pluripotency and for self-renewal (Fujita et al.

2008; Janzen et al. 2008).

Astoundingly, caspase-3 activity can also make its contribution to the survival of
cells. Early findings propose that this displayed that neuroprotection granted by
a preconditioning ischemic event are not found when caspase inhibitors are
present (McLaughlin et al. 2003). More lately, Khalil et al. (2012) proved
genetically the moderate caspase-3 activation findings in the cleavage of
RasGAP, which, in turn, raises Akt activation and enhances cell survival. Thus,
mice that lack caspase-3 need Akt activation. According to Khalil et al. (2012),
its outspread increased cell death and tissue damage responding to the modest
levels of cell stress. These counter-intuitive findings reveal the different
activities of the executioner caspases; they highlight the fact that they cannot
simply be regarded apoptotic proteases.
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4.3.7.1.1- Caspase 3, burned skin models without biocides

In normal control skin model, the majority of HaCat cells which formed the
epidermal layers were immunonegative for caspase 3 (blue stained) suggesting
they were viable. Some of the uppermost cells were immunopositive for
caspase 3 indicating presence of apoptosis (brown stained), denoting the
normal formation of the stratum cornum layer (Figure 4. 10). In the burned skin
model, some of the epidermal cells were lost in the centre of the skin model
where the burn was applied, while cells at the periphery were preserved and

immunonegative, suggesting these cells were viable.

The skin model which was burnt and infected with S. aureus demonstrated a
large number of immunopositive cells in the centre, whereas the peripheral cells
were immunonegative suggesting viable cells. While this central apoptotic layer
was detached from the underlying dermis in the skin model devoid of alginate,
whilst it remained attached to the dermis in the alginate model, suggesting the
alginate supported preservation of the architecture of the skin model (Figure

4.10).
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Figure 4.10 : Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Caspase 3 antibody marker compared between non burned and non infection,
controls , burned non infection without biocidal treated, burned infected without biocidal treated
andburned infected with alginate treated.The three pictures shown in each row as left, middle
and right tissue. Black arrow is immunopostive; red arrow is immunonpositive with no visible
cell nuclei. Scale bar = 100um.

4.3.7.1.2- Caspase 3, burned skin models with biocides

Burned skin models were treated with biocides and stained with caspase 3 to
demonstrate the effect of the biocide by comparing it to the untreated burned
skin model (Figure 4.11). This was then repeated within the burned skin model

with infection with and without biocidal agents.

4.3.7.1.2.1 Silver nitrate
The burned skin model treated with silver nitrate showed immunopositive

epidermal cells in the middle of the tissue and viable cells at the periphery.
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In burned and S. aureus infected skin model treated with silver nitrate, the

iImmunopostive cells were only in the middle sections (Figure 4.11).

4.3.7.1.2.2- Isothiazolone
When the burned skin model was treated with isothiazolone, there was a middle

epidermal area stained brown (caspase 3 immunopositive). In the case of burn
and S. aureus infection together, the middle epidermal layers demonstrated
apoptotic immunopositive cells which also showed detachment from the

underlying dermis (Figure 4.11).

Left section Middle section Right section

Burned 3D skin with infection
+ with Silver nitrate treatment

Burned 3D skin without
infection + with Silver nitrate
treatment
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infection +with
isothiazolone treatment

R

Burned 3D skin without
infection + with
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Figure 4.11: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Caspase 3 antibody marker compared between burned,with or without bacterial
infection, and silver nitrate treatment; burned,with or without bacterial infection, and
Isothazoline treatment.The three pictures shown in each row as left, middle and right tissue.
Black arrow is immunopostive; red arrow is immunonnegative with no visible cell nuclei. Scale
bar = 100um.
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4.3.7.1.2.3- Hydrogen peroxide

Burned skin models treated with hydrogen peroxide showed a thinning
epidermal layer which was partially detached from the underlying dermis in the
middle of the section with multiple immunopostive cells. In the peripheral parts
the epidermis was normal with immunonegative cells, suggesting viable cells
(no apoptosis). The burned S. aureus infected skin model treated with hydrogen
peroxide showed thinning of epidermis, immunopostive staining for caspase 3
and increased detachment apoptosis cells from the dermis in the middle while

the peripheral tissue were almost normal (Figure 4.12).
4.3.7.1.2.4- Manuka Honey

Burned skin model treated with honey showed almost normal thickness
epidermal layers, but with partial detachment from the underlying dermis and
immunopostive multiple apoptotic cells in the middle tissue. In the S. aureus
infected burnt skin model treated with Manuka honey, the same observations
were noticed but with more detachment from the underlying dermis, whilst

morphology was maintained in the periphery (Figure 4.12).
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Figure 4.12: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Caspase 3 antibody marker compared between burned,with or without bacterial
infection, and H20: treatment; burned,with or without bacterial infection, and Clinical Manuka
honey treatment.The three pictures shown in each row as left, middle and right tissue. Black
arrow is immunopostive; red arrow is immunonnegative with no visible cell nuclei. Scale bar =
100pum.

4.3.7.2 - Collagen type IV antibody

4.3.7.2.1- Collagen type IV antibody, burned skin models with and without
biocides:

The 3D skin models were investigated with immunohistochemistry for Collagen
type IV, to delinate the collagen fibres normally present within the skin
architecture. Normal sections showed partial expression of collagen fibres,
which were immunopositive between the dermal and epidermal layers (Figure
4.13). In burned skin models, the immunopositive collagen fibres appeared at
the basement membrane of the epidermis. This was attributed to the direct

effect of burns on collagen. The interrupted collagen layer appeared in the
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middle of the tissue while it extended continuously at the periphery (Figure
4.13). In burned skin models infected with S. aureus, immunopositivity for
collagen type IV was decreased particularly within the middle of the skin model
where the burn and infection were applied, while still preserved at the
peripheries, which characteristically showed thin immunopositive layers at the
top of the epidermis. These thin layers of collagen type IV were similar in
appearance to collagen fibres in the stratum cornum layer of normal skin. When
the skin model was subjected to a burn and infection, and treated with alginate
control, preservation of type 1V collagen immunopostivity was seen compared to
the non-alginate treated model even in the middle, which suggests alginate

improves the preservation of the structure of the skin model (Figure 4.13).
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Figure 4.13: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Collagen type IV antibody marker compared between non burned and non infection,
controls, burned non infection without biocidal treated, burned infected without biocidal treated
and burned infected with alginate treated.The three pictures shown in each row as left, middle
and right tissue. Black arrow is immunonegative with no visible cell nuclei; red arrow is
immunonpositive. Scale bar = 100um.

4.3.7.3 - Pancytokeratin (PCK)

4.3.7.3.1-Pancytokeratin, burned skin models without biocides:
The 3D skin models were immunohistochemically stained with Pancytokeratin,
the main marker of keratinocytes. Normal skin models, stained with PCK were
control slides to compare with burned skin models, burned infected with S.
aureus infected skin models and lastly with burned and S. aureus infected skin

models with alginate (Figure 4.14).
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In the normal skin model, all the HaCat cells formed epidermal layers with
immunopositivity for PCK. The epidermal layer was thick and well formed
(Figure 4.14). In the burned skin model, the epidermal layer was shown to be
thinner and of darker brown colour, especially in the centre where the effect of
burn was maximal. In the peripheries the epidermal layer retained its normal
thickness. The skin model that was subjected to both burn and infection showed
thinning of the epidermal layer, but with faint and interrupted brownish staining,
suggesting increased destruction of this layer. In the alginate model, the
epidermis was very thin but compacted and strongly immunopositive (Figure

4.14).

Left section Middle section Right section

Normal 3D skin
withoutBurn +
withouttreatment

Burned 3D skin

withouttreatment

infection +without
treatment

alginate treatment

Burned 3D skin with Burned 3D skin with
infection +with

100um 100pm

Figure 4.14: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Pancytokeratin antibody marker compared between non burned and non infection,
controls, burned non infection without biocidal treated, burned infected without biocidal treated
and burned infected with alginate treated.The three pictures shown in each row as left, middle
and right tissue. Black arrow is immunonpostive with no visable cell nuclei; red arrow is
immunonpositive.Scale bar = 100um.
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4.3.7.4- Cytokeratin 10

4.3.7.4.1-Cytokeratin 10, burned skin models without biocides
The 3D skin models were immunohistochemically stained with cytokeratin 10
which is one of the markers of keratinocytes that are normally expressed in the
terminally differentiated keratinocytes among the basal and suprabasal layers of
the epidermis. Normal skin models, stained with Cytokeratin 10 were used as
positive control slides to be compared with skin models subjected to burns and
S. aureus infections and both of them were compared to treated models (Figure

4.15).

In normal skin models, the epidermal cells showed immunopostive staining for
cytokeratin 10, mainly within basal cells of the epidermis. In burned skin
models, there was faint immnuopostive expression of the marker in the middle
of the tissue model at the main site of the burn compared to the periphery in
both right and left parts of the model. In the infected burned skin, there was no
immnuopositive staining for cytokeratin 10, denoting decreased differentiation of
basal keratinocytes. This observation was similar in the infected burned alginate

model (Figure 4.15).
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Figure 4.15: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Cytokeratin 10 antibody marker compared between non burned and non infection,
controls, burned non infection without biocidal treated, burned infected without biocidal
treated and burned infected with alginate treated.The three pictures shown in each row as
left, middle and right tissue. Black arrow is immunonegative with no visible cell nuclei; red
arrow is immunonpositive. Scale bar = 100pum.

4.3.7.5- Cytokeratin 14

4.3.7.5.1- Cytokeratin 14, burned skin models with and without
biocides

The 3D skin models were immunohistochemically stained with cytokeratin 14, a
marker for keratinocytes mostly expressed in the basal levels forming the
stratum basale. In uninfected untreated skin models, the epidermal cells
showed immunopositive expression of cytokeratin 14, mainly at the basal cells
of the epidermis, but extending through the whole epidermis to the apical layer
(Figure 4.16). In burned skin models, the brown stained cells (expressing

cytokeratin 14) formed a thinner layer which was partially detached from the
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underlying dermis in the middle of the model where the burn effect was
maximal. In the peripheral parts of the model, immunopostive cells formed a
thin layer at the basal parts of the epidermis (Figure 4.16). In burned, S. aureus
infected models and in models treated with alginate, the stained cell layer was
thin and there was complete detachment of it from the underlying dermis. This
was immunonegative in the middle part of the tissue model only. The peripheral

parts showed immunopostive cells in the basal epidermal layer (Figure 4.16).

Left section Middle section Right section

Normal 3D skin without
Burn + without treatment

Burned 3D skin without
treatment

Burned 3D skin with
infection +without
treatment

Burned 3D skin with infection
+ with alginate treatment

Figure 4.16: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Cytokeratin 14 antibody marker compared between non burned and non infection,
controls , burned non infection without biocidal treated, burned infected without biocidal treated
and burned infected with alginate treated.The three pictures shown in each row as left, middle
and right tissue. Black arrow is immunnegative with no visible cell nuclei; red arrow is
immunonpositive. Scale bar = 100um.
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4.3.8 - Phenotypic assessment of 3D skin models following
infection and treatment with biocidal agents.

Burned infected skin models infected with S. aureus and treated with silver
nitrate, isothiazolone and hydrogen peroxide immunopositivity for collagen type
IV showed an interrupted collagen layer, especially in the middle of the model.
Whilst the collagen type IV layer at the interface between the dermis and
epidermis was partially immunonegative (Figure 4.17 & Figure 4.18). PCK,
cytokeratin 10 and cytokeratin 14 were immunopositive within the epidermal
layer as evidenced by the small immunopostive area expressed in the middle
compared to the normal thick immunopostive layer in the peripheral regions
(Pancytokeratin: Figure 4.19 & Figure 4.20; CK 10: Figure 4.21 & Figure 4.22
;CK 14: Figure 4.23 & Figure 4.24). In the presence of S. aureus infection,
collagen type IV protein was disrupted and faint (Collagen type IV: Figure 4.12
& Figure 4.13). PCK, cytokeratin 10, cytokeratin 14 immunopositivity was
decreased in the epidermal layer and detachment of the cell layer of the tissue
was seen. A thin layer of immunopositive staining and detachment from the
underlying dermis with no upper epidermal cells as well in the middle model
was observed. In the periphery cells were maintained normal distribution
immunopositive stain (PCK: Figure 4.15 & Figure 4.16; Cytokeratin10 Figure
4.18 & Figure 4.19; Cytokeratin 14: Figure 4.21 & Figure 5. 22). Whilst burned
S. aureus infected skin model treated with honey, displayed improved
maintenance of immunopositive staining for collagen type IV, PCK, cytokeratin
10, cytokeratin 14 within the centre of the model, with only minimal decrease in
staining seen (Collagen type IV: Figure 4.13; PCK: Figure 4.16; Cytokeratin 10

Figure 4.19; Cytokeratin 14 Figure 4.22).
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Figure 4.17: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Caspase 3 antibody marker compared between burned, with or without bacterial
infection, and silver nitrate treatment; burned, with or without bacterial infection, and
Isothiazolone treatment. The three pictures shown in each row as left, middle and right tissue.
Black arrow is immunonegative with no visible cell nuclei; red arrow is immunonpositive. Scale
bar = 100um.
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Figure 4.18: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Collagen type IV antibody marker compared between burned, with or without
bacterial infection, and H20: treatment; burned, with or without bacterial infection, and Clinical
Manuka honey treatment. The three pictures shown in each row as left, middle and right
tissue. Black arrow is immunonegative with no visible cell nuclei; red arrow is
immunonpositive. Scale bar = 100pum.
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Figure 4.19: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Pancytokeratin antibody marker compared between burned, with or without bacterial
infection, and silver nitrate treatment; burned with or without bacterial infection, and
Isothiazolone treatment. The three pictures shown in each row as left, middle and right tissue.
Black arrow is immunonegative with no visible cell nuclei; red arrow is immunonpositive. Scale
bar = 100um.
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Figure 4.20: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Pancytokeratin antibody marker compared between burned, with or without bacterial
infection, and H20:2 treatment; burned with or without bacterial infection, and clinical manuka
honey treatment. The three pictures shown in each row as left, middle and right tissue. Black
arrow is immunopostive with no visible cell nuclei; red arrow is immunonpositive. Scale bar =
100pm.
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Figure 4.21: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Cytokeratin 10 antibody marker compared between burned with or without
bacterial infection, and silver nitrate treatment; burned, with or without bacterial infection,
and Isothazoline treatment. The three pictures shown in each row as left, middle and right
tissue. Black arrow is immunonegative with no visible cell nuclei; red arrow is
immunonpositive. Scale bar = 100um.
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Figure 4.22: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Cytokeratin 10 antibody marker compared between burned with or without bacterial
infection, and H20: treatment; burned, with or without bacterial infection, and clinical manuka
honey treatment. The three pictures were shown in each row as left, middle and right tissue.
Black arrow is immunonegative with no visible cell nuclei; red arrow is immunonpositive.
Scale bar = 100um.
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Figure 4.23: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Cytokeratin 14 antibody marker compared between burned with or without bacterial
infection, and silver nitrate treatment; burned, with or without bacterial infection, and
isothiazolone treatment. The three pictures shown in each row as left, middle and right tissue.
Black arrow is immunonegative with no visible cell nuclei; red arrow is immunonpositive. Scale
bar = 100pm.
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Figure 4.24: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Cytokeratin 14 antibody marker compared between burned, with or without bacterial
infection, and H20:2 treatment; burned, with or without bacterial infection, and Clinical Manuka
honey treatment. The three pictures shown in each row as left, middle and right tissue. Black
arrow is immunonegative with no visible cell nuclei; red arrow is immunonpositive. Scale bar =
100pum.
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4 .4- Discussion

Wounds to the skin are a significant cause of pain and discomfort for patients,
as well as increasing healthcare cost, and presenting a problem globally
because of frequent failure to heal in the short term. Bacterial biofilms are
extremely important in wounds infections, with biofilm bacteria demonstrating
strong resistance to defensive mechanisms to protect the host, including
antibiotic agents. This means that it is challenging to eliminate biofilm infections
in chronic wounds using standard interventions with antibiotics (Costerton 1999;
Donlan & Casterton 2002; Parsek & Singh 2003).

Prior to the application of new or less conventional therapies for burn wounds,
there is a need to explore the way in which biofilms form using 3D skin models.
Based on this need, the current study utilised an in vitro human skin model in
order to imitate the formation in biofilms in infected burns in humans. The study
also sought to uncover simple markers capable of identifying the occurrence of
bacterial biofilm infections for burn wounds through the model developed.
Furthermore, the effects of infection and potential treatments on the native skin
cells in addition to effects on bacterial cells were investigated.

Applying a 3D human skin model enhances the ability to imitate infections in
human skin (Mertz et al. 1987; Svedman et al. 1989; Sullivan et al. 2001; Davis
et al. 2008). However, there are limitations to this approach, such as the high
cost involved. Greater knowledge about the ways in which skin-bacterial
interaction will lead to new approaches being developed for the promotion of
healing in burns wounds. One limitation of the current in vitro human skin model
for biofilm bacteria and chronic wounds is that immunological functions are not

included in the modelled wound beds, meaning that immune activity cannot be

168



explored through this model. However, the model shows its suitability for testing
the effectiveness of biocidal treatments.

The model used here was utilised to investigate ways of reducing bacterial load
within wound infections, and further work might include this technique in
developing anti-bacterial treatments which target specific situations, as well as
improving diagnoses.

S. aureus was applied in the in vitro skin model based on its suitability to be
used to model and assess the growth of a simple bacterial biofilm. S. aureus in
a biofilm was formed effectively by application of 1x10® CFU/mI. The bacterial
biofilm matured successfully in the burned skin models. Bacterial biofilms
showed formation following culturing for 24 hours, with multiple clusters of
bacteria embedded in a biofilm matrix. S. aureus infections were localised
wounds and did not appear to cause infection across the full 3D skin model.
The model demonstrated that at 24 hours post introduction of the infection, S.
aureus was localised mainly to the skin’s upper layers.

The results are in agreement with those of Shepherd (2009 and 2011), who
reported a bacterial inoculum rate for S. aureus of 1x107cfu/ml at 24 hours
(Shepherd et al. 2009, Shepherd et al. 2011). In addition, when modelling
infection in pigs, Mertz et al., (1987) reported an optimal inoculum rate of 1x108
cfu/mL for P. aeruginosa or S. aureus which gave the best bacteria-wound bed
adherence, and the current work followed this concentration rate (Mertz et al.
1987).

Based on the modelling performed, silver nitrate, isothiazolone, hydrogen
peroxide, and medical grade manuka honey showed potential efficacy for
topical application to human skin as biocide agent. Due to the extensive

application of biocides within medicine, the possible impacts of these were
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examined in vitro using HaCaT human keratinocyte and fibroblast cell culture.
The minimum inhibitory concentration (MIC) of biocides determined from
planktonic cultures (Chapter 2) was applied on mammalian monocultures. The
viability of cells was reduced for both keratinocyte and fibroblast cultures.
However, HaCaT cells were more resistant to biocides than fibroblasts.

In agreement with this, Drewa et al. (2008) reported use of low concentrations
of AgNOs3 3 & 15 x 10 M/dm?3 in comparison to concentrations applied when
treating patient's 31 x 10%4 M/dm3, as toxicity was found at these smaller
concentrations, triggering apoptosis in human keratinocytes and fibroblasts.
Thus, Nitrate ions from silver nitrate may have a negative impact on the healing
of such wounds (Drewa et al. 2008).

In addition, research established by Hidalgo et al. (1998) found that
concentrations of AgNOs which were 100-700 less concentrated than applied
clinically remained successful in inhibiting certain microbes discussed
previously. However, at these concentrations’ cytotoxicity was still seen in
cultured fibroblasts. Therefore, silver nitrate can be applied in dilutions of 100
times greater than 0.5% of normal dilution, based on the inhibition of bacteria at
this level and the lowered cytotoxicity healing of wounds would be supported
(Hidalgo et al. 1998).

In comparison, when normal human keratinocytes (NHK) were exposed to 5-
chloro-2-methyl-4-isothiazolin- 3-one (CMI) and 2-methyl-4-isothiazolin-3-one
(MI) CMI/MI at low concentrations (0.001- 0.05%), pathways of apoptosis are
activated within healthy NHK cell (Ettorre et al. 2003). Rivalland et al. (1994)
reported that CMI/MI had cytotoxic effects within single-layer cultures of human

cells and fibroblasts, which was demonstrated using MTT (3-(4, 5
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dimethylthiazol- 2-yl)-2, 5-diphenyltetrazolium bromide) test (Rivalland et al.
1994).

Loo et al.,, (2012) reported that keratinocytes showed high resistance to
hydrogen peroxide (250 and 500 pM) toxicity, but fibroblasts were observed to
be less viable, which agrees with the sensitivity shown in the current study.
Moreover, a scratch-wound model which is based on cultured keratinocytes
demonstrated promotion by hydrogen peroxide of the mobility of keratinocytes
using lower concentrations; approximately 500 uM did not affect cell viability.
The keratinocytes which received the lower concentration of hydrogen peroxide
treatment showed better activation of epidermal growth factor as well as
phosphorylation of Extracellular signal-regulated protein kinases ERK1/2, and
this accounts for their greater migratory potential (Loo et al. 2012).

Martinotti et al., (2017), reported the impact of honey on scratch models of
wound healing in vitro using fibroblasts and keratinocytes. Honey has the
capability to enhance the closing of wounds through both cell migration and
proliferation on fibroblasts and keratinocytes (Martinotti et al. 2017). However,
this study was applied to monolayers in a scratch injury model, in contrast; the
current study utilized a 3D skin model and burn injury.

Within the current study an alginate derived from seaweed was utilised to
enable biocidal agent application, and an alginate model was used as the
treatment control in order to assess bacterial growth in those groupings. After
incubating the samples for 24 hours, it was found that the bacterial agents
remained viable, with no effect from the alginate.

The present study investigated the impact of biocidal agents on biofilm skin
tissue infection, by introducing a range of agents, including Silver nitrate, 2-

Methyle -4- isothiazolin -3-one, hydrogen peroxide and manuka honey to a
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bacterially infected skin wound modelled in vitro. Silver nitrate, 2- Methyle -4-
isothiazolin-3-one and Hydrogen peroxide each significantly reduced the
modelled S. aureus infection, but Manuka honey showed the most significant
effect. Silver nitrate at the planktonic MIC of 62 .5 pg/ml decreased in the skin
by 1.4 logio reduction CFU/ml. Satterlin (2012) reported that the silver nitrate
MIC were < 32 mg/l and MBC > 512 mg/l for S. aureus in planktonic and that it
was found to have a predominantly bacteriostatic impact on S. aureus ( Sutterlin
et al. 2012). This could be part of the explanation why the performance of silver
nitrate has been high MIC both in vitro as planktonic and in vivo on leg skin
ulcer patients with S. aureus infection (Carter et al. 2010; Yin et al. 1999;
Tredget 1998).

The study measured a lower efficacy of hydrogen peroxide against biofilm
bacteria following 24 hours in comparison with planktonic forms. The finding is
in line with results showing that use of hydrogen peroxide causes a reduction of
1.4 logio to eliminate biofilms when low concentrations are used. Tote et al.
(2009) found an active effect of hydrogen peroxide against viable mass and
biofilm matrix in a microplate-based assay, using resazurin as viability indicator,
with approximately similar results for biofilms of P. aeruginosa and S. aureus.

In this study, the treatment of biofilms with medical grade manuka honey
resulted in a significant reduction of viable S. aureus cells, with significant
decrease in biofilm formation when culturing strains with manuka honey. Our
results are in agreement with those of Henriques et al. (2010), who reported
that S. aureus NCTC 10017 showed susceptibility to comparatively low
concentrations of manuka honey, even though these bacteria can tolerate

significant osmolarity changes. Based on cell viability assessments manuka
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honey was found to act bactericidally and log2 decreases occurred at

approximately 427 minutes (Henriques et al. 2010).

Reversibility testing showed no viable microbes were recovered following 8
hours, confirming the non-reversible nature of the inhibitory effect (Henriques et

al. 2010).

Histological analyses conducted on skin sections in the current study showed
that for the infected sections high numbers of S. aureus bacteria remained,
particularly in the skin’s surface layers. Counts of viable microbes within tissue
sections after treating the membrane were also conducted, and bacterial
viability counts demonstrated that fewer bacteria remained for samples
receiving treatments with biocidal agents.

Following this, an investigation of 3D skin cells within the cell death zone of the
burn and bacterial migration and penetration considered whether microbes
binding to 3D skin tissue were dying or had simply become immobile and
membrane bound. While bacterial numbers were significantly decreased, a
proportion of bacteria in the tissues still showed viable bacteria after the biocidal
agents had been applied.

This study investigated the impacts of silver nitrate, isothiazolone, hydrogen
peroxide and manuka honey on a 3D skin model with a mature infection of
bacteria. S. aureus showed significant adherence to the control skin tissue
model sections, meaning that larger numbers of the microbe successfully
penetrated the dermal layer to become isolated from the skin tissue. Moreover,
Manuka honey was observed to reduce the area where skin cells died following
infection with S. aureus, in contrast the other biocidal agents resulted in
increased toxcitiy. Manuka honey also decreased the extent to which S. aureus

penetrated the dermis.
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The impact of the biocidal agents on cell phenotypes for burned and/or S.
aureus infected skin models, immunohistochemical staining was applied which
targeted a range of antibody markers (Caspase 3, Collagen type IV, CPK, CK
10 and CK14). The findings indicate immunopositive stain of phenotypes of
epidermal cells. In the infected 3D skin models, S. aureus was quantified
following 24h of treatment of membranes, the middle of tissue showed strong
immunopositivity for S. aureus demonstrating the capability of S. aureus to form
biofilm. Although the biofilm occupied mainly the centre of the tissue, there was
extensive immunopositive staining throughout the model. In addition, infection
of skin by bacteria caused de-epithelialization of part of the infected 3D skin
models. A similar result was seen by Shepherd et al. (2009), who reported that
S. aureus caused detachment of the epidermal layer within a 3D skin tissue
after 24 hours.

However, biofilms which form during skin infections are not normally a single
bacterial species; there are usually several strains of bacteria. Thus, the
proposed model should involve other common pathogenic bacteria in order to
construct a complex biofilm containing multiple bacterial species, and thus this
model could be applied to other infective agents to build a more complex

biofilm.

4.5- Conclusion

This study utilised decellularised human dermis (created from Euroskin), HaCaT
cells and human dermal fibroblasts to create a 3D skin model which was burned
and infected with S. aureus, demonstrating migration and penetration of
bacteria through the skin model. Infection resulted in increased toxicity to the

mammalian cells which were further increased by some of the biocidal agents
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investigated. Manuka Honey was found to be the most effective agent
investigated with greatest effects on reducing numbers of bacteria, migration
and penetration of bacteria and reducing mammalian cell death zones. This
model system has shown promise to increase the understanding of the effect of
antimicrobial biocides on bacteria and skin models. However alternative

infective agents should be investigated to develop more complex biofilms.
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Chapter 5

Effect of biocides on in vitro burned 3D skin models infected
with Pseudomonas aeruginosa biofilm
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5.1- Introduction

5.1.1- P. aeruginosa in wound infections

P. aeruginosa is one of the most common organisms involved in wound
infection (Akinjogunla et al. 2009; Fazli et al. 2009; Cooper et al. 2009)
(Agnihotri et al. 2004). It is characteristically common in wound infections of
patients with underlying health problems like diabetes (Ako-Nai et al. 2006) or
burns (Bielecki et al. 2008). Often responsible for opportunistic, chronic, severe
wound infections of large ulcers and resistant wound infection with biofilm
formation (Malic et al. 2009; James et al. 2008). As discussed previously the
biofilm protects against phagocytosis and other host immune mechanisms (Leid
et al. 2002). The chronicity of pseudomonas wound infection was evidenced by
the findings of James and colleagues in 2008, when P. aeruginosa was isolated
from 35% of chronic wound infections in the 50 cases investigated. Malic et al.,
(2009), also found that P. aeruginosa was the predominant species in the
multispecies chronic wound infections they investigated. Kirketerp-Mgller et al,
2008, demonstrated that P. aeruginosa was particularly embedded deep in the
niche of chronically infected wounds (Kirketerp-Moller et al. 2008).

Furthermore, P. aeruginosa has been shown to be the most common isolated
organism in cases of bacteraemia secondary to wound infection (92% of
isolated organisms, according to the 2006 England and Wales survey). With an
increase in prevalence and mortality of P. aeruginosa infection observed,
particularly in patients with long term hospital stays (Lautenbach et al. 2006,

Onguru et al. 2008).
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5.1.2- Pathogenicity and virulence factors of P. aeruginosa
infections

P. aeruginosa is a severe pathogenic organism affecting plants, animals and
humans. This organism contains different types of colonies at different isolation
sites, and can also cause many devastating infections due to the strong
adherence through pili and high production of virulence factors, including
phospholipase C, elastase, exotoxin A, and the exoenzyme S. Other virulence
factors include lipopolysaccharides, proteases, and alginate (Lyczak et al. 2000;
Van Delden et al. 1998; Jia et al. 2006). Some of these virulence factors act at a
local level, while others diffuse away from bacteria and act at remote sites.
Their effects result in bypassing the host immunity which can lead to tissue
damage, multiple organ failure, systemic infections and even death if the
infection is not cleared (Tang et al. 1996). The elastase enzyme produced by P.
aeruginosa induces breakdown of host elastin and other extracellular matrix
proteins of the in connective tissue such as laminin and collagen type Il and IV
(Yanagihara et al. 2003). This enzyme impairs the arterial structure thus
causing a hemorrhage and the degradation of the surfactant proteins A (SP-A)
and D (SP-D) (Komori et al. 2001), these destructive enzymes aid invasion
(Malloy et al. 2005). P aeruginosa is known to secrete the exotoxin S that
induces the apoptosis pathway in the host organism (Jia et al. 2006).

The effect of the toxins of this pathogen on the host tissues in combination with
the host immune response can lead to septic shock, morbidity and mortality due
to the P. aeruginosa infection. The host immunity is further initiated by the
smooth LPS O-antigen (Hancock et al. 1983; Vitkauskiene et al. 2005). The
microbial LPS can be recognised by the host Lipopolysaccharide Binding

Protein (LBP).
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This LBP-LPS complex can react with the CD14 and TLR4 which is expressed
on the macrophages and the keratinocytes (Wright et al. 1990). The
macrophages internalise the pathogen by phagocytosis, forming the
phagolysosome and generates nitric oxide (NO) (Inohara et al. 1999).

The keratinocyte cells detect the bacterial presence in the cell cytoplasm with
the help of the Nucleotide-binding oligomerisation domain (NOD) proteins. The
NOD2 proteins recognise the muramyl dipeptide, from the peptidoglycan layer
and then activate the receptor-interacting protein kinase (RICK). The activation
of RICK then switches on the NF-a signalling pathway, thereby causing the cells
to generate and release cytokines, chemokines and antimicrobial peptides
(AMPs) (Frantz et al. 2001).

The later infectious stage and the host immune responses to the bacteria can
be coordinated by the activated T helper (Th1) cells that secrete the IFNy and
CD40 ligands, which is an important event in the host immune response. The
macrophages containing P. aeruginosa are prevented from activation. The
pathogenic organisms also impair the host immune defense by blocking the INF

(Andonova et al. 2013).

5.1.3- Aim of this study

This study applied the 3D skin model developed in chapters 3 and 4 to evaluate
its use as a model for P. aeruginosa infection as an important infective agent in
infected burns. This model was then applied to investigate the effects of
different types of anti-microbial strategies which generate active free radicals to
reduce P. aeruginosa load in infected wounds. Furthermore this model was
utilized to investigate the effect of P. aeruginosa infection and biocidal agents

on native skin cells.
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5.2- Materials and Methods

5.2.1- Experimental design

In this chapter, the effects of biocides were investigated on P. aeruginosa
infected 3D skin models. TE skin models were cultured as described in chapter
4 but instead of infection by S. aureus, skin models were inoculated with P.
aeruginosa at 1x108 at different time points (6, 12, 24 hours), with and without
biocidal agent treatments as described in chapter 4. Tissues were formalin
fixed, paraffin embedded, histologically stained and assayed by
immunohistochemistry to determine cell morphology and viability. In addition,
the infected skin models were homogenized and bacterial loads (in CFU/mg
tissue) determined by the Miles and Misra technique (Miles et al. 1938). 3D skin
models infected with P. aeruginosa were investigated to determine the degree
of migration and penetration of the bacterial cells into the skin models. The
migration and penetration rates of P. aeruginosa grown on 3D skin models were
studied by observing the histological damage as a result of infection in 3D skin
models. Generally, the depth of the tissue damage reflected the penetration
potential of bacteria whereas the horizontal spread of damage towards the
margins indicated the migration potential. Specific antibody markers of P.
aeruginosa were used to estimate the penetration and migration rates of
bacteria, in a more precise and objective manner. The use of specific bacterial
antibody markers, for staining infected tissues, gives a more accurate
estimation of migration and penetration as they indicate the extent of the
bacterial spread itself rather than the tissue damage. Immunohistochemical
stains targeting bacterial proteins (markers) were first applied to normal skin
models and to burnt non-infected models as negative controls. They were then

applied to burned skin models that were infected with P. aeruginosa bacteria for
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24 hours. Finally, the immunohistochemical stains were applied to burned skin
models which were infected with bacteria for 3, 6 and 24 hours followed by 24

hours of treatment with Manuka honey.

5.2.2- Wound Model

5.2.2.1- 3D skin model composites

The 3D skin models were prepared as described in Chapter 3 section (3.1.2),

and incubated at 37°C in 5% CO:2 for 21days

5.2.2.2- 3D skin wound models and bacterial infection

Infection of the skin models was established as described in chapter 4 (4.2.2.2).
All skin models were transferred to media without antibiotic supplements. Skin
models were subjected to burns using a heated metal rod 4 mm in diameter and
the epidermal 3D skin tissue surface was infected with 1X10® P. aeruginosa.
Following infection for 3,6 and 24 the effect of biocidal agents (silver nitrate,
isothiazoline and hydrogen peroxide) on bacterial infection were investigated,
they were dissolved in 1.2% alginate gel as described in chapter 2, and models
treated for 24hrs (2.2.3.1), whilst Manuka honey was applied directly as
described in Chapter 2 section (2.2.4). Following treatment with biocidal agents
for 24hrs the models were bisected into two halves; each were assessed as
follows: a) the first half was fixed in 10% v/v formalin for 24 hours. After that, it
was processed to paraffin and 4um sections mounted on slides. The histological
sections were stained with Gram stain (Section 4.2.2.4) or
immunohistochemical stains to determine phenotype (Section 3.2.4) of cells and

presence of P. aeruginosa and its virulence factors section (5.2.2.3) (Table 5.1).

b) the other half was weighed and homogenized in 1 ml of BHI broth. The

resultant homogenate was diluted, several times if required, and the viable
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bacterial organisms (measured in CFU) were counted via the Miles and Misra
method (Miles et al.1938). Consequently, the viable bacterial count per Gram of

tissue was determined and compared to untreated infected controls.

5.2.2.3- Bacterial migration and penetration

Migration and penetration of bacteria was determined in infected untreated
models and those treated for 24 hours with biocidal agents: silver nitrate;
isothiazoline; hydrogen peroxide and Manuka honey as described in section
4.2.2.4. Furthermore, the effect on bacterial migration and penetration following
treatment with Manuka honey was further investigated following 3, 6 and 24
hours of bacterial infection to determine different effects during maturation of
biofilms. In order to accurately estimate the depth of penetration and extent of
horizontal spread, immunohistochemical staining with specific antibody markers
against P. aeruginosa proteins were used including a specific P. aeruginosa
antibody, IHC was performed as described previously section (3.2.4) (Table

5.1), and Gram stain as described in chapter 4 section 4.2.2.4.

Table 5.1: Target antibodies marker used in IHC and antigen retrieval methods.

Target Clonality Optimal  Antigen Secondary Serum  Cat No.
antibody dilution  retrieval antibody block
Anti- P. Mouse 1:400 None Rabbit anti Rabbit ab35835
aeruginosa monoclonal mouse
Anti- Flagellin Rabbit 1:400 None Goat anti- Goat  ab93713
polyclonal rabbit
Ant- Chicken 1:400 None Goat anti- Goat  ab20031
Exoenzyme polyclonal chicken
S
Ant- Exotoxin Rabbit 1:400 None Goat anti- Goat P2318
A polyclonal | rabbit
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5.2.3-Statistical analysis

All experiments were performed independently at least three times and results
presented using scatter plots with medians. Statistical significance of the
experimental results (significance level of P<0.05) was calculated by using Stats
Direct. Data did not follow a normal distribution, thus, non-parametric Kruskal-
Wallis test was used with a Connover Ingman Post hoc test to determine

significant differences.

5.3 Results

5.3.1- Effect of biocides on burned P. aeruginosa infected skin

To determine the effect of biocides on P. aeruginosa infected skin tissue. Before
applying the biocide, bacterial infection was applied to a control infected
untreated group and a biocide-free alginate gel treated infected group to test the
growth of bacteria in burned 3D skin models and effects of alginate treatment.
There was evident bacterial biofilm growth in both the control burned infected
skin and the infected skin models treated with alginate, following 24hr
incubation, with no difference in CFU/ml seen between untreated and alginate
treated models (Figure 5.1). Following 24-hour biocide treatment, all biocides,
(silver nitrate, isothiazolone, hydrogen peroxide and Manuka honey),
significantly decreased the CFU of P. aeruginosa with 1.26, 1.28, 1.39 and 1.99
logio reduction CFU/ml of P. aeruginosa observed (P<0.05), respectively
(Figure 5.1). Manuka honey was found to be the most effective of all the tested
biocides in reduction of CFU/ml P. aeruginosa in biofilms (1.99 logio CFU/mI),

compared with alginate treated controls (P= 0.0046) (Figure 5.1).
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Figure 5.1: Biofilm ability of P. aeruginosa (8295), viable bacterial counts in skin tissue per Gram. in vitro 3D skin wound
model biofilms grown were treated by Silver nitrate, 2- Methyle -4- isothiazoline -3-one are 62.5 pg/L , Hydrogen
peroxide is 0.046 v/v and Manuka honey for 24 hours. wound model biofilms, showed significant (P<0.05) inhibition of
biofilm of cells following treatment with Silver nitrate, isothiazolone, Hydrogen peroxide and Manuka honey for 24 hours.
* = P<0.05.

184



5.3.2- P. aeruginosa skin migration 3D burned skin model
infection

Migration of bacteria on infected skin was assessed to investigate the analysis
and histological effects of bacterial infection on the tissue. Histological
examination using Gram stains showed clear migration of bacteria across the
whole epidermal layer (Figure 5.2). P. aeruginosa was found to migrate large
distances of up to 15.8 £0.58 mm from the infection site in untreated infected
models. Silver nitrate, isothiazoline and hydrogen peroxide did not significantly
affect the migration distance of P. aeruginosa (P>0.05) (Figure 5.3). However,
Manuka honey significantly reduced the migration of P. aeruginosa (P = 0.0372)
compared with the burned skin infected with P. aeruginosa treated with alginate

control (Figure 5.3).

5.3.3- P. aeruginosa skin penetration

3D skin models were infected with P. aeruginosa and the depth of bacterial
penetration was estimated by microscopically examining sections of infected
skin after being stained with Gram stain and antibody markers. P. aeruginosa
tissue infection, the depth of penetration in the alginate culture (control) was
341.8 = 21 um, which was far deeper than S. aureus penetration seen in
chapter 4. This might be attributed to the higher motility which characterizes P.
aeruginosa, probably due to its possession of active motility structures like
flagella. P. aeruginosa has previously been shown to migrate for a longer
distance across the skin causing spreading of infection horizontally. The four
biocides in this study were shown to significantly restrict and decrease the

penetration of P. aeruginosa.
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The penetration depth of P aeruginosa in the presence of silver nitrate,
isothiazolone, hydrogen peroxide and Manuka honey were measured to be 219

+9um, 206 £ 6.7 um, 183 £ 7.3 um and 170 + 8.8 um respectively (Figure 5.4).

These values were shown to be significantly less than the depth of penetration
in the control cultures (P values= 0.001, 0.0008, 0.0007 and 0.0007
respectively) (Figure 5.4). Manuka honey was shown again to be the most
effective biocide at hindering the penetration of P. aeruginosa in this model

(Figure 5.4).
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Figure 5.2: Gram stain section of P. aeruginosa burned skin infection. The sections showed the infection, migration and penetration of P. aeruginosa biofilm
formation for 24 hrs of silver nitrate, isothiazolone, hydrogen peroxide and manuka honey treatment for 24 hrs n = 3 separate infected Tissue skin models. Scale bar =
100 and 20pm.
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Figure 5.4: Depth of penetration of P. aeruginosa into 3D skin models following 24hrs infection and after 24

hrs of treatment of biocides n = 3 separate infected tissue skin models. * = P<0.05.

189



5.3.4- Effect of biocides on P. aeruginosa biofilm in vitro
nitrocellulose model biofilms formed over 3, 6 or 24hrs

Biofilm forming bacteria are typically more resistant to treatment than planktonic
bacteria. However, it takes bacteria variable periods of time to form a mature
forming biofilm. In order to investigate the effect of honey on biofilm forming
bacteria during various stages of biofilm formation, a nitrocellulose filter paper
was created that enables bacteria to grow on it in a medium of BHI broth. The
bacterial growth was calculated after 3, 6 and 24 hours. After that, honey was
applied for 24 hours to all of the samples. Bacterial counts were determined
following treatment to investigate the inhibitory effect of honey on the various
stages of bacterial biofilm formation. The bacteria chosen for this study was P.

aeruginosa.

It was shown that the P. aeruginosa bacterial count (CFU/ml) after 3 hours of
growth on the nitrocellulose filter paper was 2.3x10°. When the filter was placed
on an agar plate and overlayed with Manuka honey for 24 hours, there was a
significant decrease in bacteria (2.5 logio kill) (P= 0.0001) following treatment,
suggesting the bacteria did not have enough time to form a biofilm (Figure 5.5).
Consequently, Manuka honey was able to pass through and eliminate a large
proportion of the P. aeruginosa bacterial cells.

The bacterial count following 6 hours of incubation on the nitrocellulose filter
paper was 1.9x108, which was higher than that of the previous experiment of 3
hours as expected due to proliferation of bacteria. Following treatment with
Honey for 24hrs a significant decrease in bacterial CFU was seen (2.2 logio kill
rate) which was lower than the kill rate attained following 3hr biofilm formation.

This can be attributed to the fact that the biofilm formation became more
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established after the longer period of growth with more protection and support
of the included bacterial cells (Figure 5.5).

Following 24 hour biofilm formation on nitrocellulose filter paper, the bacterial
count reached 1x108. When the grown P. aeruginosa were treated with Manuka
honey for 24 hours, a significant decrease in CFU was observed with a 1.95
logio kill rate, which was less effective than treatment of less established

biofilms (P= 0.0001) (Figure 5.5).
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Figure 5.5: Biofilm ability of P. aeruginosa (8295), bacterial counts in nitrocellulose in vitro model biofilms grown in difference
time point 3,6,24 hours were treated by Manuka honey for 24 hours. In vitro nitrocellulose model biofilms showed significant
inhibition of biofilm of cells following treatment with Manuka honey for all different time points' hours. * = P<0.05
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5.3.5- Effect of biocides on P. aeruginosa biofilm in vitro 3D
skin model biofilms formed over 3, 6 or 24hrs

In order to investigate the effect of honey on biofilm-forming bacteria during
various stages of biofilm formation, in vitro 3D skin models were created that
allowed bacteria to grow on burned skin model. The bacterial growth was
investigated after 3, 6 and 24 hours. Following which time, honey was applied
for 24 hours to all tissue models. Bacterial counts were determined following
treatment to investigate the inhibitory effect of honey on the various stages of
bacterial biofilm formation. The bacteria chosen for this study was P.
aeruginosa.

When a skin model was infected with P. aeruginosa for 3, 6, and 24 hours,
biofilm formation was evident on the surface of the skin model with considerable
penetration into the epidermal and superficial dermal layers of skin.

In models that were exposed to infection with P. aeruginosa for three hours, it
was shown that the P. aeruginosa bacterial count (CFU/g) on the burned skin
model bacterial infection was 6 x10°> CFU/g. When skin tissue was overlayed
with Manuka honey for 24 hours, there was a significant decrease in bacteria (3
logio kill) (P= 0.0001) following treatment, signifying the bacteria did not have
sufficient time to form a biofilm (Figure 5.6). Thus, Manuka honey was able
remove a large quantity of the P. aeruginosa bacterial cells.

After 6 hours of infection, the bacterial count was 4.6x10® CFU/mg, which was
more than 3 hrs infection as predicted owing to proliferation of bacteria.
Following treatment with Honey for 24hrs a noteworthy decrease in bacterial
CFU/mg was seen (2.46 logio Kill rate) which was lower than the kill rate
attained following 3h biofilm formation. This can be attributed to the fact that the
forming of biofilm developed after the extended period of growth (P= 0.0001)

(Figure 5.6).
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Following 24 hour forming of biofilm on in vitro tissue skin models, the bacterial
count was reached 1.5x108. When the skin burned skin P. aeruginosa infection
treated with Manuka honey for 24 hours. CFU/mg bacterial count was
significant decrease with a 1.8 logao kill rate, which was less effective than seen

on less established biofilms (P= 0.0001) (Figure 5.6).
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Figure 5.6: Biofilm ability of P. aeruginosa (8295), bacterial counts in vitro model biofilms grown in difference time point

3,6,24 hours were treated by Manuka honey for 24 hours. In vitro skin model biofilms showed significant inhibition of

biofilm of cells following treatment with Manuka honey for all different time points' hours. * = P<0.05

195



5.3.6- Anti P. aeruginosa antibody

All skin models stained with IgG controls were shown to be immunonegative
suggesting primary antibodies bound specifically to their antigen targets (Figure
5.7). In the burned non-infected skin models, there was no evidence of
immunohistochemical staining for bacterial markers (immunonegative) (Figure
5.7). Whereas the infected non-treated models, there was a strongly
immunopositive thick brown layer representing a well-formed biofilm of P.
aeruginosa. The biofilm occupied mainly the centre of the tissue, but there was
also extension of the bacteria towards the peripheral parts seen via
immunopositive staining; the less dense the bacteria the lighter the
immunopositive staining (Figure 5.7).

In models subjected to 3h of P. aeruginosa infection, the immunopositive
staining for P. aeruginosa was mainly in the centre, whereas the peripheral
parts were immunonegative demonstrating limited migration. There was also
slight penetration of bacteria to the epidermal and dermal layers (Figure 5.7).
After 6h of infection, P. aeruginosa spread both vertically into the depth of the
epidermal and dermal layers and horizontally into the periphery, making the
central brown area thicker from P. aeruginosa biofilm and the peripheral areas
scattered with brownish spots (Figure 5.7). In the 24h infected models, the
tissues showed more destruction due to the migration of P. aeruginosa across
the tissues, evidenced by the strong immunopositivity in most of bacteria in the
tissues. The peripheral parts were also destructed but the staining was less

dense (Figure 5.7).
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infection 24 hr, 24 hrs
Manukahoney treatment,
anti -P. aeruginosa
antibody

Figure 5.7: Anti P. aeruginosa antibody marker, 3D skin models P. aeruginosa infection
showing of biofilm bacteria migration and depth on burned of skin. P. aeruginosa antibody
marker was compared between burned infected and non-infected controls, burned infected
biocidal treated samples and Manuka honey burned skin models in 3 time point bacterial
infection 3, 6 and 24h). Scale bar=100um
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5.3.7- Penetration of P. aeruginosa into skin models following 3,
6 and 24 biofilm formation and effect of 24 hours of honey
treatment:

After 3 hours of biofilm showed in antibody marker and Gram stain tissue
section (Figure 5.8), the penetration of P. aeruginosa into the skin models was
estimated to be 75.6 pum. After 24 hours of treatment with honey, the depth of
penetration significantly decreased to 54 um (P= 0.005) (Figure 5.9). Following
6 hours biofilm formation, P. aeruginosa cells penetrated into a depth of 97.1
pm Treatment with honey decreased the depth of penetration to 79.1 pm
achieved by P. aeruginosa, which was significant (P= 0.005) (Figure 5.9).
Following 24 hours of P. aeruginosa biofilm formation, the penetration into the
skin model was markedly increased when compared with shorter timeframes to
396.6 um and was then reduced to 376.6 pum following 24hr honey treatment

which was not significant (P = 0.3) (Figure 5.9).
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Gram stain Gram stain Gram stain Gram stain Gram stain Gram stain Gram stain Gram stain Gram stain

3D skin models without burned & without
infection (control)
3D skin models without burned & without
infection (control)
3D skin models without burned & without
infection (control)

3D skin burned 3hrs infection with honey treatment
3D skin burned 6hrs infection with honey treatment
3D skin burned 24 hrs infection with honey
treatment

High magnification
High magnification
High magnification

Figure 5.8: Gram Stain of 3D burned skin P. aeruginosa infection, 3D skin models P. aeruginosa infection showing of biofilm bacteria migration and depth on
burned of skin. Gram Stain was compared between non burned and non-infected controls, burned infected biocidal treated with Manuka honey burned skin models
in 3 time point bacterial infection 3, 6 and 24h). Scale bar=100 & 20 pm
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5.3.8- Migration of P. aeruginosa across the skin models after 3,
6 and 24 hours of biofilm formation and after 24 hours of honey
treatment

After 3h of 3D skin biofilm infection, the P. aeruginosa spread across the skin
models was estimated to be 11.57 mm. After 24h of treatment with honey, the
spread significantly decreased to 8.7mm (P = 0.02) (Figure 5.10).

The P. aeruginosa cells migrated across the skin model to reach an extent of
13.18 mm after 6h of biofilm formation. Treatment with honey significantly
decreased the migration distance of pseudomonas to 10.5mm (Figure 5.10) (P
= 0.01).

Following 24h of P. aeruginosa biofilm formation, the pseudomonas bacteria
migrated to a distance of 15.12 mm which was greater than that seen in 3 and
6h treatments. Treatment with honey decreased the bacterial migration extent,
but the decrease was less than seen with less mature biofilms (3 and 6h) and

the decrease was not significant (P= 0.4) (Figure 5.10).
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5.3.9- Bacterial antibodies marker of infected burned skin
models with P. aeruginosa

The antibody markers targeted with immuno-histochemical stains were anti P.
aeruginosa antibody, anti-Flagellin and anti-Exoenzyme S and Exotoxin A of P.
aeruginosa with all the antibody directed stains, there was no staining of tissues
in normal and burnt non-infected skin models, since they were devoid of the
bacterial organisms; sections were immunonegative (Figure 5.11).

In cases of infected models with P. aeruginosa, whatever the period of infection
(3, 6 or 24h) and whether they were associated with treatment or not, brown
staining of the tissues represented the presence of bacteria or one of its

products.

5.3.9.1- Anti-Flagellin antibody of P. aeruginosa

In the 24h infected skin models with P. aeruginosa, a thick brown biofilm layer
was apparent in the centre of the slide with extension of the brownish staining
towards the periphery. This links to the characteristic ability of P. aeruginosa to
spread and migrate by flagella. In models where biofilms were formed over 3h
P. aeruginosa flagella immunopositivity was constrained to the infection site in
the middle of the tissue. The penetration of bacteria to the epidermal and
dermal was also limited (Figure 5.11). After 6 hours of infection, P. aeruginosa
migrated considerably into the depth of the tissues resulting in greater
immunopositivity staining for flagella than 3h biofilm formation. Similarly, the
horizontal spread covered a wider area (Figure 5.11). In the 24 hour biofilm
infection models, the migrating bacteria across the tissues caused more
destruction. This was confirmed by the strong immunopositivity for P.
aeruginosa flagella. Although the peripheral parts were also damaged,
immunopositivity for flagella was lower than the middle suggesting a lower

bacterial density in the periphery (Figure 5.11).
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5.3.9.2- Anti Exoenzyme S antibody of P. aeruginosa

In the infected models, a central area of strong immunopositivity denoted the
capability of P. aeruginosa to form a well-formed biofilm layer. Although the
biofilm occupied mainly the centre of the model, there was extension of the
immunopostive staining towards the peripheral parts. In models subjected to 3h
of P. aeruginosa infection, the immunopositivity for Exoenzyme S was mainly in
the middle. There was also moderate penetration Exoenzyme S to the
epidermal and dermal layers (Figure 5.12). However following 6h of infection, P.
aeruginosa exoenyme S immunopositivity was observed through the depth of
the epidermal and dermal layers. Horizontal extension of the immunopositivity
for exoenzyme S was seen throughout the tissue towards the edges of the
model (Figure 5.11). Following 24h of infection, tissues showed more
destruction due to both the migration of P. aeruginosa across the tissues and
the spread of the immunopositivity for exoenzyme S was extensive (Figure

5.12).
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5.3.9.3- Anti Exotoxin A antibody of P. aeruginosa

In models subjected to 3h of P. aeruginosa infection, the brown immunopositive
colour of P. aeruginosa Exotoxin A was mainly in the middle of the 3D skin
model, whereas the peripheral parts were immunonegative (Figure 5.13).
Following 6h of infection, immunopositive staining for P. aeruginosa exotoxin A
was seen throughout the epidermal and superficial layer of dermis. P.
aeruginosa Exotoxin A immunopositivity was seen together with extension to
the edges of the 3D skin model (Figure 5.13). Following 24h infection extensive

Immunopositive staining for exotoxin A was observed (Figure 5.12).
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5.3.10- Death zone in the skin model caused by infection with P.
aeruginosa alone and with treatment with various biocides

Infection with P. aeruginosa caused a mammalian cell death zone in the skin
model which was significantly greater than the uninfected control (P<0.05)
(Figure 5.14). Silver nitrate and hydrogen peroxide further increased the death
zone caused by P. aeruginosa infection alone (P=0.0322 and 0.0318
respectively) (Figure 5.12). 2- Methyl -4- isothiazolone -3- one did not change
the death zone caused by P. aeruginosa infection alone significantly (P =

0.0775) (Figure 5.14).

Manuka honey decreased the death zone caused by P. aeruginosa infection
alone, although this was not significant (P=0.8698) (Figure 5.14). Manuka
honey was shown to be the least toxic of the biocides tested in this study; yet, it
was still effective in reducing CFU for P. aeruginosa and its migration and

penetration into 3D skin models (Figure 5.1, 5.3, 5.4).
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Figure 5.14: Death zone in 3D skin models, effect of biocidal agents on infected 3D skin models showing death zone of
skin following biocidal treatment. The biocidal effect was compared between burned infected controls and burned P.

aeruginosa infected treated with biocidal agents.* = P<0.05.
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5.3.11- The effects of biocides on skin models infected with
Pseudomonas aeruginosa using immunohistochemical
staining.

The effects of biocides on skin models infected with P. aeruginosa were studied
by immunohistochemical stains targeting various markers (Caspase 3, Collagen
IV, CPK, CK 10 and CK 14). Normal control skin and burned non-infected skin
models with and without biocidal agents were described within chapter 4, these
controls were comparable to those for the P. aeruginosa infected skin models
and thus in this chapter the infected models with P. aeruginosa will be

discussed with and without biocidal agent treatment only.

5.3.11.1- Caspase 3

5.3.11.1.1- Caspase 3, burned skin models with and without
biocides:

The burned skin model infected with P. aeruginosa showed immunopositive
caspase 3 cells in the middle of skin models with complete detachment of the
epidermis in parts of tissue from the underlying dermis leading to de-
epidermisation of the skin model. Even in the peripheral parts, apoptotic cells
were observed denoting the widespread effect of infection by P. aeruginosa

(Figure 5.15).

In the alginate model, whilst the majority of the cells were immunonegative for
caspase 3 even in the middle of the tissue, the epidermal layer was lost in these
models denoting that the destructive effect of P. aeruginosa infection on the
epidermis overcame the protection that alginate was seen to offer to the
architecture of the skin models including the epidermis in chapter 4 following S.

aureus infection.
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Figure 5.15: Effect of biocidal agents on 3D skin tissue burned with and without P.
aeruginosa infection, Caspase 3 antibody marker compared between non burned and no
infection, controls , burned non infection without biocidal treated, burned infected without
biocidal treated and burned infected with alginate treated. The three pictures shown in each
row are left, middle and right tissue. Black arrow is immunopostive; red arrow is
immunonegative. Scale bar = 100um.
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5.3.11.1.2- Caspase 3, burned skin models with biocides

The effect of biocides on burned non-infected skin models, in terms of density of
apoptotic cells as demonstrated by Caspase 3 staining, was discussed in the
previous chapter. Only the biocidal effects on burned infected skin models
infected with P. aeruginosa will be discussed here. These effects can be
compared to those of burned non-infected models or to the burned models

infected with S. aureus described in chapter 4.

5.3.11.1.2.1- Silver nitrate
Burned infected skin models infected with P. aeruginosa treated with silver

nitrate, showed a large loss of epidermal cells in the middle of the tissue; in this
region there was immunopositive staining for caspase 3. Whilst the peripheral
parts of the model were immunonegative and suggested cell viability, although
the epidermis was not completely detached there was considerable apoptosis
within epidermal cells in the middle of the model in proximity to the infection

(Figure 5.16).

5.3.11.1.2.2- Isothiazolone
Burned infected skin models infected with P. aeruginosa treated with

isothiazolone, showed immunopositive staining for caspase 3 and total loss of
the epidermal layer in the middle part of the tissue model. In the peripheral
parts, the epidermis was mainly immunonegative with very few apoptotic cells

(Figure 5.16).

5.3.11.1.2.3- Hydrogen peroxide
The burnt P. aeruginosa infected skin model treated with hydrogen peroxide

showed immunopositive caspase 3 cells and complete loss of the epidermal
layer in the middle of the skin model, while in the peripheral parts the epidermal

layer was immunonegative (Figure 5.17).
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5.3.11.1.2.4- Manuka Honey
Infected burnt skin model with P. aeruginosa treated with honey showed

immunopositive caspase 3 cells and deficient epidermal layers cell in the middle
of tissue. In the peripheral parts the epidermis was preserved but with few

apoptotic caspase 3 immunopositive cells (Figure 5.17).
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Figure 5.16: Effect of biocidal agents on 3D skin tissue burned with and without P. aeruginosa
infection, Caspase 3 antibody marker compared between burned, with or without bacterial
infection, and silver nitrate treatment; burned, with or without bacterial infection, and
Isothiazolone treatment. The three pictures shown in each row are left, middle and right
tissue. Black arrow is immunopostive; red arrow is immunonegative. Scale bar = 100um.
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Figure 5.17: Effect of biocidal agents on 3D skin tissue burned with and without P. aeruginosa
infection, Caspase 3 antibody marker compared between burned, with or without bacterial
infection, and H20: treatment; burned, with or without bacterial infection, and Clinical Manuka
honey treatment. The three pictures shown in each row are left, middle and right tissue. Black
arrow is immunopostive; red arrow is immunonegative. Scale bar = 100um.

5.3.12. - Phenotypic assessment of 3D skin models following
infection

5.3.12.1- Collagen type IV antibody, burned skin models without
biocides

In burned and infected skin models infected with P. aeruginosa, the collagen
type IV layer was decreased particularly in the middle of the model denoting
that P. aeruginosa effect did not only affect the epidermal layer which was

completely lost, but also extended into the depth of the skin model. The
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peripheral parts showed slight immunopositive disruption among the layers of
the collagen type IV with preservation of the collagen layer as a whole.

The overlying epidermal layers in the peripheries were thinner than in the
control skin model (Figure 5.18).

In burned and P. aeruginosa infected skin models treated with alginate, the
collagen layer was preserved, though slightly disrupted and the overlying
epidermis was partially preserved in the middle. This can be attributed to the
protective nature of alginate on the skin model structures. In the peripheral parts
less collagen disruption was seen and Collagen IV immunopositive staining of

the overlying epidermal layers was maintained (Figure 5.18).

5.3.12.2- Pancytokeratin, burned skin models without biocides

The 3D skin models were immunohistochemically stained with Pancytokeratin
which is the main marker of keratinocytes; thus, normal skin models can be
compared with burned skin models, burned and infected skin models with P.
aeruginosa, with and without alginate (Figure 5.21).

The skin model that was subjected to both burn and infection with P. aeruginosa
showed stronger immunopositive staining for PCK in the epidermal layer in the
middle zone of the 3D model compared with the peripheral parts of model.
Similar staining patterns were observed in the burned, infected and treated with

the alginate control (Figure 5.21).

5.3.12.3-Cytokeratin 10, burned skin models without biocides

The 3D skin models were immunohistochemically stained with cytokeratin 10
which is a keratinocyte marker that is normally expressed in the terminally
differentiated keratinocytes in epidermis.

In the burned skin model infected with P. aeruginosa, there was a thin layer of

epidermis which was immunopositive for cytokeratin 10 in the middle part of the
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tissue denoting decreased differentiation of basal keratinocytes with loss of the
upper layers of the epidermis. In the peripheral parts, both the basal layers and
the overlying layers displayed cytokeratin 10 immunopositive staining. In the
alginate model, the epidermal layer was immunopositive in the centre (Figure

5.24).

5.3.12.4- Cytokeratin 14, burned skin models without biocides

The 3D skin models were immunohistochemically stained with cytokeratin 14
which is the keratinocyte marker of the epidermal cells forming the stratum
basale. In burned infected skin models with P. aeruginosa, there was a thin
layer of epidermal brown cells, immunopositive for cytokeratin 14 in the middle
as compared to the peripheral parts of the model. With immunopositive stained
cells observed within the periphery of the epidermis. The stains were light
brown in general denoting a probable role of P. aeruginosa decreasing the
expression of cytokeratin 14. In the alginate model, although the epidermal
layer was abnormal in thickness, it was disrupted and partially detached from

the underlying dermis (Figure 5.27).

5.3.13 - Phenotypic assessment of 3D skin models following
infection and treatment with biocidal agent

Burned infected skin models infected with P. aeruginosa and treated with silver
nitrate, isothiazolone and hydrogen peroxide, immunopositivity for collagen type
IV, PCK, cytokeratin 10 and cytokeratin 14 were moderately disrupted with
complete detachment of the overlying epidermis in middle of tissue. In the
peripheral parts of the tissue model collagen type IV immunopositivity was
decreased and the overlying epidermis was detached in some sites and
preserved in others (Collagen type IV: Figure 5.19 & Figure 5.20; PCK: Figure
5.22 & Figure 5.23; Cytokeratin 10: Figure 5.25 & Figure 5.26; Cytokeratin 14:

Figure 5. 28 & Figure 5. 29). Whilst burned P. aeruginosa infected skin model
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treated with honey, displayed improved maintenance of immunopositive staining

for collagen type IV, PCK, cytokeratin, cytokeratin within the centre of the

model, with only minimal decrease in staining seen (Collagen type IV: Figure

5.20; PCK: Figure 5.23; Cytokeratin Figure 5.26; Cytokeratin Figure 5. 29).

The edges of the 3D skin model infected with P. aeruginosa maintained

expression comparable to control models (Collagen type IV: Figure 5.20; PCK:

Figure 5. 23; Cytokeratin Figure 5.26; Cytokeratin Figure 5.29).

Normal 3D skin without

Burned 3D skin +
withouttreatment

Burned 3D skin + with

Burned 3D skin + with

burned + without
treatment

Left section Middle section Right section

infection+without
) _treatmgnt

infection + with alginate

Figure 5.18 : Effect of biocidal agents on 3D skin tissue burned with and without p.
aeruginosa infection, Collagen type IV antibody marker compared between non burned and
no infection, controls , burned non infection without biocidal treated, burned infected without
biocidal treated and burned infected with alginate treated. The three pictures shown in each
row are left, middle and right tissue. Black arrow is immunonegative; red arrow is
immunopositive. Scale bar = 100um.
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Figure 5.19: Effect of biocidal agents on 3D skin tissue burned with and without P. aeruginosa
infection, Caspase 3 antibody marker compared between burned, with or without bacterial
infection, and silver nitrate treatment; burned, with or without bacterial infection, and
Isothiazolone treatment. The three pictures shown in each row are left, middle and right tissue.
Black arrow is immunonegative; red arrow is immunopositive. Scale bar = 100um.
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Figure 5.20: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Collagen type IV antibody marker compared between burned, with or without
bacterial infection, and H20: treatment; burned, with or without bacterial infection, and Clinical
Manuka honey treatment. The three pictures shown in each row are left, middle and right
tissue. Red arrow is immunopositive with no visible cell nuclei. Scale bar = 100um.
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Figure 5.21: Effect of biocidal agents on 3D skin tissue burned with and without P. aeruginosa
infection, Pancytokeratin antibody marker compared between burned, with or without bacterial
infection, and silver nitrate treatment; burned, with or without bacterial infection, and
Isothiazolone treatment. The three pictures shown in each row are left, middle and right tissue.
Red arrow is immunopositive. Scale bar = 100um.
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Figure 5.22: Effect of biocidal agents on 3D skin tissue burned with and without P.
aeruginosa infection, Pancytokeratin antibody marker compared between burned, with or
without bacterial infection, and silver nitrate treatment; burned, with or without bacterial
infection, and Isothiazolone treatment. The three pictures shown in each row are left, middle
and right tissue. Red arrow is immunopositive Scale bar = 100um.
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Figure 23: Effect of biocidal agents on 3D skin tissue burned with and without P. aeruginosa
infection, Pancytokeratin (PCK) antibody marker compared between burned, with or without
bacterial infection, and H20:2 treatment; burned, with or without bacterial infection, and Clinical
Manuka honey treatment. The three pictures shown in each row are left, middle and right
tissue. Black arrow is immunonegative; red arrow is immunopositive. Scale bar = 100um.
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Figure 5.24: Effect of biocidal agents on 3D skin tissue burned with and without P. aeruginosa
infection, Cytokeratin 10 antibody marker compared between non burned and no infection,
controls , burned non infection without biocidal treated, burned infected without biocidal treated
and burned infected with alginate treated. The three pictures shown in each row are left,
middle and right tissue. Black arrow is immunonegative with no visible cell nuclei; red arrow is
immunopositive Scale bar = 100pm.
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Figure 5.25: Effect of biocidal agents on 3D skin tissue burned with and without P. aeruginosa
infection, Cytokeratin 10 antibody marker compared between burned, with or without bacterial
infection, and silver nitrate treatment; burned, with or without bacterial infection, and
Isothiazolone treatment. The three pictures shown in each row are left, middle and right
tissue. Black arrow is immunonegative; red arrow is immunopositive Scale bar = 100um.
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Figure 5.26: Effect of biocidal agents on 3D skin tissue burned with and without P. aeruginosa
infection, Cytokeratin 10 antibody marker compared between burned, with or without bacterial
infection, and H20: treatment; burned, with or without bacterial infection, and Clinical Manuka
honey treatment. The three pictures shown in each row are left, middle and right tissue. Black
arrow is immunonegative; red arrow is immunopositive Scale bar = 100um.
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Figure 5.27: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Cytokeratin 14 antibody marker compared between non burned and no infection,
controls , burned non infection without biocidal treated, burned infected without biocidal
treated and burned infected with alginate treated. The three pictures shown in each row are
left, middle and right tissue. Black arrow is immunonegative; red arrow is immunopositive.
Scale bar = 100um.
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Figure 5.28: Effect of biocidal agents on 3D skin tissue burned with and without S. aureus
infection, Cytokeratin 14 antibody marker compared between burned, with or without bacterial
infection, and silver nitrate treatment; burned, with or without bacterial infection, and Isothazoline
treatment. The three pictures shown in each row are left, middle and right tissue. red arrow is
immunopositive. Scale bar = 100um.
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Figure 5.29: Effect of biocidal agents on 3D skin tissue burned with and without P. aeruginosa
infection, Cytokeratin 14 antibody marker compared between burned, with or without bacterial
infection, and H202 treatment; burned, with or without bacterial infection, and Clinical Manuka
honey treatment. The three pictures shown in each row are left, middle and right tissue. Black

arrow is immunonegative; red arrow is immunopositive. Scale bar = 100um.
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5.4- Discussion

This chapter developed a 3D burned skin model infected with P. aeruginosa.
While P. aeruginosa colonizes both the skin and anterior nares in approximately
22% (Palavutitotai et al. 2018) of individuals in good health compared to 25-
30% of individuals with S. aureus (Kluytmans et al, 1997; Zanelli et al. 2002;
Kuehnert et al. 2006), the microbe is one the most frequent agents responsible
for infections of the skin and soft tissues (Dou et al. 2017). Further, carrying this
pathogen has been reported as a risk factor for a range of types of morbidity
and mortality, including possible infections following surgery (Kluytmans et al.
1997).

As antibiotic resistant forms of P. aeruginosa have emerged, simultaneously
with failures in treating infections through antibiotics, this suggests that new
approaches to treatment are needed. The skin infection model developed in this
chapter could be used as a key tool in developing these treatments. Prior work
on skin infections have mainly utilised small mammals to model such infections
(Khavari 2006; Malachowa et al. 2013). However, while these studies provide
large quantities of data, the skin of humans and animals such as rodents differ
in many ways. Mature mice have thin layers in the epidermis in comparison to
human skin, and these have a far greater concentration of hair follicles (Khavari
2006). Using a 3D human skin model comes closer to imitating human skin
infections (Mertz et al. 1987; Svedman et al. 1989; Davis et al. 2008; Hirsch et
al. 2008), although it presents limitations, such as the high cost and doesn’t
contain an immune system. Further, animal models come with ethical concerns,
including the quantity of animals required for research purposes, and in vitro
modelling can usefully decrease the numbers used for experiments, by

introducing pre-screening.
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To date, no study has been reported which has investigated the direct
antibacterial effects of biocides using 3D skin tissue models. In our model,
burned infected skin models were created. These utilized the 3D model
developed in chapter 2 together with methodology utilised by Shepherd et al.,
2009, where 3D skin models were infected with S. aureus (Chapter 4) and P.
aeruginosa. However, this project used Euro skin bank DED and HaCaT cell
line, rather than using primary keratinocytes human cells and donor hospital
skin as scaffold, which could be a model which could easily be utilised in a wide
number of laboratories.

In this chapter P. aeruginosa was applied in the in vitro skin model based on its
suitability to be used to model and assess the growth of bacterial biofilms. P.
aeruginosa in a young biofilm was formed on the burned skin models using an
inoculum of 1x108 and 24hr culture. The bacterial biofilm matured successfully in
the burned 3D skin model. The P. aeruginosa biofilm showed rapid growth
following culture for 24 hours, with multiple clusters of bacteria observed within
a biofilm matrix.

The number of bacteria used in the 3D skin model is similar to the number of
bacteria used in 3D skin models presented in chapter 4. Following 24h of biofilm
culture the bacterial counts observed (approximately 1 x108), were similar to
those reported by Shepherd (2009 and 2011), who reported a bacterial
inoculum rate for P. aeruginosa of 1x10’ bacteria at 24 hours. In contrast, Mertz
et al.,, (1987) demonstrated optimal bacteria-wound adherence when they
modelled infection in pigs. The researchers reported an optimal inoculum rate of

1x108 cells for P. aeruginosa or S. aureus.
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Based on the 3D model developed, a number of biocidal agents were
investigated to inhibit the load of P. aeruginosa within 3D skin models. The
alginate gel served as a medium to hold biocides; it was used as a treatment
control in order to assess bacterial growth. The findings demonstrated that the
bacterial agents remained viable, not being affected by the alginate while each
of the silver nitrate, 2- Methyl -4- isothiazolone -3-one and hydrogen peroxide
significantly reduced P. aeruginosa in skin model infection. However, Manuka
honey showed the most significant effect.

This study assessed the efficiency of 62 .5 pug/ml of silver nitrate which was the
planktonic MIC determined in chapter 2 applied to the 3D skin model infected
with P. aeruginosa. Silver nitrate decreased P. aeruginosa colonies on the skin
by 1.26 logio. Whilst Schierholz et al., (1999) investigated an in vitro biofilm
model on catheter tubing inoculated with E. coli ATCC 11229, S. aureus ATCC
6538 and S. epidermidis DSM 3269. Treatment of these bacterial biofilms on
catheter tubes with silver nitrate (for E. coli, 32 pg/ml; for S. aureus and S.
epidermidis, 256 pg/ml), incubated for 24 or 48 h at 37°C resulted in 5 logio
reduction in bacterial counts after 48 hours (Schierholz et al., 1999). These
results suggest increased sensitivity seen compared to the current study,
however biofilms on skin and cathers are likely to be very different, furthermore
concentrations and duration of treatment in Schierholz et al., (1999) study were
higher and longer than those investigated in the current study.

The current research project found the H202 (0.046v/v) on biofilms lasting for
24 hours in comparison with planktonic forms. The finding is in line with the
results displaying the use of H202 which caused a reduction of 1.39 logio to
eliminate biofilms when low concentrations were used. Stewart et al., (2000)

found incomplete penetration of 50 mM H202 against P. aeruginosa biofilms and
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a minor loss of viable cells in biofilms. Biofilms were formed by the katA mutant;
the result was that biofilm was partially killed, while in case of katA mutant, the
biofilms were fully penetrated by H202. katA mutant was significantly less
susceptible to H202 in the biofilm (Stewart et al. 2000). Stewart et al. (2000)
found that hydrogen peroxide had the same effect on both viable mass and
biofilm matrix in P. aeruginosa and S. aureus biofilm.

Many studies have reported that antibacterial activity of honey differs with
respect to the source of honey plants (Lusby et al. 2005; French et al. 2005;
Wilkinson & Cavanagh 2005). In this study, it was found that the treatment of
biofilm with honey significantly reduced the P. aeruginosa, when the culturing
strains were used with medical grade manuka honey. The reduction of P.
aeruginosa was 1.99 logio which was similar to that seen with S. aureus (1.9,
logi0) (Chapter 4, section 4.3.2).

These results are in agreement with those reported by Lusby et al., (2005),
French et al., 2005 and Wilkinson et al., (2005), who demonstrated that P.
aeruginosa and S. aureus were affected by honey concentrations = 3%, with
the bactericidal effect of medical grade Manuka honey being dependant on the
concentration and type of bacteria.

To determine the efficacy of biocides with respect to maintenance of
mammalian cell phenotypes, and hence potential wound healing following burn
injury and P. aeruginosa infected skin models. Immunohistochemistry was used
to investigate phenotypic markers of the cells. Immunonegative cells were
generally seen in all infected models in the middle of the models with complete
detachment of the epidermis in parts of the tissue, whilst the peripheral parts of
the model were immunopositive for the keratinocyte and fibroblast markers.

However improved maintenance of tissue structure and phenotype was seen
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following Manuka Honey treatment. Shepherd et al., (2009) also reported loss
of the epidermal layers and normal keratinocytes layer following P. aeruginosa
infection. In addition, the pentation of P. aeruginosa reported in this thesis of
341.8 £ 21 uym, was similar to the 400- 500 um shown by Shepherd et al., 2009.
Within the current study P. aeruginosa was quantified at 3h, 6h, and 24h to
investigate the formation of the biofilm and the efficacy of Manuka Honey during
biofilm formation. Manuka honey decreased CFU/ml at all time points however
effects were greatest in the more immature models, where migration and
penetration were also inhibited.

The immunohistochemical staining was applied to the target of P. aeruginosa:
(Anti Exotoxin A, Anti P. aeruginosa, Anti Flagellin and Exoenzyme S). When the
histological investigation was carried out on immunochemical 3D skin sections,
it was found out that P. aeruginosa which infected 3D skin tissue attached to the
upper layer of keratinocytes, resulting in removal of the epidermal layers, with
infiltration into and across the dermis layer seen with increasing infectivity time.
This might be explained by the fact that the P. aeruginosa had enough time to
develop a mature forming biofilm. Increased time of infection supported the
development of bacterial biofilms, augmented the migration and penetration
potential, and reduced the effectivness of the Manuka Honey.

The data presented in this thesis demonstrated silver nitrate, 2- methyle -4-
isothiazolone -3-one and hydrogen peroxide had a toxic effect on mammalian
cells in the tissue, which was not seen following Manuka honey treatment.
Furthermore Manuka honey was seen to inhibit bacterial penetration although
this was most effective in immature biofiims. Roberts et al., (2014)
demonstrated that Manuka honey reduced P. aeruginosa swimming motility due

to de-flagellation of P. aeruginosa. They attributed that to fact that flagellin
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associated gens: fliA, fliC, flhF, fleN, fleQ and fleR were inhibited (Roberts et al.,
2014). This could be the mechanism reducing migration of P. aeruginosa
bacteria across the skin models, but this would need further investigation.
Histological investigation of the tissue showed that a high number of P.
aeruginosa persisted on the surface and deep into the tissue section. Viable P.
aeruginosa appeared in skin sections treated with honey but their number was
fewer than those of the bacteria within untreated controls. P. aeruginosa
bacterial numbers were significantly decreased by manuka honey. A proportion
of bacteria in the tissues still showed viability after the biocidal agents were
applied. Moreover, Manuka honey treatment of bacterial infected 3D skin model
showed a decrease in the death zone where the skin was infected by P.

aeruginosa when compared with the control test.

5.5- Conclusion

This study applied a 3D skin model which was burned and infected with P.
aeruginosa, demonstrating migration and penetration of bacteria through the
skin model. Infection resulted in toxicity to the mammalian cells, which was
further increased by some of the biocidal agents investigated. Manuka Honey
however, reducing mammalian cell death zones and was found to be the most
effective agent at reducing numbers of bacteria, migration and penetration of
bacteria. Thus, this model system has shown promise to increase the
understanding of the effect of antimicrobial biocides on bacteria and skin
models. Manuka honey was shown to be the most promising biocidal agent
investigated, however the high toxicity of biocides (silver nitrate, 2- methyle -4-
isothiazolone -3-one and hydrogen peroxide) on the mammalian cells

demonstrate that alternative antimicrobial strategies may be required.
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Chapter 6

Effect of low frequency ultrasound on planktonic bacteria
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6.1- Introduction

Management of wound infection presents a challenging problem to healthcare
authorities and represents a significant healthcare burden financially. The
development of wound infection is dependent on several complex factors
including, but not limited to, patient age, preoperative stays in hospital for
surgical wounds, subcutaneous oxygen tension and early colonisation by
biofilm-forming bacteria and host immune response (Mishriki et al. 1990, Hopf
et al. 1997), and can seriously affect the quality of life of affected individuals.
Skin infections can be caused by a range of pathogens including viruses,
bacteria, and fungi (O'Dell 1998) and are common in cases of thermal injuries
(Church et al. 2006) and in chronic wounds such as diabetic ulcers (Jeffcoate &
Harding 2003). Currently, there is a global rise in bacterial infection of wounds
that, at least in part, correlates with the increasing number of elderly patients
encountered in our health system, exacerbated by their increased risk of injury
as well as the increase in certain medical conditions such as diabetes combined
with the rise in antibiotic resistant bacteria (Sen et al. 2009). However, the
increase in antibiotic resistance coupled with the increase in hospital acquired
infections such as healthcare acquired methicillin resistant Staphylococcus

aureus (HA-MRSA) has led to the search for alternative therapies.

Studies have shown that ultrasound can be used in conjunction with antibiotics
to treat infection (Ensing et al. 2006; Carmen et al. 2004; Rediske et al. 1998;
Williams & Pitt 1997; Rediske et al. 2000; Yua et al. 2011).

This method relies on ultrasound causing an increase in membrane
permeability allowing large molecules such as antibiotics to enter the infected

cells (Runyan et al. 2006) which increases efficacy of antibiotic delivery and
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aids wound healing. Acoustic cavitation caused by ultrasound at lower
frequencies, in which tiny bubbles form in surrounding liquids and rapidly
collapse with a huge increase in local pressure and shear stresses is one
mechanism by which ultrasound itself may have antibacterial properties (Erriu et
al. 2014; Scherba et al. 1991).

Previous chapters in this thesis have demonstrated that biocidal agents, whilst
showing promise for antibacterial properties also affect mammalian cells. Thus,
alternative less toxic methods such as ultrasound were investigated within this
chapter to determine novel therapies which could be used alone or in
combination with biocidal agents. This chapter aims to discuss the current

understanding of ultrasound and its potential use in skin therapies.

6.1.1- Nature of ultrasound (US)

Ultrasound is a wave of rapidly moving molecules, which are generated by a
vibrating source causing pressure variation in the surrounding medium (gas,
liquid or solid). The pressure variation leads to consecutive mechanical
compression and rarefaction on the molecules of the medium in close contact to
the source, causing movement of these molecules in the exact pattern of the
source (Figure 6.1). This movement pattern is propagated outwards through the
rest of the molecules of the medium with the same pattern, forming ultrasound
waves (O’Brien 2007), in a similar way to sound waves.

Sound waves are audible (mechanical waves of frequencies between 20 Hz
and 20 KHz — that is, 20 cycles per second to 20,000 cycles per second.

The waves below 20 Hz (infrasound) or greater than around 20 KHz
(Ultrasound) are inaudible to humans, though they are still 'sounds' in the sense
of still being mechanical waves of the same nature propagating in a medium,

and may still be audible to certain animals e.g. bats and whales. (O’Brien 2007).
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Ultrasound waves are modified by the medium they pass through, whether
biological or non-biological. The medium properties impose influences on the
ultrasound waves, thus change its original pattern. The medium affects
ultrasound waves by either absorption or scattering. Absorption is associated
with temperature changes in the medium, due to the change conversion of the
kinetic energy of the ultrasound waves into heat, an effect which is described as
a thermal effect. The longer the distance the wave travels through the medium,
the lower the amplitude of the wave and the higher the temperature of the
medium. Scattering deviates the direction of the ultrasound wave, and is not
associated with energy transfer, thus, has a non-thermal effect. Yet, both
absorption and scattering are associated with attenuation of ultrasound waves
(O’Brien 2007).

6.1.2- Diagnostic and therapeutic ultrasound

6.1.2.1: Diagnostic ultrasound

Since US waves are absorbed or scattered when passing through living tissues
with variable degrees according to the density of these tissues, the resultant
modulations in US can delineate these tissues. This phenomenon is used to
visualise internal organs including the liver, spleen, kidneys, heart or blood
vessels. In case of disease, the size and/or the density of these organs change,

thus US has been exploited as a diagnostic tool (Fikri et al. 2011).

6.1.2.2: Therapeutic US

Therapeutic US is exploiting US to produce changes in living tissues, as
opposed to simply imaging them. They are usually continuous rather than being
delivered in pulses (Figure 6.1). Therapeutic ultrasound is categorised into two

classes, low intensity, up to 3 W/cm?, which serve to stimulate or accelerate
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biological processes and high intensity, over 5 W/cm?, aiming to selectively
destroy tissues (Ter Haar 1999; Xin et al. 2016).

High intensity ultrasound is further classified into low frequency ultrasound
(LFU), ranging from 20 kHz to a few hundred kHz and high frequency US of 1
MHz and above (Ter Haar 1999). Another classification is based on whether
ultrasound waves are passed via a coupling medium directly from the
transducer into the target tissues directly or indirectly, where the transducer is
coupled to another tool for a specific application for the required task (Ter Haar
1999). Therapeutic uses of ultrasound are numerous; for instance, in cancer
therapy, ultrasound is used to increase the drug absorption and to reduce the

tumour cell burden (Kremkau 1979; Wood et al. 2015; Hsiao et al. 2016).

6.1.3- Mechanism of action of therapeutic ultrasound

The therapeutic effects of US on tissues are attributed to either the mechanical
or the thermal effects, but the two effects usually co-exist, except in lithotripsy
and other related situations. Mechanical effects or non-thermal occur where
high power pulsed waves are applied for shorter than 1 second). But even then,
some thermal effects will occur, especially with devices which produce
continuous waves (Baker 2001, O’Brien et al. 2007. As a consequence, there is
no concrete evidence that the biological effects are exclusively due to one

mechanism rather than the other (Baker et al. 2001; O’Brien et al. 2007).
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Figure 6.1: Mechanism of action of therapeutic ultrasound, the pressure variation
lead to consecutive mechanical compression and rarefaction on the molecules of
the medium in close contact to the source of wave.

6.1.4- Effect of Ultrasound on mammalian cells and wound
healing

The therapeutic effects of ultrasound on injured or infected soft tissues have
largely been controversial. While some studies denied the healing effects of
ultrasound, others confirmed ultrasounds role in enhancing the rate of healing
(Table 1). Some of the supporting studies showed that ultrasound treatment
increased the strength of Achilles tendons of rats after being subjected to partial
rupture (Frieder et al. 1988; Jackson et al. 2002). Along the same line, Byl et al.,
(1993) found that ultrasound treatment increased collagen deposition and,
hence, the tensile strength of skin tissues that have been subjected to wounds

in Yucatan pigs (Byl et al. 1993).

Webster et al., 1980 identified that ultrasound had an activating effect on
fibroblasts inducing them to synthesise collagen. When fibroblasts subjected to
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ultrasound, at 3 MHz, a space-time peak intensity of 0.5 Wcm? in the tissues
underwent active molecular processes and morphological changes similar to
those accompanying the synthesis of collagen, which is essential for healing.
Doan et al. (1999) showed that in vitro cultures of human fibroblasts from
muscle tissue subjected to ultrasound (15 and 30 mW/cm? for the 45-kHz
continuous ultrasound, and 0.1 and 0.4 W/cm? for the 1 MHz pulsed ultrasound)
were able to synthesize proteins in large amounts, as compared to non-
sonicated control fibroblasts, and the fibroblast collagen production and
glycosaminoglycan removal by ultrasound stimulation at the frequency of 1 MHz
and an intensity of 0.2 W/cm? with a 20% duty cycle (Bohari et al. 2015).
Samuels et al., (2013) were able to improve ulcer healing in both human skin
ulcer and in vitro fibroblast models by subjecting them to 20 kHz of ultrasound
for 15 minutes. They reported that their treatment was more effective than using
higher frequency ultrasound for the same period (100 kHz for 15 min) or using
the same frequency for longer duration (20 kHz for 45 min)(Samuels et al .
2013).

Wollina et al confirmed the increased healing potential of low frequency
ultrasound; 34 kHz ultrasound was associated with significantly higher oxygen
saturation and superficial concentration of haemoglobin at the ultrasound
exposure site than ultrasounds of 53.5 and 75 kHz. Supporting the same view
was the finding that residual burns showed complete healing with 25 kHz low-
frequency ultrasound applied to the wounds every other day for a period of two
weeks (Wollina et al. 2011).

Chang et al., (2017) showed that low frequency ultrasound (20- 60 kHz),
through the microsized gas bubbles they produce, enhanced wound healing by

selectively emulsifying dead tissues, a process that can be considered as
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micro-debridement. Debridement is the removal of dying and dead tissue which

is crucial in the process of wound healing. In doing so, ultrasound waves

stimulate the membranes of the adjacent healthy tissues.

Table 6.1; Effect of ultrasound on keratinocytes and fibroblasts

Authors Mammalian Frequency Intensity Conclusion
cell
Zhou et al. Human 1.5 MHz 30 mW/cm? Reorganization of actin
2004 fibroblasts cytoskeleton and promoting
of bigger DNA
Lai and Pittelkow Fibroblasts 40 kHz 0.002 W/cm? | Biological effects as
2007 foreskin promote and amplification
of vacuoles in cytoplasm.
Chen et al. 2007 (Embryonic 1 MHz; 0.5t02 Increase in gene transfer
mouse fibro- W/cm? rate and a significant
blast decrease on the number of
cells.
Oliveira et al. 2008 | Mouse fibroblast | 1 MHz; 0.2and 0.6 Significance decrease
Wicm?2 on the number of cells.
Oliveira et al. 2008 | Mouse fibroblast | 1 MHz; 0.1, 0.2, 0.6, | Significant decrease
0.8,1.0 and on the number of cells.
2.0 W/cm?
Tomankova et al. NIH3T3 (mouse | 1 MHz; 2 W/cm? Significance increase of cell
2009 fibroblast cells) proliferation.
and B16FO
(mouse
melanoma cells)
Mostafa et al. Human gingival | 1.5 MHz 30 mW/cm? Potential of osteogenic
2009 fibroblasts (HGF differentiation and absence
of significant alterations on
the Collagen-I expression.
Pires-Oliveira et al. | Mouse fibroblast | 1 MHz 0.2and 0.6 Promoting protein and
2009 (L929) W/cm? endoplasmic reticulum
activity.
Hauser et al. 2009 | Human foreskin | 1.5 MHz 30 mW/cm? Endocytic cell activity.
fibroblasts
Scarponi et al. Human 42 KHz 0.15W/cm? Did not affect extracellular-
2009 keratinocytes signal regulated kinase
(ERK) 1/2 activation, cell
viability, or expression of
adhesion molecules in
cultured keratinocytes.
US at these frequency and
intensity did not influence
the keratinocyte expression
and release
immunomodulatory
molecules.
Tsukamoto et al. Mouse fibroblast | 1 MHz Non Absence of significant
2011 (L929) alterations on the Collagen
expression on the rupture
of cell membrane
Oliveira et al. 2011 | Mouse fibroblast | 1 MHz 0.2and 0.6 Significance increase of cell
(L929) Wi/cm? proliferation.
Grimaldi et al. 2011 | Murine 1 MHz 307 and 46 Induaction of possible
fibroblasts (NIH- mW/cm? genotoxic damage by using

3T3)

1mHz as frequency.
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Authors Mammalian Frequency Intensity Conclusion
cell
Roper et al. 2012 Mouse 1.5 MHz 30 mW/cm? Induction of focal adhesion.
embryonic
fibroblasts
3T3 mouse 1 MHz 0.2 W/cm? Significant decrease
Bohari et al. 2012 fibroblasts on the number of cells.
Zhang etal. 2012 | Mouse 50-50.000 | 0-11 W/cm? | Significance decrease
embryonic Hz on the number of cells.
fibroblast cells
(NIH3T3)
Domenici et al. Murine 1 MHz 11.8,15.2 Significance increase of cell
2013 fibroblasts (NIH- and 19.3 proliferation.
3T3) mW/cm?
Duvshani-Eshet et | Human 1 MHz 2 W/cm? Absence of significant
al. 2013 foreskins alterations on the Collagen
fibroblasts and expressionl19, on the
baby hamster observed morphology or on
kidney the actin fibres.
Samuels et al. 3T3 mouse 20 kHz 50 and 200 Significant increase of cell
2013 fibroblasts mW/cm? proliferation
Udroiu et al. 2014 | Murine land 3 7.1,11.8, Significant decrease
fibroblasts (NIH- | MHz 15.2 and on the number of cells.
3T3) 19.3 mW/cm?
1.0,4.9 and
7.0 mW/cm?
Domenici et al ., Murine land 3 0.11, 0.12 Significant increase of cell
2014 fibroblasts (NIH- | MHz and 0.09 proliferation.
3T3) W/cm?
0.01, 0.04
and 0.06
Wicm?
Lietal. 2015 Fibroblasts of Non 0.5 W/cm? Significant decrease
rabbit ears scar on the number of cells.
Oliveira et al. 2015 | Mouse fibroblast | 1 MHz 0.3e0.5 Significant increase of cell
(L929) Wicm? proliferation.
Domenici et al. HaCaT cell line. | 1 MHz 7 and 16 Keratinocytes undergoing
2017 mW/cm?2, low US doses can uptake
100 mW/cm? | drug model molecules with
size and efficiency which
depend on exposure
parameters
- By increasing US doses,
they observed a reduced
cells viability.
Leng et al. 2018 HaCaT cell line. | 0.5 MHz voltage was Cell viability was the
set at 150 highest after LUS
MVpp stimulation.

Promoting of a migration, -
regulation of MMP-2 and
MMP-9. Phosphorylation
levels of kinase pathways.
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6.1.5- Effect of ultrasound on bacteria

Ultrasound can be used in the bacterial field, as a double-edged sword. On the
one hand, it can be used to stimulate bacterial growth. On the other hand, it can
be used as an antibacterial agent in a similar way to antibiotics (Table 6.2 & 6.
3). The effect is determined by the magnitude and types of ultrasound waves
used. Generally, low intensity US (2-4 W/cm?) is metabolic and growth
stimulating, while high intensity US (above 5 W/cm?) selectively destroys

biological tissues.

6.1.5.1- Ultrasound as stimulators of bacterial growth

Ultrasound was shown to stimulate bacterial growth (Pitt et al. 1994). In 2003,
Pitt and Ross showed enhanced growth of S. epidermidis, P. aeruginosa and E.
coli when subjected to US of 40 kHz frequency and an intensity of 2 to 4 W/cm?.
They assessed the effect on bacteria through testing bacterial quantification and
their adhesion ability (Pitt & Ross, 2003). The enhanced growth was observed
in both planktonic and biofilm bacteria.

In biofilms, it was suggested that US enhanced nutrient and waste transport
within the biofilm (Stewart et al. 1998; Xu et al. 2000; Hornemann et al. 2008).
Within these biofilms’ bacteria proliferation increased following exposure to low
intensity and low frequency US while the growth of planktonic cultures was also
enhanced by US.

6.1.5.2- Ultrasound as an antibacterial agent

6.1.5.2.1- Mechanism of antibacterial action of US on planktonic
bacteria

The effect of US on planktonic bacteria has been investigated by a number of
studies (Table 6.3). The bactericidal activity of US on bacteria was first

attributed to the cavitation produced by the US waves (Scherba et al. 1991).
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In their study on planktonic E. coli, S. aureus, B. subtilis and P. aeruginosa,
Scherba et al., 1991 showed that, when exposed to low frequency US (26 KHz),
bacterial killing was directly proportional to the intensity of US waves and the
duration of exposure, notwithstanding the type of bacteria (Gram negative or
positive bacteria). They also showed that the main cause of bactericidal activity
at this frequency was cavitation (Scherba et al. 1991).

Cavitation is defined as the formation of tiny gas bubbles in tissues or liquids
due to the US vibration. The gas bubbles expand and shrink with the cycles of
low and high acoustic pressures of US waves, causing shear flow around the
bubbles (Figure 6.2). There are two types of cavitation: stable cavitation where
the oscillating bubbles do not collapse in the low cycles and collapsing
cavitation where they collapse at the end of the low (contraction) cycle (Guzman
et al. 2003; Kodama et al. 2006).

In the latter, the oscillation causes an outgoing shock wave that can fragment
water and other substances into free radicals (Pitt et al. 2003; Bigelow et al.

2009).

Figure 6.2: Mode of action of cavitation low frequency ultrasound.
Modified from (Izadifar et al., 2019)
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Figure 6.3: Mode of action of low frequency ultrasound planktonic bacteria. Modified
from Mahvi, 2009)

Thus, the antimicrobial activities of cavitation are due to physical and chemical
effects. The physical effects are either mechanical (resonance of the bacterial
cells as a result of the oscillating bubbles on the bacterial solutions at or near
the cell wall and the shear forces also derived from these oscillations around
the bacterial cells, causing damage to the bacterial cell membranes or
organelles) (Runyan et al. 2006; Joyce et al. 2003), or thermal (directly
destroyed by the heat produced as a result of transfer of the accompanying
kinetic energy). The mechanical effects are attributed to free radicals and the
hydrogen peroxide produced by the degradation of water and other substances
in the bacterial cells. Both free radicals and hydrogen peroxide produce by
ultrasound that is capable of reacting with and destroying vital compounds

within the bacterial cells like DNA and cell organelles (Piyasena et al. 2003).
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Table: 6.2. Effect of LFU combined with Antibiotic on Planktonic and biofilm bacteria.

Reference Year Frequency | Intensity used Objective of study Bacteria tested Conclusions
used

Scherba et 1991 26 kHz Low (1.1, 0.2 Investigating bactericidal | E. coli, S. aureus, | The mechanism of bacterial damage is

al. and 0.1) W/icmz2, | effect of US B. subtilis, cavitation on both Gram positive and Gram

Medium (2.0, P. aeruginosa negative bacteria.
0.3, 0.4) W/cm2

High 3.0 0.4 0.5)

Wicm?

Pitt et al. 1994 67 kHz 0.3 W/cm? Investigating the antibiotic | P. aeruginosa, E. | Ultrasound treatment might make biofilm
effect of US on biofilm | coli, S. bacteria susceptible to antibiotics.
bacteria. epidermidis,

S. aureus
Phull et al. 1997 38 kHz, 5 to 30 W/cm? Studying the biocidal | E. coli US can be used in water disinfection. High
800 kHz effect of US with chemical frequency US has higher biocidal activity. US
disinfectant and without. improves chemical disinfection.

Williams and Pitt | 1997 70 kHz 0.01- 4.5 W/cm? | Would gentamycin activity | E. coli The more the energy of US, the more its
be enhanced by bactericidal activity would be. Maximum
ultrasonication? effect was observed at 4.5 W/cm? No

bactericidal activity was noted at 10m W/cm?.

Rapoport et al. 1997 80 kHz 0.68, 3.2 W/cm? | The antibacterial effect of | P. aeruginosa The antibacterial activity of erythromycin
erythromycin on increased exponentially with concomitant use
planktonic P. aeruginosa of US. US is not able to kill the cells by itself.

It rather augments erythromycin.

Rediske et 1998 70 kHz 3 W/cm? The effect of US as a E. aerogenes, US combined with antibiotics effectively

al. bactericidal when used S. marcescens, reduced bacterial viability in both Gram
alone or in combination S. derby, S. mitis, | positive and negative bacteria similarly.
with an antibiotic. S. epidermidis
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Reference Year Frequency | Intensity used Objective of study Bacteria tested Conclusions

used

Rediske et al. 1999 70 kHz 2.2 W/cm? The combined effect of | P. aeruginosa Combined use of erythromycin and US
erythromycin and US on reduced P. aeruginosa viability double to
reducing P. aeruginosa quadruple times the antibiotic alone. This
viability. was  effective even with  antibiotic

concentrations below the MIC.

Rapoport et al. 1999 80 kHz 0.8-2.4 W/cm? Spin- labelled gentamycin | P. aeruginosa LFU lethal effect on Gram negative bacteria
penetration was not E. coli was not the consequence of increased
changed with insonation antibiotic penetration into the bacterial cells.
less than the threshold of
cavitation.

Singer et al 1999 20-50 kHz | Non LFUs effects on | Staphylococcus US intensity and the size of the US probe
Staphylococcus epidermidis seemed to affect the counts of bacteria.
epidermidis cell counts. Temperature also played a role.

Peterson 2000 70 kHz, 2 to 200 | The effect of combined | E. coli The combined use of US and antibiotic was

and Pitt 500 kHz mW/cm? use of antibiotic and US highly effective. High intensity with low
on bacteria. frequency gave better results than high

frequency US.

Joice et al. 2003 20 kHz, 0.064 and 0.071 | US effect on Bacillus B. subtilis US caused two different effects on bacteria,

38 kHz, W /cm?3 subtilis using various namely killing and declumping. The net result
512 kHz, powers and frequencies. will be the sum of these two effects.
850 kHz
Pitt and 2003 70 kHz <2 W /cm? Does US enhance the S. epidermidis, Low frequency and intensity US did increase
Ross growth of bacterial cells? P. aeruginosa, E. | the bacterial growth rate.
coli
Carmen et 2005 28.5 kHz 500 mW/cm? The effect of combined E. coli, P. Combined use of US and antibiotics
al. use of US and antibiotics | aeruginosa effectively reduced P. aeruginosa count after

on biofilm infections in
Vivo.

48 h, compared to antibiotic alone which
failed to do so within the same time
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Runyan et 2006 70 kHz 500 mW/cm? and | Effect of US on bacterial P. aeruginosa US performed holes in the lipid

al. 4.7 W/cm?2 membrane bilayer outer bacterial membrane

through which large molecules
like antibiotics can pass.

Ayan et al. 2008 1.5MHz 0.03-0.161 Comparing the effects of S. aureus LFU was superior to antibiotics

Wi/cm? LFU to antibiotics alone alone in decreasing the number of
on bacterial colonies. bacterial colonies. Partial bacterial
destruction was noted using
electron microscopy.
Wastewater

Kirzhner 2009 20 kHz 2.7 Wicm? to US effect on microbial heterotrophic US effect was more than two fold

et al. 81.4 W/cm? biofilms. aerobic bacteria higher in removing biofilm

bacteria adherent to roots

Declerck 2010 36 kHz Non Investigating the effect of | L. pneumophila, US can theoretically be used to

et al. US in disinfecting certain A. control both types of studied
species of bacteria. castellanii bacteria, but due to the high

energy required if US were to be
used alone, its general use as
microbial decontamination is not
recommended.

Conner-Kerr et al. 2010 35 kHz 500 mW/cm? In vitro effect of LFU on | MRSA .LFU decreased CFU of bacteria,
bacteria viability, cell wall caused destruction of cell walls
stracture and coloy and changed MRSA traits
characteristic including methicillin resistance.

Liu et al. 2011 40 kHz 1 W/cm? The effect of adding LFU E. coli LFU activate fluoroquinolones
to floxacins (cipro and through producing free oxygen
levo) in enhancing their radicles, e.g. superoxide and
antibacterial effect against hydroxyl radicles, which are
E.coli. destructive to bacteria.

E. Joyce et al. 2011 20, 40 0-012 and 0-013 Effect of US of variable Escherichia coli The effect of US depends in

and 580 Wicm3 frequencies and and Klebsiella intensity and frequency. Generally
kHz intensities on two micro- pneumonia it may either cause declumping or

organisms.

inactivation of bacteria.
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Reference Year Frequenc | Intensity used Objective of study Bacteria tested Conclusions
y used
Shengpu Gao et al. 2013 20 kHz Non Comparing the degree of | Enterobacter Although the enzyme activity was
bacterial deactivation by aerogenes, considerably deactivated, the
US according to the Bacillus subtilis, outcome was positive all the time.
physiochemical properties | Staphylococcus
of various strains of epidermidis,
bacteria. S. epidermidis SK
and
Staphylococcus
pseudintermedius
Zhu et al. 2014 46.5 kHz Non The effect of microbubble | E. coli Microbubble-mediated LFU was
mediated LFU on more effective in destroying the
gentamycin efficacy in bacterial cell membrane than
comparison to LFU only. other groups as evidenced by the
images of transmission electron
microscopy.
Jiao Li et al. 2016 18 kHz 60 to 300 W - cm? | Application of flow Escherichia coli US was effective in damaging
and 100 cytometry and Staphylococcus bacteria. However, the
kHz transmission electron aureus. mechanism of damage varied
microscopy in according to the type of bacteria (
investigating the effect of e.g. In Gram -ve E. coli, US effect
US on E coli and Staph was initially on the outer
aureus. membrane; Then on the
cytoplasmic membrane ).
Liaoa, et al. 2018 20 kHz 252 W/cm? The mechanism of action | Eshcerichia coli Proportion of bacteria

of US on Gram +ve (S.
aureus) and Gram -ve
(E.coli) on the molecular
level.

and
Staphylococcus
aureus

subpopulation suffered from
serious damage of intracellular
components (e.g. DNA and
enzymes) but with intact cell
envelopes.
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An additional cause of antibacterial activity of US has been shown to be its
effect on bacterial motility. US, at 67 kHz, have been found to reduce flagella
motility in P. aeruginosa after 9 hours of exposure (Mitchell & Kogure 2006).
Motility is crucial to bacterial function and viability because it enables bacterial
cells to move towards their targets of nutrition and migrate away from immune

cells (Bardy et al. 2003).

6.1.5.2.2- Mechanism of antibacterial action of US on biofilm
bacteria

Biofilm bacteria are bacteria extending along living and non-living surfaces.
They are capable of forming colonies which flourish within an extracellular
polymeric substance (EPS). Usually, the ecology of the biofilm is complex
encompassing multiple bacterial species and strains which often co-operate
with each other under the control of quorum sensing molecules (QSMs), which
allow them to undergo intercellular communication (Donlan & Casterton 2002).

The effects of US on biofilms have been investigated in several studies (Table
6.3). In addition to that, US exert a destructive effect on the EPS forming the
matrix of the biofilm, through inducing cavitation. EPS is well known to play an
important role in protecting the bacteria harboured within against the
surrounding hostile environment and in preventing antibacterial agent
penetration by binding them directly (Sutherland 2001; Donlan & Casterton
2002; Olson et al. 2002). The EPS destructive effect is specifically performed by
high intensity and low frequency US. Unfortunately, stripping of bacteria from
the surfaces they grow on is not complete, usually, the bacterial detachment
percentage range between 85 to 90 %. With the highest power density of 38

kHz, no more than 95% was achieved (Oulahal-Lagsir et al. 2000).
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6.1.6- Applications of antibacterial activity of ultrasound

6.1.6.1- Single US applications

The antibacterial activity of US has been used in combating infection caused by
bacteria in the human body. This has been achieved by the non-thermal effects
of US (Sonication), thermal plus heat (thermosonication), thermal plus pressure
(manosonication) or thermal plus heat and pressure (manothermosonication).
Spores and, to a lesser extent, bacteria are resistant to sonication alone; thus,
to obtain a lethal effect, thermosonication, manosonication or
manothermosonication should be applied (Piyasena et al. 2003).

One application of US is for the treatment of bacterial infections of the skin
(especially wounds) and mucous membranes (e.g. oral infections) (loannou et
al. 2009). Furthermore, in periodontal therapy, ultrasonic scalers are used to
combat bacteria biofilms; these are vibrating mechanical devices which allow
removal of root-surface accretions. They achieve similar results to manual
scaling in achieving probing depth reduction and in ameliorating clinical
inflammation (Oda et al. 2004; loannou et al. 2009; Zucchelli et al. 2009).
Ultrasonic debridement has the advantages of being faster than its manual
counterpart with minimal operator fatigue, but it is associated with some
hazards both to the patient and the operators that need to be guarded against to
ensure safe dental practice. These include heating temperature effects and
cavitation process which lead to platelet damage, which cause pulp death
(Walmsley et al. 1984; Walmsley 1988). In spite of wide spread use in the US
for the treatment of oral bacteria, very few studies are found in this respect

(O'Leary et al. 1997; Oda et al. 2004; loannou et al. 2009).
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6.1.6.2- Combined US applications with antibiotics

Synergism between US and antibiotics has been confirmed by a number of
studies (Rediske et al. 1998; Rediske et al. 1999) (Table 6.3). Pitt et al, (1994)
has demonstrated synergism between US and antibiotics in combating biofilm
bacteria such as (P. aeruginosa, E. coli, S. epidermidis and S. aureus). While
US alone, at 67 kHz was stimulatory to bacterial growth, it was bactericidal
when combined with an antibiotic, with increased bactericidal activity compared
with the antibiotic alone. The paradoxical increase in growth was attributed to
the stress-induced bacterial stimulation and not to the higher concentration of
oxygen (Pitt et al. 1994).

In the treatment of infections caused by S. epidermidis biofilms with
vancomycin, Carmen et al., (2004), demonstrated that exposure of bacterial
biofilms to US (28, 48 kHz) for 48 hours significantly reduced the number of
viable bacteria in the biofilm than treatment with vancomycin alone.

Carmen et al. applied the same combination was delivered using a 28.5 kHz
ultrasound with gentamycin treatment to E. coli ATCC 10798 and P. aeruginosa
ATCC 27853 biofilms on rabbits in vivo. While E. coli responded well to
treatment, P. aeruginosa biofilms did not show any reduction in viable bacterial
count. The resistance of P. aeruginosa biofilms was attributed to the extreme
outer membrane impermeability of this strain (Carmen et al. 2005).

In 2005, Ensing showed that E coli treated with gentamycin and 70 kHz US
resulted in higher bacterial killing effect than when gentamycin alone was used
(Ensing et al. 2005). In 2006, Ensing et al. extended their work on P.

aeruginosa and S. aureus.
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These results showed that P. aeruginosa biofilm was resistant to the
combination treatment of US and antibiotic, thus confirming the earlier results of
Carmen et al. and Ensing et al. 2006.

In 2006, Runyan et al were able to overcome the P. aeruginosa biofilm
resistance in vitro by applying US of 70 kHz of frequency and intensity of 4.6
W/cm? coupled with antibiotics (Runyan et al. 2006). The applied US has been
shown to create perturbations or holes in the outer membrane of bacteria
enough to allow the large hydrophilic molecules of antibiotics to pass and kill the
bacteria in biofilms. Nevertheless, it remained unresolved why the previous in

vivo experiments failed to overcome P. aeruginosa resistance.

6.1.7- Aims and objectives

The aim of the present study was to investigate the effects of ultrasound
coupled with a non-antibiotic approach to reduce bacterial planktonic culture
and determine effects on biofilms in an infected sample using tissue engineered
skin developed in chapters 4 and 5. Low frequency ultrasound combined with
biocides at sub MIC was used to investigate whether combination treatments
could increase the toxicity of biocidal agents alone to S. aureus, P. aeruginosa,

S. epidermidis and MRSA.
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Table 6.3: Effect of LFU combined with Antibiotic on bacterial biofilm

Reference Year | Frequency | Objective of study Intensity Bacteria tested | Conclusions
used used

Qian et al. 1996 | 500 kHz Effect of LFU on 10 mW cm? P. aeruginosa LFU did not disrupt neither the biofilm nor the bacteria

gentamycin antibacterial itself.
activity of P. aeruginosa

biofilm of 24 h growth in

vitro.

Qian et al. 1997 | 70, 500 Effect of ultrasound alone 10 mW/cm?2 P. aeruginosa US significantly increased the efficacy of gentamycin in
kHz 2.25, and combined with killing bacteria of biofilms. However, US alone did not
10MHz gentamycin on in vitro have any lethal antibacterial effect. LFU is more effective

biofilm. than high frequency US in reducing biofilm bacterial
viability.

Johnson et 1998 | 70, 500 The effect of combined use | 20, E. coli The combined use of 70 kHz US and antibiotic had more

al. kHz of US of 70 kHz and 100 mW/cm? antibacterial effectiveness than antibiotic alone (killing

antibiotic on in vitro biofilm. 97% in about 2 h). 500 kHz US, when combined with
antibiotic, caused insignificant slight reduction in bacterial
killing than the antibiotic alone.

Rediske et 1999 | 28.48 kHz Effect of US alone on 300 m W/cm? E. coli US alone did not affect bacterial viability. US of 300 m

al. biofilm infected rabbit W/cm2 caused significant reduction of bacterial viability.

model. US of 100 m W/cm2 caused insignificant reduction of
bacterial viability.

Qian et al. 1999 | 44 kHz— Effect of sonication 100- P. aeruginosa US enhanced the antibacterial efficacy of antibiotic. This
10MHz combined with antibiotic on | 300 mW/cm? enhancement was inversely proportional to the frequency

in vitro biofilms. (the more the frequency the less the enhancement) and
directly proportional to the energy ( the more the energy
the more the enhancement e.g. 10 m W/cmz2 intensity was
more enhancing than 1 m W/cm2).

Rediske et 2000 | 28.48 kHz, | Effect of LFU on in vivo 600 mW/cm? E. coli Pulsed US of 300 m W/cm2 decreased bacterial viability

al. biofilm in a rabbit model from 2.94 to 0.99 log 10 CFU/cm2. However, Pulsed US of

600 m W/cm2 decreased bacterial viability from 2.93 to
1.69 log 10 CFU/cm2. No concomitant skin damage
occurred.
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Reference Year | Frequency | Objective of study Intensity Bacteria tested | Conclusions
used used
Carmen et 2004 | 28.48 kHz The effect of LFU on 500 mW cm? S. epidermidis LFU was found to enhance the efficacy of vancomycin
al. vancomycin efficacy against S. epidermidis as evidenced by the significant
against S. epidermidis In decrease in viable bacterial count after 48 hours of US.
vivo study of biofilm-
infected.
2004 | 70-kHz Effect of US on the 1.5 W/cm? P. aeruginosa Ultrasonication significantly increased transport of
Carmen et transport of gentamycin E. coli gentamycin ac biofilms that normally blocked or slowed
al. through vitro biofilms. gentamycin transport when not exposed to ultrasound.
US was found to significantly increase the transport of
gentamycin through biofilms that resisted this transport
without being exposed to US.
Carmen et 2005 | 28.5 kHz Effect of LFU on In vivo 500 mW/cm? P. aeruginosa When US for 48 h was combined with gentamycin for 72
al. rabbit biofilms alone and E. coli h, the viable bacterial count in E coli decreased
combined with antibiotics. significantly to 0.011 £ 1.02 log 10 CFU/cm2; With 72 h of
gentamycin alone the count reduced to 2.29 + 0.40 log 10
CFU/cm2. There was no such enhancement of US in case
of P. aeruginosa.
Li et al. 2015 Investigating the bacterial 200mwW/cm? S. epidermidis Microbubble-mediated US combined with HBD-3
load of a biofilm on titanium S. aureus significantly decreased the biofilm densities, the proportion
surface In vivo mice of live cells as well as the viable counts on titanium
(Biofilm densities, viable surface in mice.
bacterial count and
proportions of live cells)
and how these are affected
by US.
Liu et al. 2016 | 40 kHz Effect of vancomycin 600 mW/cm? Pan-resistant Colistin combined with vancomycin and LFU for 12 h

combined with colistin and
LFU on in vitro biofilm.

A. baumannii

reduced bacterial counts more than 2 log CFU/mL than
without LFU. The reduction continued for 24 h to 3.77 log
CFU/mL with LFU than in case where LFU was not
applied.
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6.2- Material and methods:

6.2.1- Experimental design

The effect of low frequency ultrasound on two common bacterial species, S.
aureus and P. aeruginosa were studied. Both of these pathogens are known to
be amongst the major causes of wound infections, particularly following burns
(Lawrence, 1994) and were therefore used as a model for Gram-positive and
Gram-negative bacterial infection respectively. Previous studies conducted by
Shepherd & Rose (unpublished) demonstrated that low frequency ultrasound
(20 and 38 kHz) can reduce bacterial viability in pure culture suspensions and
reduce bacterial load in a tissue engineered model of bacterially infected skin.
Here, the effect of ultrasound at a frequency of 40 KHz was investigated.
Bacteria were grown both as planktonic cultures and biofilm cultures on
nitrocellulose filters as described in chapter 2 and subjected to either single
ultrasound treatment or multiple ultrasound treatments and over a range of
times (0-15 minutes). Cell viability was determined by counting the number of
colony forming units (CFU) after treatments. For planktonic cultures, the effects
of ultrasound treatment on both bacterial species at stationary phases of growth
were investigated. Finally, the effect of biocides at sub MIC and LFU co-
treatment on planktonic bacterial viability was measured. In addition, the effects
of LFU on mammalian skin cells (HaCaT Cells, dermal fibroblasts) were

determined to identify potential toxicity to mammalian cells.

6.2.2- Low frequency ultrasound as an anti-bacterial strategy

In this study, several types of commercial US systems together with an in-house

system were investigated to determine their antibacterial properties.
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6.2.3- Preparation of bacterial samples

Four bacterial strains were used in this study: S. aureus (SH1000), S.
epidermidis, P. aeruginosa (NCIMB 8295) and MRSA (EMRSA-16) as

described in chapter 2, section (2.2.1.2).

6.2.4- Ultrasound waves application

Two milliliters of the bacterial suspension containing 1x108 CFU/mI and 1X10°
CFU/ml were added to each well of six well plates and subjected to ultra-
sonication. The US waves were delivered by US transducers to deliver waves of
the required frequency and intensity utilising 3 different US machines as

detailed below.

6.2.5- Determination of bacterial viability in CFU/ml

After being subjected to US waves, CFU/ml were calculated as described in
chapter 2 (section 2.2.2).

6.2.6- US system optimisation

6.2.6.1- Commercial US system
The Desktop Ultrasonic Liposuction Equipment Cavitation GS8.2E (Shenzhen,

China) delivers US waves of 40 kHz frequency (Figure 6.4), however the

intensity was not able to be determined utilising this system.

Figure 6.4: Desktop Ultrasonic Liposuction Equipment Cavitation GS8.2E
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Bacterial suspensions (1x108 CFU/ml) were placed in a sterile microbiological
Petri dish, on ice to prevent an increase in temperature, and subjected to 40kHz
US waves for 0, 5 and 10 minutes. CFU/ml were determined and compared with
untreated controls. A significant decrease of S. aureus CFU/ml following both 5-
and 10-min US treatment (P=0.0049) was observed (Figure 6.5a). However, the
decrease was less than one logio reduction in CFU/ml. US stimulation
significantly reduced P. aeruginosa CFU/ml following 5 and 10 minutes (P=
0.003 and P =0.0005) (Figure 6.5b). However, again US failed to reduce
CFU/ml by more than one logio (Figure 6.5b). These results are close to has
been reported in previously published studies, which have shown that LFU
alone significantly drop the cell bacterial numbers in planktonic broth culture by

1 logao.

Most studies to date have controlled the intensity and exposed for longer
periods than reported in the current study. Joyce et al., 2010 showed that low
frequency ultrasound between 20-38 kHz and 0.013 W/cm?3 for 15 minutes
reduced viable number 1.2 logio from 2x108 to 1x107 CFU/mI of Klebsiella
pneumonia and E. coli bacteria. In contrast, Singer et al., (1999) showed a
major significant reduction of S. epidermidis bacteria at frequency 20- 50 kHz,
experimentally with and without ice plate immersion. They found out that LFUS

has less effect on bacterial counts in case of ice plate immersion.
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Figure 6.5: Effect of LFU of Desktop Ultrasonic Liposuction Equipment Cavitation GS8.2E on planktonic bacteria. S.
aureus (SH1000) and P. aeruginosa (NCIMB 8295), were all exposed to 40 KHz at an intensity W/cm? ultrasound for 0, 5
and 10 min. * P < 0.005.
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6.2.6.2- Commercial US system 2

As the first US system utilised only resulted in low Kkill rates for bacteria and the
intensity could not be determined or altered a second commercial US system
was identified. The system is call Cavitation 40kHz ultrasound (Quirumed,
Spain); it was selected as this system could deliver differential US intensities
and measure these accurately. The US wave intensities chosen were 5, 25 and
47 Wicm?, as difference levels of intensity, while the frequency was kept
constant at 40 kHz. The US waves were applied to the bacterial solutions in the
bacterial petri dish plates for the same periods (5 and 10 minutes), but with a
variable intensity in each experiment to determine the effect of US intensity on

bacteria CFU/mI.

P. aeruginosa CFU/ml was decreased following LFU stimulation for 5 and 10
minutes at a frequency of 40 kHz with 5, 25 and 47 W/cm?3 intensity. The
reduction in viable cell humbers was less than 1 logio CFU/ml when the
intensities were 5, 25 and 47 W/cm? within 5 minutes treatment and 1 logio
CFU/ml bacterial reduction when the intensity was 47 W/cm?3 within 10 minutes
treatment (Figure 6.6). S. aureus numbers were decreased by less than 0.3
logio CFU/mI at when the intensities were 5, 25 and 47 W/cm? within 5 and 10
minutes treatment (Figure 6.6). The bactericidal effect of ultrasound was
significantly greater for P. aeruginosa compared with S. aureus. However, these

results were varied from those reported in the literature (Table 6.2).
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Figure 6.6: Effect of LFU of ultrasound on planktonic bacteria. S. aureus (SH1000) and P. aeruginosa (NCIMB 8295), were
all exposed to 40 KHz at deference intensity 5, 25 and 47 W/cm? ultrasound for 0, 5 and 10 min. * P < 0.005.
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6.2.6.3- Ultrasound system 3: In house designed

Whilst the second commercial LFU system did show improved kill rates at
higher intensities the kill rates were still lower than Desktop ultrasound at 40kHz
with high intensity. The system did not have any capability to ensure the
reported intensities and frequency were delivered to the sample and thus levels
could not be verified. Thus, an in house system was developed by collaborators
at the University of Sheffield (Ms. Olivia Manfredi, Prof. Rob Dwyer-Joyce,
Department of Mechanical Engineering). This system was designed to enable
the transduction of US waves of variable frequency and intensity to each of the
wells of a 6 well plate, via 6 individual transducers. Furthermore this system
was developed to enable monitoring of the US wave forms via a sensor linked
to computer software and thus enable validation of the delivered US dose

(Figure 6.7).

Sensor Ultrasound body Multi transducers

Figure 6.7: Lab management ultrasound, multiple transducers, computerised with
software to control the ultrasound.

Initial experiments with this system discovered that the intensity of the US
waves delivered was 150 mW/cm?, with a voltage of < 1.6 volts/ well. This US

application was tested on all four bacterial strains (S. aureus, P. aeruginosa, S.
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epidermidis and MRSA) for 0, 10, 15 and 20 minutes. Following ultrasound

treatment by using a range of times could be reducing of bacterial load.
6.2.3.3.1- High Planktonic suspensions CFU/mI

Initially, bacterial suspensions of S. aureus, P. aeruginosa, S. epidermidis and
MRSA were seeded at 1x10%8 CFU/ml in PBS and treated with 150 mW/cm?
ultrasound for 10, 15 and 20mins. A significant decrease in viable counts of all
bacteria was seen following 10 min LFU treatment, with similar effects seen
following 15 and 20 minutes with ~ 1 logio CFU/mI reduction (P<0.05) (Figure

6.8).

6.2.3.3.2: Low Planktonic suspensions CFU/mlI
To determine if US treatment was more effective if the bacterial load was

reduced the seeding concentration was reduced to 1x10% CFU/mI. However alll
bacteria were still only reduced approximately 1 logio following LFU treatment
for 10 minutes, which whilst significant (P<0.05)(Figure 6.8) were lower than
that observed in previous studies. Interestingly, these low intensity US waves
(150 mW/cm?) (Figures 6.8 & 6.9) resulted in similar kill rates to those seen with
higher intensities (47W/cm?) (Figure 6.8) utilised in the 2" US systems,
suggesting that the reported intensity given on the 2™ system was inaccurate
and could explain why results varied from those reported in the literature. Joyce
et al.,, (2011) reported that 1 logio CFU/mI reduction at 40 kHz and 2 logio

CFU/ml reduction at 20 kHz and intensity were 0-012 and 0-013 W/cm?3
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Figure 6.8: Effect of low frequency ultrasound on planktonic bacteria. (A) S. aureus (SH1000) and (B) P.
aeruginosa (NCIMB 8295), S. epidermidis and MRSA were all exposed to 40 KHz at an intensity W/cm?2
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6.2.7- Effect of co treatment of biocides and low frequency
ultrasound on planktonic bacteria

To investigate whether pre-treatment of planktonic bacteria with biocidal agents
increased the effectiveness of ultrasound treatment, planktonic bacteria
suspensions were treated with biocides at sub MIC concentrations before
treatment with ultrasound. Planktonic bacteria, untreated or treated with sub
MIC concentrations of biocides and not exposed to ultrasound were used as
control. CFU/ml was calculated for these control samples as well as samples
treated with US for 0, 5, and 10 minutes. MIC concentrations shown in chapter 2
demonstrate a high kill rate for bacteria and thus combination effects with LFU
would not be visible. Furthermore biocidal agents at these concentrations
showed toxicity to mammalian cells (Chapters 3, 4 and 5); hence here biocidal

agents used were at 50% of the MIC.

6.2.7.1- Effect of sub MIC of Siver biocide and LFU on S. aureus
and P. aeruginosa

The four bacteria species S. aureus, P. aeruginosa, S. epidermidis and MRSA
were treated by the sub MIC biocides including 31.25 pg/ml silver nitrate, 31.25
pg/ml isothiazolone and 0.023 v/v hydrogen peroxide. Bacteria were cultured at
1x10* CFU/ml and treated with biocides for 24 hours. They were then treated
with 150 mW/cm? intensity and 40 kHz ultrasound frequency for 5 and 10
minutes and the viable bacteria remaining were enumerated.

The co-treatment of sub MIC of silver nitrate (31.25 pg/ml) with ultrasound at 40
kHz reduced the CFU/ml of S. aureus by 1.96 and 2.27 logio after 5- and 10-
minutes treatment respectively compared with the untreated bacterial control (P

=0.001 for both) (Figure 6.10).
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When the sub MIC silver nitrate biocide and LFU on P. aeruginosa were used
the bacterial count significantly decreased compared with untreated controls.
The CFU/ml showed a 2 and 2.5 logio reduction CFU/ml for 5- and 10-minutes
ultrasound treatment respectively (P=0.001) for both times respectively

compared to the untreated bacterial control) (Figure 6.11).
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Ultrasound and sub MIC biocides co treatment

Figure 6.10: Effect of co treatment of sub MIC of biocides and low frequency of ultrasound on planktonic. S. aureus

(SH1000) was treated by 24hrs of sub MIC of silver nitrate and exposed to 40 KHz at an intensity W/cm? ultrasound for 0,

10 min. * P < 0.005.
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Figure 6.11: Effect of co treatment of sub MIC of biocides and low frequency of ultrasound on planktonic. P. aeruginosa

(NCIMB 8295) was treated by 24hrs of sub MIC of silver nitrate and exposed to 40 KHz at an intensity W/cm? ultrasound

for 0, 10 min. * P < 0.005.
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6.2.7.2- Effect of sub MIC of isothiazolone biocide and LFU on
S. aureus and P. aeruginosa,

Following treatment with US for 5 and 10 minutes after 24h sub MIC treatment
with isothiazolone, the numbers of viable S. aureus were reduced by 1.66 and 2
logio respectively (P< 0.0001) (Figure 6.12). Co treatment of P. aeruginosa
resulted in a 2 to 2.5 logio CFU/ml reduction following 5- and 10-minutes US

exposure. (P< 0.0001) (Figure 6.13).

6.2.7.2- Effect of sub MIC hydrogen peroxide (H202) and LFU on
S. aureus and P. aeruginosa

The decrease of the bacterial count was proportionally related to the period of
US application. S. aureus viable bacterial counts decreased by 1.6 to 2 logio
CFU/ml after US application for 5, 10 minutes respectively (P< 0.0001) (Figure
6.14). The bacterial count for P. aeruginosa decreased by 2 to 2.2 logio CFU/ml
following H202 and US co-treatment application for 5 and 10 minutes,

respectively (P< 0.0001) (Figure 6.15).
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Figure 6.12: Effect of co treatment of sub MIC of biocides and low frequency of ultrasound on planktonic. S. aureus

(SH1000) was treated by 24hrs of sub MIC of isothiazolone and exposed to 40 KHz at an intensity W/cm? ultrasound

for 0, 10 min. * P < 0.005.

273



.
* 0#& sy z suojozelyjos] |w/Br gz°L¢ yum punoselyn senuiw Q|
>
% vv Ls1y pz suojozelyjos |w/Brd ¢Z°L¢ YUm punoselyn senujw g
>
AMAA sy pz suojozelyjos| jw/Br gZ°L¢ yum esoujbnise "g
<
% Hl Ljuawieal) punoseleyn saynujw gl
.
oﬁu . Lesoubniae "g [01U0)
L)
= = S S S
c =
o

[W/N4D pazifewioN

* NW Ls1y pz auojozejyjos| |w/br GzZ'L.¢ YUm punoselyn sanuiw g,
>
* vv Ls1y pz auojozelyjos| |w/br GZ'L¢ Yum punoseljn sejnujw g
&AA Ls1y pz auojozeiylos! (wybr ¢z'L¢ yum esourbrise *g

]

* nl L Juswijeel) punoseleyn senuiw Q|
[ ]

*De
.o e Lesoujbnise g |o1uo)

s0L s0l .01 501l s0b
w/Nndo

Ultrasound and sub MIC biocides co treatment

274

Ultrasound and sub MIC biocides co treatment
(NCIMB 8295) was treated by 24hrs of sub MIC of isothiazolone and exposed to 40 KHz at an intensity W/cm? ultrasound for

Figure 6.13: Effect of co treatment of sub MIC of biocides and low frequency of ultrasound on planktonic. P. aeruginosa
0, 10 min. * P < 0.005.
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Ultrasound and sub MIC biocides co treatment
Figure 6.14: Effect of co treatment of sub MIC of biocides and low frequency of ultrasound on planktonic. S. aureus (SH1000) was

treated by 24hrs of sub MIC of hydrogen peroxide and exposed to 40 KHz at an intensity W/cm? ultrasound for 0, 10 min. * P <

0.005.
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Figure 6.15: Effect of co treatment of sub MIC of biocides and low frequency of ultrasound on planktonic. P. aeruginosa
(NCIMB 8295) was treated by 24hrs of sub MIC of hydrogen peroxide and exposed to 40 KHz at an intensity W/cm? ultrasound

for 0, 10 min. * P < 0.005.
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6.2.8- Effect of Ultrasound on mammalian cells

6.2.8.1- Cell culture

A keratinocyte cell line (HaCaT) and human dermal fibroblasts were cultured
as described previously (section 4.2.1.1), ratios of HaCaT and fibroblasts
were seeded at 1.5x10* cell/ml HaCaT alone, fibroblasts alone or a 3:1 ratio of
HaCaT to fibroblasts in 6 well plates. Cells were allowed to settle overnight
prior to LFU treatment at 40 kHz frequency and 150 mW/cm? intensity for 5,
10, 15 and 20 minutes. Following treatments metabolic cell activity was
determined using an alamar blue as described previously (Section 4.2.1.1).
Absorbance readings were normalised to untreated controls. HaCaT cells,
fibroblasts and a mixture of HaCaT cells and fibroblasts monolayers treated
with LFU showed a non-significant decrease in metabolic activity (Figure

6.16).

277



100000 5 ) 1.5 _
- e 1 Fibroblasts : 3 HCAT  __ e 1 Fibroblasts : 3 HCAT
g . m Fibroblasts g m Fibroblasts
]

Ei - : ® o HaCaT Ei 1.0m HaCaT
& 10000+ u n ]
[ = [ = Y
8 8 051 " : .
? 2 = u
Kol Kol
< <

1000 T T T 1 0-0 T T T 1

0 5 10 15 20 0 5 10 15 20

Ultrasound tretment time Ultrasound tretment time

Figure 6.16: Effect of low frequency ultrasound at 40 kHz on mammalian cells monolayer; HaCaT cells, fibroblasts and a mixture of HaCaT cells and
fibroblasts were all exposed to 40 KHz at an intensity 150 mW/cm? of ultrasound for 0, 5, 10, 15 and 20 min.
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6.4- Discussion

The effect of low frequency ultrasound on S. aureus, P. aeruginosa, S.
epidermis and MRSA were investigated. These pathogens are known to be
amongst the major causes of skin infections, particularly in burns (Lawrence,
1994). With increasing failure of antibiotic treatment due to antibiotic resistance,
novel treatments are urgently needed. Therefore alternative treatment options
should be employed in order to overcome antibiotic resistance. The aim of this
study was to investigate the effects of low frequency ultrasound (LFU) as an

anti-microbial strategy for wound infections.

Several studies have demonstrated potential effects for LFU on different types
of microorganisms (e.g. bacteria, spores, and fungi) using higher intensities and
longer periods of exposure of US than those mentioned in the present study
(Declerck et al. 2010; Dong et al. 2013; Runyan et al. 2006; Yu et al. 2012).
However, unfortunately the systems used in this study were not able to

generate higher intensities than those investigated.

This study showed that commercial ultrasound cavitation GS8.2E ultrasound
treatment at 40 kHz reduced viability of both planktonic S. aureus and P.
aeruginosa, when the bacteria were exposed to ultrasound for 5 and 10
minutes. These results are consistent with those of Scherba, et al. (1991) who
used LFU at a frequency of 26 kHz in order to assess the antimicrobial efficacy
of ultrasound on four types of bacteria (E. coli, S. aureus, B. subtilis and P.
aeruginosa). They found a significant effect of low frequency ultrasound on B.
subtilis, S. aureus, P. aeruginosa and E.coli (Scherba et al. 1991). However, in

the current study the bacteria decreased approximately 1 logio reduction in
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CFU/ml. The findings of the present research are in agreement with those found
by Singer et al., (1999), who applied 20-50 kHz on LFU to S. epidermidis, with
a significant decrease in bacteria observed. However, they attributed the
reduction in the bacteria to the increase in temperature of the medium which
exceeded 45°C. In the current study, the effects of LFU took place with no
increase in the medium temperature due to the use of ice during LFU
application to maintain temperature, suggesting results were due to acoustic
cavitation generated active free radicals rather than a thermal effect. Joyce et
al., (2011) investigated US between 20 - 40 and 580 kHz frequency and an
intensity of 0-012 and 0:013 W/cm?3 on E. coli and K. pneumonia, with a
reduction in bacteria cell counts seen in low-frequencies (20 and 38 kHz).
Higher frequencies (512 and 850 kHz) increased bacteria cell counts (Joyce et

al., 2011).

The frequency of the commercial ultrasound cavitation GS8.2E device gave
unexpected results compared with the results of the previous studies.
Furthermore, information about the intensity was not available for this device.
The second device utilised was reported to vary intensities between 5 and 47
W/cm2. However, whilst an increase in effectiveness was observed with
increased intensities effects were lower than those reported in the literature
(Ganesan et al., 2015). Since the intensity could not be verified a third device
was utilised which could measure the delivered intensity with computerised
software connected to the ultrasound device to determine the intensity and
frequency precisely. The software was an in-house system developed by
collaborators at the University of Sheffield. This system was intended to be

used on each of the 6 well plates, through 6 individual frequency and intensity
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transducers. Moreover, this system could also monitor the US wave forms. In
the preliminary experiments, the intensityl50 mW/ cm? with <1.6 volts /well

voltage were utilised.

The ultrasound was applied to four types of bacteria: S. aureus, P. aeruginosa,
S. epidermidis and MRSA. Significant decreases in viable numbers were seen
in all bacteria investigated following 5- or 10-minutes US treatment. However, a
limited increase in effectiveness was seen with increased treatment time.
Interestingly, the in-house ultrasound system which generated 150 mW/cm?
gave results similar to those given by the second commercial US system which
was reported to have an intensity of 47W/cm?, suggesting the reported levels
may have been incorrect; alternatively the effects of LFU could be intensity
independant. However, the results of the second commercial system did show
increasing effectiveness with increasing intensity investigates.

The in-house ultrasound of Sheffield system at 150 mW/cm? was then utilised to
determine the combined effects of biocidal agents and US. An increase in
bactericidal effect was shown for S. aureus and P. aeruginosa when combined
treatments were applied. In an attempt to reduce the use of chlorine, Phull et al.
(1997) showed that when ultrasound at frequency 38 kHz and 800 kHz with
intensities of 5 to 30 W/cm? were used with chemical disinfection, more bacteria
in water samples were killed by using chemical disinfection combined with
ultrasound than by using disinfection alone.

Carmen et al., (2005), Liu et al., (2011) and Zhu et al., (2014) used ultrasound
combined with antibiotics to increase the effectiveness of antibiotics via
improved penetration. Frequency < 70 kHz with different intensity could

increase bacterial reduction which was enhanced by antibiotics (Table 6.2, 3).
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Following these promising results, which suggested ultrasound could be utilised
to decrease the concentration of biocidal agents, thus potentially reducing the
toxic side effects on mammalian cells, this system was then to be utilised for the
skin models developed in chapters 4 and 5. However a number of the
transducers on the ultrasound machine became faulty and different values were
identified from the six transducers, and the system deemed unreliable for future

use.

6.5- Conclusion

This research has highlighted the effect of different intensities of LFU on
planktonic bacteria. More than one type of ultrasound machine was utilised to
determine the effects of frequency and intensity. It was found that the in-house
system ultrasound produce better results (in terms of reducing numbers of
viable bacteria) compared to the other devices although the intensities were
very low compared to published papers. The preliminary findings of our study
suggested that LFU could significantly reduce the number of viable bacterial in
the planktonic culture and that US combined with biocidal agents could work in

an additive manner.
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Chapter 7

General Discussion and Future Directions
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7.1- Key findings

Infection Burn skin is type of wound, which requires specific treatment to reduce
bacterial infection, morbidity and mortality. Furthermore, the rise in prevalence
of diabetes, coupled with advancing age of the population, has led to an
increase in bacterial infection of wounds, with limited studies investigating in
detail the effects of treatments on mammalian cell responses. Alternative
methods of treating infection have become more widely used in order to
circumvent these problems. However, there is an urgent need for new
antimicrobial strategies to counteract the development of antibiotic resistance
and to minimise local toxicity to skin cells, which hinders wound healing.
Therefore, the aim of the current thesis was to examine the impact of a number
of potential antimicrobial strategies to decrease the bacterial load in a 3D model
of infected wounds, whilst determining the effects of these strategies on
mammalian skin cells.

Firstly, the effects of potential antimicrobial strategies which are thought to act
via generation of free radicals were determined on four common bacteria
involved in skin infections. These studies demonstrated that biocidal agents
(silver nitrate, isothiazolone, hydrogen peroxide and medical grade Manuka
honey) reduced CFU/ml of bacteria in planktonic and biofilm cultures. They
could be useful in treating infections. Nitrocellulose membranes were utilised
initially as a bacterial biofilm model to examine biocidal agents; however, this
model is a simple biofilm and fails to model interactions with skin cells. Thus, it
was essential to determine the efficacy of biocidal agents on a more

representative model for skin infections.
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Moreover, the effects of biocidal agents on native skin cells are an important
consideration to define possible side effects and local toxicity. Thus, this thesis
went on to establish an in vitro tissue engineered skin model utilising a cell line
(HaCaT) and commercially available primary fibroblasts which can be accessed
easily allowing application in most laboratories. This model was utilised to
determine the effects of the biocidal agents on the 3D skin model as a more
representative screening model prior to animal model testing and clinical

application beyond this thesis.

This 3D skin model was burned and infected individually with S. aureus and P.
aeruginosa and the migration and penetration of bacteria assessed using the
skin model. Bacterial infection resulted in increased toxicity to the mammalian
cells, which further increased following biocidal treatments. Interestingly, the
most effective agent was Manuka Honey which produced the greatest impact
on reducing numbers of bacteria, decreasing the migration and penetration of
bacteria and minimising mammalian cell death zones. P. aeruginosa, toxicity
was higher than that seen for S. aureus, furthermore P. aeruginosa, penetration
and migration was deeper and more extensive compared to S. aureus.
However, all the biocides investigated induced toxic effects on the mammalian
cells thus an alternative antimicrobial strategy of application of ultrasound was
investigated to determine if decreased doses of biocidal agents could be used
to reduce toxic side effects. This research illustrated the influence of diverse
types of low frequency ultrasound on planktonic bacteria; with a variety of
intensities investigated. Several types of ultrasound machines were tested

including commercial systems and an in-house system.
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The in house ultrasound system was shown to be more controllable and yielded
improved results when compared with some of the commercial devices,
however, the intensities used were lower than those reported by other research
studies (Scherba et a.l 1991; Rediske et al. 1998). Furthermore, the ultrasound
intensity on the current study is similar to intensity was reported by E. Joyce et
al. (2003 and 2011). The initial findings of the current study suggested that LFU
could significantly decrease the bacterial load in the planktonic culture and that
the ultrasound co-treatment with biocidal agents could further reduce the
bacterial number. This raises the possibility of decreasing the concentration of

biocidal agents which could reduce toxic side effects on mammalian cells.

7.2- Future directions

Although the in vitro burned 3D skin model developed here for single bacterial
biofilm infection with S. aureus or P. aeruginosa could be applied for
investigating alternative biocidal agents for novel therapies and may serve as a
useful alternative to animal models. There remain a number of key areas which
should be addressed in the near future. These include:

7.2.1- Developing physiologically relevant biofilm models

In the present study, research on the bacterial pathogens dealt with a single
species of bacteria to develop the skin biofilms. However, most chronic wound
infections are multi microbial, where individual species may exhibit synergistic
interactions with the broader community of microorganisms promoting virulence,
persistence, or microbial tolerance (DelLeon et al. 2014). These synergistic
interactions are challenging to study, in part due to the difficulties involved in

growing different bacterial species together in vitro (Palmer et al. 2007). This is
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evident with S. aureus and P. aeruginosa, though they are often found together
in human skin infections, P. aeruginosa rapidly kills S. aureus when they are
placed together in planktonic co-cultures in vitro (Palmer et al. 2007; Palmer
2005).

Several in vitro model systems have been developed to examine complex
communities of clinically relevant bacteria under controlled conditions (Sun et
al. 2008; Sun et al. 2009; Wright et al. 2015). Most of these models use abiotic
surfaces to examine the growth of biofilms and are generally categorised as
closed or open systems that are based on the nutrient supply approach (section

1.1.8.1).

Thus, future research needs to focus on biofilms formed by polybacterial

species in 3D skin wound model, such as:

7.2.1.1- The Lubbock Chronic Wound Model (LCWM)
The LCWM was developed by Sun et al. (2008) to simulate the wound

environment by utilising bovine plasma, horse red blood cells and Bolton Broth
(Sun et al. 2008). As a consequence of staphylocoagulase activity, the media
plasma components clot after they are inoculated with a coagulase-positive
bacterial species (like S. aureus) converting the liquid media into a solidified
mass. The bacteria then stick to strands of insoluble fibrin making a biofilm
inside the host-derived matrix. Alternatively, a sterile pipet tip, or a different
surface type can be added to create biofilm adherence where a coagulase
positive strain is not used. LCWM have been used to demonstrate how the
diverse combination of common wound pathogens can influence tolerance to
various antibiotics and to pinpoint how interactions between species change in

the wound environment (Sun et al. 2008; Dalton et al. 2011; DelLeon et al.
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2014). According to Dowd and Sun (2009), the chronic wound model, (LCWM)
is beneficial for studying interactions between microbes that are isolated from
clinical wounds incorporating aerobic species in the biofilm. DeLeon et al.
(2014) discovered that P. aeruginosa totally eliminated S. aureus after co-
culture in standard laboratory media; however, these two strains could form a

biofilm in the LCWM for up to seven days.

7.2.1.2- Microfluidic devices

Microfluidic devices such as the Bioflux systems (Wright et al. 2015) are
dynamic models that have microfluidic platforms, allowing for the controlled
visualisation and determination of a mature biofilm in real time extending over a
specific period. The customisable chips permit complete control of the
environmental conditions, for example, different substratum properties, the
hydrodynamic variables, and the foundation of chemical gradients (Wright et al.
2015; Li et al. 2015). The model can analyse host-bacteria interactions with

real-time visualisation of biofilm growth on human cells (Kim et al. 2010).

7.2.2- Developing a physiologically relevant skin model

This thesis reports the development of a functional full-thickness tissue-
engineered skin model from human HaCaT cell lines which generated a
differentiated epidermis on top of a DED dermis layer and closely resembled the
morphology of native skin. However, HaCaT cells are aneuploidy cells, which
contain an abnormal number of chromosomes (Boukamp et al. 1988).
Furthermore HaCaT cells produce abnormal cornfield envelope proteins, such
as involucrin, loricrin and filaggrin. These cells are also derived from cancerous

tissues and thus may behave differently to normal skin cells and thus alternative

288


https://en.wikipedia.org/wiki/Chromosome

models utilising non-cancerous cells are needed. Development of a 3D skin
model using hTERT immortalized keratinocytes, poses a number of advantages
for an in vitro skin model. Such as the continuous supply of easily amplified
cells which are not derived from cancerous cells, no donor variation, and no
logistical (transport from the clinic to laboratory) and ethical issues from using
primary human cells or animal cells (Smits et al. 2017; Jung et al. 2016;
Raijnder et al. 2015).

hTERT cells have the potential to be an important tool to study skin physiology
with multiple applications, and may contribute to the replacement, and reduction
of animal models in the future. Preliminary investigations towards the end of this
thesis investigated the feasibility of a 3D skin model using hTERT immortalized
keratinocytes in place of HaCaT cells as described in Chapter 3 section (3.2.2).
Histological analysis established that hTERT immortalized keratinocytes
showed clear proliferation of multilayers of keratinocytes and pink viable nuclei
(Figure 7.1). These data indicate that hTERT immortalized models could be
utilised to mimic more closely in vivo skin, however phenotypic investigation is

required to determine whether appropriate differentiation was induced.

H&E

Masson's Trichrome

‘.
P T o

Figure 7.1: 3D skin models with different hnTERT immortalized keratinocytes (6x10°) cells and
fibroblast (2x105) cells, Stained with Masson Trichrome & H & E.
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Reijnders et al., (2015) and Smits, et al., (2017) have also described 3D skin
models utilising hTERT-immortalised keratinocytes. The human hTERT-HSEs
showed good epidermis on the fibroblast-collagen matrix consisting of fully
differentiating multi-epidermal layers. The immortalised keratinocytes could be
exploited to develop in vitro tissue skin models which could be utilised to
investigate novel therapies for burned skin infections.

However, these models lack the dermal layers because the scaffold inside it is
made of collagen matrix and are thus difficult to investigate full thickness injury
and infection. Thus the application of hTERT keratinocytes and potentially
fibroblasts to the 3D skin model developed in this thesis could provide an ideal
easily accessible skin model for use in investigating new anti-infective

therapies.

7.2.3- Effect of ultrasound on 3D skin model

This thesis demonstrated within planktonic culture ultrasound was able to
reduce bacterial load with limited toxicity to mammalian cells in monolayer
culture. Thus the application of ultrasound on full thickness 3D skin model at
particular frequency and intensity would be important to investigate. In particular
it is necessary to test the viability cells in the epidermal layer. Following
ultrasound treatment of uninfected skin (using a range of frequencies and
times), cell viability of the TE skin model could be determined using the Alamar
Blue assay and histological assessment. To determine the effect of ultrasound
on bacterially infected skin, a model of infection could be developed using the
tissue engineered skin model reported in this thesis. The skin could be infected

with S. aureus or P. aeruginosa for 12h, 24h and 48h and both skin morphology
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and viability determined. To effect of ultrasound treatment on biofilms within the
wound could then be investigated using both single and multiple treatments.
Finally, the effects of ultrasound treatment on TE skin infected with a mix of
bacterial species should be investigated to mimic the biofilm infection of wounds
in vivo more closely.

7.2.4- Combinatorial approaches to biofilm eradication

The results obtained in this thesis demonstrated the effect of the ultrasound with
sub MIC biocides on planktonic bacteria demonstrated a promising approach to
biofilm eradication, where combination therapies could decrease the
concentration of biocides required. However to determine if this is a viable
option these treatments should be investigated on biofilm models, in particular
infected and uninfected wounds within 3D skin models using sub MIC biocides
prior to treatment or in combination with ultrasound need to be investigated.
Pre-treated infected/uninfected skin not exposed to ultrasound would be utilised
as a control. The effects following infection with mixed biofilms would also be

explored to more closely mimic the biofilms formed on infected wounds.

7.3- Conclusion

The pathogenic polybacterial biofilm models could help in identifying new
treatments for skin infections. The hTERT immortalized keratinocytes and Euro-
skin as 3D skin models together with TGFa revealed that epidermal layer was
thick, which holds promise for the in vitro 3D skin model. Furthermore, it would
be interesting to investigate low frequency ultrasound effect either alone or in

combination with biocidal agents on 3D skin burned infection.
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Figure 9.1: Antibody bodies negative and postive control for all the
immunohistochemistry  skin section. Caspase 3, collagen 1V,
Panacytokeratine, Scale Bar = 200um.
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CK14 antibody
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Figure 9.2: Antibody bodies negative and postive control for all the
immunohistochemistry skin section, CK14, CK10 and S100A4. Scale Bar
= 200um.
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