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[) Abstract

Wound infections are a very common healthcare problem and can lead to
significant mortality and morbidity. In the UK there are four classes of
antimicrobial dressings, honey, silver, iodine and biguanides, available to treat
infected wounds. The evidence to support the efficacy of these materials is
often scarce, as they are classed as medical devices and as such are not
required to undertake the rigorous clinical evaluations expected for medicinal
products. This research was designed to investigate the antimicrobial properties
of wound dressings and to determine if bacterial wound pathogens are more
susceptible to a particular class of antimicrobial wound dressing. The primary
aim of the research was to develop a novel wound dressing which could deliver

a controlled release of an antimicrobial agent over a sustained period of time.

The in vitro antimicrobial activity of 20 antimicrobial dressings were tested
against Staphylococcus aureus, Escherichia coli and Pseudomonas
aeruginosa, bacteria commonly found in chronic wounds. Whilst most of the
dressings demonstrated a degree of antimicrobial efficacy against all of the
bacteria, their duration of antimicrobial action was limited. Only the silver
dressings were shown to be effective for more than 48 hours.

A new material was created by the addition of clay platelets to a composite
containing polyvinyl alcohol [PVOH] and polyvinylpyrrolidine [PVP] containing
6wt% iodine. The material was effective against the test bacteria for at least 72
hours and was also able to eradicate in- vitro biofiims containing S. aureus and
E. coli. The novel material formed a self-stratifying film and both sides of the
material demonstrated different release characteristics. One side of the
material was still effective against S. aureus after eight days continuous use.
The new material has been shown to be significantly different to any of the
commercial dressings tested. The unique two side release profile, absorbent
wicking properties and the colour change indicator make this material different
to any of the dressings currently available in the UK and provides a novel

material for the treatment of infected wounds.
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Chapter 1: Introduction

1.1. Wounds, Wound infection and Wound Management

Wound infections are a common healthcare problem and can lead to significant
mortality and morbidity. A wound is a breach in the epidermis or dermis due to
trauma or physiological change which activates the repair process. Wounds can
occur as part of a disease process or have an accidental or intentional
aetiology. A wound will trigger a coordinated physiological response to provide
haemostasis and start the healing processes of inflammation, proliferation and

remodelling (Young and McNaught 2011).

Wounds can occur due to any damage to the skin and/or underlying tissues
caused by an accident, act of violence, surgery or an underlying pathology.
Wounds in which the skin or mucous membrane is broken are described as
‘open” and those that remain intact as “closed” (Chhabra et al. 2017). Wounds

can be broadly divided into two main categories either acute or chronic.

Acute wounds heal within a predictable time frame. Wounds that fail to heal
within six weeks of the initial injury are described as chronic and often have

prolonged pathological inflammation (Zhao et al. 2016).

Chronic wounds usually occur because of an underlying pathophysiological
abnormality. The most common chronic wounds include venous leg ulcers,
diabetic foot ulcers and pressure ulcers which account for over 70% of chronic
wounds in the UK (Hardwicke et al. 2008).

1.1.1. Pressure ulcers (PU)

Pressure ulcers affect patients who have reduced mobility, such as those
confined to wheelchairs or hospital beds and can develop in a matter of hours in
vulnerable patients. Pressure ulcers usually occur on bony prominences, in
areas such as the buttocks, elbows and heels where the weight of the body
produces external pressure and at a critical pressure above 33 mmHg arterial
occlusion results in local tissue hypoxia, cell dysfunction and death (Agrawal
and Chauhan 2012). Pressure ulcers are notoriously hard to manage and dress
due to their locations and the depth of the wound cavities. The large areas of

dead, necrotic tissue are a nutrient rich environment for microbial growth and
1



because of the reduced blood supply to the area the body’s host defences are

reduced making the patient very susceptible to clinical infection.

Ulcers affecting the lower limbs can have very different aetiologies and a

differential diagnosis is crucial to ensure appropriate treatment.
1.1.2. Venous Leg Ulcers (VLU)

The most common type of leg ulcers are venous which account for 60-80% of
cases (Singer 2017). The estimated prevalence in the UK is between 0.1-0.3%
and this increases with age rising to 20 per 1000 in people over 80 years of age
(SIGN 2010). The lifetime risk of developing a VLU is 1% (Lim 2018).

Venous ulcers occur in patients with venous valve incompetence, deep vein
thrombosis (DVT) or calf muscle insufficiency which leads to venous stasis and
sustained venous hypertension (Lim 2018; Wounds UK 2019). Venous
ulceration develops due to a complex cascade of cellular and humeral events
intiated by venous hypertension ( O’Donnell and Passman 2014). This results in
an increase in capillary permeability which leads to extravasation of fibrinogen
from capillaries. Within the tissues soluble fibrinogen is converted into insoluble
fiorin which forms a cuff around the blood vessels blocking the diffusion of
nutrients. This has the effect of reducing the oxygen supply to the affected area
leading to tissue ischaemia and ultimately tissue necrosis (Vasudevan 2014;
Burnand et al. 1982). Venous hypertension has also been shown to activate
white blood cells (Thomas, Nash and Dormandy 1988). The white blood cells
adhere to the venous endothelium and migrate into and through the vein wall
(Comerota and Lurie 2015). Coleridge and colleagues in 1988 suggested that
white cell trapping occludes the capillaries and also leads to ischaemia of the

skin.

Venous leg ulcers classically affect the skin around the medial malleolus at the
ankle and then spread up the lower leg (Fonder et al. 2008; NICE 2019).

Compression therapy is the first-line treatment for venous leg ulcers.

It increases venous and lymphatic return, which improves microcirculation thus
reducing inflammation and oedema (Alavi et al. 2016; Franks et al. 2016).
Between 30 — 75% of venous leg ulcers will heal after six months of

compression therapy (Lim et al. 2018). Before starting compression therapy, the
2
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ankle brachial pressure index (ABPI) should be measured to exclude arterial
insufficiency. The ABPI measures the ratio of systolic blood pressure at the
ankle to the arm with a normal value being 1. NICE (Oct 2020) advises that
compression may be safely applied to most patients with an ABPI above 0.8 but
should generally be avoided in patients with an ABPI between 0.5 and 0.8 and

is contraindicated in patients with an ABPI less than 0.5.
1.1.3. Arterial Ulcers (AU)

Whilst most leg ulcers are due to venous disease a significant number, around
22% of patients have arterial insufficiency (Broderick, Pagnamenta and Forster
2020). Arterial ulcers manifest as a consequence of arterial insufficiency often
caused by atherosclerosis, or less commonly thromboemboli or radiation
damage (Bonham 2003). They occur in patients with conditions such as
peripheral vascular disease or diabetes mellitus where the arteries are
narrowed by atherosclerosis or occlusion. The ulcers develop when narrowing
of the arterial lumen reduces perfusion to the affected areas leading to
ischaemia and tissue hypoxia and ultimately cell death (Zhao et al. 2016).
Arterial ulcers normally occur distally on bony prominances and treatment often
requires restoration of the peripheral flow with angioplasty or reconstructive
surgery (Grey, Harding and Enoch 2006). Compression therapy for arterial
ulcers would be detrimental as it would further worsen the blood supply and can

cause necrosis or even lead to amputation (Forster and Pagnamenta 2015).
1.1.4. Diabetic Foot Ulcers (DFU)

The number of people developing diabetes mellitus has increased dramatically
over the last thirty years with an estimated 422 million adults worldwide living
with the disease in 2014 (WHO 2016). Amongst these patients the incidence of
diabetic foot ulcers has been reported to be between 4% and 10% (WUWHS
2016) with each diabetic patient having a one in four risk of developing a DFU
during their lifetime (Armstrong et al. 2017).

DFU are complex chronic wounds which are associated with diabetic changes
such as neuropathy and vascular disease (Wounds International 2013) and they

have a major impact on the morbidity, mortality and quality of the patient’s life.



There are three common classifications of DFU according to their aetiology
(incidence in brackets); neuropathic (35%), ischaemic (15%) and
neuroischaemic (50%) (Wounds International, Best Practice Guidelines 2013).
DFUs are prone to infection which often leads to hospitalisation (Skrepnek et al.
2017) and not uncommonly amputation of the affected limb (WUWHS, 2016).
Wu et al. (2007) estimated that around 50% of DFU develop an infection and of

these 20% will lead to amputation.

One of the challenges in the management of DFUs is that due to arterial
insufficiency and loss of sensation many diabetic patients do not demonstrate
the classic signs of wound infection such as redness, heat, pain and swelling.
In 2004 Edmonds et al. recommended that patients with DFU should be
assessed for further signs of infection such exudate, malodour, wound
undermining and friable granulation tissue. More recently a WIfl (Wound,
Ischaemia, foot, infection) guide has been validated and adopted by the Society
for Vascular Surgery (Mills et al. 2014) for use in both diabetic and non —
diabetic patients to help identify the major factors that impact on the risk of

amputation; tissue loss, ischaemia and infection.
1.2. Prevalence and Economic Burden of Wounds

Due to the diverse nature of wounds and the fact that patients are managed in a
variety of different health care settings it is often difficult to determine the exact

incidence of different types of wound within a large healthcare community.

A retrospective cohort analysis of records of patients in the UK was undertaken
in 2015 by Guest at al. using The Health Improvement Network (THIN) data
base to estimate the prevalence of wounds managed by the National Health
Service (NHS) in 2012/2013. In the one-year study period it was estimated that
the NHS had treated 2.2 million adult patients with a wound, which equated to
about 4.5 % of the adult population of the UK at that time. The annual cost of
managing the wounds and their associated co-morbidities was calculated to be
£5.3 billion. Wound care products accounted for about 14% of the total cost
(Table 1.1) (Guest et al. 2015; Guest et al. 2017). The figures in Table 1.1.
illustrate that chronic wounds; leg ulcers (34%), pressure ulcers (7%) diabetic

foot ulcers (8%) and open wounds (11%) accounted for 60% of the wounds
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treated at a total cost of £3,432.9 million (65% of total expenditure) (Adapted
from Guest et al. 2015 and Guest et al. 2017).

Table 1.1: Annual cost (£ million) of NHS resource to managing 2.2 million

wounds and the associated comorbidities stratified by wound type.

Wound Type Annual Number of | Total Cost | Wound Care
wounds Products
Abscess 160,000 (7%) £289.51 £42.18 (14.6%)
Burn 87,000 (4%) £89.56 £9.63 (10.8%)
Diabetic foot Ulcer 169,000 (8%) £554.14 £60.72 (10.96%)
Leg Ulcer (arterial) 9,000 (<1%) £46.45 £7.19 (15.5%)
Leg Ulcer (mixed) 24,000 (1%) £113.69 £25.63 (22.54%)
Leg Ulcer (unspecified) | 420,000 (19%) £836.62 £144.60 (17.28%)
Leg Ulcer (venous) 278,000 (13%) £941.13 £168.08 (17.86%)
Open wound 240,000 (11%) £409.73 £122.24 (29.83%)
Pressure Ulcer 153,000 (7%) £531.14 £52.45 (9.87%)
Surgical wound 253,000 (11%) £982.90 £55.26 (5.6%)
Trauma 158,000(7%) £159.25 £10.02 (6.40%)
Unspecified 271,000(12%) £363.62 £44.41 (12.21%)
Total 2,222,000 (100%) | £5317.72 £742.70 (13.97%)

A survey undertaken in primary care in the UK in 2013 (Dowsett et al. 2014)
found that out of the 1174 wounds being treated 36.1% were lower limb wounds
which included leg ulcers and diabetic foot ulcers in primary care. The same
study determined that the incidence of pressure ulcers was 18.1% which was
the same as the incidence reported by Ousey at al. (2013) in their survey of
wound care in English trusts.

The prevalence of chronic wounds is predicted to rise because of the aging
population and increased incidence of Type 2 diabetes. In February 2019
Diabetes.org.uk published new statistics stating that the number of people with
diabetes in the UK had reached 4.7 million and that this number was expected
to rise to 5.5 million by 2030 (Diabetes.org. 2019).

Also, the UK population is predicted to increase from 66.4 million, the estimated
figure in 2018, to more than 70.1 million by 2029 (Office of National Statistics
2019). The number of people in the UK aged 65 and over increased in the 20-
year period from 1998 when around one in six people were 65 years and over
(15.9%), to one in every five people in 2018 (18.3%). This number is projected




to reach around one in every four people (24.2%) by 2038 (Office of National
Statistics 2019).

As more people live longer there is likely to be a significant increase in the
number of patients with chronic wounds and a corresponding rise in the cost of
care (Posnett and Franks 2008).

In 2017 Guest et al. predicted that the annual incidence of acute, chronic and
unspecified wounds was increasing at rates of 9%, 12% and 13% respectively,
which suggests that future demands for wound care services will continue to
rise and create a huge financial burden on increasingly scarce health care
resources. Wounds are an international problem and access to treatment may
be problematic, particularly in developing countries, where the supply of

affordable dressings may be limited.

1.3. Wound Healing

Any trauma to the skin that penetrates the dermis will result in bleeding. This
triggers the complex wound healing process which consists of four dynamic and
overlapping  phases: haemostasis, inflammation,  proliferation  and

remodelling/maturation (Lindley, Stojadanovic and Pastar 2016).
1.3.1. Haemostasis (Day 1 following trauma)

Damaged blood vessels immediately constrict to reduce blood loss. The
exposed sub endothelium, collagen and tissue factor activates platelet
aggregation which results in degranulation and the formation of a fibrin-platelet
clot to seal the damaged blood vessel (Gauglitz et al. 2011). Platelets have a
key role in haemostasis and coagulation, are involved in assisting innate
immunity and provide anti-infection activity by secreting a variety of biological
response modifiers (BRMS) (Garraud, Hozzein and Badr 2017). They also
support inflammation (Jenne and Kubes 2015) and the wound healing
processes by secreting growth factors which stimulate the production of blood
cells in bone marrow and chemokines which attract innate immune cells
(Rossaint and Zarbock 2015) and cytokines involved in wound repair (Garraud,
Hamzeh-Cognasse and Cognasse 2012).
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1.3.2. Inflammation (Day 1-20)

About 10 minutes after the initial vasoconstriction, histamine released from mast
cells causes vasodilation and creates pores in blood vessels leading to leakage

of proteins and white blood cells into the damaged tissue (Noli and Miolo 2001).

White blood cells and platelets produce a variety of inflammatory cytokines such
as interleukins (IL), tumour necrosis factor (THF)-a, platelet-derived growth
factor (PDGF) and transforming growth factor (TGF)-B which attract other cells
to the wounded area (Zhao et al. 2016). PDGF initiates the chemotaxis of
neutrophils, monocytes, smooth muscle cells and fibroblasts (Diegelmann and
Evans 2004).

The first white cells to reach the wound by emigration through the vessel walls
are the Polymorphonuclear neutrophils (PMNs) (de Oliveira, Rosowski and
Huttenlocher 2016). Neutrophils perform a variety of roles including the
production of free radicals via the myeloperoxidase pathway to Kill bacteria
which they then phagocytose (Goldman 2004). They break down non-viable
tissue by secreting proteolytic enzymes such as proteases and also matrix
metalloproteinase (MMP) -2 and -9 which degrades collagen (Xue and Jackson
2013).

Around three days post injury; monocytes migrate into the wound and mature
into pro-inflammatory macrophages (“M1” macrophages) which phagocytose
bacteria, remove foreign debris, damaged matrix and bacteria — filled
neutrophils (Diegelmann and Evans 2004). The collection of dead cells and fluid

on the wound surface is described as slough.

As macrophages clear apoptotic cells, they undergo a phenotypic transition to
reparative “M2” macrophages which promote anti-inflammatory effects and the
migration and proliferation of fibroblasts, keratinocytes and endothelial cells to
rebuild the dermis, epidermis and vasculature (Krzyszczyk et al. 2018). This

initiates the transition to the proliferative phase of healing.

Normally the inflammatory phase resolves after one or two weeks (Nagaraja et

al. 2014) however in the presence of external noxious stimulus causing tissue



damage, such as infection, inflammation can become prolonged and lead to a

non-healing, chronic wound (Zhao et al. 2016).
1.3.3. Proliferation (Day 3 — 40)

During normal healing in this phase fibroblasts in the wound proliferate, migrate
into the fibrin clot and produce new collagen and matrix proteins to produce
granulation tissue. As inflammation reduces, reconstruction of the dermis starts,
with endothelial cells and fibroblasts accumulating in the wound to synthesise
granulation tissue to replace the original fibrin clot (Li, Chen and Kirsner 2007).
Granulation tissue is made up of extracellular matrix (ECM) consisting of
collagen, proteoglycans, hyaluronic acid and elastin produced by fibroblasts (Su
et al. 2010). The collagen combines with the ground substance to create a

scaffold for ongoing repair (Young and McNaught 2011).

Three to five days after tissue injury new blood vessels appear in the wound
bed and form part of the granulation tissue (Tonnesen, Feng and Clark 2000).
The angiogenesis in wounds is controlled by a number of factors including
hypoxia, inflammation and the release of growth TGF-B, PDGF and FGF from
platelets (Honnegowda et al. 2015). The new capillaries are fragile and
permeable which lead to increased oedema in the area and the characteristic

red colour of healthy granulation tissue.

When the wound cavity has been filled with granulation tissue, fibroblasts in
response to cytokines such as TGF- increase expression of a-smooth muscle
actin (Darby, Skalli and Gabbiani 1990) and transform into a myofibroblast
phenotype which develop pseudopodia to enable them to connect to fibronectin
and collagen (Werner and Grose 2003). Myofibroblasts orientate linearly and
stimulate smooth muscle cells to draw in the wound margin so reducing the

wound size.

Re-epithelialisation occurs when Kkeratinocytes and epithelial stem cells
proliferate and migrate over the fibrin/ECM surface to produce a new layer of
epidermal cells to cover the wound (Reinke and Sorg 2012). When the cells
meet, they cease lateral proliferation due to contact inhibition but continue to

regenerate radially to produce a multicellular layer to resurface the wound



(Yang and Weinberg 2008). Wounds with a very large surface area may

require skin grafts to cover the defect (Braza and Fahrenkopf 2019).
1.3.4. Remodelling/Maturation (21 days — 2 years)

Maturation of the wound can take up to 2 years and is designed to strengthen
the scar by remodelling and will at best reach about 70% of the tensile strength
of unwounded skin (Stadelmann et al. 1998). During this phase fibroblasts
upregulate the expression of stronger type | collagen and the original type Il
collagen is broken down by matrix metalloproteinases (MMPs) which control the
degradation of the extracellular matrix (McCarty et al. 2012; Haukipuro et al.
1991).

This process is a tightly controlled balance between production of type |
collagen and removal of type Il collagen. Reorientation of type | collagen
creates parallel bundles of collagen along tension lines which produces a higher
tensile strength (Gurtner and Evans 2000). As the wound tissue matures,
cellular activity in the wound area diminishes and the vascular network
regresses (Gurtner et al. 2008). The cell rich granulation tissue is converted into

a collagen filled, hypo cellular, avascular scar (Desmouliere, et al. 1995).
1.3.5. Factors Affecting Healing

Numerous factors can lead to impaired wound healing such as infection,
increasing age, peripheral vascular disease, diabetes, immunocompromised
conditions and various medications including glucocorticosteroids, non-steroidal
anti-inflammatory drugs, antiplatelets, antineoplastics and vasoconstrictors such
as B - blockers (Guo and DiPietro 2010).

Non - healing wounds have deviated from the normal path and tend to be stuck
in one phase of the healing process, often the inflammatory phase (Frykberg
and Banks 2015). To facilitate progression to the next stage of healing the
underlying disease pathology needs to be managed and the conditions within

the wound environment optimised to promote healing.



1.4. Wound Infection

Skin is a fundamental component of innate immunity and defends against
infection by activation of humeral and cell-mediated immune responses
(Hannigan and Grice 2013). As part of the defence against infection, skin cells
produce antimicrobial peptides such a (3- defensin-2 and cathelicidin (Nizet et al.
(2001). Healthy skin is often colonized by microorganisms such as
Staphylococcus, Micrococcus, Corynebacterium, Propionibacterium,
Acinetobacter and Dermabacter (Percival et al. 2012). Any breach in the skin

provides an opportunity for microorganisms to enter the damaged tissue.

Wound infection has been defined as “the invasion of a wound by proliferating
microorganisms to a level that invokes a local and/or systemic response within
the host” (IWIl 2016: p6). Wound infection can occur in any type of wound and
is one of the most frequent complications of non-healing wounds. Most chronic
wounds involve extensive tissue damage, and the edges cannot be closed so
the exposed subcutaneous tissue provides a moist, warm and nutritious
environment for a wide variety of microorganisms to contaminate and colonise
(Gardner and Frantz 2008).

Wound microorganisms are thought to originate from either endogenous
sources such as skin flora, the environment; for example, entry through
traumatic injury or evolve from endogenous sources such bacteria from the
gastrointestinal or genitourinary tract (Bowler, Duerden and Armstrong 2001).
Many acute wounds can heal despite the presence of microorganisms, and it
has been suggested that healing can only occur when the bacterial load is < 10°
Colony Forming Units (CFUs) per gram of tissue (Edwards and Harding 2004).
In an open wound the presence of > 1x10> CFU of cultivable bacteria per gram
of tissue (biopsies) has been used as an indication of clinical infection (Bowler
2003) and has been associated with tissue damage due to the release of
inflammatory cytokines (Arya et al. 2014). However, many chronic wounds that
have <10> CFU per gram of tissue do not show obvious signs of clinical
infection but still fail to heal (Philips et al. 2008). Whilst the bioburden in the
wound appears to influence healing, other factors such as the patient's immune

system and other co-morbidities may also affectthe healing rate (Tuttle 2015).
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Failure to heal can also be affected by the type of microbial species present,
their associated virulence factors (Lindsey, Oates and Bourdillon 2017) and
polymicrobial diversity, where often four or more species are infecting the
wound (Trengove et al. 1996).

In clinical practice the Wound Infection Continuum (Figure 1.1) has been used
to describe the stages in the development of a wound infection and the impact
the microorganisms have on the healing process (Schultz et al. 2003; Edwards
and Harding 2004). The descriptions in the continuum were updated in 2016 to
include all microorganisms, not just bacteria and to illustrate that microbial
virulence as well as the number of microorganisms contributes to the

development of wound infection (IWIl 2016).

Fig 1. The wound infection continuum

Increasing microbial
virulence and/or numbers

Contamination = Colonisation Local infection i s ’ Systemic
¥l infection

(_
No antimicrobials indicated Topical Systemic and topical
antimicrobial antimicrobial

Figure 1.1: Wound Infection Continuum (International Wound Infection Institute,

2016) (Reproduced with permission from Omniamed.com)
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1.4.1. Contamination

From the time of wounding all open wounds are contaminated by
microorganisms but not all wounds are clinically infected (Bowler 2003).
Contaminated wounds contain non-proliferating microorganisms which do not
evoke a host reaction (Collier 2004). In most cases contaminated wounds do

not require antimicrobial treatment.
1.4.2. Colonisation

In a colonised wound the growth and death of microorganisms in the wound is
balanced and controlled by the host's immune system (Heinzelmann et al.
2002). The presence of colonising bacteria in a chronic wound is usually of no
clinical significance as this level of bioburden does not interfere with wound

healing or damage wound tissue (Leaper, Assadian and Edmiston 2015).

Colonised wounds do not usually require treatment with topical antimicrobials
unless there are concerns about the patient's immune response or overall
medical condition. In some circumstances topical antimicrobials may be used
prophylactically, for example wounds with a history of recurrent infections,
including some diabetic foot ulcers and wounds on lymphoedematous limbs
(Gray et al. 2010).

1.4.3. Local Infection

Wound infection occurs when pathogenic microorganisms evade the host’s
immunological defences and enter the host tissues and multiply causing a host
reaction (Collins et al. 2002). Local infection is contained in one location,
system or structure. Initially there may be subtle signs of infection such as hyper
granulation which is friable and has a tendency to bleed. Epithelial bridging and
pocketing in the granulation tissue may occur and the wound may enlarge or
break down. Other covert signs of infection include delayed healing, pain and
malodour. As the host response to the microbial infection increases then the
overt, classic, signs of infection develop. These include new or increasing pain
and swelling, spreading erythema, production of purulent exudates, increasing
malodour and delayed wound healing (Gardner and Frantz 2008; Gardner,
Frantz and Doebbeling 2001).
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In locally infected wounds where there are no signs of the infection spreading,
topical antimicrobials are recommended (EWMA 2006; IWII 2016). The aim of
treatment is to remove infection from surrounding tissue and reduce the wound
bioburden (Gray et al. 2010). Some clinicians recommend a more aggressive
approach to treatment involving the use of topical antimicrobials with additional
oral antibiotics (Kingsley 2005).

1.4.4. Spreading Infection

Spreading infection occurs when infective organisms spread from the wound
and invade surrounding tissue (WUWHS 2008).

The spread of infection can involve deep tissue, muscle, fascia, organs and
body cavities. Elbright (2005) suggested that infection in wounds can also
present as cellulitis, abscesses, and may develop into necrotising fasciitis,
osteomyelitis, sepsis and bacteraemia. The signs of spreading infection in the
wound include extending induration and erythema, often with wound breakdown
and dehiscence with or without satellite lesions (IWIl 2016). The patient may
develop crepitus, malaise, loss of appetite, inflammation of the lymph glands

and lymphanagitis.

Wounds exhibiting signs of spreading infection require aggressive treatment.
This usually involves administering large doses of broad-spectrum antibiotics
and the application of topical antimicrobial dressings (EWMA 2006; IWII 2016).
Many chronic wounds develop because of an underlying physiological problem
associated with poor arterial circulation. This means that when administering
systemic antibiotics large doses are often required to ensure that an effective
concentration of the antibiotic reaches the poorly perfused wound tissue. This
often necessitates the use of intravenous injections / infusions rather than the
oral administration of antibiotics (NICE 2019 Draft Guidance NG152). The
effects of wound infection can range from delaying healing, causing disability
and hospital admission to serious life-threatening septicaemia, sometimes

leading to death.
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1.4.5. Systemic Infection

Systemic infection occurs when microorganisms from the wound spread
throughout the body via the vascular or lymphatic systems (Leaper et al. 2012;
IWII 2016). This leads to a systemic inflammatory response, sepsis, septic
shock, organ failure and sometimes death. Patients require aggressive therapy
with intravenous antibiotics and in extreme cases life support.

1.5. Wound Infection and Biofilms
1.5.1. Biofilms

Microorganisms in wounds can exist in different phenotypic forms; either in a

fast growing, free living, planktonic state or as attached sessile state in which

the microorganisms attach to each other to create aggregated communities of
slower growing cells, which can develop into a biofilm (Percival, McCarty and

Lipsky 2012).

Biofilms have classically been defined as a community of bacteria attached to a
surface, which are encapsulated in a self-produced extracellular matrix (ECM)
composed of polysaccharides, proteins and glycoproteins referred to as
extracellular polymeric substance (EPS) (Bjarnsholt et al. 2017). Within the
biofilm the microorganisms create an environment conducive for their protection
and are tolerant to antimicrobial agents (antibiotics and antimicrobials) (Grant
and Hung 2013). One of the first reports which identified an increase in the
presence of bacterial biofilm structures in chronic wounds compared to acute
wounds was published in 2008 by James et al. Using light and scanning
electron microscopy to examine wound biopsies from 66 patients they found
biofilms in 60% of the 50 chronic wounds, compared with 6% (1 in 16) of the
acute wounds. Since then, attention has focused on the ability of bacteria in
chronic wounds to form and exist in biofiims and the impact this has on the

wound healing process (Hill et al. 2010).

More recently, in 2017, Malone et al. undertook a systematic review and meta-
analysis of published data to try to ascertain the prevalence of biofilms in

chronic wounds. They identified only nine studies, involving 185 chronic
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wounds, which met their eligibility criteria. The chronic/ non - healing wounds
included in the review had been diagnosed as DFUs, VLUs, PU or non - healing
surgical wounds (NHSWs) and had a biofilm confirmed by visualisation of
aggregated bacteria within the wound bed. They found that the prevalence of
biofilms in the chronic wounds assessed was 78.2% [Confidence interval 61.6-
89, p<0.002]. Three out of the nine studies identified positive biofilm samples in
no less than 60% of the samples while the six other studies observed 100%
biofilm prevalence. These results suggest that biofilms are highly prevalent in

human chronic non healing wounds (Malone et al. 2017).

In mature wounds the biofilms are usually polymicrobial consisting of several
different species that cooperate synergistically to cause infection (Wolcott et al.
2013).

1.5.2. Biofilm Formation

Biofilms develop when planktonic bacteria explore the wound surface in a
process described as twitching (Singh at al. 2002). They attach to the wound
surface or co-aggregate with other microorganisms at surface interfaces
through weak interactions via bacterial components (e.g. fimbriae, pili and
flagella) and adhesion molecules (Nouraldin et al. 2016). In vitro studies have
shown that planktonic bacteria, for example Staphylococci, Streptococci,
Pseudomonas and Escherichia coli, can attach (become sessile) within minutes
(Bester et al. 2010). Following successful attachment, complex signalling
events alter the bacteria’s genetic expression from the planktonic to biofilm
phenotype via quorum sensing and sRNA based systems (Wu, Cheng and
Cheng 2019).

This initial attachment is reversible and susceptible to antimicrobial treatment
(Nouraldin et al. 2016). However, if the patient is immunocompromised, has
poor nutrition or an underlying pathology such as diabetes then the inability of
the host immune system to effectively control microbial growth may lead to
biofilm development (Philips et al. 2010). The first microorganisms to attach to a
surface have been described as pioneers and they initiate biofilm development

by secreting EPS (Percival, McCarty, and Lipsky 2015).
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The composition of the EPS differs between species but usually contains
polysaccharides, alginate, extracellular DNA, proteins, glycoproteins, metal
ions, and lipids (Bjarnsholt et al. 2008). The EPS surrounds the colony and acts
as a protective barrier against the host immune response (Cutting and McGuire
2015). It also helps to promote microbial aggregation and may provide a source
of nutrients for growth and proliferation. The microorganisms on the wound
surface divide and develop into clusters or microcolonies. This leads to
enhanced production of EPS which helps to embed the aggregating
microorganisms deep within the biofilm (Percival, McCarty and Lipsky 2015).

Within the first hours of attachment up to one third of the microorganism’s
genome, around 800 dormant genes are expressed (Sauer et al. 2002). These
new genes can enable the microorganism to develop tolerance to antibiotics
(Stewart and Costerton 2001) and evade host adaptive and innate immunity
(Vuong et al. 2004).

Other microorganisms are attracted and join the colony causing the formation of
micro-colonies. The microcolonies are connected by water filled channels which
allow nutrients in and enable removal of metabolic waste products (Davies
2003). Microorganisms within the biofilm communicate via a process known as
guorum sensing (QS) which enables them to further develop the biofilms
architecture. QS also facilitates the microorganism’s ability to co-ordinate their
growth rates, enzyme production, toxin production, antimicrobial resistance and
bacterial virulence. QS is a density dependent form of cell-cell communication in
which bacteria synthesize and react to signalling molecules (Zhao et al. 2012).
Genes in Gram-negative bacteria cause the production of extracellular
acylhomoserine lactone (acyl-HLSs) which diffuse through the wound to signal
to other bacterial cells. The acyl-HLSs accumulate in proportion to the number
of cells and give an indication of the density of the population (Waters and
Bassler 2005). Gram-positive bacteria use peptide derivatives such as
autoinducing peptides of around 5-17 amino acids as signalling molecules as an
alternative to acyl-HLSs. Furanosyl diester, a signalling molecule known as
autoinducer -2, is expressed and recognised by both Gram-positive and Gram-
negative bacteria (Zhao 2012).
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The biofilm grows and at a critical level the sensing signals activate genes that
differentiate the biofilm into loosely packed pillar and mushroom shaped
colonies with the bacteria embedded within the thick polymeric walls. The
mature biofilm consists of about 10-20% cells and 80-90% matrix material
(Flemming and Wingender 2010). By this stage the host defences are unable to
eradicate the biofilm. To enable the biofiim to colonise new areas microbial
cells break away from the mature biofilm by shedding, detachment or shearing
and reseed on the wound surface and form new biofilms (Uppuluri and Lopez-

Ribot 2016). Figure 1.2 shows the phases of the biofiim life cycle.

6. Further S
colonisation L
(cycle repeats)

1. Bacteria 2. Bacteria 3. Biofilm 4. Maturation of 5. Part of the
explore the aggregate and  formation the Biofilm Biofilm disperses
wound attach to the

surface wound surface

(reversible ( permanent

attachment) attachment)

Figure 1.2: The Biofilm Life Cycle (Adapted fromMonroe D (2007) Looking for
Chinks in the Armor of Bacterial Biofilms. PLoS Biol 5(11): e307.
https://doi.org/10.1371/journal.pbio.0050307).

1.5.3. Biofilm defences against host immunity and antimicrobials

The biofilm phase of growth offers numerous advantages over the planktonic
growth state. Bacteria living in biofiims appear to be protected from
environmental stresses, including attack from the host immune response. Within
the biofilm community the close proximity of cells enables horizontal gene

transfer and sharing of metabolic by-products (De Kievit 2009).
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1.5.3.1. Biofilm defence against host immunity

There are a number of ways in which the biofilm mode of growth provides
defence mechanisms against the host's immune system. The EPS matrix
provides physical protection to the bacteria within the biofilm (Wu, Cheng and
Cheng 2019). The matrix can interfere with phagocytic activity of the host
inflammatory cells and inhibit the stimulation of the complement system (Seth et
al. 2012). Early studies involving Pseudomonas aeruginosa demonstrated that
the polymeric barrier is effective against reactive species such as hypochlorite
and hydrogen peroxide which are produced by phagocytic cells (Simpson,
Smith and Dean 1989). The alginate in the EPS of Pseudomonas aeruginosa
has been shown to protect the bacteria against interferon g-mediated

macrophage Kkilling (Leidet al. 2005).

Biofilms of P. aeruginosa can respond to the presence of PMNs by upregulating
the synthesis of a number of quorum sensing-controlled virulence determinants,
including rhamnoilipids which surround the biofilm and on contact eliminate
incoming PMNs (Jenson et al. 2007; Alhede et al. 2009) They also produce
catalase that is able to break down hydrogen peroxide, a major reactive oxygen
species (ROS) produced by PMNs, to oxygen and water so reducing the
antimicrobial activity of the PMNs (Bjarnsholt et al. 2008).

P. aeruginosa also secretes other proteases, such as elastase, which inactivate

parts of the complement system (Schultz and Miller 1974).
1.5.3.2. Biofilm defence against antimicrobials

The biofilm not only offers protection against natural antibodies, phagocytic
inflammatory cells but can also develop tolerance to disinfectants, antiseptics
and antibacterial substances (Koo et al. 2017). The dense negatively charged
exopolymeric matrix wall of the biofilm provides a physical barrier limiting the
diffusion of antimicrobial molecules (Rafii and Hart 2015). Diffusion of positively
charged antimicrobials may be prevented by molecular binding or chemical

interaction with the biofilm matrix (Lewis 2001). As mentioned, Pseudomonas
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aeruginosa produces catalase which may be responsible for increased

resistance to disinfectants containing hydrogen peroxide (Stewart et al. 2000).

Within the biofilm there are differences in the concentrations of nutrients and
chemicals due to metabolic activity and protein synthesis which leads to
population diversity within the biofilm with some cells having slow or no growth
and others in the stationary phase (Werner et al. 2004). Bacteria in the biofilm
demonstrating a decreased growth rate exist in a sessile state that is less
susceptible to antibiotics which are typically designed to target rapidly dividing
planktonic bacteria and their metabolic processes (Fleck 2006). In particular, in
niches of the biofilm, local limitations of nutrients and oxygen may facilitate the

growth of anaerobes (Nikolaev and Plakunov 2007).

There is also thought to be a subset of cells in biofilms, known as persister
cells, which have reduced cellular activity which are dormant and are therefore
tolerant to antimicrobial agents (Keren et al. 2004; Lewis 2007). Persister cells
form between 0.1-10% of the biofilm population and are thought to be created
by a non-hereditable phenotype switch rather than the result of antimicrobial
pressure (Helaine and Kugelberg 2014). When antibiotic treatment is stopped
the persister cells become metabolically active and start reforming the biofilm
(Lewis 2012). Antibiotic resistance is enhanced within the biofilm community
due to the close proximity of cells which enables horizontal gene transfer of
resistant plasmids (Rahim et al. 2017). Bacteria in biofilms have been reported
to be up to 500 times more resistant to antibiotics than their planktonic
counterparts (Donlan and Costerton 2002). Studies which have determined the
minimum biofilm eradication concentration (MBEC) of antibiotics found that
standard oral doses of antibiotics which effectively Kill planktonic bacteria, have

little or no antimicrobial effect on biofilm bacteria in vivo (Phillips et al. 2008).
1.5.4. Biofilms and Non - healing Wounds

Open wounds are an ideal environment for the development of biofilms because
collagen and extracellular matrix proteins such as fibronectin and fibrinogen are
exposed in the damaged tissues so enabling attachment of bacteria. The moist
wound surface with its adhesive, proteinaceous substrate and ready supply of

nutrients facilitates biofilm development (Wolcott, Rhoads and Dowd 2008).
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Many acute wounds can heal in the presence of bacterial colonisation
(Bjarnsholt et al. 2017). However, development of a bacterial biofilm in an acute
wound appears to stimulate chronic inflammation. This leads to an influx of
inflammatory cells (neutrophils, macrophages and mast cells) which secrete
proteases and release reactive oxygen species (ROS). The two major families
of proteases found to be elevated in non-healing wounds are matrix
metalloproteases (MMPs) and neutrophil elastase (NE) (Beidler et al. 2008; Liu
et al. 2009; Rayment, Upton and Shooter 2008). Increased levels of proteases
cause a number of adverse effects in the wound such as destroying
extracellular matrix (ECM) proteins (Wysocki and Grinnell 1990; Herrick et al.
1992) and growth factors including platelet - derived growth factor (PDGF)
(Pierce et al. 1995).

In normal wound healing tissue levels of inhibitor of metalloproteinases (TIMPS)
increase to downregulate levels of proinflammatory cytokines that stimulate
MMP production (Gill and Parks 2008). In non-healing wounds the levels of
MMPs have been shown to increase but their associated TIMPs are reduced
leading to prolonged activity of the MMPs (Trengove et al. 1999). Also found to
be elevated in chronic wound fluid and biopsies are the levels of
proinflammatory cytokines such as tumour necrosis factor alpha (TNF-a) and
interleukin-1-alpha (IL1-a) (Trengrove et al. 2000). Cytokines attract more
inflammatory cells to the wound which secrete more MMPs and NE and release
ROS which destroy proteins essential for healing which lead to the development

of a chronic wound (Figure 1.3.).
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Figure 1.3: Hypothesis of chronic wound pathophysiology and biofilms (Mast
and Schultz 1996) (Reproduced with permission from John Wiley & Sons).

Another factor thought to contribute to the delay in wound healing is the
production of proteases by the bacteria contaminating the wound. A number of
common wound pathogens including, Stapylococcus spp., Streptococcus spp.,
Enterococcus spp. and P. aeruginosa are known to produce proteases
(Lindsay, Oates and Bourdillan 2017). Bacterial proteases can degrade tissue
proteins and growth factors, impede the immune response and contribute to
tissue degradation (Travis et al. 1995). Secreted bacterial proteases are also
thought to play a role in enabling pathogens to disseminate into deeper layers
of the skin possibly leading to the spread of infection (Koziel and Potempa
(2013).

Chronic wound pathogenic biofilms are resistant and highly adaptable systems

and it would appear that the ability of the host to control these multispecies
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entities may decrease in accordance with the diversity of the wound’s bacterial
community (Boles et al. 2004). These pathogenic biofilms constitute a major
concern in wound care because of their enhanced microbial activity and the
diminished effectiveness of antimicrobial agents in their presence. It is therefore
important that wound dressings containing antimicrobial agents are able to

disrupt biofilms as well as killing planktonic bacteria (Percival et al. 2008).

1.6. Wound Pathogens

The incidence of wound infection varies depending on the site of the wound and
the contaminating organism. Other factors such as the health of the patient, the
effectiveness of their immune response and the virulence of the microorganism
will determine if a clinical infection becomes established. The imbalance
between pathological local factors and the integrity of host immune defences
found in chronic wounds promotes colonization with both Gram-positive and
Gram-negative bacteria (Serra et al. 2016; Kim et al. 2014). The bacteria

commonly involved in wound infection are listed in Table 1.2.
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Table 1.2: Common Bacterial Wound Pathogens

(Adapted from Edwards — Jones 2016)

Gram — positive Bacteria Gram — negative Bacteria
S. aureus Escherichia coli
Methicillin — Resistant S. aureus (MRSA) Pseudomonas aeruginosa
Coagulase-negative staphylococci Klebsiella aerogenes
Streptococcus pyogenes
Other streptococci (Groups B, C, D, F & G)
Enterococcus spp. including

vancomycin-resistant (VRE) strains

Anaerobic Gram — positive Bacteria Anaerobic Gram — negative Bacteria
Clostridium perfringens Bacteroides spp.
Peptostreptococcus spp. Prevotella spp.

A study published in 2015 investigated the bacterial profiles of 217 chronic
infected wounds of differing aetiologies including pressure ulcers, leg ulcers and
diabetic foot ulcers isolated 28 different microbial species with polymicrobial
infection identified in 59 (27.1%) of the samples. S. aureus (37%) was the most
common pathogen identified followed by P. aeruginosa (17%), Proteus mirabilis
(10%), Escherichia coli (6%) and Corynebacterium spp. (5%) (Bessa et al.
2015). It would appear that the infecting pathogens vary depending on the type

of wound and the anatomical position.
1.6.1. Infections in Pressure Ulcers

Pressure ulcers which develop on bony prominences are common in the sacral
region where they are susceptible to faecal contamination (Therattil, Pastor and
Granick 2013). Pressure ulcers have been shown to have varied flora including

S. aureus, methicillin - resistant S. aureus, P. aeruginosa, Enterobacteriaceae,
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Acinetobacter baumannii and multi - resistant Gram - negative bacilli (Braga et
al. 2013). Deep pressure ulcers are at risk of developing underlying mixed

aerobic/anaerobic osteomyelitis and bacteraemia (Landis 2008).
1.6.2. Infections in Leg Ulcers

Most leg ulcers are not clinically infected but are likely to be colonised (NICE
Leg Ulcer Infection Guidance June 2019). An early study by Gjegdsbgl et al.
(2006) designed to investigate the bacterial profile of chronic venous leg ulcers
(CVLU) identified S. aureus (in 93.5% of the ulcers), Enterococcus faecalis
(71.7%), P. aeruginosa (52.2%), coagulase-negative staphylococci (45.7%),
Proteus species (41.3%) and anaerobic bacteria (39.1%). They also found that
76% of the ulcers contained two or more, sometimes up to five different resident
bacteria of which S. aureus and P. aeruginosa where the most common. An
interesting finding in this study was that ulcers colonised with P. aeruginosa
were significantly larger (P<0.005) than those that did not contain these bacteria
which led the authors to suggest that the presence of P. aeruginosa in CVLUs
appears to enlarge the size of the ulcer which may delay healing (Gjgdsbal et
al. 2006).

A more recent study (Serra et al. 2014) designed to investigate the expression
of MMPs in infected CVLU found the three most common bacteria in the 63
patients studied were S. aureus (38.09%), Corynebacterium striatum (19.05%)
and P. aeruginosa (12.7%). They also identified higher levels of MMP-I and
MMP-8 in patients with infected ulcers compared with uninfected ulcers.
Similarly raised levels of interleukins, vascular endothelial growth factor and
tumour necrosis factor alpha were found in patients with infected ulcers (Serra
et al. 2014).

1.6.3. Infections in Diabetic Foot Ulcers

Diabetic foot infection (DFI) is a frequent and severe complication of Diabetes
Mellitus (DM). It has been estimated that diabetic patients have a 25% chance
of developing a foot ulcer in their lifetime (Singh, Armstrong and Lipsky 2005)
and around 50% of DFU are clinically infected at presentation (Lavery at al.
2006; Prompers et al. 2008).
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The prevalence and severity of the infection can be associated with both host
and pathogen related factors. Diabetic patients have a decreased immune
response including impaired macrophage function which results in delayed
healing and increased susceptibility to infection (Ammons and Copié 2013;
Serra et al. 2015). In an insensate, deformed diabetic foot, ulcers develop when
a trauma breaches the protective skin. Bacteria colonise the subcutaneous
tissues which may lead to infection which is often clinically unapparent (Fisher
et al. 2010).

The classic signs and symptoms of diabetic foot infection are often diminished
in patients with peripheral neuropathy or vasculopathy. In the absence of the
common signs of infection clinicians are advised to examine the patient for
secondary findings such as foul odour, friable or discoloured granulation tissue
and rim undermining as indications of clinical infection (Cutting and White
2004).

In acute DFI aerobic, Gram-positive cocci are the predominant pathogen with
Staphylococci aureus being the most commonly isolated pathogen (Roberts and
Simon 2012; Lipsky et al. 2012). However, in chronic DFU infections are
frequently polymicrobial and often include aerobic Gram - negative bacilli and
obligate anaerobic bacteria (Uckay et al. 2013).

In developed countries, especially those with hot and humid climates, P.
aeruginosa is often the major cause of DFIs (Bansal et al. 2008). The microbial
flora in wounds appears to change over time. In early acute wounds normal skin
flora such as Staphylococcus epidermidis, other coagulase negative
Staphylococci and Corynebacterium spp. predominate. Soon after
Staphylococcus aureus and [(-haemolytic Streptococcus spp. often appear,
particularly in diabetic foot ulcers. After about four weeks facultative aerobic
organisms such as Proteus spp., E. coli and Klebsiella spp. can colonise the
wound (Dow et al. 1999). As wounds deteriorate and deeper tissues are

affected, anaerobes become more common (Bowler 2001).
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1.7. Wound Management

Whilst a clinical diagnosis to determine the type of wound and the underlying
pathology is important, the management of chronic wounds depends mainly on

their location, size and the stage of the healing process they are confined to.

1.7.1. Clinical Wound Classification

In order to determine an appropriate treatment, wounds are often classified by
their colour. Table 1.3. illustrates the different colour classifications; Black for
necrotic wounds, yellow for infected or sloughy wounds and red for healing
wounds that are either granulating or re-epithelializing and outlines the different

management strategies (Vowden and Vowden 2017).

Table 1.3: Colour Classification of Wounds and the treatment requirements.

Wound Colour

Description

Management

Black

Necrotic Tissue

Debridement

Yellow (Infection)

Inflamed, localised
heat and swelling.
Yellow or green
slough. May have
offensive odour

Swab to identify
contaminating
microorganism and
treat appropriately

Yellow (Slough)

Slough is a natural
by-product of the
inflammatory
process formed by
the presence of
dead cells in the
wound exudate.

Physical removal of
slough
and debridement

Red (Granulation)

Cavity wounds

Cavity requires
packing with an
absorbent material
until the cavity is filled
with new granulation
tissue.

Red (Re-epithelialisation)

New layer of
epithelial cells

New fragile skin
requires protection
from the external
environment.
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1.8. Wound Bed Preparation

Necrotic non-viable tissue provides an environment for wound infection which
can exacerbate the inflammatory response and impede wound healing (Wolcott,
Kennedy and Dowd 2009). Where either slough or necrosis is present in a
wound it should be removed as it can support the attachment and development
of biofilms (Percival and Suliman 2015).

Debridement is defined as removal of dead devitalised tissue to enable the
natural healing process to progress (EWMA 2013). Debriding the wound should
enable it to become an acute wound and progress through the normal phases
of wound healing (Attinger et al. 2006). There are numerous methods of
debridement including surgical, autolytic, biological and mechanical (Sibbald et
al. 2011).

Evidence suggests that a combination of methods is often required (Milne
2015). The choice of method often depends on the pathology and location of
the wound and also the general health of the patient. Certain types of
debridement require highly skilled healthcare professional input and may have

to be performed in a hospital or community setting (Strohal et al. 2013).
1.8.1. Surgical Debridement

Surgical debridement is the most efficient way to remove dead tissue; although
not without risk, as the tissue is usually heavily contaminated with bacteria
which if exposed to blood may cause septicaemia. Patients often require
general or local anaesthesia and antibiotic prophylaxis. Special caution is
required especially with elderly patients and patients with diabetes, arterial

disease and clotting disorders (Heath et al. 2019).

Necrotic tissue from diabetic foot ulcers is often removed by sharp debridement
using a scalpel, scissors or curette. This procedure may be performed in an
outpatient setting by experienced clinicians without a general anaesthetic. In
some cases, a local anaesthetic is required but often the inability to feel pain
due to peripheral neuropathy obviates the need for local anaesthesia. Caution is
required in patients with ischaemic feet (WUWHS 2016) and those with large,
ulcerated areas who should be referred to a vascular surgeon who is

experienced in the management of foot infections (Gray et al. 2011).
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Other slower, non-surgical options include autolytic debridement, maggot

therapy, use of hydrotherapy, and negative pressure wound therapy.
1.8.2. Autolytic Debridement

Dressings such as hydrogels, hydrocolloids and honey that create a moist
wound environment can be used to promote autolysis of necrotic tissue and

facilitate debridement (Thomas 2006; Percival and Suleman 2015).

Autolytic debridement promotes the release of endogenous proteolytic enzymes
and activates phagocytes. The enzymes break down necrotic and sloughy
tissue which can then be ingested by macrophages. Autolytic debridement
should not be used on bleeding wounds, fistula, in body cavities or highly
exuding wounds. Use is contraindicated in infected wounds or wounds
susceptible to anaerobic infection (EWMA 2013).

1.8.3. Biological Debridement - Maggot Debridement Therapy (MDT) - (Larval
Therapy, Biotherapy or Biosurgery)

The ability of maggots to clean and disinfect wounds has been recognised for
centuries (Pritchard and Nigam 2013).

Larvae of the common green bottle, Lucilia sericata are attracted to human
wounds and feed on unhealthy or abnormal tissue without affecting healthy
tissue. Maggot therapy has three key effects on the wound: debridement of
necrotic tissue, antimicrobial action and promotion of granulation tissue
(Dinman 2007).

Maggots enhance wound healing by mechanical debridement using “mouth
hooks” and their rough bodies to scratch necrotic tissue (Gottrup and Jorgensen
2011). They also excrete salivary enzymes which contain collagenases and
trypsin-like and chymotrypsin-like collagenase which break down necrotic tissue
into a semi-liquid which they then ingest (Blake et al. 2007). The salivary
enzymes are also able to breakdown bacterial biofiims which can then be
ingested by the maggots (Brin et al. 2007).

The antimicrobial activity of maggots is thought to occur in the hind gut where

bacteria are killed by the maggot digestive system (Mumcuoglu et al. 2001).
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They are also believed to excrete waste products such as ammonia and secrete

other antimicrobial agents that are bactericidal (Nigam et al. 2006).

Clinical studies have demonstrated that MDT has been effective in the
treatment of wound infections caused by various common wound pathogens
including Staphylococcus aureus, methicillin—resistant Staphylococcus aureus
and Pseudomonas aeruginosa (Sun et al. 2014; Blueman and Bousfield 2012).

The third area of activity associated with MDT that is undergoing further
research is their potential role in promoting wound healing by stimulating tissue
regeneration. Early evidence suggested that the maggot secretions which
contain calcium carbonate, urea and allantoin could stimulate granulation tissue

production (Hunter et al. 2009).

In a more recent in vitro study investigating the effect of salivary gland extract
from Lucilia sericata on human dermal fibroblast proliferation researchers
observed increased cell metabolism and protein production which corresponded
with the formation of microfibrillar net which was used for fibroblast migration
and the production of extracellular matrix. This was thought to be due to specific
proteinases in the saliva changing fibroblast movement within the extracellular
matrix to enhance the remodelling process (PolakoviCova et al. 2015).

There has also been research using genetic engineering to create transgenic
larvae that can secrete human platelet derived growth factor (PDGF-BB) which

may promote wound healing (Linger et al. 2016).

Currently medicinal maggots are commercially available from BioMonde® either
as a BioBag® Dressing where the larvae are contained in a finely woven net
pouch or “Free Range Larvae”. The free-range larvae are applied directly to the
wound and retained with a sterile nylon net. Both treatments can be left on the

wound for up to four days per application (Naik and Harding 2017).

1.8.4. Negative Pressure Wound Therapy (NPWT)

Negative Pressure Wound Therapy involves the placement of a foam dressing
in the wound cavity which is attached to an evacuation tube which connects to a
vacuum pump (Sandoz 2015). The negative pressure produced maintains a

moist wound environment, removes interstitial fluid and wound exudate and is
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able to rebalance the cytological disturbances in the wound bed (Streubel et al.
2012). The mechanical stress enhances granulation tissue formation (Schintler
2012). There is also evidence to suggest that NPWT promotes angiogenesis

and enhances tissue perfusion (Moues et al. 2011).

Since 2012 there have been five Cochrane reviews of the use of NPWT in
different wound types which concluded that there was no conclusive
Randomised Control Trial (RCT) evidence of the effectiveness of NPWT in
pressure ulcers, leg ulcers and partial thickness burn wounds. There was some
evidence to suggest that NPWT was more effective at healing foot wounds in
diabetic patients compared to moist wound dressings (Dumville et al. 2013).
The evidence supporting the effectiveness of NPWT on Surgical Site Infections

(SSI), wound dehiscence and time to complete healing was also unclear.

The European Wound Management Association (2013) advised that NPWT
should not be used on clinically infected wounds or wounds with local ischaemia
or active bleeding. It is also contra-indicated in wounds where vessels, tendons,

muscles, joints or bones are exposed.
1.8.5. Hydro-Responsive Wound Dressings (HRWD™)

A recent development in wound bed preparation proposed for therapy of a
variety of wounds is the use of hyper hydration (Rippon et al. 2016). This
occurs when wounds are hydrated beyond what a normally acceptable level is
using a dressing which provides a continuous rinsing and absorption
mechanism that can cleanse and debride by softening and detaching necrotic
tissue and slough (Rippon and Ousey 2015; Spruce et al. 2016).
HydroClean®plus (Hartmann), the first Hydro-Responsive Wound Dressing, is a
soft conformable pad containing superabsorbent polyacrylate (SAP) particles
which are pre-activated with isotonic Ringer’s solution and the antiseptic
Polyhexanide (PHMB) (Hartmann 2020). The pads continuously release fluid
into the wound which softens necrotic tissue and fibrin, and the SAP particles
absorb bacteria and proteinaceous wound exudate (Ousey, Rogers and Rippon,
2016). In vitro studies have shown that the SAP particles can sequestrate and
inactivate proteinases which are found in high levels in chronic wound exudate

and are known to contribute to tissue breakdown (Eming et al. 2008). Once the
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wound has been cleansed the HydroClean®plus is replaced with HydroTac®
dressing which can be used for the granulation and epithelialisation stages of
healing. HydroTac® has a hydrogel wound contact layer covered with foam and
an outer air-permeable, waterproof and bacteria proof backing. The dressing is
designed to deliver moisture using “AquaClear™ Gel Technology” to provide
optimal hydration levels in the wound bed. The moist wound environment
created should promote accumulation of growth factors which has been

suggested can accelerate epithelial wound closure (Smola et al. 2016).

1.9. Treatment of Infected Wounds

Wound infections often delay wound healing, cause pain and distress to
patients and may even result in death (Edward - Jones 2013). Diagnosis of
wound infection requires clinical observation of the wound itself and laboratory
testing to identify potential wound pathogens. Acute wound infections are
usually characterised by the classic signs of infection; erythema, heat, pain and
swelling whereas wound infections in immunocompromised patients and

chronic wounds may be more difficult to identify (Leaper et al. 2012).

Validated scoring systems to help aid diagnosis of infection have not yet
developed. In certain situations, such as an acute wound showing the classic
signs of infection, a chronic wound with signs of spreading or systemic infection
and an infected wound that has failed to respond to antimicrobial treatment it
may be appropriate to undertake microbiological analysis of wound specimens
(IWI1l 2016).

The most common testing method involves wound swabbing; either using a
zigzagging approach over the wound surface or the Levine technique. The
Levine technique which involves applying a wound swab over a 1cm?2 area of
the wound applying pressure and rotating the swab to collect exudate is thought
to be more effective than the Z-swab technique (Angel et al. 2011). The wound
swab cannot be used to diagnose infection but may indicate which organisms
are present, their virulence and antibiotic resistance (PHE 2014). The swab will
only identify organisms on the wound surface. A culture study involving chronic

wounds found that S. aureus was living on the wound surfaces but P.
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aeruginosa inhabited deeper tissues (Fazli et al. 2009). For this reason, it has
been suggested that wound biopsies should be taken, however they are not
routinely performed due to the cost of analysis and the discomfort to the patient
(Copeland-Halperin et al. 2016).

The routine use of DNA sequencing techniques should enable clinicians to
identify species of microorganisms in a wound specimen that are not easily
identified by culture-based techniques (IWIl 2016). A study investigating the
microbiome of 52 non-healing diabetic foot ulcers which were not exhibiting
signs of clinical infection found that the microbial load and the diversity of the
potential pathogens was underrepresented when the wound swabs were
processed by bacterial culture methods compared with sequencing of bacterial

ribosomal genes (Gardner et al. 2007).

The aim of antimicrobial treatment is to reduce the levels of microorganisms
within the wound to enable the patient's immunological defence to tackle the
infection (O’Brien 2007). Biofim Based Wound Care (BBWC) treatment
strategies are based on tackling the different phases of the biofilm life cycle and
preventing the re-formation of dispersed biofims. This could involve
preventative action such as interfering with microbial attachment, biofilm
development or removal or disruption of an existing biofilm and prevention of

reformation (Cooper, Bjarnsholt and Alhede 2014).

Breakdown of an established biofilm is critical to enable antimicrobial agents to
eradicate the exposed microorganisms. Wounds should be vigorously cleansed

using products designed to disrupt biofilms (Dowsett 2013).

Biofilms should then be debrided using the one of the methods described for
necrotic wounds (Section 1.8). Debridement may not remove all the biofilm and
any remaining bacteria could reform into a mature biofilm within days (Wolcott,
Kennedy and Dowd 2009). Topical antimicrobial therapy in the form of an
antiseptic (with a surfactant) or antimicrobial dressing is required to ensure that
remaining planktonic bacteria are not able to reform a biofilm. The wound
should be covered with an appropriate dressing to prevent recontamination and
be reassessed regularly. Repeated debridement and antimicrobial application

may be required until the wound is healing (Figure 1.4).
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Figure 1.4: Principles of Wound Biofilm Management

(Adapted from Bjarnshalt et al. 2017).

1.9.1. Role of Antimicrobials in Wound Care

Antibiotics are naturally occurring or synthetic molecules which either Kill or
inhibit the growth of microorganisms. They usually act on one specific target,
may have a broad spectrum of activity, are relatively non-toxic, but are
susceptible to losing their effectiveness to bacterial resistance (Lipsky and Hoey
2009).

Since the discovery of penicillin by Alexander Fleming in the 1920’s clinicians
have been using antibiotics to prevent and treat systemic and localised wound
infections. Indiscriminate use of antibiotics has led to the widespread
development of resistance with the result that multi-resistant bacteria are
becoming more common and leading to increased mortality rates (Fair and Tor
2014; Prestinaci, Pezzotti and Pantosti 2015).
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A position paper on antimicrobial stewardship in wound care was published in
2016 (Lipsky et al. 2016 p 3026) which stated that “the rate of antibiotic
resistance is directly related to the level of antibiotic use” and highlighted some
of the problems associated with inappropriate use of antimicrobials in wound
care. The authors identified that infection is often difficult to diagnose
particularly in chronic wounds, there was a lack of guidelines for treatment of
infection in wounds. To improve antibiotic prescribing in wound care local
guidelines for management of wound infections are required and antimicrobial
stewardship (AMS) programmes should be introduced. AMS involves a
multiprofessional team who are responsible for patient’'s care to ensure timely
and optimal selection of antimicrobial agents that are given at the correct dose
and for an appropriate duration, to achieve the best clinical outcome for the
patient (Nathwani 2012).

It is recommended that antibiotics should only be prescribed for clinically
infected wounds; the antimicrobial chosen should have the narrowest spectrum
for the suspected or proven pathogen and the lowest risk of adverse effects for

the patient and the community (Dryden et al. 2011).

The use of systemic antibiotics for prophylaxis is usually reserved for surgical or
traumatic wounds where the level of microbial contamination is expected to be
significant (Gottrup et al. 2005). Systemic antibiotics may also be indicated for
prophylaxis when patients are undergoing surgical debridement (NICE
Guideline NG125 (1.2.17) 2019).

In non - healing wounds the use of systemic antibiotics should be reserved for
wounds diagnosed as being clinically infected (Wounds UK 2013).

Due to the aetiology of these wounds being associated with poor circulation
large doses of systemic antibiotics may be required to reach therapeutic
concentrations. Patients who are immunocompromised will require aggressive
systemic antibiotic treatment, usually with a broad-spectrum antibiotic
administered intravenously (EWMA 2006).

Whilst consensus exists on the role of systemic antibiotics in wound care the
use of topical antibiotics is more controversial. The use of topical antibiotics

which contain a low dose of the antibiotic may induce resistance (IWIl 2016).
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Most guidelines do not recommend the use of topical antibiotics because of the
risk of resistance and also because they can cause delayed hypersensitivity
and superinfection (Siddiqui and Bernstein 2010). A recent Wound Infection in
Clinical Practice International Consensus document published by the
International Wound Infection Institute in 2016 advised that due to global
concern regarding antibiotic resistance use of topical antibiotics should only be
considered in infected wounds under very specific circumstances (Wolcott
2015). An example is the use of silver sulphadiazine for the treatment of burns
and wounds (International consensus Wound International 2012). Also, topical
Metronidazle, which is effective against Gram - positive and Gram - negative
bacteria, has been advocated as the treatment of choice for anaerobic
infections (L6fmark, Edlund and Nord 2010). Metronidazole gel is also able to
reduce odour, exudate and pain in malodorous wounds (Ousey 2018). Topical
mupirocin is effective against Gram - positive organisms including methicillin-

resistant Staphylococcus aureus (Dabiri, Damstetter and Phillips 2016).

1.9.2. Topical Antimicrobial Preparations

Whilst systemic antibiotics are often appropriate for the treatment of spreading
infection in wounds (IWIl 2016) for some localised infections topical
antimicrobials have particular benefits in that they can achieve high
antimicrobial levels at the wound surface; they may have less risk of systemic
side effects and allow the use of agents that cannot be administered

systemically (Lipsky and Hoey 2009).

Traditionally a wide range of topical antimicrobial preparations have been used
in wound care containing antibiotics, antiseptics or disinfectants (Siddiqui and
Bernstein 2010). Disinfectants are active against virtually all disease-causing
microorganisms. They can be sporostatic but are not necessarily sporicidal (Mc
Donnell and Russell 1999). Disinfectants are used to sterilise inanimate objects

or surfaces and are usually toxic to tissues so are not used to treat wounds.

Antiseptics kill or inhibit growth of microorganisms in or on living tissue. They
often have multiple microbial targets, a broad antimicrobial spectrum and

residual anti-infective activity. Antiseptics can be used on intact skin and some
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open wounds but may be toxic to host tissues e.g., fibroblasts, keratinocytes
and possibly leukocytes (Lipsky and Hoey 2009). Due to the chemical nature of
these materials many of them can cause adverse reactions on skin such as
irritation,  allergic contact dermatitis and immunological contact urticaria
(Lachapelle 2012). If applied to large areas of exposed damaged tissue
antiseptics may be absorbed into the blood stream and exhibit systemic toxicity
(Morrison 1989).

The topical antiseptics used in the UK include alcohols, heavy metal derivatives
e.g., silver compounds, quaternary ammonium compounds for example
Biguanides such as chlorhexidine and polyhexanide, and halogen releasing

agents including iodine compounds (McDonnell and Russell 1999).

Topical antimicrobial agents used in wound care can be divided into two

categories:

1. Lotions with antimicrobial properties are used to irrigate and cleanse
wounds. These agents usually have only brief contact time with the
wound surface and are applied as irrigations, as packs or soaks.
Examples include povidone iodine, biguanides, peroxides and less
commonly hypochlorite, hexachlorophene, potassium permanganate and

gentian violet (Norman et al. 2016).

2. Preparations designed to remain in contact with the wound surface for
longer periods. These preparations include creams, ointments and

impregnated wound dressings (O’Meara et al. 2001).

In recent years there has been increased interest in the use of more “natural”’
topical antimicrobial agents such as sugar paste and honey (Alam et al. 2014).

Non - antibiotic antimicrobials are widely used in wound care and may be
particularly useful in chronic wounds with localised infection (Gottrup et al.
2013). Applying non-antibiotic topical agents after debriding wounds with
secondary signs of localised infection may help suppress biofilm formation
(Leaper, Assadian and Edmiston 2015; Cutting and White 2005).

The wound dressings market has been inundated with new advanced wound

dressing materials designed to regulate the wound surface by retaining
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moisture or absorbing exudate to protect the wound and surrounding tissue
(Agency for Healthcare Research and Quality 2014). Many of these dressing
materials have antimicrobial agents incorporated into them to create
antimicrobial wound dressings (AWD) which are discussed in Sections 1.10 and
1.11.

1.10. Advanced Wound Dressings

A variety of materials have been used to treat wounds since ancient times.
Sumerian cuneiform tablets (before 2000 BCE) describe the application of
poultices made of mud, milk and plants to wounds (Ovington 2007). Ancient
Egyptian papyruses (1550 to 1650 BCE) explained how to wash wounds,
prepare and apply plasters of honey, plant fibres and animal fat and dress with
bandages (Majno 1975). In recent years there have been major developments

in wound dressing materials designed to enhance the wound healing process.

Traditional wound dressings such as lint, gauze, cotton wool and Gamgee have
the disadvantage that they can stick to the wound surface and shed fibres
making removal traumatic and delaying the wound healing process. Up until the
1960s it was believed that the best way to promote healing and reduce bacterial
infection was to keep the wound surface dry and encourage scab formation.
Research undertaken by Winter (1962) on superficial wounds on pig skin
demonstrated greatly increased reepithelialisation rates in wounds that
remained moist and did not form a scab. The concept of moist wound healing
was confirmed in humans a year later by Hinman and Maibach (1963) and
revolutionised the way wounds are treated. It was shown that when the scab is
shed the stratum corneum is lost. This causes significant trans epidermal water
loss. Keeping the wound moist, by preventing scab formation, was shown to
help retain moisture, and facilitate different stages of the wound healing process
including keratinocyte proliferation, migration and differentiation (Abdelrahman
2011).

This change in wound management led to the development of occlusive
dressings designed to maintain a moist environment at the wound surface.

Initially there were concerns that the moist environment under the occlusive
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dressing would encourage microbial growth. However, a review of 100 studies
comparing wound infection under occlusive and non-occlusive dressings by
Hutchinson et al. (1990) showed that infection rates were 2.6% versus 7.1% (P
< 0.001) in favour of occlusive dressings. Hutchinson also found that the
bacteria colonising the wounds under occlusive dressings enhanced the
phagocytic properties of the wound encouraging an antimicrobial environment
(Hutchinson and Lawrence 1991). The occlusion also appeared to lower the pH

at the wound surface creating an acidic environment which is hostile to bacteria.

Wound dressings that provide a moist wound environment can be classified in a
variety of ways. Primarily, there are those that are suitable for direct application
to the wound surface categorised as primary dressings, and then materials that
are used to cover primary dressings and keep them in place, called secondary
dressings. Some newer dressings have a combination of both, consisting of a
primary dressing attached to a covering secondary dressing which often has an
adhesive border to keep the dressing in place. These island dressings often

contain an absorbent central region surrounded by an adhesive portion.

Dressings can also be defined by their function such as debriding, absorbing,
occlusive or antibacterial (Purner and Babu 2000). A variety of materials are
used to produce wound dressings, and the physical form of the dressing, for
example (foam, film, gel, ointment) is important as it can affect the healing
process. The key functions of advanced (interactive) dressings are to provide
patient comfort and ensure that the wound remains moist, but not macerated,
by absorbing wound exudate and slough. The dressing should minimise the
danger of contamination from pathogens and foreign bodies and protect the

wound from mechanical stress (Cascone and Lamberti 2020).

An ideal dressing should contribute to maintaining an appropriate temperature
to promote blood flow to the wound, must be sterile, nontoxic and non-allergenic
(Dhivya, Padma and Santhini 2015).

Another important function of a dressing is to maintain a high level of oxygen
tension at the wound’s surface as oxygen is an important element in reparative
processes such as cell proliferation, synthesis of collagen and aids the

generation of leukocytes (Tandara and Mustoe 2004).
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There are currently seven different classes of advanced wound dressing which
differ in their formulation, mechanism of action and their clinical indications.
(Table 1.4)
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Table 1.4: Advanced Wound Dressings

Dressing Type

Formulation

Mechanism

Indications

Hydrofibers (HFDs)

Sodium carboxymethylcellulose textile
fibres

Highly absorbent due to vertical wicking of
wound exudate.

(Abdelrahman 2011)

Heavily exuding wounds for up to 3
days.

Alginates

Calcium and Sodium salts of alginic
acid available as freeze-dried porous
sheets (foams) and fibrous
ribbons/ropes

In contact with wound exudate the fibers
undergo an ion exchange to form sodium
calcium alginate a soft non adherent
hydrophilic gel. (Thomas 2000)

Moderate to heavily exuding wounds.
(Agren 1996)

Hydrocolloids

Film or sheets made from
carboxymethylcellulose, gelatins and
pectins secured on a polyurethane film
or foam pad. (Seaman 2002)

Hydrocolloid layer absorbs wound exudate
to form a soft gel which becomes more
permeable to water and air as the gel
forms. (Thomas 1997)

Light to moderately exuding sloughy
or necrotic wounds for up to 7 days.

Autolytic debridement. Not

recommended for infected wounds

Foams (FDs)

Hydrophilic polyurethane (PU)
polyvinyl alcohol (PVA) or silicone
foam.

PU and silicone foams unable to retain the
fluid they absorb whereas PVA can retain
about 30%.

(White et al. 2012)

Moderately exuding wounds. Non
adherent, provide thermal insulation
and protection for up to 7 days.
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Dressing Type

Formulation

Mechanism

Indications

Soft Polymers

Soft Silicone polymer

Non adherent wound contact layer

Light to moderately exuding wounds.

Hydrogels

)

1% Generation: 80% water with 2-3%
gel forming polymer either
carboxymethylcellulose, modified
starch or sodium alginate combined
with 20% propylene glycol. 2
Generation: insoluble, swellable
hydrophilic materials made from
synthetic polymers such as poly
methacrylates and polyvinylpyrrolidine.

Permeable to water vapour and oxygen and
have three-dimensional, cross-linked
polymers which give the gel structure which
limits their fluid handling capacity. 2™
generation hydrogels are able to absorb
and donate water according to the needs of
the wound. (Moore 2006)

Moist wound healing, are non-
adherent, cool the wound surface
and reduce pain.

Not recommended for infected
wounds.

Vapour Permeable Films

) SRR
- Ay -

ik

Semi-permeable fims are made from
polyurethane covered with
hypoallergenic acrylic derivatives.

Allow passage of water vapour and oxygen
but are impermeable to water and
microorganisms. (Moshakis et al 1984)

Superficial low exudating wounds.
Not suitable for treatment of deep,
infected or heavily exuding wounds.
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The physical form of the dressing can impact on the wound healing process.
One of the important actions of these dressings, particularly in chronic wounds
which produce large volumes of exudate, is the ability of the material to absorb
fluid. Hydrofibers are highly absorbent as the textile fibers enhance the vertical
wicking of wound exudate (Abdelrahman 2011). Alginates also have effective
fluid handling capacity which ranges between 15-25g/100cm?2 (Thomas 2000).
Hydrocolloids and soft polymers are less absorbent, and foams vary in their
ability to retain the fluid they absorb with Polyvinyl Alcohol being the most
absorbent as it can retain approximately 30% of the fluid it absorbs (White et al.
2012). Vapour permeable films allow the passage of water vapour and oxygen
but are impermeable to water and microorganisms. They are suitable for the
treatment of shallow, lightly exuding wounds but not deep, infected or heavily

exuding wounds (Dhivya et al. 2015).

Hydrogels maintain a high moisture content at the wound site and allow
gaseous exchange between the wound and external environment (Sharma,
Parmar and Mehta 2018; Cascone and Lamberti 2020). Hydrogels are available
as sheet dressings for shallow wounds and amorphous gels used to pack cavity
wounds. In the sheet dressings the polymers are crosslinked and able to absorb
and retain large volumes of wound exudate. However, the gel formulations have
limited ability to absorb wound exudate so are generally used to donate liquid to
dry sloughy wounds and to facilitate autolytic debridement of necrotic tissue.
Due to the fixed structure of the hydrogels and their limited fluid handling
capacity they should not be used on heavily exuding or infected wounds (Moore
2006; Morgan 2004; Jones and Milton 2000).

Occlusive dressings such hydrocolloids provide a barrier to the ingress of
microorganisms. They are useful in the management of chronic wounds but are
not usually recommended for use in clinically infected wounds unless they are
used in conjuction with other treatments such as antibiotics. Like all occlusive
dressings they should not be used in the presence of anaerobic bacterial

infection (Ousey et al. 2012).
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1.11. Antimicrobial Wound Dressings

A variety of antimicrobial wound dressings (AWD) have been developed by
incorporating antimicrobial agents into a range of advanced dressing materials.
There are 4 classes of antimicrobial dressings listed in the British National
Formulary; honey, iodine, silver and “other antimicrobials” which includes the
biguanide antiseptics (BNF 2019).

1.11.1. Biguanides

In the UK there are currently two biguanide antiseptics; chlorhexidine and
polyhexamethylene biguanide, which have been incorporated into a variety of

antimicrobial wound dressings as shown in Table 1.5.
1.11.1.1. Chlorhexidine

Chlorhexidine has been used as a topical antiseptic solution since 1954
(Milstone et al. 2008). It is classified as a bisbiguanide because it has two
cationic groups separated by a hydrophobic bridging structure (hexamethylene).
Chlorhexidine gluconate is available in a variety aqueous and alcoholic liquid
formulations ranging in concentrations from 0.05% - 4% (BNF 2019).
Traditionally the lower strength 0.05% aqueous solution has been used for
wound cleansing and the higher strengths used for preoperative skin
preparation. It has been shown that at low concentrations chlorhexidine affects
microbial membrane integrity but at higher concentrations is causes the
cytoplasmic contents to precipitate causing cell death (McDonnell and Russell
1999). Even at the lower concentration of 0.05% Chlorhexidine solution has
been shown to have broad spectrum of activity against Gram-positive and
Gram-negative bacteria, facultative anaerobes and aerobes, yeast and some
lipid enveloped viruses such as HIV (Harbison and Hammer 1989).

A wound dressing in the form of a paraffin gauze tulle impregnated with 0.5%
chlorhexidine acetate ointment (Bactigras ™) is available and indicated for
adjunctive treatment and prevention of skin loss lesions, including wounds,

burns and ulcers (Smith - Nephew.com)
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1.11.1.2. Polyhexamethylene biguanide (Polihexanide) (PHMB)

PHMB is a polycationic linear polymer with a hydrophobic backbone and
numerous cationic groupings separated by six carbons: a hexamethylene chain
(Gilbert and Moore 2005). This structure is very similar to many naturally
occurring linear or a-helical antimicrobial peptides (AMPs) such as LL-37
(Heilborn et al. 2003). As mentioned previously AMPs are known to be
important for innate immunity. They are produced by many cells within the
wound bed such as keratinocytes and neutrophils and are thought to help
protect the wound from infection (Sorensen et al. 2003). AMPs are positively
charged and so can bind to bacterial cell membranes destroying their integrity

and causing cell lysis (Moore and Gray 2007).

PHMB is thought to have a similar mechanism of action as it targets the outer
and cytoplasmic membranes causing them to leak potassium ions and other
cytosolic components resulting in cell death. It does not affect the neutral
phospholipids in animal cell membranes but forms a strong association with
acidic phosphatidylglycerol (PG) found in bacterial cell membranes (lkeda et
al.1984; Andriessen and Eberlein 2008).

By artificially depleting phosphorous in E. coli cultures Broxton et al. (1984)
demonstrated that the reduced PG levels created in the test bacteria conferred
resistance to PHMB. It has also been shown that PHMB binds to DNA and other
nucleic acids causing them to precipitate out of solution damaging and
inactivating the bacterial DNA (Allen et al. 2004).

PHMB has a broad spectrum of action and is effective against many of the
bacteria  commonly found in wounds including Gram-positive and Gram-
negative bacteria, Staphylococcus aureus and methicilin - resistant
Staphylococcus aureus (MRSA) and biofilms (Moore and Gray 2007; Wiegend
et al. 2009).

Another advantage of PHMB demonstrated by Werthen et al. (2004) was that it
was able to kill common ulcer-derived bacteria in the presence of human wound
fluid. They were also able to show that PHMB could reverse the effect of
elastase-expressing P. aeruginosa which is able to degrade wound fluid

proteins and human skin during infection ex vivo.
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In 2010, Cooper stated that there had been no reported cases of resistance to
PHMB. It is thought that resistance is unlikely to develop because unlike
monoatomic agents the polycationic PHMB is not affected by efflux pumps.
When PHMB binds to the bacterial membrane it pulls acidic phospholipids
reorganising the membrane and creating an acidic lipid domain. Due to the
surface activity of the PHMB is does not enter the lipid domain that the efflux
pumps require so it cannot be removed by the bacteria using this mechanism
(Shah 2007).

PHMB formulations for wound treatment include gels and a variety of wound

dressings as shown in Table 1.5.
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Table 1.5: Biguanide Wound Dressings (Wound Care Handbook 2019-2020, BNF 2019)

Category Dressing Formulation Supplier Comments

Chlorhexidine Gauze Fabric of leno weave, weft and warp Smith & Nephew Used to prevent

Dressing BP threads of cotton or viscose containing = Healthcare Ltd infection in minor skin
chlorhexidine acetate 0.5 % ointment loss injuries

Kendall AMD Antimicrobial NA semi occlusive polyurethane foam H & R Healthcare Antibacterial barrier

Foam Dressing with polihexanide 0.5% effectiveforupto 7

days. Notintended for
use as a primary
treatment for infection.
Can be used in
conjunction with
prescribed therapies

for treatment of
infection.
Prontosan Wound gel Hydrogel containing betaine surfactant B.Braun Medical Ltd Used to cleanse,
Dressing and polihexanide (0.1%) decontaminate and
moisturise wounds.
Suprasorb X + PHMB Biosynthetic cellulose fibre dressing (L & R Medical UK Ltd Used to treat critically
Dressings with polihexanide 0.3% colonised and infected
wounds.
Telfa AMD NA Wound Absorbent pad with NA contact layer H & R Healthcare Used to prevent
Dressing and non- woven backing with infection in dry to
polihexanide 0.2% lightly exuding wounds
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Most of the commercially available PHMB formulations are used to reduce the
bioburden in wounds that are at risk of infection and are not intended as a
primary treatment for infection. (Wound Care Handbook 2019-2020) Only
Suprasorb® X + PHMB is currently licensed for the treatment of infected

wounds (https://lohmannrauscher.co.uk/woundcare/suprasorb/suprasorb-x-

phmb).

Suprasorb® X dressings are made of biosynthetic hydrobalance fibres which
are created by Acetobacterxylinium during a cellulose fermentation process.
The cellulose fibres produced are 200 times finer than cotton and are woven by
the bacteria into a mesh which gives the material a large surface area, ability to
absorb large amounts of wound fluid and a high tensile strength. The
Suprasorb® X + PHMB dressing contains 0.3% PHMB. Wound exudate is
absorbed into the dressing where the PHMB exerts its antimicrobial effect. The
PHMB is also released into the wound fluid along a concentration gradient
(Kingsley et al. 2009).

1.11.2. lodine Dressings

lodine was discovered by Bernard Coutois in 1811. lodine occurs naturally as
iodide salts in seaweeds, fish, shellfish and sea water and is essential for the
production of thyroid hormones in man, which are required for maintenance of

homeostasis (Cooper 2007).

lodine is bactericidal, fungicidal, virucidal and sporicidal (McDonnell and Russell
1999). The broad spectrum of antimicrobial activity is due to the action of free
iodine (I2) which causes catastrophic changes to cell walls, membranes and

cytoplasm and results in rapid microbial death (Cooper 2007).

lodine rapidly penetrates microorganisms and attacks key proteins, nucleotides
and fatty acids which cause cell death. Aqueous solutions of iodine are
unstable and at least seven iodine species are present including: I2, HOI, OI,
H20I+, I3, I- and 103-. Only hydrated iodine (I2) and hypoiodous acid (HOI) and
iodine cation (H201*) have demonstrated antimicrobial properties. The pH of the

solution influences the dynamic equilibrium, and the iodine concentration and
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maximum antimicrobial activity occurs when the forms of iodine without

antimicrobial activity are minimised (Gottardi 1999).

Lugol’s iodine an aqueous solution containing iodine (5%) and potassium iodide
(10%) has been used as a topical antimicrobial in wound care since it was
developed in 1829 (Calissendorff and Falhammer 2017).

Aqueous and alcoholic solutions of iodine are widely used for skin preparation
prior to surgery (Leaper and Durani, 2008). The solutions have however been

associated with skin irritation, pain and excessive staining.
1.11.2.1. Povidone lodine (PVP-I)

The problems associated with aqueous iodine solutions were overcome by the
development of iodophores; povidone-iodine and poloxymer-iodine by
complexing iodine and a solubilising agent or carrier which acts as a reservoir of
the active “free” iodine (Gottardi 1991). Povidone iodine was first created in
1956 by Scelanski who combined iodine as a triiodide with polyvinyl-pyrrolidine
(povidone), a non-ionic synthetic polymer which has no antimicrobial activity.
The lodine is rendered less toxic by incorporation with these surface-active
agents and the polyvinyl-pyrrolidone iodine (PVP-1) complexes make it more

soluble and less irritant and allergenic (Murdoch and Lagan 2013).

PVP-I (povidone-iodine) is available as aqueous and alcoholic solutions, sprays,
creams, ointments and has been incorporated into tulle grass dressings;
Inadine® (Leaper and Durani 2008).

In an aqueous environment, such as wound exudate, the PVP-I complex
(iodophore) is diluted and slowly disperses to release free iodine, known as
available iodine. The activity of the iodophore is related to the amount of iodine
released (Cooper 2007), for example Betadine® 10% PVP-I aqueous solutions
yield 1% available iodine. It has been reported that concentrations of PVP-I
between 0.1 and 1% have a more rapid antimicrobial action than higher
concentrations such as 10%. This was thought to be due the dilution weakening
the bonds between the free molecular iodine and the polyvinyl-pyrrolidine

causing the release of more free available iodine (Rackur 1985).
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As the iodine is inactivated following the destruction of microorganisms further
free iodine is released from the iodophore, maintaining equilibrium until the

iodine reservoir is exhausted (Bigliardi et al. 2017).

The exact antimicrobial mechanism of action of iodine is not fully understood.
There appear to be several bacterial structures and functions that iodine affects
as shown in Figure 1.5. Early electron microscope and biochemical
observations by Schreier et al. (1997) identified that iodine interacts with
bacterial cell walls causing pores or solid - liquid interfaces which lead to the
loss of cytosol. lodine has been shown to react with C=C bonds in the
unsaturated fatty acids in the bacterial lipid bilayer causing membrane
disruption (Reimer et al. 1998). lodine has also been found to inactivate
substances in the cytoplasm and cause coagulation of nuclear material
(Schreier et al. 1997).

lodine binds to bacterial proteins which lead to their denaturation; this changes
the structure and function of enzymes and structural proteins adversely
affecting microbial function. lodine oxidises S-H bonds in amino acids such as
cysteine and prevents hydrogen bonding by reacting with N-H groups in
arginine, histidine and lysine and the phenolic group of tyrosine (Cooper RA
2007).

Hydrogen bonding in nucleic acids is prevented by iodine binding to nucleotides
such as adenine, cytosine and guanine. This prevents disulphide bridges being
formed to link the double helix in the bacterium’s DNA, affecting the formation of
key proteins and enzymes (Gottardi 1985). No acquired resistance or cross
resistance has been reported for iodine (Lachapelle, Castel and Casado 2013)
and this is probably due to the multiple mechanisms of action of iodine (Sibbald,
Leaper and Queen 2011).
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Figure 1.5: Mechanism of action of povidone iodine in equilibrium with free
iodine. The active moiety is iodine, oxidising pathogen nucleotides and fatty/
amino acids and thus deactivates proteins as well as DNA/RNA (Bigliardi et al.
2017).

lodine and iodophors have a broad spectrum of activity against Gram-positive
and Gram-negative bacteria, tubercle bacill, fungi, protozoa and viruses
(Zamora 1986). lodophors however have been shown to be less active than
tinctures of iodine against certain spores and fungi and can be inactivated in the

presence of organic matter such as blood or pus (Zamora et al.1985).

PVP-l is thought to alter redox potentials and contribute to a pro-oxidant effect
in healing (Schmidt et al.1995). It has also been shown to be able to modify
cellular mechanisms and enhance healing by activating monocytes, T
lymphocytes and macrophages, enhancing pro-inflammatory cytokines (Burkes
1998). PVP-I may also inhibit excessive levels of proteases in chronic non-
healing wounds (Eming et al. 2006). It was found to be less toxic than silver
sulphadiazine or chlorhexidine in studies investigating the histological effects of
antimicrobials on wound healing and demonstrated enhanced angiogenesis
(Bennett et al. 2001).

1.11.2.2. Cadexomer lodine

A different formulation iodophor dressing; Cadexomer iodine was introduced in
1981. Cadexomer iodine is a three-dimensional lattice of micro spherical,

hydrophilic, biodegradable starch beads, 0.1 to 0.3mm in diameter which
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contain 0.9% (w/w) iodine. The dextrin-epichlorohydrin beads absorb wound
exudate and swell, the starch polymer separates allowing a slow release of free
iodine. 1g of cadexomer can absorb 6ml of fluid and the slow release of iodine
from the beads is designed to maintain iodine availability at 1ppm (Philips et al.
2015).

This ability to absorb large volumes of wound exudate is useful for treatment of
heavily exuding wounds. Like other iodine formulations cadexomer iodine has a
broad spectrum of antimicrobial activity and claims to have a sustained

antimicrobial action which lasts up to 24 hours (Bianchi 2001).

Cadexomer iodine is available as an ointment and powder (lodosorb®) and a

paste layered between two sheets of gauze (lodoflex®). shown in Figure 1.6.

Figure 1.6: lodoflex®

Cadexomer iodine was shown to significantly reduce MRSA and total bacteria in
colonised partial thickness wounds on the backs of pigs compared with
cadexomer dressing (without iodine) and no treatment (Mertz et al. 1999).

A more recent study using an ex vivo skin explant biofilm model to compare the

efficacy of five types of antimicrobial agents containing silver, iodine, PHMB,
honey and ethanol found that a time release silver gel (Silvasorb® gel) and
cadexomer iodine were most effective in reducing mature biofilm. The authors
concluded that the results of this study indicated that the anti-biofilm activity was
influenced by time of exposure, the number of applications, moisture levels and

the sustained release dressing formulation (Philips et al. 2015).

In 2010 a systematic review of randomised controlled trials (RCTs) which
investigated the benefits and harm of iodine in wound care was undertaken by
Vermeulen et al. They found only 27 RCTs had been published since 1976
which investigated the use of PVP-I or cadexomer iodine in acute and chronic
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wounds, burns, pressure ulcers and skin grafts. Based on the evidence from the
trials the authors concluded that iodine is an effective antiseptic and does not
appear to impair wound healing (Vermeulen, Westerbos and Ubbink 2010).

A later review of the role of PVP-I and cadexomer iodine in the management of
acute and chronic wounds, Murdoch and Lagan (2013), also concluded that the
literature supports both these iodophors as being effective antimicrobial agents.

1.11.2.3. Hydrogel — lodine composite dressings

Two novel composite hydrogel dressings; Oxyzyme® and lodozyme® were
awarded CE marks and launched in 2006 and 2007 as class Il medical devices
incorporating a medicinal substance (NICE 2014). The dressings consisted of
two separately packaged hydrogels. The primary wound contact gel layer
contained glucose and potassium iodide and the secondary gel layer contained
the enzyme, glucose oxidase. Oxygen from the air was enzymatically captured
by the glucose oxidase in the secondary layer and drawn into the hydrogel. The
glucose oxidase enzyme then utilised the oxygen to oxidise the glucose in the
primary hydrogel to produce gluconic acid and hydrogen peroxide (H202)
(Figurel.7).

Glucose
CH,OH

o oH Glucose

Oxidase
OH —p» HO_ /L
OH :
OH OH OH

The hydrogen peroxide then oxidised the iodide in the primary hydrogel to

produce antimicrobial iodine.
H202+ 2I _— l2 + 2HO-

The hydrogen peroxide also underwent dissociation to generate oxygen that

was released from the hydrogel into the wound.

2H202; T 02 + 2H20

Figure 1.7: Chemical Reactions occurring within lodozyme Dressings on

exposure to air.
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The amount of dissolved free oxygen produced beneath the two dressings over
24 hours is shown in Figure 1.8. As discussed previously, oxygen plays a key
role in many wound healing processes; enabling metabolic support, matrix
repair and facilitating an effective cellular response (lvins et al. 2007). The
dressings were described by Davis (2007) as acting like a molecular pump,
transporting dissolved oxygen through the hydrogel layers from the external

environment to the wound surface.
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Figure 1.8: Dissolved free oxygen produced by lodozyme and Oxyzyme over 24
hours (Archimed 2010a).

The level of iodine generated by the dressings is dependent upon the
concentrations of glucose oxidase enzyme and potassium iodide, the pH, the
surfactant concentration, and the dimensions of the hydrogel layers. Wood and
colleagues (2010) stated that the peak level of iodine produced by lodozyme

was approximately 0.2%w/w.

lodozyme produces levels of iodine about five times higher than those created
by Oxyzyme over a 24-hour period as shown in Figure 1.9 (Wood et al. 2010).
However, the levels of lodine produced in lodozyme are not as high as the
levels used in the two other commercial iodine containing dressings; Inadine
and lodoflex, as illustrated in Figure 1.10 (Thorn et al. 2006).
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Figure 1.9: Relative lodine produced by lodozyme and Oxyzyme over 24 hours
(Archimed 2010b).
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Figure 1.10: lodine levels in lodozyme in comparison to other iodine-containing
dressings (Archimed 2010c).

An advantage of this system is that inactivated iodide can be reactivated by
oxidation by hydrogen peroxide so the level of iodide in the dressing can be

reduced (Cooper 2007). Oxyzyme was intended to be used on non-infected
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wounds whereas lodozyme was licenced for the treatment of infected superficial
wounds (BNF 2015-2016).

There are very few clinical studies to support the efficacy of lodozyme in
treating chronic wounds (Wood et al. 2010). Marketing of both Oxyzyme and
lodozyme was discontinued in the UK in 2017.

1.11.2.4. Hyaluronate-iodine complex

Another innovative use of topical iodine involved the creation of a wound
dressing which is a combination of lodine and hyaluronan (HA) (Hyiodine®). HA
is a glycosaminoglycan, which is a naturally occurring component of the
extracellular matrix of the skin (Brown 2004). It is highly absorbent, able to take
up 1000 to 3000 times its own weight in water which enables it to absorb large
volumes of wound exudate (Jiang et al. 2007). It is thought to enhance the
motility of cells by binding to CD44 receptors and the receptor for HA-mediated
motility on lymphocytes, inflammatory cells and connective tissue (Anderson
2001). This action facilitates the migration of monocytes, macrophages and
neutrophils to the wound centre promoting healing. Frankova et al. (2006)
demonstrated that hyaluronate-iodine complex improved wound healing by
increasing the production of IL-6 and TNF-a by Ilymphocytes. These
proinflammatory mediators stimulate keratinocyte and fibroblast proliferation

and migration.

The iodine complex provides the dressings antimicrobial activity, enabling it to
be used for the treatment of infected wounds, and also helps stabilize the
hyaluronic acid and prevents its degradation by bacteria.

(https://www.hyiodine.com/about-hyiodine).

A study conducted by Brenes et al. (2011) on 14 patients was designed to
validate the use of hyaluronate-iodine as a wound healing agent. They
concluded that the combination dressing was safe and efficacious for healing a
variety of wounds including traumatic, diabetic, and postoperative and stasis
ulcers. The commercial lodine containing dressings available in the UK during
this study are listed with their clinical indications in Table 1.6.

55


https://www.hyiodine.com/about-hyiodine

Table 1.6: Commercial lodine Dressings (Wound Care Handbook 2019-2020, BNF
2017 and 2019)

Systagenix
Wound
Management Ltd

Knitted viscose
primary dressing
impregnated with
10% povidone -
iodine

1% wiw Management

available iodine | and prevention
of infectionin
ulcers, minor

burns and minor
traumatic skin
injuries

Healthcare Ltd

Crawford
Healthcare Ltd

Smith & Nephew

Cadexomer iodine = 0.9% w/w

dressingin a
paste with gauze
backing

Hydrogel two
compartment
dressing
containing
glucose oxidase
and iodide ions.

Treatment of
chronic exuding
wounds.
Reduce bacteria
on wound
surface

<0.04% iodide
ions & glucose
oxidase

Non-infected,
superficial
wounds with low
to moderate
levels of
exudate.

* lodozyme and Oxyzyme were withdrawn from the UK market in 2017

1.11.3. Silver Dressings

Silver has been used as an antimicrobial agent for centuries. It exists in two

forms: as a neutral atom (47 electrons and 47 protons) described as “elemental”

or “metallic” silver or as a positively charged atom (46 electrons and 47 protons)
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known as ‘“ionic” silver or “silver cation Ag*’. Silver cations are potent

antimicrobials (Barillo and Marx 2014).

Elemental silver is relatively unreactive but in the presence of oxygen or in
aqueous fluids such as wound exudate the elemental silver oxidises to create
silver oxide (Ag*202%7). When dissolved in fluids silver oxide dissociates to
release antimicrobial cations, Ag*. The availability of silver ions is dependent
upon this dissociation and their solubility in wound fluid which is pH dependent.
Wound fluid contains glucose, proteins, lactate, urea and electrolytes including
chloride anions (CL?). The concentration of chloride ions in wound fluid can
influence the availability of Ag* in solution (White and Cooper 2005). At low
chloride concentrations (around 100mM) soluble silver binds to the bacteria cell

surface and can exert its antimicrobial effects (Bragg and Rainnie 1974).

However, at moderate concentrations of chloride it binds with the Ag+ to form
insoluble AgCI. At higher chloride concentrations, which can be found in wound
exudate, the silver returns to solution as the bioavailable anion AgCI2- (Gupta,
Maynes and Silver 1998). This ability of highly diluted heavy metals such as
silver to inhibit microorganisms was first described as “oligodynamic” by von
Nageli in 1893 (White and Cooper 2005).

Silver appears to have at least four different mechanisms of antimicrobial
action. Bacterial membranes contain polymers with highly electronegative
groups which can absorb metal cations (Zhang and Rock 2008). Binding of
silver cations to tissue proteins causes structural changes in the bacterial cell
membranes, causing them to leak or rupture and which prevents the passage of
nutrients into the cell. The silver ions enter the cell and bind to proteins and
interfere with enzyme function and inhibit energy production by inhibition of the
respiratory chain involved in electron transport (Lemire, Harrison and Turner
2013). Also, inside the cell Ag* binds and denatures bacterial DNA and RNA,
inhibiting cell division and replication. The fourth action is the generation of
reactive oxygen species that damage microbial cell components (Marx and
Barillo 2014).

Concentrations as low as 10 - to 10 6 mol/L silver cations have been shown to

be effective against a wide range of microorganisms including Gram-positive
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and Gram-negative bacteria, fungi, protozoa and viruses (Russell and Hugo
1994). Silver is also effective against many antibiotic — resistant bacteria, such
as methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-
resistant Enterococci (VRE) (Percival, Bowler and Russell 2005).

In vitro studies investigating the effect of silver dressings on biofiims have
suggested that the silver can reduce bacterial adhesion and disrupt the biofilm
matrix (Chaw et al. 2005). Silver has been shown to kill bacteria within a biofilm
matrix and may increase the susceptibility of bacteria to antibiotics (Percival et
al. 2008; Thorn et al. 2009; Kostenko et al. 2010). There is also more recent
evidence that silver is effective against biofilms of multidrug - resistant bacteria
including MRSA and VRE (Kaglan et al. 2017).

The aim of treatment of wounds with topical silver is to reduce wound
bioburden, treat local infection and prevent systemic spread of infection
(International Consensus 2012). A variety of different silver formulations have
been incorporated into numerous carrier dressings such as alginates,
hydrofibers and foams as shown in Table 1.7. One of the common formulations
used in antimicrobial dressings is elemental silver which consists of silver metal
or nanocrystalline silver, which are very small crystals between 10-100

nanometres in diameter (Wilkinson, White and Chipman 2011).

Other dressings contain organic compounds such as silver alginate and silver
carboxymethylcellulose. The third type of silver used in dressing formulations
are inorganic compounds such as silver oxide, sulphate, phosphate, chloride,
silver-calcium-sodium phosphate, silver zirconium compound and silver

sulfadiazine (International Consensus 2012; Edwards-Jones 2009).

Silver sulfadiazine (SSD) was created by a combination of sulfadiazine (SD), a
sulphonamide antibiotic, with silver nitrate to form a complex silver salt. The
polymeric structure contains six Ag* ions bound to six sulfadiazine molecules
via the nitrogen of the sulfadiazine pyrimidine rings (Fox 1983).

SSD has been formulated as 1% SSD antimicrobial topical cream
(Flamazine™) which has extensively been used in the topical treatment of

burns (White and Cooper 2005). More recently SSD has been incorporated into
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dressings such as tulles (UrgoTul SSD) and foams (Allevyn Ag) for the
treatment of infected wounds (Table 1.7).

The silver component of a wound dressings may be coated on an external
surface of the dressing (often elemental or nanocrystalline silver) or be
incorporated within the body of the dressing. Within the dressing the silver may
be coated on the dressing material or within the spaces in the dressing (either
compound or elemental silver) or may be an integral part of the dressing

material such as silver alginate fibres (International Consensus 2012).

Silver coated on the dressing wound contact layer will have an antimicrobial
effect on the wound surface where it is in direct contact. However, many wound
dressings are designed to absorb wound exudate and bacteria and so the silver
has an antimicrobial effect within the dressing. The silver can also diffuse from
the dressing into the wound to have a wider effect on the wound surface
(Thomas and McCubbin 2003).

Dressings differ in the total amount of silver held within the silver “reservoir” and
the mechanism of silver cation release. It has been shown that in the wound
environment the amount of silver delivered to the wound does not directly
correlate with the amount of silver contained in the dressing as the silver ions
interact with components in the wound exudate such as proteins and chloride
ions (Woo et al. 2008). The amount of silver metal or silver compound
incorporated in the different dressings and the rate of release of Ag* ions and
the duration and peak levels of silver release appear to influence the

antimicrobial effect (Ovington 2004; Sood, Granick and Tomaselli 2014).

The presence of bacterial biofilms in chronic wounds reduces the antimicrobial
efficacy as the silver cations tend to bind to the proteins of the extracellular
matrix instead of the bacterial cell wall (Mertz 2003). Another potential concern
relating to topical silver is the lack of specificity of the action of silver which may
not only affect bacterial proteins but also those of the host leading to potential
cytotoxicity. Consequently, in wounds with lower concentrations of bacteria the
effect of silver on the wound tissue may be greater and could slow down healing

(Innes et al. 2001). Silver is also known to accumulate in the skin and other
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tissues producing an undesirable cosmetic effect known as argyria (Lansdown
and Williams 2004).

A number of systematic reviews have been undertaken to try to evaluate the
antimicrobial efficacy of silver dressings which produced limited and sometimes
controversial conclusions. In 2007 a Cochrane review was undertaken by
Vermeulen at al. which identified only three RCTs comparing silver dressings
with foam or alginate dressings or best practice for treating infected wounds.
Two RCTs, one which compared silver foam (Contreet®) with hydrocellular
foam (Allevyn®) and the second comparing silver alginate (Silvercel®) with a
plain alginate dressing (Algosteri®), found no differences between the
dressings. However, a third study comparing silver foam (Contreet®) with a
range of dressings; foams and alginates (53%), hydrocolloids (12%), gauze
(3%), silver dressings (17%), other antimicrobial dressings (9%) or other active
dressings (6%), reported statistically significantly faster healing rates with
Contreet® but did not report complete healing. The authors concluded there
was insufficient evidence to recommend the use of silver dressings in the

treatment of infected or contaminated wounds.

A later Cochrane review in 2010 by Storm-Versloot identified 26 RCTs, 20 of
the RCTs involved burn wounds, where silver dressings or SSD cream had
been used to prevent wound infection. Most of the trials were small and
considered to be of poor quality and the authors concluded there was
insufficient evidence to support the use of silver dressings or creams as they did
not appear to promote wound healing or prevent wound infection (Storm-
Versloot et al. 2010).

The VULCAN trial compared silver dressings with non adherent dressings (in
addition to standard compression) in the treatment of venous leg ulcers and
found no significant differences in median time to complete healing or healing
rates at 3, 6 and 12 months (Michaels et al. 2009). Whilst this was considered
to be a well-designed RCT (NICE 2016) there has been some criticism of its
relevance to clinical practice and the fact that some patients included did not
necessarily have wounds that were infected or were at high risk of becoming
infected (Gottrup and Apelqvist 2020). Despite the lack of definitive evidence

supporting the efficacy of silver dressings they are currently in widespread
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clinical use (NICE 2019). It has been suggested that a properly powered
clinical trial is needed to justify the extra cost and compare the efficacy and
safety of silver dressings against other established antimicrobials such as
povidone-iodine (Ousey, Roberts and Leaper 2016).

The silver dressings available in the UK are listed in Table 1.7 grouped into
different classifications depending upon their carrier dressing material.
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Table 1.7: Commercial Silver Dressings (Wound Care Handbook 2019-2020, BNF 2019)

Algisite Ag
Healthcare Ltd

Biatain Alginate Ag Coloplast Ltd

Silvercel KClan Acelity
Company

Sorbsan Silver Plus = Aspen Medical

Europe Ltd

Tegaderm Alginate
Ltd

Smith& Nephew

3M Health Care

Infected wounds or wounds at risk of

Calcium Alginate impregnated with silver
infection. Can be left on wound up to

Moderate to heavily exuding infected
wounds. Haemostatic. Wear time up
to 7 days

Moderate to heavily exuding and
bleeding wounds. ? infected wounds

Heavily exuding and infected
wounds

Calcium alginate, CMC and ionic silver.

Hydro alginate, High G (guluronic acid) alginate,
carboxymethylcellulose & silver coated nylon
fibres.Releases silver ions into the wound

Sorbsan Silver bonded to a super absorbent viscose pad.

Moderate to heavily exuding infected
wounds. Can use for up to 14 days,

silver ions protect the dressing from

infection.

High G (guluronic acid) calcium alginate and
Carboxymethylcellulose
with silver sodium hydrogen zirconium phosphate



Flamazine Smith& Nephew | Silver Sulfadiazine 1.0% w/w cream (10mg/g) Prophylaxis and treatment of burns.
Healthcare Ltd Short term use in infected chronic
wounds.

Mepilex Ag Molnycke Health = Soft silicone wound contact dressing with polyurethane Low to moderately exuding wounds.
Care Ltd foam film backing with silver. Infected wounds
Antimicrobial activity up to 7 days

UrgoTul SSD Urgo Medical Ltd = Polyester mesh impregnated with hydrocolloid, petroleum = Non to low exuding wounds, infected

jelly and silver sulfadiazine particles. or at risk of infection. Can be used
forup to 7 days.

Allevyn Ag Smith& Nephew | Silver sulfadiazine impregnated polyurethane foam film Infected, malignant and fungating
Healthcare Ltd wounds.
Can be used forup to 7 days.

Biatain Ag Coloplast Ltd Soft polyurethane foam film impregnated with patented Moderate to highly exuding infected
Adhesive Silver complex with a vapour permeable film backing wounds. Wear time up to 7 days
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Polymem Silver WIC = Aspen Aspen Medical PolyMen Silver without film backing designed for cavity Low to moderately exuding infected
Europe Ltd wounds. cavity wounds.

Aquacel Ag Co ConvaTecLtd  Softnon-woven pad containing hydrocolloid fibres Infected wounds, shallow, cavity and
impregnated with 1.2% W/W ionic silver. smus wounds.

PhyS|otuIIe Ag Coloplast Ltd Knitted polyester net impregnated with CMC particles Wo unds with critical colonisation or
suspended in petrolatum and silver sulfadiazine at risk of infection
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1.11.4. Honey Dressings

Honey has been used in wound care since ancient times. Egyptian papyri
dating from 2000BC describe honey being used to treat wounds (Zumla and
Lulat 1989). Honey is created by bees reducing the water content of nectar and
converting the sucrose to fructose using their salivary enzyme “invertase” (Cray
2010). Honey is a supersaturated solution containing about 17% water and 80%
sugars, mainly fructose and glucose. It also contains proteins, enzymes;
glucose oxidase and catalase and around 18 essential and non-essential amino
acids (Sharp 2009).

Honeys of differing botanical provenance have varying levels of anti-bacterial
and wound healing activity (Merckoll et al. 2009). Honey has been shown to
have a broad spectrum of antibacterial activity and has been reported to inhibit
more than 80 species of bacteria including multi- drug resistant Staphylococcus
aureus, vancomycin-resistant Enterococci, groups A and C Streptococci,
Pseudomonas aeruginosa and Actinomyces spp. (Maddocks et al. 2012).
Honeys have a low pH between 2.3 and 4.5 which can inhibit the growth of

most microorganisms (Molan 2001).

Initially the antimicrobial activity of honey was thought to due to the high
osmolarity caused by the high sugar content (80% w/v) and low availability of
water, which reduces the ability of bacteria to reproduce (Molan 1992). When
used on heavily exuding chronic wounds the honey is diluted to an extent that
the bacteria could potentially replicate. However, Sackett in 1919 observed that
the antimicrobial activity of some honeys increased when the honey was diluted
thus indicating that the honey had other mechanisms to reduce bacterial

growth.

In 1963 White and colleagues demonstrated that the activity of honey in low
concentrations is due to the production of hydrogen peroxide which results from
glucose oxidase in honey coming into contact with catalase in wound exudate.
However, the production of hydrogen peroxide by some honeys, such as
Manuka honey produced from nectar of the Manuka tree (Leptospermum

scoparium) is low. The antimicrobial activity of Manuka honey is not affected by
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catalase and has been described as “non-peroxide activity” or NPA and is now
known to be due to the Uniqgue Manuka Factor identified as methyl glyoxal
(MGO) (Adams et al. 2008; Mavric et al. 2008). MGO is created by the
spontaneous dehydration of dihydroxyacetone (DHA) a phytochemical found in
the nectar of flowers of Leptospermum scoparium, Leptospermum
polygalifolium and some related Leptospermum species native to New Zealand
and Australia (Adams et al. 2009; Williams et al. 2014; Norton et al. 2015). The
MGO reacts with macromolecules such as DNA, RNA and proteins to exert its
antimicrobial activity (Adams et al. 2008, Mavric et al. 2008; Majtan et al. 2014).

In 2010 Kwakman et al. were able to fully characterise the antibacterial activity
of medical-grade honey sourced in the Netherlands. They identified that this
honey contains an antimicrobial peptide, bee defensin—1 which had been
previously isolated from royal jelly and that it made a significant contribution to
antimicrobial activity.

Attempts have been made standardise the quality of manuka honeys by
measuring the concentration of MGO and labelling products with their Unique
Manuka Factor (UMF®) regulated by the UMF® Honey Association (New
Zealand). The standards compare the NPA of the honey with phenol. A manuka
honey with a UMF 10+ has equivalent NPA to 10% phenol solution and UMF
12+ a 12% phenol solution. UMF 12+ is equivalent to 355mg/kg of MGO and
this is the quality of honey used in all the Medihoney Dressings (Cokcetin et al.
2016).

Medihoney was the first modern honey dressing, developed from Manuka
honey in Australia and licensed in 1999. Since then, a number of formulations
have been created from sterile honey without additives, honey in ointments and
honey impregnated dressings in the form of gel sheets, alginate sheets, meshes

and tulles.

A large variety of CE- marked sterile honey and honey-impregnated dressings
are commercially available in the UK for the treatment of wounds. The honey
dressings have been classified depending on their carrier dressing formulation
in Table 1.8.
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The commercial dressings contain honeys from different geographic locations
such as Manuka honey from New Zealand and medical grade honey from the
UK, Bulgaria and India. The term medical grade honey usually indicates that the
honey has been filtered to a higher level than food grade honey and has been

sterilised (Cooper and Jenkins 2009).

Studies have traditionally tested liquid honey against planktonic bacteria. More
research is required to determine the efficacy of honey wound dressings, and
the influence of the carrier dressing on single and multiple species biofilms.
Microbial resistance to honey has never been reported (Kwakman et al. 2008).
The in vitro activity of honey against antibiotic resistant bacteria and the
reported success of honey used to treat chronic non — healing wounds make

honey an interesting treatment option (Mandal and Mandal 2011).
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Table 1.8: Commercial Honey Dressings (Wound Care Handbook 2019-2020, BNF 2019)

Form
Honey gels

Dressing
Activon Honey

L-Mesitran Soft Ointment
dressing

MANUKApli Honey

Medihoney Antibacterial
Medical Honey

Medihoney Antibacterial
Wound Gel

L - Mesitran Ointment

Formulation
100% medical —grade manuka honey

40% medical grade honey

100% leptospermum Medical Grade
Manuka Honey

100% Standardised medical grade,
Leptospermum sp. Honey.

Standardised medical grade-honey
Leptospermum sp. 80% with waxes and
oils to increase viscosity and aid
application. Single patient use tube

48% medical-grade honey, medical-
grade hypoallergenic lanolin, sunflower
oil, cod liver oil, Calendula officinalis,
Aloe Barbadensis, vitamins C and E and
zinc oxide.
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Supplier
Advancis Medical

Aspen Medical Europe Ltd

Manuka Medical Ltd

Derma Sciences Europe Ltd

Derma Sciences Europe Ltd

Aspen Medical Europe Ltd

Indications
Infected wounds and
cavities

Burns, acute and
chronic colonised
wounds

Chronic wounds, burns,
surgical and trauma
wounds.
Superficialwounds and
burns. Deep wounds,
sinuses, wounds with
necrosis and slough;
infected wounds
Superficial wounds and
burns, deep wounds,
sinuses, wounds with
necrosis and slough;
infected wounds. More
like ointment designed
to stay in place.
Chronic wounds,
fungating wounds and
colonised acute and
post -operative wounds.



Form

Honey
Dressings

Tulle

Impregnated

Dressing
Actilite Dressing

Activon Tulle

L- Mesitran Tulle

Medihoney Antibacterial

Honey Tulle

MelMax

Melladerm Plus Tulle

Supplier
Advancis Medical

Formulation

Knitted NA Viscose net dressing coated
with 99% medical grade manuka honey
and 1% manuka oil

Knitted viscose mesh impregnated with Advancis Medical

100% medical grade manuka honey

Non —adherent polyethylene dressing Aspen Medical Europe Ltd
impregnated with L- Mesitran Soft 40%
ointment.

Non-adherent woven fabric impregnated
with Medihoney Antibacterial Medical

Honey.

Derma Sciences Europe Ltd

Inert Acetate wound contact layer Double Wing Medical
impregnated with a metal —ion

formulation and medical grade

buckwheat honey 75% in ointment basis.

Contains calcium, Rubidium, Potassium,

Zinc and Citric acid.

Knitted viscose impregnated with medical Sanomed Manufacturing BV
grade honey (Bulgarian, mountain flower)

45% in a basis containing polyethylene

glycol. Produces H,O, 25g/g honey forup

to 48hours.
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Indications

Use onlowto
moderately exuding
wounds. Granulating
and epithelializing
wounds.

Eliminates wound odour
and antibacterial.
Chronic and infected
wounds.

Acute and chronic,
infected, malodourous
Wounds and graft sites,
burns and surgical
wounds.

Claims to regulate MMP
balance in the wound by
pH modulation. .
Enhances extracellular
matrix formation,
reduces production of
reactive oxygen species
and assists the healing
process.

Superficial wounds,
abrasions, infected
wounds, burns, leg
ulcers, diabetic ulcers,
sloughy and necrotic
malodourous wounds



Form

Alginates

Hydrogel

Dressing
Algivon

Algivon Plus

Medihoney Gel Sheet

Medihoney Antibacterial

Honey Apinate Dressing

L-Mesitran Border

L-Mesitran Net

Formulation

Absorbent, calcium alginate dressing
impregnated with 100% medical grade
manuka honey

Reinforced calcium alginate dressing
impregnated with 100% medical grade
manuka honey

Non adherent Sodium alginate dressing
and 100%Medihoney Antibacterial
Medical Honey.

(20% alginate & 80% honey)

Non — adherent antibacterial honey
dressing containing calcium alginate and
Medihoney Antibacterial Honey.

Hydrogel, low adherent, semipermeable
dressing contains 30% medical grade
honey, an acrylic polymer gel and water
with a polyurethane film backing with
adhesive border.

Open —weave net dressing coated with
hydro active honey-hydrogel; contains
20% medical-grade honey, acrylic
polymer gel and water on a polyester
mesh structure that allows the passage
of exudate
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Supplier
Advancis Medical

Advancis Medical

Derma Sciences Europe Ltd

Derma Sciences Europe Ltd

Aspen Medical Europe Ltd

Aspen Medical Europe Ltd

Indications

Suitable for large cavity
wounds and large areas
of necrotic and sloughy
tissue.

Moderately exuding and
infected wounds.
Chronic wounds an
burns

Acute and chronic,
infected, malodourous
Wounds and graft sites,
burns and surgical
wounds.

Acute and chronic,
infected, malodourous
Wounds and graft sites,
burns and surgical
wounds.

Can absorb upto 7
times it's weightin
exudate. Acute and
chronic and fungating
wounds.

Low to heavy exuding
acute, chronic or
fungating wounds



1.11.5. Wound Dressing Prescribing

As described previously there are a large variety of wound dressings available
with a wide range of physical characteristics such as adhesion, fluid handling
properties and the ability to prevent or treat infection. The ability of clinicians to
choose an appropriate wound dressing based on clinical evidence is hindered
by the lack of robust evidence of their clinical or cost effectiveness. A NICE
Evidence summary published in 2016 concluded there was little high-quality
evidence in the form of randomised control trials or systematic reviews of
controlled clinical trials to support the use of advanced or antimicrobial
dressings (NICE 2016). Despite this, the use of these dressings is extensive
and accounted for £92 million in prescription costs in primary care in England in
the year to July 2018 (NICE 2019). Analysis of prescribing data from the NHS
Business Service shown in Figures 1.11 and 1.12 illustrate that prescriptions for
the antimicrobial dressings; honey, iodine and silver accounted for 3.1%, 11.8%
and 8.7% respectively of the total number of prescriptions for wound dressings.
However, in terms of prescription costs (Figure 1.12) the expenditure on silver
dressings (17.7% = £16.2 million) was much higher than the expenditure on
honey (1.8% = £1.7 million) and iodine (2.4% = £2.2 million) dressings. This
data suggests that iodine dressings are the most widely prescribed type of

antimicrobial dressing in primary care.

The data does not include dressings used in hospitals and private care settings
so is an underestimate of the total use of wound dressings in England. It does
however demonstrate the high cost of the use of these products in a healthcare

community.
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44% 17%

30.1%

. A5.2.1 Hydrogel dressings

. Ab.2.2 Vapour-permeable films & membranes
. A5.2.3 Soft polymer dressings

. A5.2.4 Hydrocolloid dressings

. A5.2.5 Foam dressings

. A5.2.6 Alginate dressings

. A5.2.7 Capillary-action dressings

. A5.2.8 Odour absorbent dressings

B A5.3.1 Honey

B 2532 lodine

B 2533 Silver

14.0% [ A5.3.4 Other antibicrobials
(.
Figure 1.11: Annual prescribing volumes of advanced wound dressings in primary care
in England. (August 2017- July 2018) © NICE [2019]. Prescribing data, metrics or
supporting resources. Available from https://www.nice.org.uk/advice/ktt14/chapter/Prescribing-
data-metrics-or-supporting-resources . All rights reserved.
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Figure 1.12: Percentage of the annual prescribing costs of the different classes of
advanced wound dressings in primary care in England (August 2017- July 2018) ©

NICE [2019]. Prescribing data, metrics or supporting resources. Available from
https://www.nice.org .uk/advice/ktt14/chapter/Prescribing-data-metrics-or-supporting-resources .

All rights reserved.
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The British National Formulary (BNF 2019) advises prescribers that for local
wound infection a topical antimicrobial dressing can be used to reduce the level
of bacteria at the wound surface but will not eliminate spreading infection. The
BNF states that medical grade honey is antibacterial, that iodine dressings can
be used to treat clinically infected wounds and silver dressings should only be
used when clinical signs of infection are present. There is no guidance to aid
the selection of an appropriate AWD if a particular bacterial infection is present
in the wound and prescribers are advised to consider the amount of wound
exudate when selecting a dressing. This suggests that there is still a gap in
knowledge available to assist clinicians in the choice of the most effective AWD

to treat a particular wound pathogen.

As mentioned in the discussion of the different classes of antimicrobial
dressings, systematic reviews and meta — analyses have identified a paucity of
good quality evidence to support the use of advanced or antimicrobial dressings
particularly for the treatment of chronic wounds (NICE 2016).

Antimicrobial wound dressings (AWD) are usually classed as medical devices
provided the antimicrobial agent is considered to provide an ancillary action on
the wound (Centre for Evidence-based Purchasing 2008). Up until the
introduction of the new European Medical Device Directive in 2017 (MDR
2017/745) medical devices had to conform to the essential requirement on
safety and performance described in the Medical Device Directive (93/42/EEC).
Clinical data was required to demonstrate satisfactory performance of the
medical device and any adverse effects. Unlike medicinal/pharmaceutical
products which require data from RCTs, wound dressings, classed as medical
devices, have been licensed and marketed without having undergone rigorous
clinical trials and therefore the clinical evidence supporting their effectiveness is

often limited.

Traditionally dressings have undergone standard laboratory tests that are
described in the British Pharmacopoeia to measure their physical properties
such as absorbance, strength, moisture vapour permeability and conformability.

However, these tests may not predict how well the dressings will perform in the
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clinical situation (Centre for Evidence based Purchasing Buyer's 2008 guide:

advanced wound dressings).

In vitro studies which are designed to establish the effectiveness of
antimicrobial dressings are often difficult to compare as they use different
experimental methodologies. In 2014 a draft British Standard “EN16756:
Antimicrobial wound dressings - Requirements and test methods”’, was
published for public consultation. Last accessed on 12th February 2020 it was
still in draft form and was not an established British Standard
(https://standards.qglobalspec.com/std/1688355/PREN%2016756).

As there are still no universally accepted standards for in vitro testing to
compare the efficacy of the antimicrobial dressings this makes selection of

dressings on the basis of scientific evidence difficult.

The idea for this research arose from this gap in knowledge regarding the lack
of evidence supporting the efficacy of different classes of antimicrobial
dressings and a discussion with the Sheffield wound care formulary team who
wanted to be able to advise clinical colleagues about the most appropriate
choice of AWD if a particular bacterium had been identified in a wound. Having
personally developed numerous wound care formularies for a number of NHS
Hospital Trusts it had always been a challenge to find independent, peer
reviewed literature which investigated the clinical efficacy of the range of
available AWD. Sensitivity testing against a range of antimicrobials may aid the
selection of appropriate systemic antibiotic treatment but does not often assist
the choice of AWD as very few manufacturers actually state which bacteria their

dressings are effective against.

This lack of evidence led to the development of a pilot study to investigate the
antimicrobial properties of a selection of antimicrobial dressings that were is
common use in Sheffield (Bradshaw 2011). This intial research suggested that
the species of bacteria present in the wound was an important consideration
when choosing an antimicrobial dressing and also identified some interesting
results particulary in relation to the effectiveness of iodine and silver containing
dressings. The full details of the study are discussed in Chapter 3. This work

has been widely cited in publications (44 citations as of March 2021) and clearly
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demonstrated a gap in knowledge in relation to the antimicrobial efficacy of

different antimicrobial wound dressings against common wound pathogens.

From these initial experiments which investigated the antimicrobial activity of
the dressings over a 24-hour period it was decided to undertake a more
comprehensive review of the commercial dressings available in the UK and also
determine the duration of action of the dressings against common wound
pathogens. The interesting results with the commercial silver and iodine
dressings led to these antimicrobial agents being identified for further research
to try to develop a novel antimicrobial material which could provide a sustained
release of the antimicrobial over a prolonged period of time. The advantages of
this were perceived to be that a sustained release of an antimicrobial could
control the bioburden in the wound for a prolonged period and that the
mechanism of release would provide a lower concentration of antimicrobial so
minimising the risk of cytotoxicity to the wound surface. Another aim of the
research was to develop an antimicrobial material which was easy to formulate

and inexpensive to produce.

1.12. Thesis Aims and Objectives
Thesis Aims:

Investigate the antimicrobial properties of Commercial Antimicrobial Wound
Dressings available in the UK to identify a gap in the market for a low cost, long-

acting antimicrobial dressing.

Develop and evaluate a new type of dressing which can deliver a controlled

release of an antimicrobial agent over a sustained period of time.
Objectives:

1. Compare the antimicrobial properties of a wide selection of Antimicrobial

Wound Dressings available in the UK.

2. Establish the duration of antimicrobial action of individual antimicrobial wound

dressings against a selection of common wound pathogens.
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3. ldentify the most appropriate antimicrobial agent for incorporation into a novel

low-cost Antimicrobial Wound Dressing.

4. Formulate a new material that can deliver a controlled release of a selected

antimicrobial over a sustained period of time.

5. Determine the duration of action of the new material against the same wound

pathogens used to test the commercial antimicrobial wound dressings.

6. Assess the cytotoxicity of the new material as an in vitro proxy for safety.
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Chapter 2: General Methods

2.1. Microbiological Studies
2.1.1. Organisms and Materials

2.1.1.1. Test Organisms

The following bacteria were used throughout this study: -

Laboratory strains of Escherichia coli JM109 and Staphylococcus aureus
SH1000

An antibiotic susceptible clinical isolate from a burns patient of Pseudomonas
aeruginosa H085180216

Antibiotic resistant strains of S. aureus used in later experiments were Epidemic
methicillin-resistant S. aureus EMRSA-16 and S. aureus USA300.

All test bacteria were archived in glycerol in a - 80°C freezer.

2.1.1.2. Test Medium

Experiments were performed using Mueller-Hinton broth (MH broth) and

Mueller-Hinton agar (MH agar) (Oxoid, Basingstoke, UK)

MH broth was prepared by dissolving 11g of the powder in 500m| distilled water
and MH agar 19g of the powder in 500ml distilled water. The media were
sterilised in an autoclave at 121°C for 15 minutes. The MH broth was allowed to
cool at room temperature. The MH agar was cooled in a water bath at 50°C and
whilst still liquid 20ml was poured into individual Petri dishes. The MH agar
plates were allowed to dry at room temperature and then stored in a fridge for

up to 3 weeks before use.
2.1.2. Microbiological Experimental Protocols

All experiments had a minimum of 6 technical replicates, unless otherwise

stated.

2.1.2.1. Bacterial Culture

A sample of the test bacteria stored in glycerol was removed from the — 80°C
freezer and a sterile inoculating loop used to extract a drop of the sample. This

was then streaked onto a MH agar plate and then placed in a static incubator
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for 24 hours at 37°C. Streak plates of prepared test bacteria were kept in a

fridge at 4°C for a maximum of 4 weeks.

From the prepared streak plate, a single colony of the test bacteria was
removed and added to 9ml of sterile MH broth. The inoculated test media was

then incubated at 37°C in an orbital incubator at 100rpm for 24 hours.

100ul of overnight bacterial culture was added to 2.9ml sterile 1% phosphate
buffered saline (Dulbecco’s PBS, Gibco).

Circular Petri dishes containing a 5mm layer of MH agar were inoculated with
100ul of the =1 x 108CFU/mI broth culture of each test organism. The bacterial
culture was then evenly distributed across the surface of the agar using a sterile

L shaped plastic spreader and then allowed to dry.

2.1.2.2. In vitro Growth Inhibition Assay

Square 2 x 2cm samples were cut from the test dressings using a sterile
scalpel. The squares were then sterilised by UV radiation for 15 minutes on
both sides using a Mini-V/PCR (Telstar Life Solutions, Terrassa, Spain).

The 2 x 2cm test square was placed, using sterile tweezers, in the centre of the
inoculated MH agar plate, the lid replaced, and the test plates were then

incubated for 24 hours in a static incubator at 37°C.

An open MH agar plate was left in the laminar air flow cabinet for the duration of
each experiment and then incubated for 24 hours at 37°C and then inspected to

ensure there were no visible signs of microbial growth.

A control MH agar plate was produced for each test bacteria which was
incubated without a test dressing to ensure that the bacterial culture produced a

complete lawn of microbial growth.

After 24 hours incubation at 37°C the plates were examined for bacterial growth
and the presence of a zone of inhibition of microbial growth both around the test
dressings.
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The Zone of Inhibition was determined by measuring the two diameters of the

zone and calculating the surface area of an oval using the equation: -

Surface area = mr,r, where r1 and rz2 are half the length of the two diameters

di and d2. The surface area was measured in mm?2 (Figure 2.1).

Zone of Inhibition (ZOIl) of Microbial growth
Test Dressing

MH Agar Plate

Lawn of Diameter 1 of
Microbial € 3 ZOI (d1)
growth

€| Diameter 2 of
ZOl (d2)

Figure 2.1: Measurement of the Zone of Inhibition of microbial growth.

2.1.2.3. Duration of Antimicrobial Activity — Passage Studies

Analysis of antimicrobial activity over a period of days was used to determine
the duration of action of the test dressings. The samples were prepared as
described in the growth inhibition assay. After 24 hours the ZOl was measured,
and the used dressing sample transferred to a fresh agar plate inoculated with
the same test organism. The samples were then incubated for a further 24
hours at 37°C, the ZOIl was measured, and the dressing transferred to another
fresh agar plate inoculated with the same organism. This was then incubated for
a further 24 hours at 37°C and the ZOIl measured giving a reading of the
remaining antimicrobial activity after 72 hours used. Unless otherwise stated in
the Methods Summary Section the experiment was repeated until the point the
test dressing no longer produced a clear ZOI and was assumed to be no longer

able to inhibit the growth of the microorganism.
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2.1.2.4. Biofilm Model

Biofilms were created by inoculating 9ml of MH broth with 1 colony of the test
bacteria. To the broth was added a 10 x 10mm piece of Nitrocellulose filter
membrane (BioRad, California, USA). The filter membrane had been UV
irradiated on both sides for 15 minutes. The broths were placed in an orbital
incubator (100 rpm) at 37°C for 24, 48 or 72 hours. After the allocated
incubation time the filters were removed aseptically from the broth and placed in
9ml of sterile 1% Phosphate Buffered Saline (PBS) (Sigma Aldrich, St Louis,
USA). The samples were then placed on a rocking platform set at 25rpm for 30

minutes to enable any planktonic bacteria to detach from the filter.

After 30 minutes the filters and attached biofilms were carefully removed from

the PBS and placed in the centre of a circular Petri dish containing MH agar.

A 2 x 2 cm sample of the test dressing was placed over the biofilm and the Petri
dish lid replaced and the samples incubated for 24hours at 37°C. Controls were
created by growing the biofilm as described but not covering it with a dressing.
After 24 hours the dressing samples were removed and the filter plus any
remaining biofilm placed in 9ml PBS 1%. These samples were then placed on a
rocking platform set at 25rpm for 30 minutes. The filters were then carefully
removed and placed in a plastic universal tube containing a fresh 9ml of sterile
1%PBS. The tubes were then placed in a sonicating water bath for five cycles of
two minutes on and two minutes off to dislodge the bacteria whilst minimising

the risk of cellular lysis as a consequence of sonification.
The bacterial suspension was then serially diluted for counting.

2.1.2.5. Bacterial Viability (LIVE/DEAD ™BacLight™)

Bacterial membrane integrity following treatment with antimicrobial dressings
was determined using the LIVE/DEAD™ BacLight kit ™(Thermofisher Scientific,
UK). A sample of the biofilm was removed using a sonicating water bath. The
cells recovered from the biofilm were placed in 1ml sterile PBS 1% and the
BacLight reagents were added as per the manufacturer’s instructions. The
treated biofilm was then placed on a microscope slide, a cover slip applied, and
fluorescent images of the biofilm were produced using a confocal microscope

(LSM 510 laser confocal scanning microscope, Zeiss, Oberkochen, Germany).
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Bacterial cells with a compromised membrane that were dead or dying stained

red whereas cells with an intact membrane stained green.

2.1.2.6. Minimum Inhibitory Concentration (MIC)

The MIC is the lowest concentration of an antimicrobial chemical found to inhibit
the visible growth of a test microorganism after overnight incubation (Andrews
2001). In order to assess the MIC of test dressings a broth dilution MIC was

developed based on the method described by Andrews 2001.

To determine the MIC of the antimicrobial dressings the antimicrobial chemicals

had to be extracted from the dressing materials.

To do this the test dressings were cut using a 9mm sterile cork borer and each
disc incubated at 37°C in 1ml of MH broth for 24 hours. A total of 28 discs of
each dressing were soaked, the discs absorbed the media and swelled and
yielded a total of 23ml of eluent. The discs were removed, and the eluent
produced by each dressing was then serially diluted with MH broth to 11
different concentrations from 100% to 50% then 25% down to 0.0976%.
Povidone-lodine Solution = Videne ® Antiseptic Solution (Ecolab, Northwick,
UK.) a 10% (w/w) solution of PVP-I containing 1% (w/w) available iodine was

also serially diluted with MH broth to produce 11 different concentrations.

180 pl of each of the different dilutions were placed in 200ul wells. To each
dilution was added 20ul of the test bacteria (=1 x10¢ cfu/ml) and then incubated
overnight at 37°C.  An end point assay scoring either growth or no growth was
measured using the TeCan Infinate 200 (TeCan Group Ltd, Méannedorf,

Switzerland) at an optical density of 600nm.

2.2. Cell Biology
2.2.1. Cells and Materials

2.2.1.1. Cell Lines

HaCat keratinocytes (Cat Number T0020001) (AddexBio, San Diego, USA)
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Normal Human Dermal Fibroblasts (NHDF-C39315) (Promocell, Heidelberg,

Germany)
2.2.1.2. Reagents and Equipment

Dulbecco’s modified Eagle’s medium (DMEM) Glutmax (4500mg/L glucose)
(Sigma Aldrich, St Louis, USA)

10% (V/V) Foetal Calf Serum (FCS) (Biowest Biosera, UK)
Penicillin 100iu/ml and streptomycin 100ug/ml (Sigma Aldrich, St Louis, USA).
Amphotericin B 0.625ug/ml (Sigma Aldrich, St Louis, USA)

Alamar Blue® Cell Viability (Invitrogen Molecular Probes, ThermoFisher
Scientific, UK)

Povidone lodine 10% Aqueous Solution (Videne®, Ecolab, Northwick, UK)
Peracetic acid (PAA) 0.1% (Sigma Aldrich, St Louis, USA)

Sodium Chloride (NaCl) 1M (Sigma Aldrich, St Louis, USA)

Clariostar Plate Reader (BMG LABTECH Ltd, Buckinghamshire, UK)
Cork borer (VWR, UK)

Thincerts (12 well, 0.4um pore diameter, transparent) (Greiner BioOne (GmbH),

Frickenhausen, Germany)

2.2.2. Cell Biology Experimental Protocols
2.2.2.1. Cell Culture

HaCat cells were cultured in DMEM Glutmax (4500mg/L glucose)
supplemented with 10% v/v FCS and penicillin (100 1U/ml) and Streptomycin

(200pg/ml) until a confluence of 80% was reached.

Normal Human Dermal Fibroblasts were cultured in DMEM Glutmax (4500mg/L
glucose) supplemented with 10% v/v FCS, 2 x103 M L-glutamine, 0.625ug/ml
amphotericin B, penicillin (100 IU/ml) and Streptomycin (100ug/ml) until a

confluence of 80% was reached.
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2.2.2.2. Cytotoxicity testing of Dressings on Cell Cultures.

The test methodology was adapted from an indirect cytotoxicity experiment
described by Yunoki et al. (2015) which was based on ISO 10993-5:2009

(Biological evaluation of medical devices — Part 5: Tests for in vitro cytotoxicity).

HaCat keratinocytes and Normal Human Dermal Fibroblasts were cultured
separately in their respective culture media (as described in Section 2.2.2.1.)

until a confluence of 80% was reached.

The cells were then seeded to six different cell densities between 1 x 104 and 6
x 10% in 96 well plates and allowed to adhere to the base of the well over a 24
hour period at 37 °C in 5% COez.

3.59 samples of each test dressing were submerged in 35ml of DMEM to
produce a (10%w/v) solution and incubated at 37°C for 24 hours. The dressing
was removed from solution and the resultant eluent contained 100% of the
antimicrobial eluted from the dressing. The extracted eluent was diluted with
DMEM to give a range of different concentrations: 100% eluent, 80%, 60%,
40%, 20%, 10%,1% and 0% (100% DMEM). 200ul of each dilution was added
to the six different HaCat cell densities which had been grown overnight. The
samples were all tested in triplicate and incubated for 24 hours at 37°C. After 24
hours the eluent was removed, and the cells rinsed with sterile PBS 1% to
remove any excess iodine. The washed cells were then incubated with 10pl/ml
(Carrier DMEM) of resazurin salt (2mg/ml-(DMEM Carrier) Alamar Blue® for 2
hours at 37°C in the dark. A cell density of between 30-40K was found to be
optimal for developing a consistent confluent monolayer of cells so the

experiment was repeated using 3 x 104 cells per well.
Fluorescence was measured using a Clariostar Plate reader.

Povidone lodine (PVP-I) 10% aqueous solution was used as a positive control.
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2.2.2.3. Preparation of Tissue Engineered (TE) Skin Model

De-epidermised dermis (DED) was prepared at the University of Sheffield by
Patrick Harrison using the method described by MacNeil, Shepherd and Smith
(2011).

Briefly, donated human skin (Euroskin) was split using a Braithwaite knife to
produce split thickness skin (STS) which consisted of the epidermis and part of
the dermis. The STS was placed into 100ml sterile containers containing 1M
Sodium Chloride (NaCl) solution and incubated for between 14 -18 hours at
37°C until there was visible separation of the dermis from the epidermis. The
dermis was then carefully detached from the epidermis taking care not to

damage the basement membrane.

The de-epidermised dermis (DED) was sterilised by immersion in 0.1%
peracetic acid (PAA) which had been adjusted to pH 7 (by the addition of
Sodium Hydroxide) for 3 hours at room temperature. The DED was then
removed and washed in sterile Phosphate Buffered Saline (PBS) 1% for 30
minutes. The washings were repeated a total of four times to ensure that any
NaCl in the DED was removed. The washed DED was placed in fibroblast
culture medium (Described in section 2.2.2.1.) and incubated at 37°C in 5%

CO2 humidified atmosphere for 48 hours.

The DED was cut using a sterile cork borer (VWR, UK) into 12mm diameter

discs.

The dermis discs were placed in the bottom of Thincerts (12 well, 0.4um pore
diameter, transparent) and 1ml of DMEM added to the bottom of the well. The
discs were fed with 250 pl of fibroblasts at a cell density of 1 x 10° /well and 250
pul of HaCat keratinocytes at a cell density of 4 x 105/well. They were then

incubated at 37°C for 24 hours to allow the cells to integrate into the dermis.

After 24 hours the cell culture media (DMEM) was replaced. The cell culture
media was then replaced every 48 hours for 17 days to allow the tissue to

develop.
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2.2.2.4. Cytoxicity testing of Dressings on a Tissue Engineered (TE) Skin Model

The iodine dressings were cut using a cork borer into 9mm diameter discs. The
samples were then sterilised by UV irradiation for 15 minutes on both sides. The
dressing discs were placed on top of the TE model in the holders and incubated
at 37°C for 24 hours.

After 24 hours the discs were removed, and the TE model was washed with
sterile PBS 1% to remove excess iodine. The TE skin was then incubated with
alamarBlue® reagent (ThermoFisher Scientific, UK) for 2 hours. After 2 hours
incubation the fluorescence was read on the BMG Clariostar Plate reader and
the results compared with a positive control (No PVP-I disc, just cells) and a
negative iodine control (PVP-I disc but no cell dermis) and a PVP-I negative
control (no cell dermis + no PVP-I disc) to determine if iodine was having any

influence on the Alamar blue assay.

The test dressing results were compared with the positive control (no PVP-I

disc) and the negative iodine control (DMEM + alamarBlue + PVP-I disc)

The average of 9 fluorescence readings were calculated for each test and the
controls and the percentage tissue viability calculated using the following
equation: -

% Tissue Viability =

Dressing sample (average) — Negative lodine Control (average)

Positive Control (average)

2.3. Material Formulations and Analysis

2.3.1. Reagents

Starch: octenylsuccinate modified waxy corn starch (Cargill, Surrey, UK)
This starch contains ca. 98% amylopectin and ca. 2% amylose.

PEGso0: Poly (ethylene glycol) (Sigma-Aldrich, Dorset, UK) = number average

molecular weight = 600g.mol -1
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Sodium Clay (Sodium Cloisite) = Cloisite® NA * (Southern Clay products,
Gonzales, Texas, US)

Silver Clay = Silver clay obtained from sodium clay by ion exchanged with silver
nitrate (MERI) Silver content 0.5%

Laponite Clay = Laponite® RD (Rockwood Additives, Widnes, UK)
Potassium iodide, purity >99.5% (Fischer Scientific, Loughborough, UK)
Klz = Potassium triiodide (Sigma Aldrich, Dorset, UK)

Povidone-lodine Solution = Videne ® Antiseptic Solution (Ecolab, Northwick,
UK.)

= 10% (w/w) solution of PVP-I containing 1% (w/w) available iodine.
PVOH = Poly (vinyl alcohol) = Mowiol® (Sigma-Aldrich, Dorset, UK.)
Mowiol® 4-98 (Mw = 27 000 g.mol1, 98.4+/- 0.4% hydrolysed) (Mw 27KDa)

Mowiol®28-99 (Mw = 145 000 g.mol?1, 99.4 +/- 0.4% hydrolysed) (Mw 145KDa)

2.3.2. Development of Antimicrobial Materials

2.3.2.1. Preparation of Starch/Clay Composites

A series of sodium-clay and silver exchanged clay composites were prepared in
the Materials Research Engineering Institute (MERI) at Sheffield Hallam
University (SHU) by Marianne Labet.

1. Sodium Clay & Starch

N

Silver Clay & Starch

w

. Sodium Clay & Starch & lodine

»

Silver Clay & Starch & lodine

5g starch was placed into a two-neck round bottom flask with a condenser. To
this was added 369 de-ionised water and the flask placed in a water bath on top
of a heating plate set at 95°C and stirred for two hours. The temperature was

reduced to 60°C and then 1g of PEGeoo in 2g of de-ionised water was added
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and the mixture left for 30 minutes before adding 1.66g of Cloisite®Na+. The
mixture was then left stirring for a further 90 minutes. Then the appropriate
qguantity of silver clay was added and mixed for a further 30 minutes before the

required volume of potassium triiodide solution was added.

Each formulation contained 5g starch, 36g water and 1g PEGeoo with differing
concentrations of either silver clay or iodine or both. 0.5g aliquots of each of the
different formulations were applied to cover the surface of 2 x 2cm microscope

cover slips. The samples were then dried at room temperature.
2.3.2.2. Preparation of Laponite/Povidone lodine Composites

Various composites were created by mixing different amounts of Laponite
powder with various weights of povidone iodine solution. For example, 0.2g of
Laponite was combined with 19.8g of Povidone iodine solution to produce a
1wt% mixture. The amount of the Laponite in the mixtures prepared ranged
from 1 wt% to 30wt%.

2.3.2.3. Preparation of PVOH/Povidone lodine Composites

PVOH was placed in a two neck round bottom flask with a condenser and to
this de-ionised water was added. The flask was heated to 95°C as before, with
stirring until the PVOH was fully dissolved. The solution was allowed to cool
(with continuous stirring) to room temperature. PVP-I was added and stirred
untii homogenous. The higher molecular weight PVOH (Mowiol 28-99) was
more viscous and required more water than the Mowiol 4-98 to dissolve all the
polymer. To allow for the additional water 0.65g of the Mowiol 28-99 was added
to the cover slip compared to 0.5g of the Mowiol 4-98 mixture. The samples

were allowed to dry at room temperature.

A series of composites were created by mixing different amounts of PVP-I with

PVOH to produce composites containing between 1-8.5 wt% PVP-I.

2.3.2.4. Preparation of PVOH/Povidone lodine/ Clay Composites.

A variety of composites containing PVOH, Povidone iodine and a clay, either
Cloisite® Na* or Laponite were created to investigate the effect of the addition of
clay on the release of iodine from the materials. The different formulations were
created by MERI using the method described below.
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PVOH (Mowiol 28-99) was added to distilled deionised water in a flask which

was placed in a water bath at 95°C for 1 hour to dissolve the PVOH.

Cloisite® Na* was added to distilled deionised water in a separate flask, placed
in a water bath at 95°C for 1 hour and mixed using a magnetic stirrer bar. When
dissolved the temperature of the water bath was reduced to 60°C. The PVOH
solution was added to the clay solution and mixed for a further hour at 60°C.
After an hour the water bath was turned off and when the water temperature
had dropped to 35°C the required volume of povidone iodine solution was

added and the mixture stirred for a further hour.

60g of the suspension was then poured into 9cm circular Petri dishes and dried
in a vacuum oven at 37°C over 7 days. The samples were then cut into 2 x 2cm

squares for testing.
2.3.2.5. Large Scale Preparation of the preferred CROWD Material

Scale-up of production and manufacture of a prototype wound dressing was
undertaken by Dr David Hogg from Rejuvetech Ltd and Dr Francis Clegg
(MERI, SHU).

The preferred dressing formulation contained: -
12.5 wt% Cloisite® Na* + 35 wt% PVOH + 52.5 wt% PVP-I

PVOH (Mowiol® 28-99, Mw ~ 145,000, 99-99.8% degree of hydrolysis) (Aldrich)
was fully dissolved in deionised water by heating at 95°C for 30 minutes. The

solution was then cooled to 60°C.

Cloisite® Na* (BYK Additives) clay was dispersed in deionised water and using

a magnetic stirrer bar was stirred continuously for 2 hours at 60°C.

The Clay suspension was added to the PVOH solution (at 60°C) and stirred
using a saw-tooth blade, overhead mixer for 1 hour. This suspension was then
cooled to 35°C.

PVP-1 10% w/w aqueous solution (Ecolab Videne® Antiseptic Solution) at room
temperature was poured into the Clay/PVOH suspension and further mixed for

1 hour with the overhead saw-tooth mixer.
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The final suspension was poured into a square Petri dish (24.5 x 24.5 cm) and
dried in a vacuum oven in which the shelves were heated to 37°C. The sample
experienced a cyclic vacuum in which it is held at 300 mbar for 1 hour, then
ramped to atmospheric pressure over 15 minutes and held for 30 minutes
before repeating the vacuum procedure. It took approximately 9 days for the

sample to dry.

2.3.2.6. Determination of the composition of the preferred CROWD material

The method for separating the two layers of the CROWD material and analysing
the constituents was developed by Chris Breen, Francis Clegg and Lukas Petra
in the Materials Engineering Research Institute (MERI), Sheffield Hallam
University. The analysis was undertaken by Lukas Petra (MERI) in 2015.

Samples of the preferred CROWD formulation (12.5wt% Cloisite®Na+/ 35wt%
PVOH /52.5wt% PVP-I) were first separated into the two layers; Top (Dark Lay-
er) and Bottom (Light Layer). The layers were cut into small pieces and dried in
an oven at 90°C for 3 days. The mass of dried samples was then measured
(Figure 2.2).

A: Drying and weighing of the layers

TOP
1. separatlon 2 cutting layers to
_ of the layers pieces
BOTTOM

BOTTOM

3. drying the samplesl

(3 days, 90°C)

|$J\_ﬁ I |y sy || s ¢

BOTTOM TOP  BOTTOM

Figure 2.2: Separation of the two CROWD layers and determination of the dried
mass (Petra 2015)

The next step was an extraction of lodine (Figure 2.3). Dried samples of the
layers were placed in two beakers and 100 ml of deionised water was added to

each. The release of lodine was observed immediately, and the films were kept
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in a solution for 24 hours without stirring. After 24 hours the solution was poured
into bottles and another 100ml deionised water was added to each beaker
containing the washed samples. This procedure was repeated several times un-
til the iodine was completely washed off, this process took 5 days. The solid
films were then removed from the beakers and placed in Petri dishes and dried
in an oven at 60°C for 24 hours. The prepared samples were labelled “Dried top
solid without lodine” and “Dried bottom solid without lodine”. The solutions in
the bottles were labelled “Top filtrate and Bottom filtrate”. These solutions were

used to determine the lodine content. The filtrates contained lodine and PVP.

. o . Top solid
B: Washing off the lodine without lodine
—]
1. washing 2. separation Top
Igl off the lodine’ . filtrate
TOP (5 days)
-
Bottom solid
without lodine
2. separation =
1. washing : R
I;Q off the lodine
BOTTOM  (5days) (@™ Bottom
filtrate
: | AWeighing. iy eid bottom
Top solid Bottom solid o Diviiiat Dried top solid| ¢4id without
without lodine without Iodineﬁgwwithout lodine lodine
e ] | |

Figure 2.3: Extraction of lodine from the two separated CROWD layers (Petra
2015)

The “Top filtrate” and “Bottom filtrate” were placed into two separate beakers.
(Figure 2.4) and the samples were mixed for 2 hours at 90° C to drive the
decomposition of the triiodide anion reaction. This results in the loss of a
portion of the iodine (two thirds of it) as described in the equation. The filtrate
contains both iodine and some dissolved polymer. Weighing the amount of
dissolved polymer and iodine before heating and after heating allows the
calculation of the amount of iodine present. Determination of the amount of
dissolved polymer presnt was calculated from the solid recovered from the

washing off step (i.e., the ‘top solid without iodine).
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After 1 hour the solutions became colourless. This was believed to be caused
by the decomposition of triiodide anion:

(13) (aq) > I2(g) + I (aq)

The colourless solutions were then poured into Petri dishes and dried in an ov-
en at 60°C for 24 hours. The prepared films labelled “Top film” and “Bottom film”

were then weighed.

C: Determination of lodine content

_ 1. Mixing at 2. Drying at I—]
90 Cfor2h 60°C for 24 h .
Top film

Top filtrate Colourless
solution 3.Weighing
1 Mixing at 2. Drying at l—l
90 Cfor2h 60°C for 24 h Bottom film
Bottom filtrate Colourless

solution

Figure 2.4: Determination of the lodine content in each layer of the CROWD-
composite (Petra 2015)

The final step in the process was the polymer extraction (Figure 2.5). The dried
top (or bottom) solid without lodine were placed into a beaker containing 120 ml
of deionised water. The mixture was heated to 90°C mixed for 2 hours. After 2
hours the samples had dissolved and formed dispersions. After cooling to room
temperature, the dispersions were centrifuged. The supernatants were poured
into a Petri dish and put into an oven at 60°C for 24 hours. The homogenous
colourless films that formed were labelled “bottom solution” and “top solution”.
Solid residues were transferred from the tubes to Petri dishes by the addition of
30 ml deionised water onto the solid residues. The tubes were mixed in a shak-
er for 1 hour. Prepared dispersions were poured into Petri dishes and dried in
an oven at 60°C for 24 hours. Formed films were labelled “top solid” and “bot-
tom solid”. All samples were weighed and analysed by Thermogravimetric Anal-
ysis (TGA). The gravimetric analysis and TGA results were used to calculate

the composition of the film.

91



D: Polymer extraction sl

Top solution
Top solid
Dried top solid
without lodine 4 \ixing at 2. Centrifugation T
90°Cfor 2 h 3. Separation
—l az and drying
(60°C, 24 h)
Dispersion
Top solid
Bottom solution
3. Separation
Dried bottom and drying
solid without apea—— 2. Centrifugation (60°C, 24 h)
lodine . ViXing a - -
solution
Dispersion
Bottom solid Bottom
solid

Figure 2.5: Extraction of the Polymer from the Top and Bottom Layers of the
CROWD composite (Petra 2015)

2.3.2.7. X-Ray Fluorescence (XRF) Analysis of lodine content of different
CROWD Formulations

The XRF analysis was undertaken by Francis Clegg in the Materials

Engineering Research Institute (MERI), Sheffield Hallam University.

XRF spectra were collected directly from 2x2cm dressing samples that had
been allowed to dry at room temperature and humidity, using a PANalytical
MagiX PRO XRF (PW2440) spectrometer (Malvern PANalytical Ltd, Malvern,
UK) and a Rh anode X-ray source (Malvern PANalytical Ltd, Malvern, UK).

Data collection involved four different detectors (flow, sealed, scintillator and
duplex) and 10 different mono-chromator crystals to produce 10 different energy
ranges, which covers the range of elements from Fluorine to Americium. Data

was analysed using the default settings within the 3-ig+ programme.

XRF data were analysed using SuperQ software (PW2450); Data collector
(Measure and Analyse — Version 4.0R (4.1561.3)) and Data Analysis (IQ plus -
Version 4.0R (4.1561.3)) (Malvern PANalytical Ltd, Malvern, UK) and
guantification were obtained by utilising the raw data (counts per second).
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Raw data were used since the calibrated methods were unable to provide
reliable data for the samples containing no clay, which was because the
dressings predominantly contain carbon and hydrogen, and these elements
cannot be detected by the XRF technique.
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Chapter 3. Antimicrobial Susceptibility Testing of Commercial

Antimicrobial Wound Dressings

3.1. Introduction

The development of microbial resistance to antibiotics has led to renewed
interest in the use of other topical antimicrobial agents for the treatment of

infected wounds (Kramer et al. 2017).

As mentioned in Chapter 1 the British National Formulary (BNF 2019) advises
prescribers that for local wound infection a topical antimicrobial dressing can be
used to reduce the level of bacteria at the wound surface. However, there is no
guidance to aid the selection of an appropriate AWD if a particular

bacterial/microbial infection is present in the wound.

Prescribers are advised to consider the amount of exudate being produced by
the wound when selecting an antimicrobial dressing and suggestions are given
as to an appropriate choice based on the ability of the carrier dressing to adsorb
exudate (Table 3.1.).

Table 3.1: Wound contact materials for Wounds with Signs of Infection (BNF
2019)

Low Exudate Moderate Exudate Heavy Exudate

Low adherence Tulle Hydrocolloid-fibrous with | Hydrocolloid—fibrous with
with honey silver silver

Low adherence Tulle Foam with silver Foam extra absorbent
with iodine with silver

Alginate with silver

Low adherence Tulle ) Alginate with honey
Honey-topical
with silver . o
o Alginate with silver
Cadexomer-iodine

Hydrocolloid with silver

Honey topical
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In 2016 (NICE) stated in their Evidence Summary on advanced wound
dressings and antimicrobial dressings that “systematic reviews and meta-
analyses have identified little good quality evidence from randomised controlled
trials (RCTs) to support the use of advanced or antimicrobial dressings (Such
as iodine, honey or silver dressings) for chronic wounds. As well as being few in
number, many of the RCTs have significant limitations and the evidence is
generally of low quality”. This research started in 2010 shortly after the
publication of the Cochrane Review on silver dressings and the VULCAN study
which had raised concerns about the use of silver dressings for the prevention
and treatment of infection in wounds. The Sheffield wound care formularly
group were investigating the available evidence to develop a formulary for
clinical staff to support the choice of suitable antimicrobial dressings, not only
for different wound types but also wounds infected with particular pathogens.
Most of the antimicrobial dressings on the market had limited evidence
regarding which pathogens they were effective against. So, a pilot research
project was developed to compare a wide selection of antimicrobial dressings
that were being used in Sheffield to determine whether or not there was a
significant difference in their antimicrobial efficacy against common wound
pathogens. The study (Bradshaw 2011) involved one honey, three iodine and 9
silver containing dressings which were being used in primary care and the
hospitals in Sheffield. The research involved a 24 hour in vitro growth inhibition
assay (Described in Section 2.1.2.2.) using 1 x 1 cm square samples of the
dressings tested against Staphylococcus aureus (SH1000), Escherichia coli
(JM109) and Pseudomonas aeruginosa (H085180216). The initial analysis
showed that there were no significant differences in the action of honey, iodine
or silver against the bacteria tested (p = 0.342). However further analysis
identified that the activity of individual dressings varied significantly against
each bacterial species. The cadexomer iodine dressing, lodoflex, produced the
largest ZOI against all three bacteria but interestingly the other dressings varied
in their action against different species. The silver dressings: Urgotul SSD,
Sorbsan Silver Flat, Aquacel Ag and the iodine containing dressings lodozyme
and lodoflex produced large ZOIl against E. coli. The three iodine dressings;
lodoflex, lodozyme and Oxyzyme produced the largest ZOI against the Gram-

positive, S. aureus. The dressings which produced the largest ZOIl against P.
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aeruginosa were lodoflex and the absorbant silver dressings; Sorbsan Silver
Flat, Urgosorb Silver and Aquacel Ag. It had been suggested at the time of the
initial study (Cutting et al. 2009) that selection of wound dressings is influenced
by the characteristics of the individual wound, the ability of the dressing to
manage pain, fluid levels within the wound, sustain a release of an antimicrobial
agent over time and to modulate inflammation (Cutting, White and Hoeskstra
2009). This intial research identified that the organisms tested had different
degrees of sensitivity towards antimicrobials. It also suggested that the species
of bacteria present in the wound may also be an important consideration when
choosing an antimicrobial dressing. This work demonstrated a gap in
knowledge in relation to the characteristics of different antimicrobial wound
dressings against common wound pathogens.

One of the limitations of the initial study was that the samples were only tested
for 24 hours and so the duration of the antimicrobial activity of the individual
dressings had not been investigated. Antimicrobial dressings with a sustained
duration of antimicrobial action could have numerous advantages in clinical
practice to control the bioburden within the wound and reduce the frequency of

dressing changes.

This larger study was developed to not only compare the antimicrobial activity of
a wider range of different antimicrobial dressings but also to determine their
duration of action and to identify if the antimicrobial effects were different

against the three test bacteria and within each class of dressings.

The three test bacteria included in this study were three common wound
pathogens found in chronic wounds: Staphylococcus aureus (SH21000)
(Laboratory strain), Escherichia coli (JM109) (Laboratory strain) and
Pseudomonas aeruginosa (H085180216) (Antibiotic susceptible clinical isolate

from a burns patient).

Staphylococcus aureus is a facultative anaerobic, Gram - positive coccus
capable of forming biofilms. It colonizes the skin and is one of the most common
pathogens isolated from infected wounds (Bessa et al. 2015; Rahim et al. 2017;
Serra et al. 2015). Many of the strains that cause wound infection produce

extracellular enzymes that can break down host tissues and invade deeper
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layers of the skin to form abscesses. Enzymes such as staphylokinase activate
plasminogen causing break down of fibrin clots and promote bacterial
dissemination. Other enzymes produced include collagenase that breaks down
peptide bonds in collagen, coagulase which converts fibrinogen to fibrin,
hyaluronidase which breaks down hyaluronic acid which is part of the
extracellular matrix and lipases that catalyse the hydrolysis of triglycerides (Tam
and Torres 2019). Certain strains produce various toxins such as haemolysins
that can lyse red blood cells and enterotoxins which cause nausea and vomiting
(Edwards-Jones 2016). The particular strain of S. aureus used in this study was
SH1000 which was derived from lab strain 8325-4. The 8325-derived S. aureus
strains were shown to have reduced activity of the alternative stress sigma
factor, SigB. High hemolysin and extracellular protease expression observed in
8325-derived strains was linked to the low activity of SigB. To address this
issue, an rsbU+ repaired derivative of 8325-4 was constructed (SH1000) that
has increased SigB and can also form biofilms so is representative of a disease
forming S. aureus (Baek et al. 2013; O'Neill 2010).

Escherichia coli is a common Gram - negative bacteria found in the
gastrointestinal tract that has been associated with various wound infections
including pressure ulcers and surgical site infections (Chakraborty et al. 2017).
The strain used in this study, JM109, is derived from a clinical isolate, is a

known biofilm former and is commonly used in infection models.

Pseudomonas aeruginosa is an opportunistic, aerobic, Gram-negative bacilli. It
produces a number of virulence factors including the enzymes elastase which
cleaves collagen and elastin, phospholipase and lecithinase which can break
down cell membranes and serine and cysteine proteinases which denature
proteins. P. aeruginosa can also produce toxins such as cytotoxin which is toxic
to most eukaryotic cells and pyocyanin a redox active phenazine which
produces toxic oxygen species and causes the characteristic blue green colour
(Edwards-Jones 2016). P. aeruginosa is known to cause biofilms. The strain

used in this study was a clinical isolate from a burns patient.

The dressings included in the research were chosen to represent each of the

four main classes of antimicrobial wound dressings (AWD) available in the UK;

Antiseptics, lodine, Silver and Honey. The criteria used for the selection of
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dressings was that they were licensed for the treatment of wound infection and
were available as a formulated dressing; tulle, alginate, hydrofibre, foam or soft

polymer so could be cut into 2 x 2cm squares.

For each of the four classes of AWD a range of dressings made with different
carrier materials e.g., alginates, foams were included to try to determine if the
carrier dressings affected the size of the Zone of Inhibition (ZOI) and the

duration of antimicrobial action.

Gel formulations such as honey ointments and amorphous hydrogels were not
included as they could not maintain their form and were likely to spread across
the agar plate and not produce clear Zone of Inhibition (ZOI). This meant that

after 24 hours incubation the gel formulations could not be passaged.

3.2. Methods Summary

Passage studies, as described in Chapter 2, Section 2.1.2.3. were undertaken
to assess the duration of antimicrobial activity of 2 x 2cm samples of the 20
commercial antimicrobial dressings listed in Table 3.2. The samples were

passaged until they were no longer producing a clear ZOI.
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Table 3.2: Commercial Antimicrobial Wound Dressings (AWD) included in the

study

AWD Class

Biguanide

lodine

Silver Alginates
Silver Hydrofibers
Silver Soft Polymers
Silver Foams

Honey Alginate Dressings

Honey Tulles

Honey Hydrogel

3.3. Results

Commercial Dressing

Chlorhexidine Tulle
Suprasorb X+PHMB
Inadine Tulle

lodoflex

lodozyme

Sorbsan Silver Flat
Urgosorb Ag
Aquacel

Aquacel Ag+ Extra
Urgotul SSD
Urgotul Ag

Biatain Ag

Allevyn Ag
Medihoney Gel Sheet
Medihoney Apinate
Algivon

Activon

Actilite

Melladerm Plus
L- Mesitran Net

Manufacturer

Smith & Nephew healthcare Ltd
Lohmann &Rauscher (UK)
Systagenix Wound Management
Ltd.

Smith & Nephew healthcare Ltd
Crawford Healthcare Ltd
Aspen Medical Europe Ltd
Urgo Medical Ltd

ConvaTec Ltd

Convatec Ltd

Urgo Medical Ltd

Urgo Medical Ltd

Coloplast Ltd

Smith & Nephew healthcare Ltd
Derma Sciences Europe Ltd
Derma Sciences Europe Ltd
Advancis Medical

Advancis Medical

Advancis Medical

Sanomed Manufacturing BV
Aspen Medical Europe Ltd

3.3.1. Biguanide Dressings — Passage Study Results

Passage studies were undertaken using 2 x 2cm samples of two biguanide

dressings:

dressing (Suprasorb®X + PHMB).

3.3.1.1. Chlorhexidine Tulle

Chlorhexidine Tulle (Bactigras®) and a Polihexanide (PHMB)

After 24 hours the Chlorhexidine Tulle did not produce a ZOIl against S. aureus

or P. aeruginosa and there was evidence of microbial growth through the weave

of the gauze. The tulle did however produce a small ZOl (Mean Surface Area
(Mean) 460+ 82.46mm?2) against E. coli after 24 hours but after 48 hours there

was complete microbial growth under the sample.
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3.3.1.2. Polihexanide (PHMB)

The polihexanide containing dressing produced a large ZOI against S. aureus
and E. coli for 48 hours but after 72 hours there was complete microbial growth
under the dressing (Figure 3.1). The size of the ZOI produced against the two
bacteria was very similar S. aureus (Mean 1316 +116.4mm?2) and E. coli (Mean
1244 + 63.37mm?2) reducing to Mean 973 +114.0mm?2 for S. aureus and Mean
920+ 47.99mm?2 for E. coli on the second day.

The ZOI against P. aeruginosa were smaller than those produced against the
other two bacteria, but the duration of action was 3 days with the ZOI produced
after 24 hours Mean 705+104.42mm2, 48 hours Mean 690 +160.36mm?2 and 72
hours Mean 730 +135.06mm?2, Suprasorb® did not produce a ZOl at 96 hours.

1600 -

1400 -

e
o [
o o
o o

| 24 Hours
800 -
M 48 Hours

600 - 72 Hours

Mean Surface Area mm?

400

200 -

S. aureus E. Coli P. aeruginosa

Figure 3.1: ZOIl produced by Suprasorb®X + PHMB against the three test

bacteria (Error Bar = Standard Deviation, n = 6)

3.3.2. lodine Dressings — Passage Study Results

In these experiments lodoflex, lodozyme and Inadine were tested against the
three bacteria. Oxyzyme was not included because it was not licensed for use
in infected wounds. The lodozyme has a separate top layer which was cut to 1 x
1cm and placed on top of the 2 x 2cm wound facing hydrogel layer (in
accordance with the manufacturer’s instructions).
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The ZOI produced by the three iodine dressings against the three test

microorganisms is shown in Figures 3.2, 3.3 and 3.4.

lodoflex produced the largest ZOl against all three test microorganisms and was
able to produce a clear ZOI after 48 hours repeated use. At 72 hours lodoflex
did not produce any ZOIl. The ZOI produced by lodoflex after 48 hours were
much larger for S. aureus (Mean 31124+363.37mm2) and E. coli (Mean
1861+96.05mm?2) than the ZOI produced in the first 24-hour period (Mean 731+
82.15mm?2) and (Mean 6744+130.44mm?2) respectively. However, when lodoflex
was tested against P. aeruginosa the ZOIl after 24 hours (Mean

1649+188.91mm2) was much larger than the ZOI produced during the second
24-hour period (Mean 486+ 84.81mm2).

Inadine produced a ZOI for 48 hours against S. aureus and E. coli but only 24
hours against P. aeruginosa. After 24 hours the largest ZOl was against S.
aureus (Mean 1118mm2+ 60.94mm?2) then E. coli (Mean 932+120.83mm?2) and
smallest P. aeruginosa (Mean 410+ 24.49mm?2). After 48 hours the ZOIl were
only slightly larger than the surface area of the sample 400mm?2 for both S.
aureus and E. coli. There were no ZOI against P. aeruginosa at 48 hours. At 72

hours there was complete microbial growth of all three test bacteria.

lodozyme produced a clear ZOI against the three test bacteria for the first 24
hours. The ZOIl were smaller than those produced by lodoflex and Inadine. After
48 hours there was still evidence of microbial inhibition but the size of the
surface area of the ZOI was less than the original size of the dressing sample.
On the second day the lodozyme dressings had curled away from the surface of
the agar and appeared to be inhibiting microbial growth where the material
remained in contact with the agar. At 72 hours there was no inhibition of

microbial growth.
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Figure 3.2: ZOI produced by lodine Dressings against S. aureus (Error Bar =

Standard Deviation, n = 6)
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Figure 3.3: ZOI produced by lodine Dressings against E. coli (Error Bar = Standard

Deviation, n = 6)
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Figure 3.4: ZOI produced by lodine Dressings against P. aeruginosa (Error Bar =

Standard Deviation, n = 6)

3.3.3. Silver Dressings — Passage Study Results

The eight silver dressings tested are listed in Table 3.3 categorised based on

their carrier primary dressing type.

Table 3.3: Silver Dressings tested classified by primary dressing type.

Alginates Hydrofibers Soft Polymers Foams
Sorbsan Silver Flat  Aquacel Ag Urgotul SSD Biatain Ag
Urgosorb Ag Aquacel Ag+ Extra  Urgotul Ag Allevyn Ag

3.3.3.1. S. aureus - Results

The alginate dressings: Sorbsan Ag and Urgosorb Ag and the two hydrofiber
dressings (Aquacel Ag and Aquacel Ag+ Extra) produced large clear ZOl
against S. aureus for 96 hours (Figure 3.5). Aquacel Ag+ Extra produced the
largest ZOI for the four days. All the dressings except Urgosorb Ag produced

smaller ZOIl after 48 hours than they produced in the first 24 hours.

The two soft polymer dressings; Urgotul SSD and Urgotul Silver only produced
ZOIl against S. aureus for 48 hours. Urgotul SSD produced a large ZOI (Mean
916+43.71mm?2) after 24 hours but the size reduced to Mean 419+67.38mm?

after 48 hours whereas the ZOI produced by Urgotul Silver were very similar on
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both days Mean 580+ 35.9mm2 after 24 hours and Mean 557+43.22mm?2 after
48 hours.
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Figure 3.5: ZOI produced by Silver Dressings against S. aureus (Error bar =

Standard Deviation, n = 6)

3.3.3.2. E. coli - Results

The two hydrofiber silver dressings, Aquacel Ag and Aquacel Ag* Extra were
active against E. coli for 120 hours whereas the alginate dressings, Sorbsan Ag
and Urgosorb Ag were effective for 96 hours. The two soft polymer dressings,
Urgotul SSD and Urgotul Silver only produced ZOI for 48 hours (Figure 3.6). All
the dressings, except the two soft polymers, produced larger ZOI after 48 hours
than they had done in the first 24 hours. The ZOI produced by all dressings
except Urgotul Silver were smaller than those produced against S. aureus. The
largest ZOIl was produced by Aquacel Ag+ Extra (Mean 742+29.75mm?2) which
was smaller than the largest ZOI it produced against S. aureus (Mean
1284+157.19mm?2)

104



900 -+

800 -~

700 -
600 -
W 24 Hours
I I m 48 Hours
W 72 Hours
96 Hours
120 Hours

Aquacel Ag+ Aquacel Ag Sorbsan Ag Urgosorb AgUrgotul SSD  Urgotul
Extra Silver

Mean Surface Area mm?
] (98] i (9]
[an] [an] = [an]
[an] [an] [an] [an]
1 1 1 1

=

o

o
|

o

Silver Dressings

Figure 3.6: ZOI produced by Silver Dressings against E. coli (Error bar = Standard

Deviation, n = 6)

3.3.3.3. P. aeruginosa - Results

All six silver dressings produced ZOI against P. aeruginosa for 96 hours (Figure
3.7). They all produced larger ZOIl against P. aeruginosa than they had against
the other two bacteria. The largest ZOl were produced by the hydrofibers,
Aquacel Ag and Aquacel Ag*Extra and the alginates, Sorbsan Ag and Urgosorb
Ag. Aquacel Ag* Extra again produced the Ilargest ZOIl (Mean
1871+76.26mm?2). All the dressings produced larger ZOI after 48 hours than
they had in the first 24 hours. After 96 hours all the silver dressings were still
producing large clear ZOIl with a surface area > 500mm?2. At 120 hours they

were no longer producing ZOl.
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Figure 3.7: ZOI produced by Silver Dressings against P. aeruginosa (Error bar =

Standard Deviation, n = 6)

3.3.3.4. Silver Foam Dressings — Passage Study Results

The samples of the two silver foam dressings; Allevyn Ag and Biatain Ag
produced very different results to the other silver containing dressings so have
been described separately.

The Biatain Ag dressing did not produce a clear ZOl against either S. aureus or
E. coli but was effective against P. aeruginosa (Figure 3.8).

However, Allevyn Ag produced inconsistent results against S. aureus and E.
coli. Against S. aureus only 5 out of the twelve Allevyn Ag samples produced a
clear ZOI after 24 hours. One sample continued to produce a small ZOI for a

total of 72 hours.

Only two out of twelve Allevyn Ag samples tested against E. coli produced a
clear ZOI after 24 hours. These two samples were transferred to freshly seeded

agar plates and continued to produce a very small ZOlI for a further 7 days.
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Both silver foams tested produced large ZOIl against P. aeruginosa for 7 days.
For the first 48 hours Allevyn Ag produced larger ZOlI, at 72 hours they had very
similar sized ZOlI, there after Biatain Ag produced the larger ZOI (Figure 3.8).

3500 -

3000 -+
o 2500 -
£
£
]
&- 2000 -
a
& W Biatain Ag
E 1500 -
= Allevyn Ag
o
2 1000 -

500 - j

0 -
1 2 3 4 5 ) 7
Days

Figure 3.8: ZOI produced by the two Silver Foam Dressings against P.

aeruginosa (Error bar = Standard Deviation, n = 6)

The duration of action of the silver dressings, classified by the carrier dressing

is shown in Table 3.4.

Table 3.4: Duration of action of different classes of silver dressings against S.
aureus, E. coli and P. aeruginosa.

S. aureus E.coli P. aeruginosa
Alginates 96 hours 96 hours 96 hours
Hydrofibers 96 hours 120 hours 96 hours
Soft Polymers 48 hours 48 hours 96 hours
Foams <24 hours < 24 hours 168 hours
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3.3.4. Honey Dressing — Passage Study Results
The honey dressings included in the passage studies are listed in Table 3.5.

Table 3.5: Honey Dressings tested classified by carrier dressing type.

Dressing Formulation

Medihoney Gel Sheet  Sodium Alginate 20% w/w with 80% w/w Manuka Honey

Medihoney Apinate Calcium Alginate with 100% Leptospermum Manuka honey

Algivon Calcium Alginate with 100% Manuka honey

Activon Tulle Knitted Viscose with 100% Manuka Honey

Actilite Tulle Knitted Viscose with 99% Manuka Honey and 1% Manuka
oil

Melladerm Plus Tulle Knitted Viscose with 45% medical grade Bulgarian
mountain flower honey
L- Mesitran Net Open weave mesh coated with 20% medical grade honey

The sodium alginate dressing, Medihoney Gel sheet melted after 24 hours
incubation at 37°C so could not be transferred so the ZOI could only be
measured after 24 hours. Medihoney Gel Sheet produced a clear ZOIl against

each of the three test microorganisms.

L- Mesitran Net, the 20% medical grade honey tulle, curled into a tube after 24
hours incubation at 37°C. None of the samples tested demonstrated any
antimicrobial activity against any of the three test microorganisms after 24
hours. It was not possible to weigh down the dressings as any weight would
have blocked the large open pores in the mesh and affected the integrity of the

dressing.

Melladerm Plus Tulle, the 45% medical grade Bulgarian honey tulle, did not
demonstrate any antimicrobial activity against any of the test microorganisms

and there was evidence of microbial growth through the pores in the dressing.

Four of the Manuka Honey dressings; Medihoney Gel sheet, Medihoney
Apinate, Algivon, and Activon Tulle produced clear ZOl against the three test

microorganisms. The ZOI produced are shown in Figures 3.10, 3.11 and 3.12.

Actilite Tulle which contains 99% Manuka honey, and 1% Manuka oil was only
effective against S. aureus and produced a very small ZOI similar to the size of

the sample.
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3.3.4.1. S. aureus — Results

After 24 hours all 5 Manuka honey dressings had produced a clear ZOI against
S. aureus (Figure 3.10). On the second day only the MH honeys; Algivon and
Activon Tulle were still demonstrating any signs of antimicrobial activity. They
both produced a very small square shaped ZOIl around the edge of the sample.
By 72 hours there was complete microbial growth under the samples of both
these dressings. The two tulle dressings Activon and Actilite produced two
distinct ZOIl. The photographs of the ZOIl produced by Activon Tulle in Figure
3.9, show a clear ZOIl around the Activon sample and then a larger area of
reduced antimicrobial growth surrounded by an orange ring which presumably
is the limit of the honey’s diffusion across the agar. The clear ZOl was used in

the calculation of the surface area of inhibition of microbial growth.

Figure 3.9: Two ZOI produced by Activon Tulle against S. aureus.
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Figure 3.10: ZOI produced by Manuka Honey Dressings against S. aureus (Error
bar = Standard Deviation, n = 6)

3.3.4.2. E. coli — Results

All four Manuka honey dressings except, Actilite Tulle, produced a clear ZOI
after 24 hours (Figure 3.11). After 48 hours only the two calcium alginate MH
honey dressings were still producing ZOI; Algivon (Mean 2686.92+168.46mm?2)
and Medihoney Apinate (Mean 2218.67+100.82mm?2). The size of the ZOI
produced by Algivon against E. coli was more than double the ZOI it had
produced against S. aureus, Mean 1094+65.8mmz2. Interestingly both Algivon
and Medihoney Apinate produced a larger ZOI after 48 hours than they did in
the first 24 hours but did not produce a ZOl at 72 hours.

The two MH Honey Tulle dressings; Actilite and Activon produced two distinct
ZOl as demonstrated previously in the S. aureus experiments. However, under
the Actilite the agar looked clearer but there was not a clear ZOI but a larger
circular area which showed evidence of reduced microbial growth. Actilite was
not included in the comparison because it did not produce a clear ZOIl. Activon
Tulle produced a large clear ZOI (Mean 1222+133.52mm?2) plus an even larger
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zone of reduced microbial growth (2926mm?2) after 24 hours but no ZOI at 48

hours.
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Figure 3.11: ZOI produced by Manuka Honey Dressings against E. coli (Error bar

= Standard Deviation, n = 6)

3.3.4.3. P. aeruginosa — Results

Actilite Tulle did not produce a ZOI against P. aeruginosa and after 24 hours
there was complete microbial growth through the weave of the Tulle. The other
four Manuka Honeys produced clear ZOI after 24 hours but the size of the ZOI
were smaller than the ZOI they produced against S. aureus and E. coli. At 48
hours there was complete microbial growth under all the test samples (Figure
3.12).
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Figure 3.12: ZOIl produced by Manuka Honey Dressings against P. aeruginosa

(Error bar = Standard Deviation, n = 6)

3.3.5. Comparison of the activity of the different antimicrobial dressings against

the three test bacteria.
3.3.5.1. S. aureus

After 24 hours all the dressings except the silver foam, Biatain Ag and the
chlorhexidine tulle, Bactigras, produced clear ZOIl against S. aureus. The
largest ZOI were produced by Suprasorb X + PHMB, Activon Tulle and Aquacel
Ag+ Extra. Interestingly most of the different classes of dressings produced very
large ZOI against S. aureus on the first day. After 48 hours lodoflex produced
the largest ZOI of all the dressings, which was more than 4 times larger than the
ZOl it had produced the previous day. Suprasorb and all the silver dressing also
produced larger ZOIl on the second day. However, after 48 hours all the honey
dressings were no longer producing clear ZOI except Activon and Algivon Tulle
which produced very small ZOI around the samples. The only dressings which
were still producing a clear ZOI on day 3 and day 4 were the silver hydrofibers;
Aquacel and Aquacel Ag+ Extra and the silver alginates; Sorbsan Ag and

Urgosorb Ag.
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3.3.5.2. E. cali.

After 24 hours all the dressings except Actilite tulle and the silver foam Biatain
Ag, produced clear ZOIl against E. coli. The largest ZOl were produced by
Suprasorb X + PHMB and the MH honeys; Algivon and Activon Tulle. However,
after 48 hours the cadexomer iodine, lodoflex, produced the largest ZOI
followed by Algivon and Apinate. Interestingly these three dressings produced
much larger ZOI on the second day than they did in the first 24 hours. By day 3
only the silver hydrofiber dressings, Aquacel, Aquacel Ag+ Extra and the
alginate silver dressings; Urgosorb Ag and Sorbsan Ag continued to produce a
ZOl. The two silver hydrofiber dressings were the only dressings still producing

a ZOI after 5 days continuous use.
3.3.5.3. P. aeruginosa

The results were very different for P. aeruginosa. All the dressings except
Actilite Tulle produced clear ZOI against P. aeruginosa after 24 hours. lodoflex
produced the largest ZOI followed by Algivon and Sorbsan Ag. However, after
48 hours only the silver dressings and lodoflex produced a clear ZOIl. All the
silver dressings continued to produce a ZOI until day 5. From day 5 to 7 only

the two silver foams; Allevyn Ag and Biatain Ag were still producing ZOI.

3.4. Discussion

Most of the dressings were effective against all three bacteria for either 24 or 48
hours. Only the silver dressings and the polihexanide dressing, Suprasorb®X +
PHMB demonstrated a prolonged duration of action greater than 48 hours. The
silver hydrofibers and alginates were active against all three bacteria for 4 days.
Interestingly, the two silver foam dressings which were not consistently effective
against S. aureus and E. coli produced very large ZOI against P. aeruginosa for
7 days. This would suggest that the formulation of the material and not just the
antimicrobial agent had an impact on the antimicrobial efficacy. The study
included a variety of carrier dressings from each class of antimicrobial dressing

to investigate this phenomenon.
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3.4.1. Biguanides- Bactigras and Suprasorb®X + PHMB

The chlorhexidine gauze dressing (Bactigras) after 24 hours produced a small
ZOl against E. coli but no ZOIl against P. aeruginosa or S. aureus. Another
study found that Bactigras produced a ZOIl against S. aureus, a smaller ZOI
against E. coli and was not effective against P. aeruginosa (Aramwit et al.
2010). In comparison to all the other dressings in our study Bactigras was one
of the least effective. The poor performance could be related to the physical
properties of the dressing. Bactigras is composed of chlorhexidine acetate in a
hydrophobic white soft paraffin ointment on a gauze open weave fabric and so
is poorly absorbent. In these experiments which involved overlaying the material
on agar, which is a very moist environment, dressings with encapsulated
antimicrobials that rely on moisture gradients to release their antimicrobials may
perform better than dressings that do not rely on that type of mechanism.
However, the polihexanide containing dressing, Suprasorb®X + PHMB was
very effective and produced large ZOl against S. aureus and E. coli for 48 hours
and smaller but consistant sized ZOIl against P. aeruginosa for 72 hours.
Suprasorb®X + PHMB is a biocellulose dressing incorporating 0.3% PHMB
which is not chemically bound to the material and is designed to release the
PHMB into the wound (Butcher 2012). The physical properties of this dressing,
its ability to absorb exudate and release PHMB may have enhanced its

antimicrobial efficacy.

3.4.2. lodine Dressings

Within the class of lodine dressings, lodoflex produced the largest ZOI against
P. aeruginosa in the first 24 hours and the largest ZOIl against E. coli and S.
aureus after 48 hours. It is not clear why the iodine was more rapidly released
against P. aeruginosa, and this interesting phenomenon warrants further
investigation. Cadexomer iodine beads absorb fluid and swell to form a gel
allowing the slow release of iodine until equilibrium is reached. The release and
diffusion of the antimicrobial into the surrounding agar could explain why these

dressings produced such large ZOl. After 48 hours the beads had turned from
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brown to white indicating the loss of iodine and this corresponded to the lack of

antimicrobial efficacy after 2 days use.

The two other iodine dressings; Inadine and lodozyme, were also effective
against all three bacteria for 24 hours. They produced their largest ZOI against
S. aureus but by the second day they were either not producing a ZOI or
producing a very small ZOIl against the three bacteria. The Inadine samples
turned white after 24 hours suggesting that the iodine had been depleted. A
recent study (Szweda, Gorczyca, and Tylingo 2018) compared a range of
antimicrobial dressings, including Inadine, against S. aureus, E. coli and P.
aeruginosa using a disc diffusion-like method and a time Killing assay. They
found that Inadine placed in a bacterial suspension (10°-101° CFU/ml) for 4
hours eliminated all of the test bacteria. However, the activity of Inadine was
lower in the disc diffusion assay than other dressings and the authors
concluded that the large molecular weight and the partially controlled release of
povidone iodine from the polyethylene glycol base may hinder the diffusion of

iodine into the agar.

The lodozyme samples tended to swell and curl up after 24 hours and did not
produce a clear ZOIl on the second day but had areas of reduced microbial
growth where the hydrogel remained in contact with the agar. The short
duration of action of lodozyme may be due to the glucose oxidase having been
utilised and so H202 is no longer produced so the iodide in the wound contact

hydrogel could not be oxidised into antimicrobial iodine.

Figure 1.10 (Page 54) illustrates the free iodine (13- and I2) concentration/uM
produced by the three lodine dressings over a 70 hour period. It shows that the
Inadine free iodine concentrations decrease to zero after 24 hours which would
explain the lack of efficacy in the second day of the study. The lodoflex
maintained free iodine concentrations above 100/uM for 48 hours whereas
lodozyme concentrations were less than 50/uM after 48 hours which may
explain the differences in the duration of antimicrobial efficacy seen in this

study.
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3.4.3. Silver Dressings

All the silver dressings, apart from the two foams, Allevyn Ag and Biatain Ag,

were effective against all three bacteria.
3.4.3.1. Foams: Allevyn Ag and Biatain Ag

Out of the two foams, Allevyn Ag was the only one to demonstrate any activity
against S. aureus or E. coli and this may be due to the difference in the type of
silver contained in the foam. Allevyn Ag is a silver compound dressing with
silver sulphadiazine dispersed throughout a polyurethane foam film. Allevyn Ag
dressings have been shown to release on average 79 ppm of silver on day 1
reducing to 45 ppm of sliver on day 7. (1.24 to 0.72mg/g or 0.087 to
0.05mg/cm? silver released over a 7 day test period) (Daubney 2007). Biatain
Ag is a soft polyurethane foam film impregnated with a patented silver complex
homogeneously dispersed through out the foam matrix. The manufacturers
Coloplast state that in the presence of wound exudate silver is continuously
released into the wound bed for up to seven days

(www.Coloplast.co.uk>biatain-ag-non-adhesive-en-gb).

Interestingly the silver foams produced particularly large ZOIl against P.
aeruginosa and maintained their antimicrobial efficacy for the seven days of the
study and so demonstrated the longest duration of antimicrobial activity of all
the commercial dressings tested. This could suggest that the silver dressings
may be useful in the management of chronic wounds infected with P.
aeruginosa. Studies have suggested that P. aeruginosa may be particularly
sensitive to the antimicrobial actions of silver. A recent study investigating the
effect of silver nanoparticles (AgNP) against multi-drug resistant P. aeruginosa
suggested that one of the main mechanisms of cell death appeared to involve
disturbance of the equilibrium between the cells oxidation and anti-oxidation

processes and the failure to eliminate excess ROS (Liao et al. 2019).

As described previously, silver is incorporated into dressings as either
elemental or compound silver, which is in the active, ionic form (Ag+). Silver
dressings have been shown to vary in their release profile depending on the
type of silver and the initial silver concentration. Dressings containing

compound silver usually contain lower concentrations of silver than elemental
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silver dressings. They also tend to release the silver over a short time whereas
the elemental silver dressings act as a reservoir and produce a more sustained

delivery of silver cations (Lindsay 2011).

Most of the dressings included in this study contained compound/ ionic silver.
The exact form of the silver contained in Biatain Ag is unclear as it is described

by the manufacturers as a “patented silver complex”.

As discussed in Chapter 1 the oligodynamic effect of silver is well recognised. It
is believed silver ion release of between 10-40 parts per million (< 60ppm for
particularly resistant bacteria) is necessary for antimicrobial activity in wounds.
(Marx and Barillo 2014; Percival and McCarty 2015).

Publications reporting on aqueous silver concentrations do not often
differentiate between active ionic silver (Ag+) and inactive silver (Ag°) they
usually measure total silver content. Parsons et al. (2005) concluded from their
in vitro study of the antimicrobial, physical and chemical characteristics of silver
dressings that there appears to be no correlation between total silver in solution
and antimicrobial efficacy. They suggested that exposure to low levels of
constantly replenished ionic silver over an extended period of time causes
accumulation of silver ions within the bacterial cell and subsequent death.
Therefore optimal antimicrobial activity would be expected from dressings that
can produce and maintain high concentrations of ionic silver in the wound
environment. This sustained delivery of ionic silver from dressings is difficult to
assess by simple chemical measurements of silver content or silver release into
solutions. The authors advocated using a simulated wound environment to

measure the potential antimicrobial activity of silver dressings.

The results from this study illustrate differences in the antimicrobial activity
between the silver dressings associated with the carrier dressing, type of silver

and the mechanism of silver activation and release.
3.4.3.2. Hydrofibers: Aquacel Ag & Aquacel Ag+ Extra

The hydrofibers also exhibited a prolonged duration of action being effective
against P. aeruginosa and S. aureus for 4 days and E. coli for 5 days. They

produced larger ZOI after 48 hours against the two Gram - negative bacteria
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than they had after 24 hours. The opposite effect was seen against S. aureus

where the ZOI were largest after 24 hours.

Aquacel Ag consists of hydrocolloid (sodium carboxymethylcellulose) fibres
impregnated with 1.2% w/w ionic silver with a silver content of 8.3mg/100cm?2
(Thomas and McCubbin 2003). The dressing absorbs moisture to form a gel,
binding sodium ions and releasing silver ions. This enables the dressing to exert
significant antimicrobial activity despite the relatively modest silver content
(Aquacel Ag 1ppm Ag+) (Walker et al. 2006). Aquacel Ag+ Extra consistently
produced larger ZOIl than Aquacel Ag which is explained by the fact that is
made up of two layers of Aquacel Ag. Aquacel Ag+ Extra was developed to
include two additional ingredients; ethylenediaminetetraacetic acid (EDTA) and
benzethonium chloride (BEC) designed to synergistically disrupt biofilms and
enhance the delivery and efficacy of ionic silver against the exposed bacteria
(Said et al. 2014). The BEC reduces the surface tension between the biofilm
and wound bed. It also affects the biofilm matrix and facilitates the release and
dispersal of the biofilm. It also enhances the absorption of biofilm into the
dressings (Seth et al. 2014).

EDTA behaves as a metal chelator which is thought to disrupt biofilm matrix
integrity and facilitate delivery of silver to bacteria. The biofilm matrix structure
and viscosity is contributed to by the cross linking of multi-valent metal ions
such as calcium and iron which bacteria obtain from wound exudate. EDTA
chelates these ions and therefore disrupts and liquefies the biofilm matrix

preventing its reconstruction (Banin, Brady and Greenberg 2006).

These mechanisms may also contribute to the dressing’s efficacy against

planktonic bacteria.

In a recent study Yukoni et al. (2015) compared the in vitro antimicrobial activity
of 5 silver dressings, Biohesive Ag, Mepilex Ag, PolyMem Ag, Mepilex Ag and
Aquacel Ag against S. aureus and P. aeruginosa using a disc diffusion assay.
They found that Aquacel Ag and Algisite Ag (Calcium Alginate Ag+) showed the

highest antimicrobial activity of the dressings tested.
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Hydrofiber and alginate dressings have also been shown to absorb and
sequester bacteria which should assist the reduction of the bioburden in

colonised wounds (Newman et al. 2006).
3.4.3.3. Alginates: Sorbsan Silver & Urgosorb Silver

Sorbsan Silver flat contains calcium alginate impregnated with 1.5% silver
fibres. The alginate is high in mannuronic acid and low in guluronic acid which

means it will form a soft flexible gel in contact with wound exudate (Mani 2011).

However, Urgosorb Silver is made up of the highly absorbent guluronic type
calcium alginate fibres and carboxymethyl cellulose dressing impregnated with
0.5% ionic silver. The guluronic acid forms a firmer gel which maintains its form
(Wound Care Handbook 2019-2020). The calcium ions in the alginate fibres
exchange with sodium ions in fluid to produce water soluble sodium alginate
which enables the fibres to absorb large volumes of water. Alginate wound
dressings are usually non-woven and when the fibres swell the spaces between
the fibres close, trapping bacteria which have entered the dressing in the wound
exudate (Qin 2005). Silver ions incorporated into the alginate are released and

kill the trapped bacteria and bacteria on the wound surface.

In this study both silver alginate dressings produced ZOIl against all three
bacteria for four days. An earlier study compared Sorbsan Ag, Urgosorb Ag and
Aquacel Ag against P. aeruginosa and E. coli and found all three dressings
were effective against P. aeruginosa but only Sorbsan Ag was effective against
E. coli (Qin 2005).

3.4.3.4. Soft polymers: Urgotul Ag and Urgotul SSD

The two soft polymers contain an antibacterial wound contact layer with
Technology Lipido-Colloid (TLC) - Ag healing matrix (Urgo Med) but different
silver formulations. UrgoTul Ag is a polyester mesh impregnated with
hydrocolloid and petroleum jelly (UrgoTul Dressing) which contains 3.5% silver
sulphate (White, Cowan and Glover 2015).

In contact with wound exudate the silver sulphate contained in the dressing is
converted into Ag* ions and SO42-. The carboxymethylcellulose particles of the

hydrocolloid hydrate and swell to form a surface lipido-colloid film. The Ag* ions
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join the lipido-colloid layer, become active and provide a reservoir capable of
releasing a bactericidal concentration of silver while in contact with the wound
surface (Urgomedical). Urgotul SSD is an UrgoTul dressing containing silver
sulfadiazine particles 3.75%. Urgotul SSD in contact with wound exudate
releases silver ions and sulphadiazine which stay within the lipido-colloidal gel

and have a topical action (Urgomedical).

Both UrgoTul Ag and UrgoTul SSD were effective against S. aureus and E. coli
for 48 hours but maintained their activity against P. aeruginosa for 4 days. A
study comparing Urgotul SSD and Aquacel Ag also found they were both
effective against S. aureus, E. coli and P. aeruginosa and produced their largest
ZOl against P. aeruginosa (Aramwit et al. 2010). An earlier study (Parsons et al.
2005) which compared the in vitro antimicrobial activity of 7 silver containing
dressings and found that Aquacel ®Ag, Acticoat™ Absorbent and Silvercel™
and Urgotul® SSD demonstrated the greatest antimicrobial activity against S.

aureus and P. aeruginosa.

Interestingly another factor that may affect the susceptibility of P. aeruginosa to
silver is the ability of the bacteria to produce pyocyanin. P. aeruginosa has been
shown to achieve silver resistance by producing redox- active pyocyanin that
reduces antimicrobial Ag* to non toxic elemental nanoparticulate Age (Muller
2018).

Thomas and McCubbin (2003) undertook an in vitro analysis of the antimicrobial
properties of 10 silver containing dressings and concluded that the total silver
content of the dressings was important but other factors also influenced the
antimicrobial efficacy. Firstly, the location of the silver within the dressing was
significant. They found that a dressing where the silver was applied as a surface
coating tended to perform better than dressings where silver was dispersed
throughout the material. The chemical and physical form of the silver (present
as a metallic, bound or ionic state) also appeared to impact on the efficacy. The
final factor was the ability of the dressing to absorb moisture to enable release

of the antimicrobial into the aqueous environment.
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3.4.4. Honey Dressings

In the honey study the two medical grade honey dressings; L Mesitran Net and
Melladerm Plus Tulle were compared to Manuka honey dressings and shown to
have no antimicrobial effect against the three test bacteria. This result is
contrary to a previous study which demonstrated that Mesitran was effective
against all three bacteria (Jenkins, Burton and Cooper 2008). However other
studies have shown that Mesitran and Melladerm were only effective against S.
aureus (Jenkins, Burton and Cooper 2011). One study demonstrated that
Melladerm Plus was active against S. aureus even when diluted 30 times
(Nestiones and Vandeputte 2012).

L Mesitran Net and Melladerm Plus Tulle contain 20% and 40% medical grade
honey which is a much lower concentration of honey than any of the manuka
honeys tested, which were all >80% w/v. This may account for the lack of
efficacy. Melladerm Plus Tulle is claimed by the manufacturer (Sanomed
Manufacturing BV) to produce hydrogen peroxide 25g/g of honey for 48 hours
so there may be a reason why this was not effective in the agar diffusion assay.

All the Manuka honey dressings demonstrated some antimicrobial activity for 24
hours. However only the calcium alginate dressings; Algivon and Apinate were
still active after 48 hours and this was only against E. coli. Medihoney Gel sheet
which contains 20% sodium alginate and only 80% MH produced smaller ZOI
than the other honeys against all three bacteria possibly due to the lower
concentration of honey. Unlike the calcium alginate honeys which retained their
structure, the Medihoney melted into the agar so could not be passaged. The
ability of the calcium alginates to retain their form, absorb moisture and release
their active antimicrobial agents may explain why they produced larger ZOI on
the second day of use. What is not known and requires further investigation is

why the longer duration of action was only seen with E. coli.

There was a marked difference in the efficacy between the two tulle dressings.
Actilite Tulle (99% MH and 1% Manuka oil) was only active against S. aureus
and produced a much smaller ZOIl than the Activon Tulle (100% MH) which
produced the largest ZOI of all the honeys against S. aureus. This would imply

that the Manuka oil may be affecting the antimicrobial efficacy in vitro.
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The two calcium alginate MH honeys; Algivon and Apinate produced their
largest ZOIl against E. coli, then S. aureus and their smallest ZOIl against P.
aeruginosa. This difference in susceptibility between bacteria was also found in
a study which compared 13 different honeys against E. coli and P. aeruginosa
using a well diffusion method and demonstrated that E. coli was more
susceptible to honey than P. aeruginosa (Wilkinson and Cavanagh 2005). It has
also been shown that high levels of hydrogen peroxide or MGO usually produce
the most active honey (Molan 2008; Kwakman et al. 2011; Chen et al. 2012; Lu
et al. 2013). The level of leptosperin, a glycoside of methyl sringate found
exclusively in Leptospermum honey was also found to correlate with the
potency of the honey and may modulate the antimicrobial activity (Kato et al.
2012).

The minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) of manuka honey which had an antibacterial potency of
18% (w/v) phenol has been determined against P. aeruginosa as 9.5% (w/v)
and 12 % (w/v) (Henriques et al. 2011) and against S. aureus, 2.9% (w/v) and
4.5% (w/v) indicating that S. aureus was more susceptible (Henriques et al.
2010). The mechanisms of action of honey against these two bacteria have
been shown to be different. Manuka honey appears to cause cell lysis in P.
aeruginosa but against S. aureus it interferes with the cell cycle and prevents
successful cell division (Kilty et al. 2011). Honey treatment has been reported to
cause Gram-negative species E. coli and P. aeruginosa to have both

abnormally shorter and longer cells (Lu et al. 2013).

Another interesting observation in the honey study was that the two Tulle
dressings created a clear ZOI around the sample and then a larger second ZOlI
that was less dense than the lawn of bacteria outside the zone. This
phenomenon was first reported in our earlier study which investigated
antimicrobial efficacy after 24-hour exposure to different AWD (Bradshaw
2011). It is still unclear whether this is due to a bacteriostatic effect of the honey
or whether the bacteria have developed some form of resistance. These two
ZOl were only observed with S. aureus and E. coli and not P. aeruginosa. This
could possibly be because the P. aeruginosa produces a dark green pigment
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which would obscure the honey coloured ring which surrounded the second
ZOl.

The inconsistency in the results between this study and the different in vitro
studies discussed could be due to variations in experimental methodology. One
of the adaptations to the ZOIl method identified involved soaking the dressings
with simulated wound fluid to simulate an exuding wound (Parson et al. 2005).
Other differences such as in bacterial strains, inoculum concentration and
incubation times may influence the results. In some studies, the inoculated
plates are incubated prior to the exposure to the dressing rather than after
exposure to the dressing which may affect bacterial growth patterns. Any
change in experimental design may generate different results when evaluating

the same dressing.

3.5. Conclusions

The results of this study demonstrate that most of the dressings tested, except
the two Tulles containing chlorhexidine and iodine, and the two silver foams
Allevyn Ag and Biatain Ag were effective against the three test bacteria for up to
48 hours continued use. The silver dressings however demonstrated a longer
duration of action than the other classes of antimicrobial dressings being active
for up to 4 days against the three bacteria. The two silver foams produced large
ZOl against P. aeruginosa for the 7 day duration of the study which would
suggest that the silver dressings could be particularly useful in the treatment of

wounds infected with this particular strain of this pathogen.

The method used in this study enabled a wide range of dressings to be
screened and provided an insight into the duration of antimicrobial activity

against of a number of pathogens commonly found in infected chronic wounds.

Future work, using a wider variety of strains, would help determine whether

these observations are applicable across multiple strains.
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Chapter 4: Novel Antimicrobial Materials

4.1. Introduction

Following the initial research investigating the antimicrobial properties of
commercial antimicrobial wound dressings a new project was initiated -
CROWD (Controlled Release from Open Wound Dressings). The aim of the
project was to create a new type of dressing which could deliver a controlled
release of an antimicrobial agent over a sustained period of time. The objective
was to develop a series of biocompatible materials containing either silver or
iodine which were found to be the most antimicrobially active in the previous
study (Chapter 3) and to subject them to the same susceptibility testing as the

commercial dressings.

The intention was to develop an antimicrobial material that was effective against
all the test bacteria but had a longer duration of action than the commercial
dressings previously tested. The proposed advantages of a controlled release
of an antimicrobial from the material were to deliver a low but effective
concentration of antimicrobial to the wound surface to control the bioburden but
also minimise the risk of cytotoxicity. Also being able to leave the dressing in
contact with the wound for a number of days may enhance to healing process

and also reduce the frequency of dressing changes and save clinical staff time.

4.2. Formulation of new Antimicrobial Materials
4.2.1. Introduction

In the initial experiments various combinations of polymers, clays and
antimicrobial agents were mixed to create film dressings which were cast onto 2
X 2 cm glass microscope cover slips. All samples were sterilised by UV radiation
for 15mins on each side using a Mini-V/PCR (Telstar Life Solutions, Terrassa,

Spain) prior to testing.

In this chapter concentrations of formulation components are expressed as wt%
calculated as g of component in 100g of formulation. Where formulations are
dried in manufacture (e.g CROWD dressing) the concentration of antimicrobial
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agent is expressed as g antimicrobial in 100g of final (dry) product. For
consistency iodine concentrations are expressed as iodine irrespective of the

iodine source (e.g., PVP-I)
4.2.2. Methods Summary

4.2.2.1. Preparation of Starch/Clay Composites

The first formulations created were a series of sodium-clay and silver
exchanged clay composites prepared in the Materials Research Engineering
Institute (MERI) at Sheffield Hallam University (SHU) by Marianne Labet. The
methods used to prepare the Starch/Clay composites are described in Section
2.3.2.1.

Four different combinations of starch and clay were created with and without

iodine: -
1. Sodium Clay & Starch 3. Silver Clay & Starch
2. Sodium Clay & Starch & lodine 4. Silver Clay & Starch & lodine

The composition of the formulations of the 9 samples created are listed in Table
4.1.
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Table 4.1: Formulations of starch — based antimicrobial films (Labet 2011)

Batch | Starch | Water | PEGeoo | Clay Clay Ag| M Kiz | Antimicrobial
(9) (9) (9) Na (9) |(9) ?O)Irl- content
g
F- 5.0 36.0 1.0 1.67 0 0
0102 No
antimicrobial
F- 5.0 36.0 1.0 1.66 0.0084 0 Ag Clay only
0105
F- 5.0 36.0 1.0 1.65 0.0167 0 Ag Clay
0109 higher
concentration
F- 5.0 36.0 1.0 1.67 0 1.3 lodine 1.3g
0112 with no Ag
Clay
F- 5.0 36.0 1.0 1.66 0.0084 1.3 Ag clay and
0115 lodine 1.3g
F- 5.0 36.0 1.0 1.65 0.0167 1.3 Higher Ag
0118 Clay and
lodine 1.3g
F- 5.0 36.0 1.0 1.67 0 2.6 lodine  only
0021 2649
F- 5.0 36.0 1.0 1.66 0.0084 2.6 Ag Clay and
0024 2.6g lodine
F- 5.0 36.0 1.0 1.65 0.0167 2.6 Higher Ag
0027 Clay and
2.69 lodine

Each formulation contained 5g starch, 36g water and 1g PEGeoo with differing
concentrations of either silver (Ag) clay or iodine or both. 0.5g aliquots of the
different formulations were coated on to cover the surface of 2 x 2cm
microscope cover slips. The samples were then dried at room temperature.
These nine formulations were tested for antimicrobial activity using the in vitro

growth inhibition assay described in Section 2.1.2.2.

4.2.2.2. Preparation of Laponite/Povidone — lodine (PVP-I) composites

A second series of formulations were prepared using a synthetic clay,

Laponite®RD and povidone-iodine solution as described in Section 2.3.2.2.

Composites were prepared by Marianne Labet in MERI using increasing
amounts of Laponite combined with various volumes of povidone iodine (PVP-I)
solution to produce composites containing between 1-30wt% Laponite (Table

4.2).
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Table 4.2: Formulations of PVP-I/ Laponite Composites

Batch Concentration Mass Laponite | Mass Povidone-I
of Laponite (9) Solution (g)
G-0001 1wt% 0.2 19.8
G-0002 2wt% 0.4 19.6
G-0003 5wit% 1.0 19.0
G-0004 10wt% 2.0 18.0
G-0005 30wt% 6.0 14.0
G-0006 10wt% 2.0 18.0
G-0007 12wt% 2.4 17.6
G-0008 15wt% 3.0 17.0
G-0009 20wt% 4.0 16.0
G-0010 13wit% 2.6 17.4
G-0011 14wt% 2.8 17.2

The first four samples produced, containing 1, 2, 5 and 10 wt% Laponite, split
into two phases when allowed to settle (Figure 4.1). The bottom phase was a
gel and the top phase was liquid. Increasing the amount of Laponite increased
the thickness of the gel and at 15wt% the whole material was gelling. 0.5g of
G-0008, the 15wt% gel was added to glass cover slips and allowed to dry. This

sample underwent antimicrobial testing with the other 9 starch based samples.

1 wt% 2wt% 5S5wt% 10wt% 12wt% 13wt% 14wt% 15wt% 20wt%

ey ¥y 90

Figure 4.1: Formulations of PVP-I/Laponite Composites containing increasing

concentrations of Laponite from 1 to 20 wt% (Labet 2011)

4.2.2.3. Preparation of PVOH/Povidone lodine composites

A third series of composites were then created using a polymer, polyvinyl

alcohol (PVOH) instead of starch or clay. The PVOH was combined with
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different amounts of Povidone lodine (PVP-lI) 10%w/w aqueous solution
containing 1% (w/w) available iodine. Two different molecular weight samples of
PVOH were used in the formulation, Mowiol 4-98 and the higher molecular
weight Mowiol 28-99. This was designed to determine whether the molecular
weight of the PVOH influenced the antimicrobial activity of the material. The
method used in the preparation of the composites is described in Section
2.3.2.3.

Three formulations were created as described in Table 4.3

Table 4.3: Formulations of the PVOH/PVP-I Composites

Batch | PVOH Type | Mass Mass Mass PVP-I (g) Approx
PVOH (g) | Water (g) wit%

lodine

F- Mowiol 4-98 | 7.0 35.0 7.0 1wt%

0029

F- Mowiol 28-|7.0 45.0 7.0 1wt%

0032 99

F- Mowiol 4-98 | 7.0 35.0 14.0 2wt%

0035

4.2.2.4. Antimicrobial Susceptibility testing of the Composite Samples

Two squares each measuring 2 x 2cm of the 13 newly created materials listed
in Table 4.4. were tested for antimicrobial activity against three
microorganisms: Staphylococcus aureus (SH 1000), Escherichia coli (JM109)
and Pseudomonas aeruginosa (H085180216). These were the same strains

that had been previously used to test the commercial antimicrobial dressings.

The in vitro growth inhibition assay methodology (Section 2.1.2.2.) applied to
the commercial antimicrobial dressings was also used to test the novel

composite materials.

Uncoated glass microscope slide coverslips were also subjected to the same in
vitro growth inhibition assay tests to try to determine if the glass had any impact

on the growth of the three test bacteria.

All test samples and the cover slips were UV irradiated for 15 minutes on each

side prior to testing to ensure sterility.
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Table 4.4: Samples tested for Antimicrobial Susceptibility

Batch | Formulation

w
Q
3
=2
®

F0102 | Starch/ PEG/ Na-Clay

F0105 | Starch/ PEG/ Na-Clay 99.5%/ Ag-Clay 0.5%

FO0109 | Starch/ PEG/ Na-Clay/ Ag-Clay 1%

FO112 | Starch/ PEG/ Na-Clay/ Klz 1%

FO115 | Starch/ PEG/ Na-Clay 99.5%/ Ag-Clay 0.5%/ Kls 1%

F0118 | Starch/ PEG/ Na-Clay 99%/ Ag—Clay 1% / Kl3 1%

F0021 | Starch/ PEG/ Na-Clay/ Kls 2%

F0024 | Starch/ PEG/ Na-Clay 99.5%/ Ag-Clay 0.5%/ Kiz 2%

OO |IN|O U1 |WIN]| -

F0027 | Starch/ PEG/ Na-Clay 99% / Ag-Clay 1% / Kiz 2%

10 F0029 | PVP-I/ PVOH Mowiol 4-98 / 1 wt% |2

11 F0032 | PVP-I/ PVOH Mowiol 28-99/ 1 wt% I2

12 FO035 | PVP-I/ PVOH Mowiol 4-98 / 2 wt% |2

13 G0008 | PVP-I/ Laponite (85% PVP-1/15% Laponite) 8.5 wt% I2

PEG = Polyethylene Glycol
Na-Clay = Sodium Clay = Cloisite®Na*
Ag-Clay = Silver Clay

Unfortunately, due to time constraints in the manufacturing process only six 2 x
2cm samples were made of each formulation so only two replicates of each
sample were tested against the three different microorganisms. After 24 hours
incubation at 37°C the agar plates were removed from the incubator and the
surface area of the Zone of Inhibition (ZOI) of microbial growth was measured in

mm?2 as described in Section 2.1.2.2.

Figures 4.2 and 4.3. show samples of the composite containing no iodine

(Sample 1) and a sample containing 2wt% lodine as PVP-I (Samplel2).

Figure 4.2: Sample 1 containing Starch/PEG/Na-Clay on a 2cm x 2cm

microscope slide coverslip (Labet 2011).
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Figure 4.3: Sample 12 PVOH/PVP-I containing 2 wt% lodine as PVP-1 on a 2cm

X 2cm microscope slide coverslip (Labet 2011).
4.2.3. Results
4.2.3.1. S. aureus - In vitro Growth Inhibition Assay Results

Samples 1-9 containing Starch/PEG/Na-Clay with either Ag-Clay, Klsz or both
did not produce a zone of inhibition of bacterial growth.

Samples 10-13 which contained different concentrations of iodine all produced

clear ZOl of inhibition of bacterial growth as shown in Table 4.5.

Table 4.5: ZOl produced by Samples 10, 11, 12 and 13 against S. aureus.

Sample | Batch Approx| Replicate 1 | Replicate 2 [Mean Surface Area
lodine | SA (mm?2) SA (mm?2) |(Standard Deviation)
10 F0029 1wt% [ No growth | 707 N/A
Mowoil 4-98 under
dressing
11 F0032 1 wt%| 397 491 444+66.47mm?2
Mowoil 28-99
12 FO035 2 wt% | 572 491 531.54+57.28mm?
Mowaoil 4-98
13 Laponite 8.5 |[933 592 762.5+241.12mm?2
15 wt% wt%

4.2.3.2. E. coli— Invitro Growth Inhibition Assay Results

Samples 1-9 containing Starch/PEG/Na-Clay with either Ag-Clay, Klz or both

did not produce a zone of inhibition of bacterial growth.

Sample 10 which contained the lower molecular weight PVOH (Mowiol 4-98)

and 1wt% iodine also did not produce a zone of inhibition of bacterial growth.

130




Samples 11-13 which included the higher molecular weight PVOH (Mowiol 28-
99) and 1wt% lodine, the lower molecular weight PVOH (Mowiol 4-98) with

2wt% lodine and the Laponite samples all produced small ZOI (Table 4.6)

Table 4.6: ZOI produced by samples 11, 12 and 13 against E. coli.

Sample | Batch Approx | Replicate 1 | Replicate 2 |Mean Surface Area
lodine SA (mm?2) | SA(mm?2) |(Standard Deviation)
11 F0032 1wt |572 488 530+59.4mm?
Mowoil 28-99
12 FO035 2 wt% | 510 612 561+71.1mm?
Mowoil 4-98
13 Laponite 15 [8.5wt% | 452 Coverslip N/A
wit% totally
detached
left
fragments
which
produced
5Smm to 1cm
ZOl around
fragments

4.2.3.3. P. aeruginosa — In vitro Growth Inhibition Assay Results

Samples 1-9 containing Starch/PEG/Na-Clay with either Ag-Clay, Klz or both

did not produce a zone of inhibition and the bacteria appeared to have grown

into the dressing. This was shown by a green discolouration of the samples.

Samples 10-13 did not produce a ZOIl. The PVOH samples all swelled and

detached from the cover slip. However there appeared to be no bacterial growth

under the samples (Table 4.7).
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Table 4.7: ZOI produced by samples 10, 11, 12 and 13 against P. aeruginosa.

Sample | Batch Approx | Replicate 1 Replicate 2
lodine SA (mm?2) SA (mm?2)
10 F0029 1 wt% No growth under | No growth under
Mowoil 4-98 dressing* dressing *
11 F0032 1 wt% No growth under | No growth under
Mowoil 28-99 dressing* dressing*
12 FO035 2 wt% No growth under | No growth under
Mowoil 4-98 dressing* dressing*
13 Laponite 15 |8.5 wt% | Inhibition of | Sample detached from
wit% growth under | cover slip into small
cover slip and | fragments. No growth
ZOl 1mm around | where dressing
individual fragments in contact
fragments with agar

* Samples swelled and some detached from cover slip. No bacterial growth was

observed where the dressings were still in contact with the agar.
4.2.4. Discussion

Samples 1-9 which contained starch/PEG/Na-Clay with the addition of Ag-Clay,
or Kls or both Ag-Clay and Kils did not appear to inhibit the growth of any of the

test bacteria.

None of the formulations containing silver (Ag) clay appeared to have any
antimicrobial activity against any of the three test bacteria. This was unexpected
and one of the reasons could have been the aging of the silver containing clay
used to prepare the composites. It was likely that the lack of antimicrobial
activity of the starch/PEG/Clay materials was a function of the structure
because the silver clay had demonstrated antimicrobial activity in the absence
of Klz in previous studies (Breen 2012: Personal communication). It was also
not known where in the material the silver ions were located relative to the clay,
they could have been occupying cation exchange surface sites, possibly in
addition to a range of silver species including Ag20, metallic silver thus
producing very small amounts of active silver. Also, the silver ions could have
been absorbed into the clay displacing the sodium which could lead to the silver
to form insoluble Agl (Breen 2012 Personal

ions reacting with I3

communication).

The lower molecular weight polymer, Mowiol 4-98 (1wt% iodine as PVP-I)

(Sample 10) was able to reduce the growth of S. aureus but did not appear to
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inhibit the growth of E. coli. However, the higher molecular weight PVOH,
Mowiol 28-99, with the same concentration of iodine (1wt %), produced a clear
ZOl against E. coli. It was therefore decided to use the higher molecular weight
PVOH in future formulations.

Samples that contained PVP-I and PVOH or Laponite (Samples 11-13) all
produced a clear ZOI against S. aureus and E. coli. However, these samples
did not produce a clear ZOI against P. aeruginosa but did appear to reduce the

growth of the bacteria under the sample.

The microscope cover slips without a dressing attached appeared to reduce
microbial growth of all three test bacteria in the 2 x 2cm square area under the

cover slip.

4.3. Determining the Optimum Antimicrobial Concentration
4.3.1 Introduction

The lack of efficacy of Kls and silver containing composites and the promising
results produced by the dressings containing PVP-I led to the decision to create
a series of dressings using the higher molecular weight PVOH, Mowiol 28-99
with differing concentrations of iodine. A variety of different amounts of PVP-I
were added to the formulations in an attempt to determine the optimum

antimicrobial concentration.
4.3.2. Methods Summary

4.3.2.1. Composites with increasing lodine Concentration

The active antimicrobial agent incorporated into the new formulations was
Povidone lodine (Videne® 10%) aqueous solution.

Dressings were prepared using the two water soluble polymers; Poly (vinyl
alcohol) [PVOH] (Mowiol 28-99) which provided cohesion to the material and
Poly (vinyl pyrrolidone) [PVP] which stabilised the active ingredient, PVP-I.

Six samples were prepared containing differing amounts of PVP-I to produce
composites containing iodine concentrations between 2 - 8.5 wt% lodine (Table

4.8). The 2 x 2cm samples were UV sterilised as previously described. Six
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replicates were tested against each of the three bacteria. The zones of inhibition

of bacterial growth were measured after a 24 hour incubation period at 37°C.

Table 4.8: Formulations containing differing concentrations of lodine

Sample | Formulation

14 PVP-I/ PVOH/2 wt% lodine
15 PVP-I/ PVOH/3 wt% lodine
16 PVP-I/ PVOH/ 8.5 wt% lodine
17 PVP-1/ PVOH/ 4.5 wt% lodine
18 PVP-1/ PVOH/ 6 wt% lodine
19 PVP-I/ PVOH/ 7.5 wt% lodine
4.3.3. Results

The effect of increasing the iodine concentration on the size of the ZOlI
produced against the three test bacteria is shown in Figure 4.4.

The figure includes the results for the PVP-I/PVOH (Mowiol 28-29)/1wt% iodine
(Sample 11) listed in Tables 4.5, 4.6 and 4.7. The 1wt% and 2wt% iodine
composites appeared to have reduced the growth of P. aeruginosa under the
samples but did not produce a ZOI; however, they did produce clear ZOI
against S. aureus and E. coli. With the 3wt% iodine composite the growth of P.
aeruginosa was still visibly reduced under the sample but it was not until the
concentration was increased to 4.5wt% iodine, that a clear zone of inhibition
around the sample was produced. The size of the ZOI continued to increase as

the wt% of the iodine in the composite increased.

The iodine produced the largest zones of inhibition against S. aureus. Again,
increasing the concentration of iodine produced a corresponding increase in the
mean surface area of the ZOI created. The effect was similar against E. coli,
but not in a sequential manner. The 3wt% iodine sample produced a
comparable ZOIl with the 4.5wt% and the 6wt% samples produced similar ZOl
to the 7.5wt%. All the ZOI against E. coli were smaller than those produced
against S. aureus but larger than those against P. aeruginosa at the same

iodine concentrations.
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Figure 4.4: Effect of increasing iodine concentration on the zone of inhibition.
(Error bar = Standard Deviation, n = 6)

4.3.4. Discussion

The important finding from this experiment was that there was a clear trend in
terms of increasing iodine concentrations producing larger ZOIl. The ZOI were

largest against S. aureus, then E. coli and smallest against P. aeruginosa.

The critical step is the availability of free iodine to inhibit the growth of
microorganisms. As the concentration of free iodine is increased in the dressing
materials the elution of iodine into the agar is increased and the inhibition of

growth is more pronounced.

The formulation containing 6wt% iodine produced clear zones of inhibition
against all three test bacteria after the 24 hour incubation period so this
formulation was chosen for further study. As discussed, when reviewing the
commercial dressings there were concerns about cytotoxicity with higher
concentrations of iodine so it was considered important to try and keep the

concentration of available iodine in the test dressing as low as possible.
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4.4. Addition of Clay to prolong antimicrobial release.
4.4.1. Introduction

The commercial iodine containing dressings all demonstrated a short duration
of antimicrobial action (48 hours maximum) against the test bacteria, as
described in Chapter 3. One of the main aims of the CROWD project was to try
to create a material that would deliver a controlled release of an antimicrobial
agent over a prolonged period of time. This could then be used to reduce the
iodine concentration at the wound surface which could reduce the risk of
cytotoxicity and enable the dressing to remain on the surface for longer

reducing the frequency of dressing changes.

The next series of experiments were designed to test the impact of the addition
of clay platelets to the composite on the release of the antimicrobial agent from
the material. In these experiments the concentration of iodine in the composite
was fixed at 6wt% as PVP-I. Clay is a common name for a number of natural
and synthetic fibrous or layered minerals such as kaolin, talc, smectite,
hectorite, saponite, vermiculite, mica, attapulgite and sepiolite. The hypothesis
was that the addition of clay platelets would impede the flow of iodine out of the
film and slow the release profile (Figure 4.5).

b : , antibactenal
. . v agent
. " wmm clay platelet
#
without clay platelets: with clay platelets:
fast release slower release

Figure 4.5: Proposed Mechanism of action of Clay Platelets (Breen 2012

Personal Communication)

Initially two formulations were created in MERI which contained 5wt% and

12.5wt% sodium clay. The clay used, Cloisite® Na*, is bentonite which is an
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impure 2:1 layered montmorillonite. Montmorillonite is a layered clay mineral of
the smectite group with an aluminosilicate structure which is hydrophilic in

character (Braya, Theng and Lagaly 2006).
4.4.2. Methods Summary

Samples containing PVOH/PVP-I (6wt% iodine) and the clay, Cloiste®Na*

either 5wt% or 12.5wt% were prepared as described in Section 2.3.2.4.
4.4.2.1. Visible lodine Release into a solvent

An experiment was conducted to investigate the release of iodine from the
samples containing 5wt% and 12.5wt% Cloisite® Na*. Square 2 x 2 cm samples
of each of the materials were added to separate Petri dishes containing a fixed
volume of water. The photographs in Figures 4.6 and 4.7 show the release of
iodine into the solvent after 1 minute. The solvent in the 5 wt% clay dish was
darker than in the 12.5wt% dish and iodine can clearly be seen flowing out of

the sample (Figure 4.6).

Figure 4.6: Sample of formulation Figure 4.7: Sample of formulation
PVOH/PVP-I/ Cloisite® Na* 5 wt% PVOH/PVP-I/ Cloisite® Nat* 12.5 wt%
immersed in water for 1 minute immersed in water for 1 minute

The samples were then left in the water for 16 hours before being transferred to
a new Petri dish containing the same volume of fresh water. This process was
repeated every 24 hours until the water was no longer discoloured suggesting

the sample was no longer releasing iodine (Figure 4.8).
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Clay

Figure 4.8: Visible image of iodine release into a fixed volume of water. Top
row sample contains a 5wt% Cloisite® Na* sample and the bottom row contains
a 12.5wt% Cloisite® Na*sample. Both samples contained 6wt% lodine.

After a further 24 hours (total of 40 hours submerged in water) the water
containing the 5wt% sample was much paler than that of the 12.5wt% and after
a further 48 hours (total of 64 hours) the 5wit% sample water was clear
suggesting that it was no longer releasing iodine. The 12.5wt% clay sample was
still producing a slight discolouration of the water after 72 hours (a total of 88
hours submerged in water) indicating it was still releasing iodine. This would
support the hypothesis that increasing the concentration of clay platelets in the
composite material slows the release of iodine. However, this simple test used
water as the experimental media which does not contain the organic elements
such as proteins found in wound exudate which may impact on the release of
iodine from the material.

4.5. Formulation of PVOH/Povidone iodine (PVP-I)/Clay Composites
4.5.1. Introduction

Having demonstrated that there appeared to be a difference in the release
characteristics of the two different clay containing samples the next series of

experiments were designed to investigate further the impact of altering the clay

138



concentration on the release of iodine. The theory was that the higher the
concentration of clay platelets the slower the release of iodine so the smaller

the area of the zone of inhibition (ZOl) of bacterial growth.
4.5.2. Methods Summary

In these experiments three different concentrations of clay were added to the
PVOH/PVP-I composite; 2.5wt%, 5wt% and 12.5wt%. The concentration of
iodine in the composites was fixed at 6wt% in all three formulations. The
method of preparation of the composites is described in Section 2.3.2.4.

Another consideration that was made at this point in the material development
was the choice of a suitable backing material. In all previous experiments the

composites had been cast onto glass microscope cover slips.

When the cover slips, with no dressing applied, had been used as negative
controls on the three test bacteria they appeared to be reduced microbial
growth under the 2 x 2cm square of glass. In order to eliminate the effect that
the glass may have on bacterial growth it was decided to cast the composite on
either a cardboard backing (Figure 4.9) or to produce a composite with no
backing material. The composites which had no backing were described as
unsupported films (Figure 4.10).

Figure 4.9: Cardboard backed composite Figure 4.10: Unsupported film

A series of formulations with differing clay (Cloisite®Na+) concentrations shown
in Table 4.9 were produced as either unsupported films (Samples 20 - 31) or
cast onto cardboard (Samples 32 - 45).

139



Four controls were created: pure cardboard (Sample 32), PVOH on cardboard
(Sample 33 and unsupported films of PVOH/PVP (Sample 20) and pure PVOH
(Mowiol 98-99) (Sample 27).

The samples were cut into 2 x 2cm squares and UV sterilised as previously

described and their antimicrobial activity tested against S. aureus, E. coli and P.

aeruginosa for 24 hours.

Table 4.9: Formulations with differing clay and iodine concentrations, with and

without cardboard backings

Sample | Formulation Backing Clay wt% | Approx
iodine
wt%

20 PVOH/PVP = 40/60 (Control) None None 0

21 PVOH/PVP/Clay = 35/52.5/12.5 None 12.5 0

22 PVOH/PVP/Clay = 38/57/5 None 5 0

23 PVOH/PVP/Clay = 39/58.5/2.5 None 2.5 0

24 PVOH/Clay = 87.5/12.5 None 12.5 0

25 PVOH/Clay = 95/5 None 5 0

26 PVOH/Clay = 97.5/2.5 None 2.5 0

27 PVOH (98-99) (Control) None None 0

28 PVOH/PVP-I = 40/60 None None 6

29 PVOH/PVP-I/Clay = 35/52.5/12.5 None 12.5 6

30 PVOH/PVP-I/Clay = 38/57/5 None 5 6

31 PVOH/PVP-I/Clay = 39/58.5/2.5 None 2.5 6

32 Cardboard substrate (Control) Cardboard | None 0

33 PVOH (198-99) / cardboard (Control) | Cardboard | None 0

34 PVP-I1 Pure cardboard Cardboard | None 6

35 PVOH/PVP = 40/60 Cardboard | None 0

36 PVOH/Clay = 87.5/12.5 Cardboard | 12.5 0

37 PVOH/Clay = 95/5 Cardboard | 5 0

38 PVOH/Clay = 97.5/2.5 Cardboard | 2.5 0

39 PVOH/PVP/Clay = 35/52.5/12.5 Cardboard | 12.5 0

40 PVOH/PVP/Clay = 38/57/5 Cardboard | 5 0

41 PVOH/PVP/Clay = 39/58.5/2.5 Cardboard | 2.5 0

42 PVOH/PVP-I = 40/60 Cardboard | None 6

43 PVOH/PVP-I/Clay = 35/52.5/12.5 Cardboard | 12.5 6

44 PVOH/PVP-I/Clay = 38/57/5 Cardboard |5 6

45 PVOH/PVP-I/Clay = 39/58.5/2.5 Cardboard | 2.5 6
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4.5.3. Results

During these experiments it was noted that the unsupported films containing
PVP-I behaved differently depending on which side of the dressing was placed
in contact with the agar. When the smooth/darker coloured side of the sample
was placed in contact with the agar and incubated for 24 hours the sample
curled up at the corners and a pool of dark brown liquid appeared on the top of
the composite (Figure 4.11). When the rough / lighter side was placed in contact
with the agar and incubated for 24 hours it remained flat and produced a larger
ZOI than when the smooth/dark side was placed on the agar. Many of the flat

samples swelled and increased in size up to 25 x 25 mm. They also went white

around the edges with a central dark brown area after 24 hours incubation
(Figure 4.12).

Figure 4.11: Dark/smooth side of Figure 4.12: Light/rough side of
12.5wt% clay sample which curls. 12.5wt% clay sample which remains
flat.

The surface area of the ZOIl was measured for each replicate. Having identified
the different behaviours of the two sides of the material the results were split
into two groups; the curled and the flat samples and the mean surface area
calculated. The number of samples exhibiting the different states is given as (n)

after the mean calculation.
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45.3.1. S. aureus - Composites without cardboard backing (20-31)

The PVOH/PVP = 40/60 unsupported film control (Sample 20) curled up leaving
a small central area in contact with the agar. There was evidence of a reduction

in microbial growth where the material remained in contact with agar.

The samples which contained PVOH, with or without PVP and different
concentrations of clay (Samples 21-26) but no iodine did not appear to inhibit
microbial growth. This would suggest that the composite material without the
antimicrobial iodine did not have any antimicrobial properties.

The pure PVOH (Mowiol 98-99) control (Sample 27) curled up at the edges and
appeared to have an area of reduced microbial growth at the points where the
samples remained in contact with the agar. The samples which contained 6wt%
iodine in the form of PVP-I (Samples 28-31) all produced large clear ZOI (Table
4.10). After 24 hours incubation the samples had either curled up and had a
pool of brown iodine on the top and some eluent, presumably containing iodine,
free in the agar plate or they remained flat. The samples that remained flat
appeared to produce larger ZOIl than the samples which curled. The surface
areas of the ZOI of all samples were measured and the results recorded as
either “curled” or “flat”. The means and standard deviation were calculated for

the curled and flat samples.

Table 4.10: ZOIl produced by different PVOH/PVP-I composites, with and

without Cloisite®Na*clay, against S. aureus

Sample | Formulation Curled Samples Flat Samples
PVOH/PVP-I(6wt%) | Mean SA (mm?) Mean SA (mm?)
With and Without | (Dark) (Light)
Cloisite®Na+ Clay
28 No Clay
2233+186.30mm? 2744+4365.57mm?
(n=3) (n=3)
29 12.5wt% Clay
823+37.81mm? 1220+127.94mm?
(n=4) (n=5)
30 5wt% Clay
743+99.74mm? 2413+152.67mm?
(n=4) (n=5)
31 2.5wt% Clay
11734+259.47mm? 2553+625.84mm?
(n=6) (n=8)
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4.5.3.2. S. aureus - Composites with cardboard backing (32-45)

The cardboard backed materials that did not contain iodine (Samples
32,33,35,36,37,38,39,40 and 41) all had complete microbial growth under the

samples.

The cardboard sample with PVP- | (6wt%) (Sample 34) appeared to have no
microbial growth under the sample and a clear ZOI of 1mm from each edge of

the square sample.

The cardboard samples which all contained 6wt% PVP-I and differing
concentrations of clay 0-12.5wt% (Samples 42 - 45) all appeared to have no
microbial growth under the samples and produced a very small ZOI of between

0.5 and 1mm from each edge of the square sample.

4.5.3.3. E. coli - Composites without cardboard backing (20-31)

The PVOH/PVP = 40/60 unsupported film control (Sample 20) curled up leaving
only a small central area still in contact with agar. There was evidence of
reduced microbial growth in the areas where the material remained in contact

with the agar.

All the PVOH/ PVP/Clay composites (Samples 21-26) had complete microbial

growth under the samples.

The PVP-l (6wt%) unsupported films (Samples 28-31) all produced clear ZOI
however some samples curled, and some remained flat. The surface areas of
all the ZOIl were measured and the mean and standard deviation calculated for

the curled and flat samples (Table 4.11).
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Table 4.11: ZOIl produced by different PVOH/PVP-1 composites, with and

without Cloisite ®Na* clay, against E. coli

Formulation

Curled Samples Mean | Flat Samples Mean SA
_ 0,
Ssample P\_/OH/PVP_I (6wt%) SA (mm?) (mm2)
With and Without (Dark) (Light)
Cloisite®Na+ Clay ’
28 No Clay 1086+SD 25.50mm? 1455+SD 396.48mm?
(n=2) (n=8)
. 559485.07mm?
0 +
29 12.5wt% Cloisite (n=10) 1153+91.2mm?2
(n=6)
0 2
20 5wt% Clay 7701363.71mm 1330+102.58mm2
(n=10) —
(n=6)
0,
- 2.5wt% Clay 491497.00mm? 1923+127.88mm?
(n=11) (n=6)

45.3.4. E. coli - Composites with cardboard backing (32-45)
All Samples 32 - 45 had complete microbial growth under all replicates tested.
4.5.3.5. P. aeruginosa - Composites without cardboard backing (20-31)

All the samples which did not contain PVP-I (Samples 20-27) curled and there
was evidence of reduced microbial growth where the sample had remained in
contact with the agar. The dressings had a green area on the side that had
been in contact with the agar which corresponded to the shape of the area of
reduced microbial growth. The samples which contained PVP-I (6wt%)

(Samples 28-31) all produced clear ZOIl as shown in Table 4.12.
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Table 4.12: ZOIl produced by different PVOH/PVP-1 composites, with and

without Cloisite®Natclay, against P. aeruginosa

Formulation o Curled Samples Flat Samples Mean SA
PVOH/PVP-I (6 wt%) A 5
Sample . . Mean SA (mm?2) (mm?)
With and Without (Dark) (Light)
Cloisite®Na+ Clay g
28 No Clay 2036+180.96mm?2 1141 +£396.20mm?
(n=2) (n=4)
29 12.5 wt% Clay 312+119.42mm? 759+49.15mm?
(n=5) (n=5)
30 5 wt% Clay 351482.13mm? 897165.39mm?
(n=5) (n=5)
31 2.5 wt% Clay 4504+163.24mm? 854+SD 0mm?
(n=5) (n=2)

4.5.3.6. P. aeruginosa - Composites with cardboard backing (32-45)

Viewed from underneath the agar plates all showed a full green lawn of
microbial growth but the 2 x 2cm area covered by the dressing was paler than
the surrounding green colour. The sides of the material in contact with the agar

were green but the topside of the material remained white.
4.5.4. Discussion

After 24 hours incubation there was complete microbial growth under all the
control samples. The four cardboard backed samples which contained the
active agent, 6wt% iodine, all inhibited the growth of S. aureus under the
dressing and produced a small ZOI of between 0.5 - Imm from each edge of
the dressing. However, there were no ZOI produced against E. coli and P.
aeruginosa and limited evidence of reduced microbial growth under the
cardboard samples. The four unsupported samples containing 6wt% iodine all
produced clear ZOI against each of the test bacteria. The samples containing
no clay produced the largest ZOI against all three bacteria. The only exception
was against E. coli where the flat side of the no clay sample produced a smaller

ZOl than the 2.5wt% clay sample but a larger ZOI than the 5wt% clay sample.
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Conversely the samples containing the highest concentration of clay, 12.5wt%,
consistently produced the smallest ZOl. There were two exceptions to this
trend, the curled sample of the 5wt% clay material produced the smallest ZOI
against S. aureus and the curled sample of the 2.5wt% clay material produced
the smallest ZOI against E. coli. These smaller ZOI could have been due to the

reduced size of the area where the samples remained in contact with the agar.

An important finding from this experiment was that the flat samples produced
larger ZOI than the curled samples against all the test bacteria. In the S. aureus
experiments the flat samples perfectly illustrated the predicted phenomena
demonstrating that increasing the clay concentration reduced the size of the
ZOl. However, the activity of the composites with different clay concentrations
was not as consistent against the other bacteria, particularly between the 2.5
and 5wt% clay samples. The 5wt% curled samples produced slightly larger ZOI
than the 2.5wt% curled samples against E. coli and similarly the flat 5wt%
samples produced slightly larger ZOI than the 2.5wt% flat samples against P.

aeruginosa.

The effect of the different clay concentrations was less marked in the P.
aeruginosa experiments. For both the flat and curled samples the ZOIl was
smallest with the higher concentration of clay (12.5wt %). Interestingly the
curled sample containing no clay produced a much larger ZOIl against P.

aeruginosa than the flat sample.

These results suggested that there was a difference in behaviour of both sides
of the material and between their effects on the different test bacteria. The
samples that remained flat were identified as the paler /rougher surface of the
material that had been in contact with the base of the Petri dish when the
material was created. The samples that curled were darker in colour and
smooth and had been the upper surface of the material exposed to the

atmosphere as it dried in the Petri dish.

Due to the marked difference in colour between the two layers the different
sides were described as Light and Dark and in all further experiments both
sides were tested and the results reported separately. The Light side of the

material which remained flat during testing consistently produced larger ZOI

146



than the dark side samples that curled. This suggests that the paler, light side of
the material released the iodine faster than the darker smooth side of the
material. It was concluded that the two different surfaces of the material have
different release characteristics.

One possible explanation for this phenomenon is that the light side remains flat
so has a larger surface area in contact with the surface of the agar than the

dark side which curls away from the surface. (Figures 4.13 a,b,c and 14.4 a,b,c)

Light Side of CROWD in
contact with agar
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Figure 4.13a: Diagram of the
cross section of a CROWD
sample with the Light side in
contact with the agar showing
how the sample remains flat with
the whole surface in contact with
the agar.

Figure 4.13b: Photograph
of Light side 12.5wt%
CROWD after 24 hours
incubation at 37°C on an
agar plate with no
bacteria.

Figure 4.13c: Photograph of
agar after a Light side
12.5wt% composite was
removed following 24 hours
incubation at 37°C showing
the residual iodine containing
liquid.

Dark side of CROWD in
contact with agar

Agar

\
|

Figure 4.14a: Diagram of the
cross section of a CROWD
sample with the dark side in
contact with the agar showing
how the sample curls away from
the surface of the agar leaving a
small central circular portion in

contact with the agar.

Figure 4.14b: Photograph
of Dark side 12.5wt%
CROWD after 24 hours
incubation at 37°C on an
agar plate with no
bacteria.

Figure 4.13c: Photograph of
agar after a Dark side
12.5wt% composite was
removed following 24 hours
incubation at 37°C showing
the residual iodine containing
liquid.
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The results from the previous experiment were relabelled from curled to dark
side and flat to light side and then represented graphically to illustrate the effect
of increasing the clay concentration and the effects of the different sides of the
composite (Figure 4.15).
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Figure 4.15: Influence of the light and dark sides of composites containing

different clay concentrations on the ZOI produced against the three test bacteria

(Error bar = Standard Deviation, n values shown in Tables 4.10, 4.11 and 4.12)

The figure clearly illustrates that for all the clay containing samples, the light
side of the dressings produced much larger ZOI than the dark side of the

dressing against all the test bacteria.

Due to the anomalies identified in these experiments, particularly with the
2.5wt% samples, another series of experiments were undertaken to further
investigate the effect of the different sides of the material containing the two
higher strength clays 5wt% and 12.5wt% on the release profile of the iodine.
The difference in activity of the two sides of the material was a serendipitous
observation so it was important to repeat the experiment in a more controlled

manner in order to validate these results.
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4.6. Comparison of Light and Dark sides of 5 and 12.5wt% Clay

composites
4.6.1. Introduction

Further samples of the PVOH/PVP-I/Clay formulations containing fixed 6wt%
iodine and either 5wt% Cloisite®Na* (Sample 30) and 12.5wt% Cloisite®Na*

(Sample 29) were prepared for antimicrobial testing.
4.6.2. Methods Summary

Square 2 x 2cm samples of the two different concentrations of clay composite
were UV sterilised as described previously. The dark side of the composite was
placed in contact with agar in a Petri dish which had been inoculated with the
test bacteria either S. aureus, E. coli or P. aeruginosa.

Six replicates were tested against each bacteria.

The experiment was repeated using 2 x 2cm samples of the light side of the

composites.
4.6.3. Results

All samples placed on the agar light side down retained their shape and dark
brown colour and remained flat. The dark samples however curled at all four
corners and had a pool of what appeared to be an iodine containing solution on
the top of the sample. When the samples were moved what appeared to be

liquid iodine was visible in the agar plate.

Figure 4.16. illustrates that as seen in previous experiments the zones of
inhibition produced by both clay concentrations were largest against S. aureus,
then E. coli and smallest against P. aeruginosa. In almost all experiments the
light side of the dressings produced larger ZOI than the dark side of the
dressings against all three test bacteria. This would suggest that through
contact with the light side of the material, iodine is released faster than through
the dark side. The only exception to this was the 5wt% Cloisite®Na+ composite
which produced very similar sized ZOl for both the dark side
(2010+117.79mm?2) and the light side (1980+306.18mm?2) against S. aureus.
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The standard deviation for the dark side samples was very high because one of

the samples produced a very large ZOIl measuring 3363mm?2,

Against E. coli the light side of the 5wt% clay samples produced a much larger
ZOIl (18294+301.81mm?2) than the light side of the 12.5wt% clay dressing
(937+£192.04mm?2). However unexpectedly, the dark side of the 5wt% clay
samples produced a smaller ZOl (484+65.79mm?2) than the dark side of the

12.5wt% clay samples (731+163.09mm?).

In the P. aeruginosa experiments, the light side of both samples produced ZOI
more than three times the size of the ZOI created by the dark side of the
material. The 12.5wt% clay light side samples produced slightly larger ZOI than
the 5wt% clay light samples. Both the dark side ZOl were smaller than the
original sample size (400mm?2) this was because the samples had curled away
from the agar and were only able to reduce microbial growth where the material

remained in contact with the agar.
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Figure 4.16: Comparison of the antimicrobial activity of the Light and Dark sides

of the 5wt% and 12.5wt% clay composites against the three test bacteria. (Error
bar = Standard Deviation, n = 6)
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4.6.4. Discussion

These experiments demonstrate that increasing the concentration of clay in the
material reduces the size of the ZOIl which would suggest that increasing the

clay concentration effectively slows the release of the iodine.

The clay is distributed within the material in the form of discrete platelets i.e. as
an exfoliated composite but more predominantly as assemblies (stacks) of
platelets intercalated with polymer; this arrangement is likely to control the
release of iodine (Figure 4.17). The clay layers within a stack are about 1nm
thick and between 200-500 nm in diameter.

Clay platelets

al’
phase-separated
microcomposite

Ordered intercalated
nanocomposite

Disordered
exfoliated
nanocomposite

Figure 4.17: Behaviour of clays in composite materials (Breen 2015 Personal
Communication)
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In the 12.5wt% clay containing material there was a clear demarcation between

the light and dark side of the material which was described as a self - stratifying
film (Figure 4.18).

Figure 4.18: Photograph of the 12.5wt% clay composite showing the self —
stratification into two layers: Light (brown outer layer) and Dark (grey inner

layer)

The clay is heterogeneously distributed in the two self-stratifying layers. Figures
4.19 and 4.20 show optical microscope photographs of cross sections through
the material and illustrate the clear demarcation in layers between the two
layers in the both the 12.5wt% and 5wt% clay composites. (Magnification x 315)

Light Side
Dark Side
Figure 4.19: Figure 4.20:
5wt% Cloisite — Na (928 um thick) 12.5wt% Cloisite — Na (1098 um thick)

The formulation containing the higher clay concentration 12.5wt% and 6wt%
iodine was chosen for further investigation to determine the duration of
antimicrobial action of the material. This preferred formulation was given the

acronym CROWD, “Controlled Release in Open Wound Dressings”.

152



4.7. Duration of Antimicrobial Action of Clay/ PVP- I/Polymer Composites
4.7.1. Introduction

To determine the duration of the antimicrobial effect of the different sides of the
preferred formulation (CROWD); PVOH/PVP-I/Clay 12.5wt% containing 6wt%
PVP-I, samples were tested against the same strains of S. aureus, E. coli and

P. aeruginosa as in the previous experiments.
4.7.2. Methods Summary

Passage Studies were undertaken as described in section 2.1.2.3.

Square 2 x 2cm samples of the dark side of the composite were placed in
contact with the inoculated agar and a second series of 2 x 2cm samples from
the same batch but with the light side placed in contact with the agar.

The experiment was repeated every day for seven days to test the efficacy of
the antimicrobial agent over a period of a week. This time period was chosen
because in clinical practice a dressing would be changed within a week or more
often if there were signs of clinical infection (Brindle and Farmer 2019).

4.7.3. Results

Figure 4.21 shows the ZOI produced by the light and dark side of the material
against the three test bacteria over a period of 8 days. For the first 48 hours, the
PVOH/PVP-I/Clay 12.5wt% composite produced the largest ZOIl against S.
aureus, then E. coli and the smallest against P. aeruginosa. The light side of the
material consistently produced a larger zone of inhibition after 24 hours than the
dark side. Against S. aureus the light side produced the largest ZOl after 24
hours of all the ZOI created against all the test organisms. However, the size of
the zone decreased after 48 hours and was less than 500mm2 by day 4. The
ZOI produced by the dark side against S. aureus was initially smaller than the
light side but continued to increase in size and reached the maximum size at
day 4 and was still above 500mm?2 after 8 days continuous use. Against E. coli
both the light and the dark side produced their largest ZOI after 48 hours. The
light side ZOI had reduced to less than 500mm? after 3 days, but the dark side
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ZOIl remained much larger until day 5 when they had reduced in size to less
than 500mm?2. Against P. aeruginosa the light side ZOI had decreased to less
than 500mm2 by day 3 however the dark side ZOl increased in size between 24
and 48 hours and then dropped below 500mm? after 4 days.

By day 8 only the dark side was still producing a clear ZOl which was only
against S. aureus, all the other samples were no longer producing a ZOIl against

any of the test bacteria.
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Figure 4.21: ZOI produced by the Light (L) and Dark (D) sides of the preferred

CROWD formulation against three test bacteria (Error bar = Standard Deviation, n = 6)

4.7.4. Discussion

The CROWD material demonstrated a more prolonged duration of antimicrobial
activity than any of the three commercial iodine dressings tested previously.
The ability of the CROWD material to continue to produce large ZOI after 8

days of continuous use against S. aureus was far superior to the limited 2 day
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antimicrobial effect demonstrated by the commercial iodine containing
dressings: lodoflex, Inadine and lodozyme against this organism. Against E. coli
and P. aeruginosa the light side of the CROWD material was still producing a
ZOl greater than the sample size (400mm2) on day 7 whereas none of the
commercial iodine dressings were having an antimicrobial effect on either of

these bacteria after 2 days.

This suggests that potentially the CROWD material could be left on a wound for
up to 7 days continuous use. However, in a clinically infected wound dressing
changes would have to be more frequent as regular visual inspection of the
wound is important to ensure that the infection is not spreading, and the wound
condition is not deteriorating. During the passage studies it was observed that
the CROWD material changed colour from dark brown to white as the
experiment progressed. The colour change appeared to be linked to the efficacy
in that the darker the sample, the larger the ZOI, and when the samples were
completely white they did not produce a ZOIl suggesting that the active iodine

had all been utilised.

4.8. Methicilin-resistant Staphylococcus aureus (MRSA) Passage Studies
4.8.1. Introduction

The widespread use of antibiotics since their introduction in the 1940s has led
to the growing problem of antibiotic resistance. One of the resistant clinical
pathogens often identified in wounds is methicillin-resistant S. aureus (MRSA).
Early studies reported that Povidone iodine cream (5%) and solution (10%)
were effective against MRSA. Povidone lodine has also been shown to be
100% efficient against 33 clinical isolates of MRSA (McLure and Gordan 1992).
Having demonstrated the antimicrobial efficacy of the CROWD material against
a methicillin-sensitive strain of S. aureus (MSSA) a series of experiments were
conducted to determine the efficacy and duration of antimicrobial activity
against clinical strains of MRSA. Two strains of MRSA were included in the
study: S. aureus USA300 and Epidemic methicillin - resistant S. aureus
(EMRSA-16).
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S. aureus USA300 is a community acquired strain of MRSA which can cause
rapidly progressive fatal diseases such as necrotizing pneumonia, severe
sepsis and nectrotising fasciitis (Boyle-Vavra S and Daum RS (2007). S. aureus
USA300 often contain Panton-Valentine leucocidin (PVL). PVL is a pore-
forming toxin encoded by the lukSF-PV genes which has been associated with
necrotic infections in humans and forms lytic pores that destroy human
neutrophils, monocytes, and macrophagesin vitro (Brown et al.
2012). EMRSA-16 is a hospital associated pathogen responsible for a variety
of dieases from uncomplicated skin infections to life threatening bacteraemia
and pneumonia. It was first identified in the UK in the 1990s (Watkins, David
and Salata 2012).

4.8.2. Methods Summary

Passage studies were undertaken to test the activity of the dark and light sides
of the PVOH/PVP-I/Clay 12.5wt% (6wt% iodine) material against two different
clinical strains of MRSA, S. aureus USA 300 (Community Acquired) and
EMRSA -16 (Hospital Acquired).

4.8.3. Results

The PVOH/PVP-I/Clay 12.5wt% CROWD composite produced clear ZOI
against both strains of MRSA for 96 hours (Figure 4.22). The CROWD material
produced larger ZOI after 48 hours than it had after the first 24 hours. On day 1
the light side ZOIl were larger than the dark side ZOIl. However, on the second
day the light side and dark side produced very similar sized ZOI. From the third
day onwards, the dark side produced larger ZOIl than the light side. This
demonstrates how the dark side takes longer to release the iodine. The largest
ZOl were produced against the S. aureus USA 300, the community acquired
strain. After 5 days the dark side of the material was observed to be still
inhibiting the growth of both bacteria whereas the light side was no longer
producing a ZOlI after 96 hours.
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Figure 4.22: ZOI produced by the Light and Dark side of the CROWD material

against two strains of MRSA (Error bar = Standard Deviation, n = 6)

4.8.4. Discussion

Both strains of MRSA were sensitive to the antimicrobial effects of the CROWD
material for at least 4 days. However, the duration of anti-microbial action
against the two strains of MRSA was shorter than seen previously against the
methicillin-sensitive S. aureus (MSSA) where the dark side was still producing
ZOI after 8 days of continuous use and the light side produced a ZOI for 7 days.
(Section 4.7.3., Figure 4.21).

MRSA develop resistance by the acquisition of a non native gene encoding a
penicillin-binding protein (PBP2a) which has a lower affinity for B-lactams anti-
biotics. This resistance allows the bacteria to maintain cell-wall biosynthesis, the
target of B-lactams, even in the presence of typically inhibitory concentrations of
antibiotic (Peacock and Paterson 2015). As the resistance mechanism of MRSA
has no relationship with the mechanism of action of iodine no cross resistance
would be expected. This experiment demonstrated that in terms of the produc-
tion of large ZOI against the three S. aureus species the antimicrobial efficacy
of the iodine was not dimimished against the resistant strains.
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This is important as the global increase in antibiotic resistance and the lack of
development of new classes of antibiotics has led to calls for improved antimi-
crobial stewardship to try to reduce the incidence of antibiotic resistance (WHO
2017; NICE 2015; Baur et al. 2017). As antiseptics have multiple sites of action
on the bacterial cell, unlike antibiotics which usually have one specific site of
antimicrobial action, they are less likely to induce resistance. This suggests that
the appropriate use of antimicrobial dressings for the management of wound
infection has the potential to reduce the overall use of antibiotics and help pre-
serve the use of antibiotics for specific infections (Roberts et al. 2017). Another
advantage of using topical antimicrobial dressings in comparison with systemic
antibiotics is that the low concentrations of an antimicrobial can produce high
local levels at the wound surface and are not affected by arterial disease which
can reduce the concentration of antibiotic reaching ischaemic tissue (Lipsky et
al. 2016).

4.9. XRF Analysis of lodine Release
4.9.1. Introduction

Having demonstrated the difference in the duration of the antimicrobial effect of
the light and dark sides of the CROWD composite it was decided to further
investigate the effect of the clay component of the composite on the release of
the antimicrobial iodine.

X-Ray fluorescence is often used to determine the elemental composition of
materials. X-Rays irradiate samples which excite the elements present in the

material causing it to generate X-Ray fluorescence.

The nucleus of an atom contains positively charged protons and non-charged
neutrons and is surrounded by layers of shells containing electrons. When an
atom is irradiated with X-Rays the photons emitted can expel an electron from
the atom producing a hole in the shell which puts the atom in an unstable
excited state with a higher energy level. To repair the hole, an electron which

has a higher energy level is transferred from an outer shell into the hole. This
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surplus energy is emitted as X-Ray fluorescence radiation (Schlotz and Uhlig
2006).

The intensity of the radiation is proportional to the concentration of the
element(s) in the sample. XRF is used to determine the elements quantitatively
and qualitatively by measuring the characteristic radiation released (Schlotz and
Uhlig 2006).

Measuring the energies produced by the sample make it possible to identify
which elements are present in the sample. Semi quantitative analysis of the
intensity of the energy produced by different elements can be used to determine

how much of each element is present in the sample (PANalytical 2010).

4.9.2. Methods Summary

XRF analysis, described in section 2.3.2.7. was used to investigate the effect of
the addition of Cloisite®Na+ clay platelets on the release of iodine from the
PVOH/Povidone lodine (PVP-I) composites.

This experiment involved a semi quantitative measurement of the release of
iodine from composites containing different amounts of clay. All three test
samples contained 6wt% PVP-I. A sample of the standard CROWD formulation
containing 12.5wt% Cloisite®Na+* was prepared by the method described in
Section 2.3.2.4.

A second composite which contained PVOH and PVP-I (6wt% iodine) but no

clay was prepared by the method described in Section 2.3.2.3.

The Light and Dark side of the 12.5 wt% Cloisite®Na* was compared with the
composite containing no clay to determine the effect of the addition of the clay

platelets on the release of iodine.

The samples were cut into 2x2 cm squares and UV irradiated for 15 minutes on

both sides as described in section 2.1.2.2.

Individual samples were placed in the centre of a Mueller Hinton (MH) agar
plate and the base of the Petri dish was labelled with the day from Day 1 to 7

and the % weight of clay that the sample contained. Three experiments were
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conducted simultaneously to test the Light and Dark side of the 12.5wt% clay
sample against the sample containing no clay. The Petri dishes with the

samples were placed in a static incubator at 37°C for 24 hours.

After 24 hours all the samples were removed from the incubator. The samples
labelled “Day 1” were removed from the agar using sterile tweezers and placed
in an individual sterile container with a screw cap and labelled with the Day and
clay weight. These samples were then sent to the Materials Engineering

Research Institute (MERI) for XRF analysis by Francis Clegg (Section 2.3.2.7.).

The Day 2 to Day 7 samples were aseptically transferred to individual fresh MH
agar plates and returned to the incubator for a further 24 hours. After the
second 24 hours the Day 2 samples were removed for XRF analysis and the
other samples were transferred to fresh agar plates for a further 24 hours in the
incubator. This process was repeated for 7 days when the final samples were
sent for analysis. Due to manufacturing problems, there were only enough “no

clay” samples for six days of analysis.
4.9.3. Results

The iodine content of each sample was measured using XRF. The reading on
the first day before the samples had been placed on agar was considered to be
100%. Subsequent readings were measured and amount remaining was
calculated as a percentage of the reading on day zero for that formulation.

Figure 4.23 shows the percentage reduction in iodine in the 3 samples over the
seven days. After the first 24 hours the iodine level in the PVOH/PVP-I
composite that contained no clay had decreased to 17%. By day 2 it was 10%

of the original iodine concentration and by day 4 no iodine was detected.

The light side of the composite containing 12.5wt% Cloisite®Na* had reduced
to 71% of the original iodine concentration after 24 hours. On day 2 it was 46%
and day 3 it was 41% of the original. By Day 4 the iodine had dropped to 20% of

the original and day 5 no iodine was measured in the sample.

The dark side of the composite containing 12.5wt% Cloisite®Na* after the first
24 hours had only dropped to 87% of the original iodine measured. After 48

hours it was still measuring 64% of the original amount but by day 3 had
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decreased to 49%. There was little change at day 4 with 48% remaining but by
day 5 the percentage remaining had dropped to 24%. After 7 days of passage
there was still measurable iodine in the sample which equated to 9% of the

iodine measured in the day zero samples.
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Figure 4.23: The reduction in the percentage iodine over time in the Light and
Dark side of the 12.5wt% Cloisite®Na* composite compared to the PVOH/PVP-I

composite containing no clay.

The photographs in Table 4.13 show the samples just before they were
removed from the agar and sent for XRF analysis. The composites containing
PVOH/PVP-I 6wt% but no clay, look very different to composites containing
12.5wt% clay and did not stratify into layers. After 24 hours incubation on agar
the sample had curled and appeared to have a pool of iodine on top. By day
three most of the colour was lost from the sample and this corresponds to the

point when the XRF analysis did not register any iodine.

The difference in colour of the two sides of the PVOH/PVP-I 6wt%/Cloisite®Na*
can be seen in the day 0 photographs where the Light side is a paler brown
colour. As described previously the Light side remained flat and in contact with

the surface of the agar. By day 3 the edges had started to lose colour and by
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day 5 virtually the whole sample had discoloured. In comparison the dark side
samples that were in contact with the agar curled away from the agar and
retained their colour through to day 5 when the percentage iodine remaining
was 24%. On day six the sample was much lighter in colour where it remained
in contact with the agar but was still darker around the edges. By day 7 when
9% of the original iodine remained the sample still demonstrated a pale circular

area in the centre of the sample but residual colour around the curled edges.
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Table 4.13: Photographs of the PVOH/PVP-I 6wt% composites with and without Cloisite®Na* on agar just prior to removal for

XRF Analysis

No Clay
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Clay
Light
Side on
Agar

Day 5

Day 6

Day 7
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4.9.4. Discussion

Whilst the XRF analysis provides only semi quantitative analysis of the iodine
levels within the samples the results clearly illustrate the reduction in the
percentage iodine in the samples compared to the day zero untreated samples.
The composites containing no clay were shown to have no iodine remaining by
Day 4. The light side of the composite containing 12.5wt% Cloisite®Na*
appeared to be releasing iodine at a faster rate than the dark side and was
shown to have no iodine remaining by day 5. This is interesting when
considering the results of the passage studies described in Section 4.8 which
demonstrated that the light side of the composite was still showing some
antimicrobial activity after 6 days. This might suggest that the presence of

bacteria on the agar may affect the release characteristics of the iodine.

The photographs also illustrate that the dark side of the clay containing
composite retained its dark brown colour until day 6. At this point the
percentage iodine had reduced to 14%. By day 7 the sample had a slightly
larger paler central area but still retained 9% of the original iodine level and this
corresponds to the results in the original antimicrobial passage studies shown in
Figure 4.21 Page 154 where the dark side of the clay sample was still producing
large ZOI against S. aureus and demonstrating antimicrobial activity against E.

coli and P. aeruginosa.

These experiments suggest that whilst the addition of Cloisite®Na* platelets

appears to slow the release of the antimicrobial iodine there are probably other
factors that also influence the release of iodine from the composite, such as the

different bacteria.

4.10. Determination of the composition of the preferred CROWD material
4.10.1. Introduction

To try to understand why the material formed a self- stratifying film and why
each side of the composite appeared to have different release characteristics a

series of experiments were undertaken by the material scientists in the
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Materials Engineering Research Institute (MERI) to determine the different pro-

portions of each component in the two different layers.

4.10.2. Methods Summary

To investigate the composition of the two layers of the preferred CROWD
material, PVOH/PVP-I 6wt%/Cloisite®Na* 12.5wt%, Lukas Petra, Francis Clegg
and Chris Breen from MERI developed a methodology to extract the four differ-
ent components: Clay, PVOH, PVP and iodine from the different layers which is
described in Section 2.3.2.6.

4.10.3. Results

The first finding was that the mass of the layers in the composite were not
equal. The bottom layer was heavier than the top layer. The percentage by
mass was 36.7% for the top layer and 63.3% for the bottom layer (Figure 4.24).

TOP
TOP separation of
_ the layers, Wayerage = 36.7 %
and drying
BOTTOM SO7 IO

Waverage = 633 OAJ

Figure 4.24: Weight of Top (Dark) and Bottom (Light) layers of the CROWD ma-
terial expressed as a percentage of the total weight of the composite (Petra
2015).

The weights of the individual components in each layer were compared to the
original amounts used to produce the composite and then used to calculate the
percentage of the original amount of each component found in each layer
(Table 4.14).
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Table 4.14: Composition of the preferred CROWD composite layers (Petra
2015)

Component | % of amount added | % of the amount| Ratio Dark to
present in the Top | added present in the | Light
(Dark) layer Bottom (Light) layer

Cloisite®Na* | 13% 87% 0.2

PVOH 50% 50% 1

PVP 34% 66% 0.5

lodine 42.0% 58.0% 0.7

4.10.4. Discussion

The separation of the composite into layers is probably caused by the
sedimentation of clay-PVOH-PVP-lodine particles from dispersion during the

drying of the film.

The light layer contains nearly five times the amount of clay found in the dark
layer. This is probably due to the clay settling at the bottom of the composite as
it dries as the light layer is in contact with the base of the Petri dish.

Both layers contain the same amount of PVOH. However, the amount of PVP is
double in the light layer, this is probably caused by a strong interaction between
the clay and PVP.

A slightly higher concentration of iodine was found in the light layer which may
account for increased size of the ZOI produced by the light side of the material
in the passage studies in the first couple of days. What is still to be determined
is the effect on the composition of the two layers over time, as the iodine is
released, as this would help explain the mechanism of the slow-release action

that has been observed.

4.11. Conclusions

This research has created a novel polymer clay composite which demonstrated
prolonged in vitro antimicrobial activity against the five bacteria tested. In the
experiments the size of the ZOIl was used to compare the antimicrobial efficacy

between the dressings. The clinical significance of the size of the ZOl is
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unknown. In clinical practice the dressing would be required to kill bacteria
which were in contact with the dressing and not necessarily release iodine into
the surrounding area. It was clear from these experiments that increasing the
concentration of iodine in the material produced a corresponding increase in the
size of the ZOI. The optimum concentration of iodine required at the wound
surface to inhibit microbial growth has yet to be determined. The material
containing 6wt% iodine consistently produced ZOI greater than 500mm? against
all the test bacteria, so this composite was chosen for the preferred CROWD
material. Concentrations of iodine above this were also effective but in light of
concerns about possible cytotoxicity it was decided to continue testing samples
of the composite containing one of the lower proportions of PVP-lI (6wt%

iodine).

The onset of action of the bactericidal effect of iodine is very rapid, occurring
within seconds of the topical administration. However, the effect is short lived as
the iodine is rapidly inactivated by the destruction of the microorganisms. A
review of iodine (Cooper 2007) concluded that a dressing that was able to
provide sustained delivery of low doses of free iodine would have the advantage
of delivering an antimicrobial action against a wide range of microorganisms,

with a lower potential to develop resistance or induce cytotoxic effects.

The addition of clay to the composite was designed to increase the tortuosity of
the path that small molecules have to travel through the material, to slow down
the release of the antimicrobial. The experiments demonstrated that increasing
the concentration of Cloisite®Na* clay produced smaller ZOI indicating that less
iodine was being released into the surrounding agar. The highest concentration
of clay tested, 12.5wt%, was chosen for the preferred formulation because it

produced the smallest ZOI after 24 hours.

During the initial experiments it was noted that the samples appeared visibly
different on each side. One side was rough and lighter brown in colour and the
top side of the material was smoother and darker brown in colour. It also
became apparent that the dressing behaved differently depending on which
side was placed in contact with the agar. The light side when placed in contact
with the agar produced a much larger ZOI than when the dark side was placed
on the agar. This would suggest that the two sides offer different release
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characteristics and that the light side released the iodine more rapidly than the
dark side. The 12.5wt% clay composite formed a self-stratifying film with a clear
demarcation between the two layers. This phenomenon could have interesting
applications in clinical practice as placing the light side down in a wound would
provide a more rapid release of iodine and the dark side should produce a more
even, sustained release of the antimicrobial. Due to the marked difference in
colour between the two sides it would be easy for practitioners to apply either
side of the material to a wound depending on the desired effect. This could be
particularly useful in situations where a prolonged duration of antimicrobial
activity is required such as in a war zone where it may take days for a patient to

be transported to a medical facility.

During the experiments it was noted that when the dark side of the material was
placed in contact with the agar the sample curled and drew liquid to the top of
the material. This absorptive capacity, referred to as wicking in wound care
technology, is particularly useful for treating wounds with excess exudate. This
wicking mechanism acts to draw exudate away from the wound and can also
absorb bacteria and slough into the material and help promote healing. The
CROWD material is very pliable and would conform to different sized wounds
and could be cut into shape to treat awkward shaped wounds. After absorbing
fluid, the material forms a coherent rigid gel which could easily be lifted from the
wound surface. If the material became dry it can be rehydrated with sterile
water enabling trauma free removal from the wound. In the hydrated form the
material may be useful on dry wounds as there is the possibility that it could

donate fluid. This potential property of the material has not yet been tested.

The passage studies clearly demonstrated that the CROWD material had a
longer duration of antimicrobial activity against the bacteria tested than the
commercial iodine dressings which only demonstrated in vitro antimicrobial
activity for a maximum of 48 hours. This would be very useful in clinical practice
as it should significantly reduce the number of dressing changes which could
optimise the healing rate and produce cost savings in terms of the reduced

number of dressings used and staff time required to change the dressings.
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Another advantage of the CROWD material is that it provides a visual colour
change from brown to colourless once the iodine has been consumed. This

would act as an indicator to clinicians that the dressing requires changing.
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Chapter 5: Comparison of CROWD with Commercial Dressings.

5.1. Introduction

Having created a novel antimicrobial composite it was important to compare
various aspects of the material with the available commercial antimicrobial
dressings to establish what advantages the CROWD material could offer in this

highly competitive market.

To compare the antimicrobial efficacy of the CROWD material to the
commercial iodine dressings, passage studies were undertaken against
planktonic  cultures of Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus, Staphylococcus aureus USA300 and Epidemic
methicillin-resistant Staphylococcus aureus (EMRSA-16). Statistical analysis
using these results and all of the passage study results for the commercial
dressings tested in Chapter 3 was undertaken to establish if there was a
significant difference between the activity of CROWD and the commercial

dressings.

Bacteria found on chronic wounds are often living in biofilm colonies so the
effect of iodine dressings on selected bacteria existing in biofilms was also

investigated.

The minimum inhibitory concentration (MIC) of the eluted materials extracted
from the iodine containing dressings was also determined. Having
demonstrated the antimicrobial efficacy of CROWD the next important pre-
clinical investigation required was to test the potential cytotoxicity of the material
and compare this to the iodine dressings that are currently marketed for the

treatment of infected wounds.

5.2. Passage Studies: CROWD compared to commercial iodine dressings
5.2.1. Introduction

The antimicrobial activity of the CROWD material was compared with the three
commercial iodine containing dressings that were licensed for the treatment of

infected wounds.
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5.2.2. Methods Summary

Passage studies as described in Section 2.1.2.3. were undertaken to compare
the duration of antimicrobial activity of the Light and Dark sides of the CROWD
composite to the commercial iodine dressings; lodoflex®, Inadine®, and
lodozyme®. Six 2 x 2cm samples of each dressing were tested against 5
microorganisms: S. aureus (SH100), E. coli (JM109), P. aeruginosa
(H085180216), S. aureus USA300 and EMRSA -16.

5.2.3. Results

The mean surface area in mm2 of the ZOI produced by each dressing after
each 24 hour interval against the five different bacteria is shown in Figures 5.1.-
5.5.

5.2.3.1. E. coli— Passage Study Results

All the iodine containing dressings produced clear ZOIl against E. coli after 24
hours (Figure 5.1.). Both sides of the CROWD material were still producing a
ZOI after 7 days. By day 5 the dark side of the CROWD material was producing
very small ZOl where it remained in contact with the agar. The three
commercial dressings were only effective for 48 hours. Their ZOI were smaller
than the CROWD ZOI except for lodoflex which produced the largest ZOI after
48 hours but then did not produce a ZOl on day 3.

2500 -+
o i
£ 2000
E
o lodofl
2 i H |odoflex
g 1500
3 M Inadine
€
s 1000 - I lodozyme
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Figure 5.1: ZOI produced by lodine dressings against E. coli (Error bar = Standard

Deviation, n = 6)
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5.2.3.2. P. aeruginosa — Passage Study Results

The ZOI produced by all the dressings were smaller against P. aeruginosa than
those produced against the other four bacteria. Inadine produced a very small
ZOIl on the first day and had not produced a ZOIl on the second day (Figure
5.2).

lodoflex produced a very large ZOl in the first day and a much smaller ZOI the
second day but was no longer producing a ZOIl on day 3. Both sides of the
CROWD material were still producing a ZOIl on day 7 however the light side

ZOls were much larger than the dark side.
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Figure 5.2: ZOI produced by lodine dressings against P. aeruginosa (Error bar =

Standard Deviation, n = 6)

5.2.3.3. S. aureus - Passage Study Results

As in all previous experiments the ZOI produced against S. aureus were larger
than those produced against E. coli and P. aeruginosa (Figure 5.3). After the
first 24 hours the light side of the CROWD material produced the largest ZOI of
all the dressings tested. However, on the second day lodoflex produced an
even larger ZOIl than the CROWD light side had produced on the first day.
Interestingly the size of the ZOI produced by the CROWD dark side was also
larger on the second day than it had been on the on the first day and continued
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to increase in size reaching a peak on day 4. Both sides of the CROWD
material were still producing a clear ZOIl on day 7 and the dark side was still

producing a large ZOI on day 8.

The commercial iodine dressings only produced ZOI for 48 hours. Inadine and
lodozyme produced very small ZOIl on the second day compared with lodoflex

which produced a much larger ZOI on the second day.
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Figure 5.3: ZOIl produced by lodine Dressings against S. aureus (Error bar =

Standard Deviation, n = 6)

5.2.3.4. S. aureus USA300 - Passage Study Results

After 24 hours the lodoflex had cleared the whole Petri dish of microbial growth
on all six replicates (Figure 5.4). It produced a smaller ZOI after 48 hours and
had stopped producing a ZOIl by day 3. Inadine was only effective for 24 hours.
lodozyme produced a similar sized ZOI to Inadine after 24 hours and a very
small ZOI after 48 hours. As observed in the earlier MRSA passage studies in
Section 4.8.3 the CROWD dark side continued to kill for 5 days but the light side
only produced a ZOIl for 4 days.

173



7000 -

6000 -
5000 -
m [odoflex
4000 -
®m Inadine
3000 -
lodozyme
I
2000 -~ I I = CROWD L
1000 - 1 I CROWD D
T
0 1 T T T 1
1 2 3 vil

Days

Mean Surface Area mm?

Figure 5.4. ZOI produced by lodine dressings against S.aureus USA300 (Error
bar = Standard Deviation, n = 6)

5.2.3.5. EMRSA -16 — Passage Study Results

After 24 hours lodoflex had produced very large ZOIl, almost clearing the whole
surface of the Petri dish (Figure 5.5). On the second day lodoflex produced a
much smaller ZOI and there was no ZOI on the third day. Inadine and lodozyme
only produced ZOI against EMRSA-16 for 24 hours. As seen in the S. aureus
USA300 experiment the CROWD dark side continued to produce a ZOI for 5
days, but the light side did not produce a ZOI after the fourth day.
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Figure 5.5 ZOI produced by lodine Dressings against EMRSA-16 (Error bar =

Standard Deviation, n = 6)
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5.2.4. Discussion

The results of the passage studies would suggest that the duration of activity of
the CROWD material was superior to the commercial iodine dressings both in
terms of the size of the ZOIl produced and more importantly the duration of
action.

Inadine produced ZOI for 48 hours against E. coli and methicillin-susceptible S.
aureus but only produced a ZOIl against the two MRSA strains and P.
aeruginosa for 24 hours. Of the three commercial iodine dressings, lodozyme,
consistently produced the smallest ZOI except against S. aureus were the ZOl it
produced in the first 24 hours were similar to those produced by Inadine and
larger than those produced by lodoflex. By the second day the lodozyme gel
had curled and produced very small ZOI where it remained in contact with the
agar. It produced ZOI on the second day against all the test bacteria except the
EMRSA-16.

The lodoflex produced very large ZOI against the five test bacteria for two days.
However, the size of the ZOI varied on each day for the different bacteria. The
ZOI produced against P. aeruginosa and the two MRSA strains was largest on
the first day and smaller on the second. Conversely, the ZOIl against S. aureus
and E. coli. were smaller on the first day and much larger on the second day.
The CROWD material had demonstrated a similar phenomenon that the
material often produced a larger ZOIl on the second day but with the CROWD
material this was evident against all the test bacteria. It had been hypothesized
that the increase in the size of the ZOI on the second day was possibly due to
absorption of fluid from the agar reaching a critical saturation point which led to
the increased release of iodine after the first 24 hours.

However, this would not fully explain why the lodoflex produced a larger ZOI on
the first day with certain bacteria and on the second day with others. What is
particularly interesting was that the effect was different within the bacterial
classes for example, with the Gram - positive bacteria, the MSSA had the
largest ZOI on the second day, but the two MRSA strains had the largest ZOI

on the first day. Similarly with the two Gram - negative bacteria; the P.
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aeruginosa had the largest ZOl on day one but against E. coli the largest ZOI
was on the second day. Whilst it would be interesting to investigate what was
causing this phenomenon it probably would not be significant in clinical practice
as the ZOI produced on both days against the five test bacteria were large

suggesting effective antimicrobial activity for 48 hours.

As demonstrated in previous studies, the dark side of the CROWD material
produced ZOI against S. aureus for 8 days (Section 4.7.4) and the two MRSA
strains for 5 days (Section 4.8.3). The light side of the CROWD material was
effective against E. coli and P. aeruginosa for 7 days (Section 4.8.3). Both sides
of the CROWD material were effective against all five test bacteria for at least
72 hours clearly Iillustrating the prolonged duration of antimicrobial action

compared to the other iodine containing dressings.

This supports the hypothesis that the addition of the clay has slowed the rate of
iodine release from the composite and that this coupled with the higher original
concentration of iodine has resulted in the elution of concentrations of iodine
that have prolonged the duration of inhibitory activity compared to the

commercial dressings.
5.3. Statistical Comparison of CROWD and Commercial Dressings.
5.3.1. Introduction

The graphical illustrations of the ZOI produced by the CROWD material against
the five test bacteria indicate that in the in vitro tests CROWD produced larger
ZOl and had a longer duration of antimicrobial action than most of the

commercial antimicrobial dressings tested.

To test whether these results were significant, statistical analysis of the results

of all the passage studies was undertaken.
5.3.2. Methods - Statistical Analysis

The raw data for the results for all the commercial wound dressings’ passage
experiments were imported into SPSS (version 24, IBM Corp., Armonk, New
York, US) software. A full factorial three-way Analysis of Variance (ANOVA)
was undertaken to compare each of the 18 different commercial dressings

(Table 5.1) and the two sides of the CROWD material against each of the test
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bacteria on the eight different days of the study. The dependent variable was

the ZOIl and the independent variables were the dressings, bacteria and day.
Three Post Hoc tests; Student-Newman—Keuls (SNK), Tukey HSD and Scheffé

were undertaken to construct homogenous subsets to try to identify means that

were significantly different from each other.

Table 5.1: The 18 Commercial Dressings included in the Statistical Analysis

Dressing

Antimicrobial

Carrier Dressing

Bactigras

Chlorhexidine acetate 0.5%
ointment

Tulle

Suprasorb X+ PHMB

Polihexanide 0.3%

Biosynthetic cellulose fibre

10% povidone iodine

Inadine Tulle
(1% w/w available iodine)
odoflex Cadexomer lodine Cadexomer iodine paste with
(0.9% wiw iodine) gauze backing
< 0.04% iodide ions and glucose
lodozyme oxidase Hydrogel
Allevyn Ag Silver sulfadiazine Polyurethane foam film
Aquacel Ag 1.2 % w/w ionic Silver Hydrocolloid Hydrofibre

Aquacel Ag Extra

1.2% w/w ionic Silver

2 layers of Hydrofibre

Biatian Ag Patented Silver complex Polyurethane foam film
Sorbsan Ag 1.5% Silver alginate fibres Calcium Alginate
Urgosorb Ag 0.5 % ionic Silver Calcium Alginate
TLC — Ag Technology containing

Urgotul Ag Silver particles Soft Polymer
Urgotul SSD Silver sulfadiazine Tulle

o 99% Medical grade Manuka
Actilite Tulle honey and 1% Manuka o Tulle

. 100% Medical grade Manuka
Activon Tulle honey Tulle
Algivon 100% Manuka honey Calcium Alginate

Medihoney Antibacterial
Honey Apinate

Medihoney

Calcium Alginate

Medihoney Gel

80% Medihoney and 20% Alginate

Sodium Alginate
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5.3.3. Results

5.3.3.1. ANOVA Results

The difference between the three independent variables was shown to be highly
statistically significant with a value of p < 0.0005, as were all 2 way and 3 way

interactions.

As the total sum of squares represents the overall variance in a data set the
separate contributions of the separate factors to the variance can be calculated
by dividing the respective sum of squares by the corrected total. The results in
the ANOVA table (Table 5.2) show that 97% of the variance in the whole data
set is explained by the model. All three factors; type of dressing, species of
bacteria and duration of exposure and their interactions were shown to be
highly significant p<0.0005. This means that it can be concluded with a very
high degree of confidence that the bacteria all behaved differently with respect
to each other and when exposed to different antimicrobial dressings. Similarly,
the significance level for the Dressing*Day interaction leads also to the
conclusion that the dressings behave differently to each other and have
different effects on different days. Also, the bacteria reacted differently on

different days to different dressings (see Significance of 3 way interaction).
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Table 5.2: ANOVA Test Table

Tests of Between-Subjects Effects

Dependent Variable: ZOI

Type 1l Sum

Source of Squares  df Mean Square F Sig.

Corrected Model 1493357649. 559 2671480.589 175.985 .000
0002

Intercept 302342375.8 1 302342375.8 19916.911 .000
00 00

Dressing 170962483.4 19 8998025.440 592.748 .000
00

Bacteria 24264491.50 4 6066122.874 399.608 .000
0

Day 321003706.8 7 45857672.40 3020.890 .000
00 0

Bacteria * Day 71797891.06 28 2564210.395 168.918 .000
0

Dressing * Bacteria  202594653.6 46 4404231.599 290.130 .000
00

Dressing * Day 348056021.2 133 2616962.565 172.393 .000
00

Dressing * Bacteria *275944150.0 322 856969.410 56.453 .000

Day 00

Error 42383073.34 2792 15180.184
0

Total 1939056458. 3352
000

Corrected Total 1535740723. 3351
000

Based on the actual passage study results the SPSS programme produced a
predicted model comparing the estimated marginal means (based on the actual
mean of the ZOI results from the experiments) of the ZOI for each dressing on
each of the eight days against the five different bacteria (Table 5.3). Colour
coding has been used to group the different classes of antimicrobial dressings
based on the antimicrobial agent; blue (biguanide), lilac (iodine), green (silver),
orange (honey) and pink (CROWD).
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The differences in the antimicrobial activity of the individual commercial
dressings against S. aureus, E. coli and P. aeruginosa were discussed in
Chapter 3 Section 3.3.5. Comparison of the antimicrobial effects of the iodine
containing dressings against E. coli, P. aeruginosa, S. aureus, S. aureus USA
300 and EMRSA-16 have been described in Section 5.2.3.

Table 5.3. shows the estimated marginal means for the ZOI produced by all 18
commercial dressings and the two sides of the CROWD material against all five
bacteria tested. It clearly illustrates that the CROWD material has a longer
duration of antimicrobial action against all the test bacteria than any of the
commercial dressings. Another observation from the tabulated data is the
difference in duration of action between the light and dark side against different
bacteria. If estimated means of < 400mm? are discounted, as these are smaller
than the sample size, then there appears to be a difference between the
behaviour in the two sides of the CROWD dressing against the Gram-positive
and Gram- negative bacteria. Against the Gram - positive bacteria the dark side
was active for 8 days compared with 4 days (Light side) against S. aureus, and
5 days against both strains of MRSA compared with the light side which was
effective for 4 days. Conversely against P. aeruginosa the light side was active
for 7 days whereas the dark side was only producing ZOl > 400mm?2 for 3 days.
The difference in duration of action against E. coli was less marked with each
side having an estimated mean ZOIl > 400mm2 on day 4. From day 5 the dark
side was producing much smaller ZOIl. However, the light side continued to

produce ZOl around the 400mm?2 size for a further 3 days.
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Table 5.3: Statistical model of estimated marginal mean ZOI for each AWD

E. coli Day Day Day Day Day Day Day Day 8
1 2 3 4 5 6 7

Bactigras 460.16

Suprasorb  x =]1243.8 919.49

PHMB

Inadine 931.67 460.36

lodoflex 674.32 1860.84

lodozyme 523.68 141.93

Allevyn Ag

Aquacel Ag 4438.88 540.86 548.19 544.26 414.74

Aquacel Ag Extra 645.00 722.33 668.55 694.72 446.14

Biatain Ag

Sorbsan Ag 467.86 593.19 477.28 454.77

Urgosorb Ag 542.82 672.35 524.24 470.98

Urgotul Ag 624.5 447.83

Urgotul SSD 587.18 390.66

Actilite Tulle

Activon Tulle 1061.3

Algivon 1155.3 2686.92

Apinate 964.76 2218.67

Medihoney Gel 868.99

CROWD D 932.33 1387.83 952.5 691 293.16 214.66 233

CROWD L 1197 1448.66 406.5 406.33 390.16 416.33 383.33
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P. aeruginosa Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8
Bactigras 272

Suprasorb X  +|704.66 690.14 730.57

PHMB

Inadine 410

lodoflex 1648.9 486.43

lodozyme 380.99 70.65

Allevyn Ag 482.83 571.66 1831.01 2135.5 1747.2 1910.8 1815.3
Aquacel Ag 600.52 1759.05 1490.19 680.72

Aquacel Ag Extra 794.99 1869.54 1660.66 1270.1

Biatain Ag 503.44 1043.26 1819.63 2306.9 2388.8 2350.2 2401.9
Sorbsan Ag 831.05 1602.83 1431.70 1118.36 82.1633

Urgosorb Ag 648.62 1365.11 969.34 327.08

Urgotul Ag 815.87 935.32 820.58 671.30

Urgotul SSD 726.64 854.60 824.64 289.40

Actilite Tulle

Activon Tulle 616.5

Algivon 916.74

Apinate 558.00

Medihoney Gel 692.37

CROWD D 499.16 939 712.66 207.83 109.5 117.5 112.16
CROWD L 767.98 592 414.83 499.83 431.5 443.83 438.83
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S.aureus Day Day Day Day Day Day Day Day
1 2 3 4 5 6 7 8

Bactigras

Suprasorb X + PHMB 1315.92 972.74

Inadine 1117.44 414

lodoflex 730.79 3112.13

lodozyme 1110.77 186.77

Allevyn Ag

Aquacel Ag 679.15 652.33 588.88 609.02

Aquacel Ag Extra 1283.9 877.10 825.68 684.12

Biatain Ag

Sorbsan Ag 896.60 746.01 564.93 555.12

Urgosorb Ag 615.96 725.47 661.10 645.79

Urgotul Ag 579.83 556.5

Urgotul SSD 916.61 418.66

Actilite Tulle 250.33

Activon Tulle 1503.23 426.33

Algivon 1244.74

Apinate 1046.53

Medihoney Gel 1043.26

CROWD D 1052.16 1680.66 1877.16 1959.16 1750.16 1328.5 1169 729.83

CROWD L 2106.48 1907.80 1117.98 455.33 334.33 357.16 364.83
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S.aureus USA300 Day Day Day Day Day Day Day Day
1 2 3 4 5 6 7 8

Inadine 974.97

lodoflex 5941.66 2911.43

lodozyme 906.18 187.35

CROWD D 1210.33 2309.99 2256.74 1706.59 802.53

CROWD L 1858.11 2339.69 2066.77 814.96

EMRSA-16 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8

Inadine 985.04

lodoflex 5691.25 1978.99

lodozyme 762.88

CROWD D 861.33 2041.39 1808.77 1429.09 425.73

CROWD L 1466.02 2057.48 1139.55 436.06
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5.3.3.2. Post Hoc Test Results

The post hoc tests compared the activity between different dressings and then
grouped them based on their similarity. The results of the three individual tests
can be found in Appendix 1. From the data a table was constructed (Table 5.4.)
which lists the dressings in the order they were listed in all three sets of results.
The Student — Newman - Kuels (SNK) test identified 13 sets whereas the Tukey
HSD and Scheffé tests each produced 11 sets. The numbers in the table
indicate that the tests had grouped the dressings together, for example all three
tests grouped Actilite Tulle and Bactigras together. Conversely any dressing
that had a single number that was different to all the other numbers in the list
meant that it was unlike any of the other dressings tested. CROWD dark was
found by all three tests to be in a set on its own indicating that it was very

different to all the other dressings tested.

Where there were two or more numbers against a dressing then the action of
that dressing was considered to overlap with the dressings listed above or
below or both e.g. Urgotul Ag in the Tukey HSD test overlapped with Urgotul
SSD above and Algivon below. There was a consistency in the ranking of the
dressings, but some inter test variabilty. For example, CROWD L was
considered to be a set on its own in the SNK test and Tukey HSD but was
grouped with lodoflex by the Scheffé test. Not surprisingly there was some
overlap between many of the silver dressings. There would appear to be some

trends in the similarity grouping in terms of the carrier dressings.
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Table 5.4: Results of Post Hoc Tests

Dressing Student- Newman- | Tukey HSD Scheffé
Kuels
Actilite Tulle 1 1 1
Bactigras 1 1 1
lodozyme 2 2 2
Medihoney Gel 2 2 2
Inadine 2 3 2 2 3
Activon Tulle 3 2 2 3 4
Apinate 4 3 3 4
5
Urgotul SSD 4 3 4 4
5
Urgotul Ag 4 5 3 4 5
5
Algivon 5 6 4 5
5
Suprasorb X + PHMB 6 5
5 6
Urgosorb Ag 7 6 6 7
Aquacel Ag 8 7 7 8
Sorbsan Ag 8 7 7 8
Allevyn Ag 9 7 8
Aquacel Ag Extra 10 8 9
Biatain Ag 10 8 9
lodoflex 11 9 10
CROWD L 12 10 10
CROWD D 13 11 11
Number of Sets 13 11 11

5.3.4. Discussion

The first five dressings listed in Table 5.4. from Actilite to Activon are all Tulles
with the exception of the hydrogel lodozyme and the alginate Medihoney, these
dressings were not very absorbent and were effective for a short duration. The
next four dressings from Apinate to Algivon are all alginates and soft polymers
which are similar as they are more absorbent. There was some overlap with
Suprasorb X + PHMB which also overlaps with the alginate, Urgosorb Ag which
is in a group with other highly absorbent alginates and Hydrofibers. Aquacel
Ag+Extra and Biatain Ag make a distinct pair which is interesting as Biatain Ag
did not demonstrate any activity against two of the test bacteria but did have a
long duration of action of 7 days against P. aeruginosa which could explain why

it has been shown to be similar to the silver dressing which demonstrated
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efficacy for up to 5 days against E. coli and 4 days against S. aureus and P.

aeruginosa.

Both the SNK and the Tukey HSD use standardized range statistics however
the SNK method uses different critical values for different pairs of mean
comparisons (Sheskin 1989). Whilst the three test results were not identical
they do however contain similar trends and provide a useful statistical tool to

illustrate the differences between the test dressings.

In this study the size of the Zones of Inhibition created by the antimicrobial
dressing were the continuous variables. Non parametric statistics do not offer a
feasible alternative to a three way ANOVA. Applying the non parametric
equivalent of various one or two way ANOVAS; Friedman or Kruscal Wallis
tests would make it impossible to test for interactions and the absence of
multiple tests e.g. Bonferroni correction would lead to inaccurate results. There

would also be no way to test for the three-way interactions found in this study.

The nonparametric assumption that the data would be distribution free was
highly improbable, neither is the data nominal or ordinal therefore even if the
residuals were not normally distributed the data could be transformed and still
an ANOVA would be applied.

It was decided to use an ANOVA because the less powerful parametric test
alternatives would violate just as many, if not more, assumptions and would
carry the danger of multiple comparisons and would not allow for the
appropriate testing of the interactions which was central to the research

guestion.

In hindsight this was considered the correct approach as it is highly improbable

that such strong effects would be visible just due to the wrong choice of test.

Non normal data can lead to slightly optimistic significance estimation but
considering all significance shown in the ANOVA Table are below 0.0005
(0.005%) it is extremely unlikely that these effects are only seen due to
statistical error. Visual inspection of the data confirms very clearly these

differences.
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5.3.4.1. Normality Testing for Residuals in ANOVA using SPSS

Residuals were calculated by taking the sample value away from the mean. The
residual for each observation is the difference between the predicted values of
the dependent variable (ZOIl) and the observed values.

Testing all the non-zero results produced a near normal histogram which was
symmetrical, only very slightly skewed but with a slightly elevated kurtosis.
Skewness measures the symmetry of the distribution while kurtosis determines
the heaviness of the distribution tails. This can be seen in the histogram (Figure
5.6) where there is a peak shaped symmetrical distribution of the residuals.
Compared to the bell-shaped curve of a nomal distribution the peak shape of
the residual distribution is a bit sharper. This suggests a leptokurtic distribution.
This is reflected in the higher kurtosis parameter calculated by the normality test
meaning that the tails will contain a relatively higher proportion of data com-
pared to a normal distribution. This effect is not very strong as is shown in the
histogram (Figure 5.6), looking at the interval of the mean +/- 2 times the stand-
ard deviation the vast majority of the data is included within this interval. This
means that whilst the tails might be slightly heavier, if we compare this small
deviation to the distance of the p value in Table 5.2 to the cut off value of alpha
= 0.05, we can conclude that the deviation is not of such a size that it could in-
crease the p value enough to cast doubt on the significance. All p values in Ta-
ble 5.2 are smaller than 0.0005 which is two orders of magnitude smaller than
alpha. With only the slight deviation from normality seen in the histogram it is
highly improbable that the deviation would make up for these two orders of
magnitude.

The distribution depicted in the research histogram (Figure 5.6) looks very simi-
lar to an example of a leptokurtic distribution, the LapLace distribution, (Figure
5.7) and so it can be assumed that a Laplace distribution might be a suitable
model. In 2018 Geraci and Borja applied a normal model for the confidence
guantification on a Laplace distributed data set and quantified that the normal
model would only be slightly optimistic i.e., a 99.9% confidence arising from a
normal test would only have an actual confidence level of 99.3%. With that in
mind, any p value near the alpha level would have to be met with scepticism as

it would be unclear whether the binary conclusion of the test result would still be
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true. In this case however, the results are not deviating from the generally ac-
cepted confidence level of 95% (a=0.05) as the study p-values are all below
0.0005, hence the error due to a normality assumption is not nearly large
enough to invalidate the conclusions drawn on the basis of the ANOVA results.

The alternative would be to apply a non parametric test for the ZOI. The prob-
lem with that is two-fold. Non parametric tests are known for their lack of power
but more importantly they are only defined for very specific cases. Non para-
metric equivalents do exist for the 1 and 2 way ANOVA's, for example the single
factor Kruskal Wallis test and the Friedman’s Two-Way Analysis of Variance by
Ranks, but the latter does not allow for interaction testing. For an analysis with 4
factors and interactions as in this study, there is no non parametric test availa-
ble. A sequence of single factor or two factor equivalents would be possible but
their significance estimation would be much more optomistic due to the multiple
testing problem. Also, it would not be able to quantify any interactions which
was vital for this research. In conclusion, an ANOVA was the only possible
choice for this data as a non parametric test could not provide the necessary
models and the bias to be expected due to the Leptokurtosis is much smaller
than the big difference between the study p values and the accepted confidence
thresholds.
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Figure 5.6 Histogram depicting the frequency of the Residual Zone of Inhibition
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Figure 5.7 Laplace Distribution Curve showing (a) Laplace and normal densities; (b)
and (c) show the considerably thicker lower and upper tails, respectively (Geraci and
Borja 2018)(Reproduced with permission from John Wiley & Sons).

5.4. Anti - Biofilm activity - CROWD compared with the commercial iodine
dressings.

5.4.1. Introduction

The previous in vitro experiments had been designed to test the antimicrobial
efficacy of the new CROWD material against planktonic bacteria. Whilst the
study produced encouraging results that indicate the dressings were effective
against all five test organisms it is how known that bacteria in chronic wounds

often exist in the biofilm phenotype (Malone et al. 2017).
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Most chronic wound pathogens, including methicillin - resistant S. aureus
(MRSA) and Pseudomonas spp., have been shown to produce biofilms (Leaper
and Durani, 2008).

These pathogenic biofilms constitute a major concern in wound care because of
their enhanced microbial activity and the diminished effectiveness of
antimicrobial agents in their presence (Percival et al. 2008). It was therefore
important to test whether the new antimicrobial material was able to Kill bacteria

existing in biofiims as well as inhibiting the growth of planktonic bacteria.
5.4.2. Methods Summary

The biofilm experiments were undertaken by Aneesah Mahmood in the

Department of Biosciences and Chemistry, Sheffield Hallam University.

24, 48 and 72 hour Biofilms containing single species of S. aureus (SH1000), E.
coli (JM109) and P. aeruginosa (H085180216) were created as described in
Section 2.1.2.4.

Square 2 x 2 cm samples of the test iodine dressings; Inadine®, CROWD Light
side and CROWD Dark side were placed over the biofilms and incubated in a
static incubator for 24 hours at 37°C. A control was used which was a biofilm
incubated in a static incubator at 37°C without an antimicrobial dressing. After
careful rinsing to remove planktonic bacteria the biofilm was suspended in 1%

PBS and serially diluted for counting.

Each experiment was repeated twice.

The control biofilms that had not been treated with a wound dressing were
removed from the MH broth after 24, 48 and 72 hours and transferred to 1ml
PBS 1% to determine bacterial viability and to investigate the development of
the untreated biofilms. BacLight reagents were added as described in Section
2.1.2.5. The biofilms were then placed on microscope slides, covered with a
cover slip and the fluorescent images visualised using a confocal LSM 150

Laser microscope.
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5.4.3. Results

5.4.3.1. Anti-Biofilm Activity of the lodine Dressings

The results shown in Table 5.5 demonstrate that all the iodine dressings tested
were able to completely eradicate the S. aureus and E. coli biofilms grown for
24, 48 and 72 hours.

However, the dressings all failed to kil any of the P. aeruginosa biofilms

regardless of the maturity of the biofilm.

For each bacterium tested, the number of colony forming units (cfu) per filter

increased as the biofilm aged.

193



Table 5.5: Effectiveness of iodine dressings against S. aureus, E. coli and P.

aeruginosa Biofilms (No WD = No Wound Dressing applied) (Mahmood 2018)

Bacteria Time (Hours) | Wound Dressing cfuffilter (Std Dev)
S. aureus 24 CROWD Dark 0
CROWD Light 0
Inadine 0
Control (No WD) 1.6 x10° (£0.2)
48 CROWD Dark 0
CROWD Light 0
Inadine 0
Control (No WD) 1.56 x10° (+£0.1)
72 CROWD Dark 0
CROWD Light 0
Inadine 0
Control (No WD) 1.67x10° (£0.1)
E. coli 24 CROWD Dark 0
CROWD Light 0
Inadine 0
Control (No WD) 1.62x10° (+0.004)
48 CROWD Dark 0
CROWD Light 0
Inadine 0
Control (No WD) 1.67x10° (+0.02)
72 CROWD Dark 0
CROWD Light 0
Inadine 0
Control (No WD) 1.71x10° (£0.1)
P. aeruginosa 24 CROWD Dark >3x108
CROWD Light >3x108
Inadine >3x108
Control (No WD) 7.5x108 (+£0.3)
48 CROWD Dark >3x108
CROWD Light >3x108
Inadine >3x108
Control (No WD) 9.6x108 (+3.9)
72 CROWD Dark >3x108
CROWD Light >3x108
Inadine >3x108
Control (No WD) 1.03x10° (+4.2)

5.4.3.2. Confocal Microscopy.

The confocal microscope images in Figures 5.8, 5.9 and 5.10 show the growth
of bacterial cells that had not been exposed to an antimicrobial dressing at the

three different time points 24, 48 and 72 hours. Confocal microscopy was used
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to visualise the cells and determine the ratio of dead to live bacterial cells. The
LIVE/DEAD™BacLight kit contains two stains; SYTO® 9 and Propidium lodide
(PI) which both stain nucleic acids. Green fluorescing SYTO® 9 is able to
penetrate both live and dead cells. However red fluorescing Pl has a greater
affinity for nucleic acid but is only able to pass into cells with damaged
membranes where it can displace SYTO 9 resulting in a red fluorescence as
observed under the microscope. Green fluorescene produced by SYTO® 9 is
only shown in live cells (Berney et al. 2007). The images in Figure 5.8.

demonstrate the presence of adhered aggregated cells of S. aureus and P.

aeruginosa but no E. coli cells after 24 hours.

Figure 5.8: Confocal Microscope BacLight images of untreated cells after 24
hours. (a) S. aureus (b) E. coli (c) P. aeruginosa (Mahmood 2018)

The number of cells in the 48 hour images (Figure 5.9) demonstrates a
substantial increase in the number of live adhered bacterial cells, particularly of
E. coli (b) and P. aeruginosa (c) compared with the 24 hour images (Figure 5.8)

Figure 5.9: Confocal Microscope BacLight images of untreated cells after 48
hours. (a) S. aureus (b) E. coli (c) P. aeruginosa (Mahmood 2018)
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Figure 5.10 illustrates the cell growth of the three bacteria after 72 hours. When
compared with the 48 hour images (Figure 5.9) the amount of fluorescence had
increased further indicating an even greater number of live bacterial cells of

each species. The P. aeruginosa image (Figure 5.10 ¢) shows characteristics of

a simple multicellular biofilm.

Figure 5.10: Confocal Microscope BacLight images of untreated cells after 72
hours. (a) S. aureus (b) E. coli (c) P. aeruginosa (Mahmood 2018)

Adhered cells are physiologically and metabolically different to their planktonic
counterparts (Donlan 2002; Bischt and Wakeman 2019). The slow or non
growing cells have adhered to the surface and are assumed to be acting as

precusors for biofilm growth.

5.4.4. Discussion

The CROWD and Inadine dressings were able to effectively eradicate even the
most mature biofilms containing S. aureus and E. coli but were ineffective
against the P. aeruginosa biofilms. This would appear to follow the trends
demonstrated in the planktonic studies which showed that the ZOI produced by
both dressings against P. aeruginosa were usually smaller than those produced
against the other two bacteria. These findings were similar to those reported by
Halstead (2015) who found that Inadine slightly reduced biofilm formation of the
clinical isolate P. aeruginosa (PS_1586) but this was not statistically significant,
and it was ineffective against the control strain (ATCC_15692) originally isolated

from an infected wound.
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However, in a later study Povidone iodine ointment (10% PVP-I) was shown to
be effective in four different concentrations: 3.3, 10, 33 and 100% against 48
hour mature biofilms of P. aeruginosa (NCIMB 10434). No viable cells were
recovered after 4 and 24 hours treatment with PVP-I ointment at the different

concentrations (Hoekstra, Westgate and Mueller 2017).

A number of in vitro studies have investigated the ability of different iodine
containing dressings to disrupt and prevent the growth of bacterial biofilms. An
early study by Akiyana et al. (2004) observed the activity of cadexomer iodine
(lodoflex) against S. aureus using confocal laser scanning microscopy, and
found it was able to disrupt the biofilm structure enabling the bacteria to be
killed by the iodine. In a later study Hill et al. (2010) created a mixed species
biofilms containing six bacteria commonly found in wounds to test the activity of
a range of iodine dressings. Analysis of the biofilm species composition
revealed that S. aureus and P. aeruginosa predominated whilst other species
were either not detected or on the borderline of detection. They found that PVP-
| (1% wl/v) solution demonstrated minimal efficacy against the 3 and 7 day
biofilms. Prolonged PVP-I treatment caused a reduction in the P. aeruginosa
and S. aureus counts of nearly 2-log fold but this effect was rapidly lost when
PVP-I therapy stopped and both organisms returned to their pre-treatment
levels. The authors also determined the MIC for both planktonically grown
bacteria was 1% (w/v) so the biofilm results showed that this was not a high
enough concentration to eradicate the bacteria in their biofilm form of growth.
They also tested 1g Betadine cream (Povidone lodine 1%) smeared on Topper
Gauze on the biofilms and found it showed a slight reduction in S. aureus
counts but no significant reduction in P. aeruginosa. However, when Inadine
and lodoflex were tested against the two bacteria no viable cells were found in
either the 3 or 7 day biofilms after completion of the 7 day study. This study
demonstrated that these dressings were effective against mature 7 day biofilms.
Hill and colleagues (2010) proposed that the difference in anti-biofilm activity of
the different iodine formulations could be due to the fact that the Inadine and
lodoflex form a gel excipient (polyethylene glycol and cadexomer) giving them a

more prolonged efficacy.
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The antimicrobial activity of lodoflex and PVP-I (10% Solution — 1% available
iodine) saturated gauze has also been tested on an ex vivo porcine skin explant
biofilm model infected with P. aeruginosa (PAO1) (Phillips et al. 2015). A single
application of PVP-I saturated gauze partially reduced biofilm CFUs whereas
lodoflex was more effective in reducing mature biofilms in 24 or 72 hours with a
single exposure. The authors concluded that the ability to kill mature biofiims
was influenced by the time of exposure, number of applications and the
formulation of the antimicrobial. They deduced that the efficacy of lodoflex was
in part attributed to the “time” release of iodine from the cadexomer beads at a

rate to maintain iodine availability at 1ppm.

The influence of the dressing formulations was also investigated in a study by
Fitzgerald et al. (2017) which compared the efficacy of Inadine, lodoflex and
lodosorb against P. aeruginosa (ATCC 9027) and S. aureus (ATCC 6538) 48
hour biofilms using colony and drip flow in vitro wound biofilm models. The
lodoflex and lodosorb attained mean log reductions of > 9 following 24 hour
treatment against both colony biofilms. In contrast Inadine had little/no effect
against either biofilm and was not significantly different from the control. The
authors considered that the efficacy of the cadexomer iodine dressings was
probably due to the slow release of iodine. lodine is known to kill planktonic
cells in seconds (Koburger et al. 2010) however in this study, Kill of the mature
biofilms occurred over several hours when treated with the cadexomer iodine
formulations. The authors concluded that the sustained/continuous release of
iodine beyond the initial kill may be critical to continue to expose persister cells
to the antimicrobial effects, potentially causing the death of these dormant but

viable cells and so preventing biofilm reformation.

It would appear that there are a number of factors which may affect the efficacy
of the antimicrobial dressings against biofilms such as the strain of the bacteria,
the age of the biofilm and the duration of the application of the antimicrobial.
The prolonged release of iodine demonstrated by the CROWD material may
possibly enhance the efficacy in the same way that the cadexomer iodine had in
the previous studies making it an interesting option for the treatment of biofilms.
Further work is required to investigate the efficacy of the CROWD material

against more complex biofilm models and against other iodine dressings.
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5.5. Minimum Inhibitory Concentration (MIC) of the eluent from lodine

containing dressings
5.5.1. Introduction

Having compared the antimicrobial efficacy of the CROWD material to
commercial iodine containing dressings it was important to investigate other
differences between the materials. Minimum inhibitory concentrations (MICs)
are considered the “gold standard” for determining the susceptibility of

organisms to antimicrobials (Andrews 2001).

In this experiment the iodine dressings were tested in liquid cultures against S.
aureus (SH1000), E. coli (JM109) and P. aeruginosa (H085180216) to compare
their individual MICs.

5.5.2. Methods Summary

The dressings included in the experiment were Inadine®, lodoflex®, CROWD
and Povidone lodine (PVP-l) Videne®10% aqueous solution. The iodine

components of the dressings are listed below: -

Inadine® = 10% PVP-I Ointment (1% w/w available iodine)

lodoflex ® = lodine 0.9%w/w as cadexomer iodine

Povidone lodine Aqueous Solution =10% w/w (1% w/w available iodine)
CROWD 6wt% PVP-I made with the Povidone lodine Aqueous Solution.

lodozyme® was not suitable for testing by this method because the two layers

of the gel need to remain in contact and so could not be submerged in MH
broth.

The method used to determine the MIC of the eluent produced by the samples
of the test dressings is described in Section 2.1.2.6.
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5.5.3. Results

The minimum concentration of the eluent at which no bacterial growth was

observed for each of the three test bacteria is shown in Table 5.6.

Table 5.6: Minimum Inhibitory Concentrations of eluent from iodine containing

dressings.

Dressing S. aureus E. coli P. aeruginosa
CROWD 25% 25% 25%

PVP-I 3% 6% 3%

lodoflex 50% 100% 50%

Inadine 50% 100% 100%

5.5.4. Discussion

The CROWD material MIC for all three test bacteria was lower than the MIC for
the two commercial dressings. Also, the MIC for the CROWD eluent was the

same for all three bacteria tested.

However, the MIC for the CROWD eluent was higher than Povidone lodine
(PVP-I) aqueous solution which was the formulation used to create the CROWD
composite. Interestingly the MIC for PVP-I aqueous solution was higher for E.
coli (6%) than S. aureus and P. aeruginosa which were both 3%. In the in vitro
growth inhibition studies the zones of inhibition of microbial growth produced by
iodine dressings were consistently smaller against P. aeruginosa than those
produced against S. aureus and E. coli. This would suggest that the
antimicrobial effect is not just due to the concentration of the iodine but may

also be due to factors associated with the bacteria.

lodoflex followed a similar pattern to PVP-I aqueous solution in that the MIC of
E. coli was higher than the other two bacteria. However, with Inadine the two
Gram - negative bacteria; E. coli and P. aeruginosa both had an MIC of 100%

but the MIC for the Gram - positive S. aureus was lower (50%).

Comparison of the three material antimicrobial dressings, lodoflex, Inadine and
CROWD is difficult as in clinical practice the release of iodine in wound exudate

may be different to that demonstrated in MH Broth.
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5.6. Toxicity of lodine
5.6.1. Introduction

Reports of systemic effects following short term use of PVP-I are rare (Cooper
2007). In 1976 Pietsch and Meakins attributed two deaths in burns patients to
topical use of PVP-I. There has also been one report of a patient who died ten
hours after having had a continuous irrigation of Betadine (povidone — iodine

solution) following surgical debridement of a hip wound (D’Auria et al. 1990).

In 1998 Burkes reported decreased renal function or renal failure in four
patients aged between 50 and 83 years who all had pre-existing medical
conditions. This occurred following either 10 hours continuous irrigation of their
wounds with PVP-1 or 17 days to 5 weeks of wound dressing with gauze soaked
in PVP-I.

Concerns about systemic absorption of iodine through large open wounds
which could lead to thyroid toxicity have also been reported. Nobukuni et al.
(1997) suggested that long term use of PVP-I in 40 neurological patients had

caused mild thyroid dysfunction.

There have also been concerns expressed about the potential adverse effects
that iodine may have on wound healing. Numerous in vitro and in vivo studies
have been undertaken which produced conflicting results regarding the
bactericidal effects and cytotoxicity of povidone iodine. Kramer (1999)
conducted an integrated review of clinical trials which compared PVP-I with
other treatments for their impact on wound healing and concluded that PVP-I
did not effectively promote wound healing and most studies showed either
impaired wound healing, reduced wound strength or infection. However a later
systematic review of 27 randomised clinical trials reported on chronic, acute,
burn wounds, pressure ulcers and skin grafts (Vermeulen 2010) concluded that
iodine did not lead to a reduction or prolongation of wound healing compared
with other antiseptic wound dressings or agents. They also found that in

individual trials iodine was significantly superior to other antiseptic agents.
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Antibacterial activity and cytotoxicity are inherently in a trade-off relationship,
therefore the behaviour of the topical antimicrobials on the wound surface need
to be regulated to achieve sufficient antibacterial activity whilst simultaneously
minimizing the cytotoxic effects (Yunoki et al. 2015). A hundred years ago
Alexander Fleming (1919) (pl127) stated that “antiseptics will only exercise a
beneficial effect in a septic wound if they possess the property of stimulating or
conserving the natural defence mechanism of the body against infection”. He
advocated that when estimating the value of the antiseptic it is more important
to study its effects on tissues than any effects on bacteria. A number of in vitro
cytotoxicity studies have been conducted to investigate the potential detrimental
effects of PVP-I on wound healing typically on fibroblasts and keratinocytes
(Bigliardi et al. 2017).

Van Den Broek et al. (1982) demonstrated that PVP-I solutions at
concentrations greater than 0.05% were toxic to granulocytes and only when
the concentration was reduced to 0.005% were the viability and function of
monocytes shown to be normal. Tatnall et al. (1987) found that concentrations
greater than 0.004% were 100% toxic to Kkeratinocytes and Balin and Pratt
(2002) demonstrated that fibroblast growth was totally inhibited by 0.1% PVP-I
solutions. However, an in vitro study by Akiyama et al. (2004) found that
cadexomer iodine was not toxic to fibroblasts in culture. Zhou et al. (2002)
investigated the effects of varying concentrations of cadexomer iodine on the
viability of human fibroblasts in culture. At concentrations of up to 0.45%
cadexomer iodine did not affect the cell viability of human cultured fibroblasts.
They found that decreased fibroblast viability with concentrations greater than

0.45% of cadexomer iodine was dose dependent.

In 2003 Mertz et al. concluded that although many studies demonstrated
deleterious effects of iodine on skin cells in vitro and in vivo this may be
because the studies did not differentiate between the active agent iodine and
the carrier vehicle. Many formulations contain detergents which are known to
retard wound healing. They considered that another important factor influencing
cytotoxicity was the rate the iodine was delivered to the wound. They concluded

that preparations which release small amounts of iodine over long periods of
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time, so reducing the iodine concentration at the wound bed, would be less toxic

to cells.

This view was also the conclusion of a consensus meeting organized by the
European Tissue Repair Society which deduced that slow-release formulations
that generate low concentrations of iodine were effective and non-toxic
(Gilchrist 1997). Usually the administration of low dose antimicrobials is not
advisable as this may produce a powerful selection pressure for the emergence
of resistance. However as there have been no reports of iodine resistance in
over 150 years of clinical use then in this case the risk is extremely low
(Lachapelle et al. 2103).

To investigate this phenomenon a series of in vitro experiments were developed
to compare the cytotoxicity of the slow-release CROWD dressing with the
commercially available iodine antimicrobial wound dressings lodoflex, Inadine

and lodozyme.

5.7. Indirect cytotoxicity testing of CROWD and commercial iodine

dressings.
5.7.1. Introduction

Funding for this work was obtained from an MRC Confidence in Concept
Scheme Round 4 grant. Testing was undertaken by Dr Patrick Harrison, Post
Doctoral researcher in the Biomolecular Sciences Research Centre, Sheffield
Hallam University following protocols developed by Louise Freeman-Parry. The
test methodology was adapted from an indirect cytotoxicity experiment
described by Yunoki et al. (2015) which was based on ISO 10993-5:2009
(Biological evaluation of medical devices — Part 5: Tests for in vitro cytotoxicity).
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5.7.2. Methods Summary

The cytotoxicity of 3.5g samples of lodoflex®, Inadine® and the CROWD
material were tested against HaCat keratinocytes and fibroblasts using the
method described in Section 2.2.2.2

Povidone lodine (PVP-I) 10% aqueous solution was used as a positive control.
5.7.3. Results

lodozyme was not able to be tested by this method because it absorbed the
Dulbeccos’s Modified Eagles Medium (DMEM), swelled and turned solid in the
test tube. The three other dressings produced eluents which were diluted. Three
fluorescence readings were taken for each of the 8 eluent dilutions (100%
eluent, 80%, 60%, 40%, 20%, 10%, 1% and 0% (100% DMEM). The mean and
standard deviation were calculated for the three readings. This mean was then
calculated as a percentage of the mean of the three readings for the 0% eluent
(100% DMEM) control to produce an estimate of the % cell viability. The eight
results were then entered into Prism Graph Pad and the ECso of the eluent was
calculated. The Prism Graph Pad fits the data to a sigmoidal dose response
model and extrapolates the data to the maximum point and then calculates the
50% midpoint of the curve to determine the concentration at which 50% of the
cells were dead (ECso).

5.7.3.1. Results - Indirect cytotoxicity of the Standard CROWD 6wt% lodine
composite compared with commercial iodine Dressings.

The effect of the eluent produced by Inadine and lodoflex compared to the
standard CROWD formulation (PVOH/PVP-I 6wt%/Cloisite®Na+ 12.5wt %) on
the viability of HaCat keratinocytes is shown in Figure 5.11. 100% cell viability
was achieved with the 20% eluent from the Inadine dressing and the 10%
eluents from the lodoflex and CROWD material. This suggests that the Inadine

dressing is less cytotoxic to the keratinocytes than the lodoflex and CROWD.

204



120

% Cell viability

% Eluent

100 - I 1 i
80 -
60 - I
40 -
20 i
JMEREER R R
100 80 60 40 20 10 1 0

M lodoflex
M Inadine

CROWD 6wt% 12

Figure 5.11: The effect of

keratinocytes (Error bar = Standard Deviation, n = 3)

iodine dressings on the viabilty of HaCat

The ECso calculated for CROWD and the two commercial dressings, lodoflex

and Inadine are listed in Table 5.7.

The results show that the CROWD dressing eluent had a higher ECso indicating

a lower level of indirect toxicity than lodoflex. However, CROWD had a lower

ECso than Inadine indicating it has a higher level of toxicity than Inadine.

Table 5.7:

composite compared with commercial iodine dressings

ECso of Standard CROWD (PVOH/PVP-I 6wt%/Cloisite®Nat)

lodine Dressings Cell Type ECso Standard
(% Eluent) Error

CROWD 6Wt% (I2) Keratinocytes 20 0.3374

Cloisite®Na*

CROWD 6Wt% (I2) Fibroblasts 18.57 0.02098

Cloisite®Na*

Inadine Keratinocytes 37.53 0.04554

Inadine Fibroblasts 24.21 0.03149

lodoflex Keratinocytes 16.86 3.305

lodoflex Fibroblasts 8.024 0.0509
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In an attempt to reduce the cytotoxicity of the standard CROWD material which
contained 6wt% iodine, three further formulations containing lower percentages
of iodine; 1.5wt%, 3wt% and one composite without iodine were prepared and
then tested using the indirect cytotoxicity assay. The method used to prepare

the different strength iodine composites is described in Section 2.3.2.4.

5.7.3.2. Results - Indirect cytotoxicity of CROWD composites containing 6wt%,
3wt%, 1.5wt% iodine and no iodine.

When comparing the CROWD Cloiste®Na* formulations containing different
iodine concentrations (Figure 5.12) 100% cell viability was reached by the 10%
eluent obtained from the 6wt% and 1.5wt% iodine formulations and by the 1%
eluent obtained from the 3wt% composite. This would suggest that reducing the
iodine concentration in the Cloisite®Na* formulation did not markedly affect the
cytotoxicity. Interestingly, the formulation containing no iodine did not produce
100% cell viability at all eluent dilutions suggesting that another element in the

formulation was adding to the cytotoxic effect.
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Figure 5.12: The effect of four different CROWD (PVOH)/Cloisite®Na*)
composites containing different iodine concentrations 1.5wt%, 3wt% and 6wt%
and no iodine on the viability of HaCat keratinocytes. (Error bar = Standard Deviation,
n=23)

The ECso results from the cytotoxicity testing of the lower percentage iodine
CROWD formulations produced similar cytotoxicity profiles to the standard
6wt% PVP-I CROWD dressing (Table 5.8). This would also suggest that there
was another component of the dressing, not just the iodine, which was
contributing to the cytotoxic effect on the test cells. However, the ECso of the
eluent from the material containing no iodine showed no inhibition of cell
viability suggesting that the composite materials PVOH/PVP/Cloisite were not
cytotoxic to the keratinocytes. This result does not concur with the graphical
results illustrated in figure 5.12 that showed 100% cell viability was not achieved
at all eluent concentrations for the composite containing no iodine. This
discrepancy is likely to be representative of limitations in the line fitting model of
Prism when determining ECso values and that the overall level of cytotoxicity of

Cloisite is low but measurable.
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Table 5.8: ECso of CROWD (Cloisite®Nat*) composites containing different

lodine concentrations

CROWD Formulation Cell Type ECso Standard
(% Eluent) Error

CROWD 6Wt% (I2) Keratinocytes 20 0.3374

Cloisite®Na*

CROWD 3wt%  (I2) Keratinocytes 14.24 0.02558

Cloisite®Na*

CROWD 15wt% (I2) Keratinocytes 28.18 0.03344

Cloisite®Na*

CROWD 0% (I2) Keratinocytes NC -

Cloisite®Na*

(NC = Not Calculatable because of no Inhibition)

The next series of experiments were designed to investigate the indirect

cytotoxicity of the individual components of the CROWD material.

5.7.3.3. Results - Indirect cytotoxicity of the individual components of the
preferred CROWD Formulation.

The individual components of the dressing; PVOH, PVP and PVP-I were tested.
Unfortunately it was not possible to test the Cloisite®Na* powder because
when it was added to DMEM it swelled to form a solid gel.

The results in Table 5.9. show that the PVOH and PVP eluents produced no
inhibition so were not considered to be cytotoxic against either the keratinocytes
or fibroblasts. However, the povidone iodine eluent produced ECso values
against both cell types which were higher than the three iodine containing
CROWD materials which would suggest it was less cytotoxic in its original liquid

formulation than when it had been added to the polymer composite.

Table 5.9: ECso of the eluent produced by the individual CROWD components

Material Cell Type ECso Standard
(% Eluent) Error

PVOH Keratinocytes NC -

PVOH Fibroblasts NC -

PVP Keratinocytes NC -

PVP Fibroblasts NC -

PVP-I| Keratinocytes  35.21 19.8
PVP-I Fibroblasts 36.77 5.14

(NC = Not Calculatable due to no Inhibition)
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To try to reduce the cytotoxicity of the CROWD material it was decided to
replace the Cloisite®Na+  clay with the synthetic clay, Laponite®RD. Two

CROWD materials were created containing Laponite with Owt% and 6wt%
lodine using the method described in Section 2.3.2.4

5.7.3.4. Results — Indirect Cytotoxicity of Composites containing Laponite®RD
instead of Cloisite®Na*.

In the Laponite study (Figure 5.13) the eluent from the Laponite formulation
containing no iodine produced a cell viability which fluctuated between 88% and
100%. The Laponite formulation containing 6 wt% iodine produced 61% cell
viability with the 40% eluent this increased to 82% viability with the 20% eluent
and reached 100% cell viability with the 10% eluent dilution.

Compared to this the 6wt% Cloisite®Na* eluent produced a much lower cell
viability of 11% with the 40% eluent, 57% cell viability with the 20% eluent and

only when the eluent had been diluted to 10% there was 100% cell viability.

This would suggest that the Laponite®RD clay composite was less cytotoxic
than the Cloisite®Na*. The ECso of the Laponite eluent (Table 5.10) would
appear to confirm this as values for Laponite were higher than those produced
by the 6wt% Cloisite®Na+ against both cell types (Table 5.7).
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Figure 5.13: The effect of different Laponite® RD composites containing either

6wt% iodine or no iodine on the viability of HaCat keratinocytes. (Error bar =

Standard Deviation, n = 3)

Table 5.10: ECso of the eluent produced by the Laponite®RD composites

Laponite Formulations Cell Type ECso Standard
(% Eluent) Error
CROWD 6 wt% (l2) Laponite Keratinocytes 40.55 1.827
CROWD 6 wt% (I2) Laponite Fibroblasts 41.17 0.2039
CROWD 0% (I2)Laponite Keratinocytes NC -
CROWD 0% (I2)Laponite Fibroblasts NC -

(NC = Not calculatable due to no Inhibition)
5.7.4. Discussion

These results indicate that whilst the PVP-I appeared to contribute to the
cytotoxicity, removing the iodine from the material did not totally eliminate the
problem. It also suggested that another component of the composite was
contributing to the cytotoxic effects. The two polymers in the composite, PVOH
and PVP did not demonstrate cytotoxicity activity against the test cells. This led
to the suspicion that the clay, Cloisite®Na* may be contributing to the
cytotoxicity. Unfortunately the cytotoxicity of the Cloisite®Na* powder could not
be tested by this method. So to test the theory that the clay was contributing to

the cytotoxicity of the material it was decided to replace the natural clay,
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Cloisite®Na* with the synthetic clay, Laponite®RD to determine if a composite
containing this clay would be less cytotoxic than the standard CROWD
formulation. The results from the ECso experiments showed that the EC so0 value
for the eluent from the 6wt% Laponite composite was double that of the 6wt%
Cloisite composite suggesting it was less cytotoxic. This made the

Laponite®RD clay composite a possible alternative formulation.

5. 8. Direct Cytotoxicity Testing using a Tissue Engineering (TE) model.
5.8.1. Introduction

The indirect method of measuring cell toxicity is limited by the two dimensional
cell culture which does not reflect the complex environment at the wound/skin
surface. The next series of experiments were designed to test the cytotoxicity of
the dressings involved the use of a three dimensional tissue engineered (TE)
model of human skin developed by Dr Joanna Shepherd at the University of
Sheffield. (Shepherd et al. 2009)

Cytotoxicity testing was undertaken by Dr Patrick Harrison according to

protocols developed by Louise Freeman-Parry listed in Section 2.2.2.4.
5.8.2. Methods Summary

The TE skin model was prepared using the methodology described in Section
2.2.2.3.

The Dressings tested were: -

Inadine®

lodoflex®

CROWD 6wt % lodine with Cloisite®Na* (Standard CROWD Formulation)
CROWD 0% lodine with Cloisite®Na* (Control)

CROWD 6wt % lodine with Laponite®RD

CROWD 0% lodine with Laponite®RD
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The PVP-I dressings were cut using a cork borer into 9mm diameter discs. The
samples were then sterilised by UV irradiation for 15 minutes on both sides. The
dressing discs were placed on top of the TE model in the holders and incubated
at 37°C for 24 hours.

After 24 hours the discs were removed, and the TE model was washed with
sterile PBS 1% to remove excess iodine. The TE was then incubated with
Alamar blue for 2 hours. After 2 hours incubation the fluorescence was read on
a plate reader and the results compared with a positive control (DMEM +
Alamar Blue + cells but no PVP-I disc) and a negative iodine control (DMEM +

Alamar Blue + PVP-I disc but no cells).
5.8.3. Results

The % reduction in tissue viability produced by the commercial iodine dressings

and different CROWD formulations is shown in Figure 5.14.

Inadine produced a 42% reduction in tissue viability in the TE model following
24 hours of exposure to the dressing material but still had 49% viable tissue
after 72 hours. In contrast, 24 hours exposure of the TE model to lodoflex®,
6wt% Cloisite®Na* and the 6wt% Laponite®RD CROWD materials resulted in
1%, 0% and 2% tissue viability respectively. Both the Cloisite®Na* and
Laponite®RD CROWD composites which contained no iodine (Owt% PVP-I)

were less cytotoxic than their corresponding 6wt% iodine composites.

After 24 hours the Owt% PVP-l/Laponite®RD samples had reduced the tissue
viability by only 2% compared with a reduction of 27% produced by the Owt%
PVP-I/Cloisite®Na* formulation. After 48 hours the Owt%PVP-I/Laponite®RD
percentage tissue viability was 47% compared with 29% for the Owt% PVP-
I/Cloisite®Na* composite. However, after 72 hours the % tissue viability with the
Cloisite®Na* had only reduced a further 2% to 27% whereas the Laponite®RD

% tissue viability had decreased to 14%.
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Figure 5.14: The effect of Commercial lodine dressings compared with different
CROWD formulations, with and without lodine, on the tissue viability of a Tissue
Engineered Skin (TE) Model (Error bar = Standard Deviation, n = 9)

Key: Positive Control = DMEM + Alamar Blue + Cells But no lodine Dressing

5.8.4. Discussion

Inadine appeared to be the least cytotoxic of all the iodine containing
antimicrobial materials tested. However, this may be associated with the lower
concentration of iodine in the dressings which would explain the smaller ZOlI it
produced and the shorter duration of antimicrobial activity compared to lodoflex
and CROWD (Section 5.2.3).

Interestingly the cytotoxic effects demonstrated by lodoflex in the TE model
were similar to those shown by the two CROWD formulations containing 6wt%
PVP-I.

From these experiments it can be concluded that removing the iodine from the
Cloisite®Na* and Laponite®RD formulations did not eliminate the cytotoxic

effects of the material. It would also appear that the Laponite®RD was

marginally less cytotoxic than Cloisite®Na* clay composite.
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5.9 Conclusions

The passage studies testing commercial dressings in Chapter 3 showed that
most of the dressings were effective against S. aureus, E. coli and P.
aeruginosa for either 24 or 48 hours. Only the silver dressings demonstrated a
prolonged duration of action greater than 48 hours against all three test bacteria
(Section 3.4). In this chapter the results of passage studies of both sides of the
CROWD material and the commercial iodine dressings were compared. The
experimental results show that both sides of the CROWD material were
effective against the three test bacteria and two strains of MRSA for a minimum
of 72 hours whereas none of the commercial iodine dressings produced a ZOl
for longer than 48 hours (Section 5.2.4). The two different sides of the material
demonstrated considerably longer durations of action against either the Gram -
positive or Gram - negative bacteria. The dark side of the CROWD material
produced ZOI against S. aureus for 8 days (Sections 4.7.4. and 5.2.3.3.) and
MRSA for 5 days (Sections 4.8.3, 5.2.3.4 and 5.2.3.5). However, the Light side
of the CROWD material produced ZOIl > 400mm?2 against E. coli and P.
aeruginosa for 7 days (Sections 4.7.4, 5.2.3.1 and 5.2.3.2).

The statistical analysis comparing CROWD to all the commercial dressings,
used a three way ANOVA and showed that the difference between the three
independent variables; Dressing, Day, Bacteria was statistically significant with
a value of p < 0.0005 as were all the two way and three way interactions. The
predicted model used to compare the estimated marginal means for the ZOI for
each dressing on the 8 days against the 5 different bacteria clearly illustrated
that the CROWD material had a longer duration of antimicrobial action against
all the test bacteria than any of the other commercial dressings. The only
exceptions were the two silver foam dressings; Allevyn Ag and Biatian Ag which
were effective against P. aeruginosa for 7 days, the same duration as the
CROWD light side. The three post hoc tests identified that the dark side of the
CROWD material was in a subset on its own indicating that it was very different
to all the other dressings tested.
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These in vitro studies show, with statistical confirmation, that the CROWD
material outperforms the commercial iodine dressings in terms of the duration of

antimicrobial activity.

Having confirmed the extended duration of action of the CROWD material it was
important to investigate the potential cytotoxicity of the CROWD material
compared the commercial iodine dressings that have been used in clinical

practice on open wounds.

The indirect cytotoxicity experiments showed that 100% keratinocyte cell
viability was attained at 20% eluent for Inadine and 10% eluent for CROWD and
lodoflex indicating that Inadine was less cytotoxic than the other two dressings

against this cell line.

Attempts to reduce the cytotoxicity of the CROWD material by decreasing the
iodine content did not greatly reduce the cytotoxicity and even removing the
iodine from the formulation did not eliminate the toxicity indicating that another
component of the material was contributing to the cytotoxicity. Two of the other
components of the composite, PVOH or PVP, were then tested separately and
did not demonstrate any indirect toxicity which suggested that the clay

component, Cloisite®Nat, was responsible for the cytotoxicity.

The ECso of PVP-I against both cell lines were higher than the ECso of the iodine
containing CROWD formulations which would suggest that the PVP-I was less
toxic in its original liquid state than when it had been incorporated into the
polymer composite. In the 10% povidone-iodine solution the iodine is
complexed with polyvinyl pyrrolidone (povidone) and yields 1% available iodine
(Burkes 1998). However, the relationship between povidone iodine and free
iodine is not linear, as it forms a bell shaped curve, which peaks at 0.7%. Higher
concentrations of povidone iodine can paradoxically bind more free iodine to the
carrier molecule thereby lowering the available free iodine (Zamora 1986). What
is not yet known is the effect on the PVP-I complex of mixing it with the other

components in the CROWD formulation, this requires further investigation.

Cytotoxicity of PVP-lI solutions have been investigated in vitro with differing
results. Lineweaver et al. (1985) reported that 15 minute exposure to full

strength 10% PVP-I killed 100% of exposed cultures of fibroblasts however they
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considered 0.05% a safe concentration of PVP-I when tested against
fibroblasts. In a later study, McKenna et al. (1991) reported that fibroblast and
leucocyte function could only be maintained if povidone iodine was diluted to

0.001% at which concentration its antimicrobial activity was reduced.

Hirsch et al. (2009) compared the cytotoxicity of Betaisodona (10g povidone-
iodine/100m| aqueous solution and Braunol (7.5g povidone iodine/100g in
aqueous solution) against primary human Kkeratinocytes, primary human
fibroblasts and human keratinocyte cell line HaCat. Against the HaCat cell line
the maximal toxicity of Betaisodona was at 0.7% and Braunol 4%. The pattern
was similar with primary human keratinocytes with maximal toxicity of
Betaisodona 4.9% and Braunol 9.3%. Fibroblast viability was also significantly
reduced compared with controls for both solutions producing maximal cell

cytotoxicity at 7.5% for Betaisodona and 12.5% for Braunol.

Having removed the potentially cytotoxic PVP-I from the CROWD material and
demonstrated that PVOH and PVP were not cytotoxic the formulation still
exhibited cytotoxicity. This led to the decision to try replacing Cloisite®Na* with
the synthetic sodium clay Laponite®RD, to determine if this would reduce the
cytotoxicity of the formulation. Indirect cytotoxicity testing demonstrated that the
6wt% PVP-l/Laponite®RD formulation produced an ECso value twice the value
of the ECso from the eluent of the 6wt% PVP-I/ Cloisite®Na+ formulation so
Laponite®RD appeared to be less cytotoxic. Laponite®RD is a highly purified
synthetic, layered silicate clay (ByK Additives and Instruments) so is less likely
to contain impurities than Cloisite®Na* which is a natural montmorillonite,

organic intercalated nanoclay (ByK Atlanta Group).

Cells in monolayer culture are in isolation and as a result these studies do not
encompass the intricate interactions that occur in vivo (Shepherd et al. 2009).
The tissue engineered skin has similar properties and is histologically similar to
human skin so provides a more realistic model for cytotoxicity testing. In the
direct cytotoxicity test on the TE model after 24 hours exposure to both the
6wt% PVP-I Laponite®RD and Cloisite®Na* formulations there was less than 2
% tissue viability. As discussed lodoflex produced similar results, after 24 hours
it had reduced the tissue viability to 1%. The CROWD formulations containing

no iodine produced different effects on the TE model with the Laponite®RD
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sample resulting in 98% tissue viability compared to 73% for the Cloisite®Na*
after 24 hours. This apparent reduction in cytotoxicity with the Laponite®RD led
to the further testing of the antimicrobial activity of the Laponite formulations

which is described in Chapter 6.

Fumal et al. (2002) reported that fibroblast function in chronic wounds was
unaffected by treatment with PVP-I and interestingly Bennet et al. (2001)
observed that fibroblast proliferation was increased with use of 10% PVP-I.
More recent cytotoxicity tests have shown that povidone iodine had very low
cytotoxicity compared with other antiseptics e.g., PHMB and Chlorhexidine

when tested on skin (Van Meurs et al. 2014).

Cytotoxicity data from tests performed on isolated cells must be considered in
perspective. In vitro cytotoxicity can be more pronounced than in a biological
system with a three - dimensional matrix and vascular system and is not
necessarily reflective of an in vivo or clinical setting (Leaper and Durani 2008).
In spite of the general toxicity and the toxic effects of PVP-I on human cells
even at low concentrations and brief exposure periods its use is advocated by
many who claim that it is non-injurious to human tissue and actually promotes

or is not detrimental to wound healing (Balin and Pratt 2002).

The CROWD materials produced similar in vitro cytotoxicity results to lodoflex
which has been widely used in clinical practice since it was introduced in 1981.
It is hoped that the slow release of iodine from CROWD material would reduce
the concentration of iodine at the wound surface minimising the cytotoxic
effects. This would need to be tested on an animal model or in a clinical

evaluation on human wounds.
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Chapter 6: Commercialisation of the CROWD material

6.1. Introduction

Having compared the antimicrobial activity and cytotoxicity of the CROWD
materials to a range of commercial antimicrobial wound dressings the next
phase of the development process was to optimise the formulation and create a

wound dressing.

The original CROWD samples were prepared in the laboratory in small circular
9cm? Petri dishes and cut into 2 x 2cm square samples. The next challenge was
to transform the composite into a wound dressing which would be suitable to
undergo clinical evaluation. In clinical practice much larger sheets would be
required, most wound dressings are at least 10 x 10cm, so it was decided to try
to create a uniform dressing measuring at least 20 x 20cm. All wound dressings
applied to broken skin are required to be sterile so another challenge was to
determine a suitable method of sterilisation. As the CROWD material is highly
absorbent it would be unlikely to adhere to the wound surface so would require
a secondary dressing to keep it in place. The choice of secondary dressing
could impact on the release mechanism of the material so the impact of any

cover material also needed to be assessed.

Before scale up of the manufacturing process, possible modifications to the
formulation were considered. The results from the cytotoxicity experiments
( Section 5.7.3.4) indicated that the composite containing the synthetic clay,
Laponite®RD, were less cytotoxic than the composites containing Cloisite®Na-*.
So an obvious consideration was to change the clay to Laponite®RD, however
it was important to investigate whether this modification to the formulation would
impact on the antimicrobial efficacy of the material. The first experiments were
designed to determine the antimicrobial activity of a series of Laponite

formulations against the five bacteria used in the previous passage studies.
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6.2. Antimicrobial activity of different Laponite®RD Formulations
6.2.1. Introduction

Three Laponite composites were prepared containing a fixed amount of
12.5wt% Laponite®RD but with different concentrations of 3 and 6wt% lodine
and one containing no iodine. The method of preparation is described in Section
2.3.2.4. The lower strength iodine composite was prepared to determine if
reducing the iodine concentration would impact on the antimicrobial efficacy.
The Owt% iodine sample had been prepared for the cytotoxicity testing so was

used as a control.
6.2.2. Methods Summary

Six 2 x 2cm samples of the dark side of each composite were tested using
passage studies described in Section 2.1.2.3. against Staphylococcus aureus
(SH1000), Escherichia coli (JM109), Pseudomonas aeruginosa (H085180216),
Staphylococcus  aureus USA300 and Epidemic  methicillin-resistant
Staphylococcus aureus EMRSA-16. The passage experiments were undertaken

for five days.
6.2.3. Results

The formulation containing Laponite®RD with no iodine did not demonstrate
any antimicrobial activity against any of the test bacteria. This was a significant
finding as it confirms that the Laponite does not contribute to the antimicrobial

properties of the material.

Both the iodine containing Laponite®RD formulations produced clear ZOl

against the five test bacteria (Figures 6.1. and 6.2).

The 3wt% iodine containing Laponite®RD samples produced ZOI against S.
aureus for the 5 day duration of the study (Figure 6.1). However, they were
only effective against the two MRSA strains for 4 days. The Laponite®RD

samples produced much smaller ZOI against the P. aeruginosa and E. coli and
only produced ZOI for three days.
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Figure 6.1: ZOI produced by the PVOH/PVP-1 3wt%/ Laponite®RD 12.5wt%

composite against five different bacteria. (Error bar = Standard Deviation, n = 6)

The ZOIl produced by the Laponite®RD samples containing 6wt% iodine were
larger than those produced by the samples containing 3wt% iodine (Figure 6.2).
As in the 3wt% experiment, the 6wt% iodine samples had stopped producing a
ZOl against P. aeruginosa by day 4. However, the duration of action of the
6wt% samples against E. coli was 4 days compared with 3 days of activity
observed with the 3wt% samples. Another difference between the two
concentrations was that the 6wt% samples continued to produce clear ZOlI

against the three Gram- positive bacteria for the 5 day duration of the study.

Interestingly the community acquired, S. aureus USA300, appeared to be more
susceptible to the 6wit% samples as the ZOI produced after 48 hours were the
largest against this strain and twice the size produced by the 3wt% iodine

samples.
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Figure 6.2: ZOIl produced by the PVOH/PVP-I 6wt%/Laponite 12.5wt%
Composite against five different bacteria. (Error bar = Standard Deviation, n = 6)

6.2.4. Discussion

When these results were compared with the results produced by the dark side
of the standard 6wt% PVP-I/Cloisite®Na*(12.5wt%) composite the 6wt% PVP-
I/Laponite®RD (12.5wt%) composite had the same duration of action against
the two Gram - negative bacteria; E. coli (4 days) and P. aeruginosa (3 days).
After 5 days the 6wt% PVP-I/ Laponite®RD composite was still producing large
ZOl against the three Gram - positive bacteria. S. aureus, S. aureus USA300
and EMRSA-16.

This experiment was terminated after 5 days so it is not known whether the
Laponite®RD sample would match the 8 day duration of action against S.
aureus demonstrated by the 6wt% PVP-I/Cloisite®Na* samples. However, the
Laponite®RD samples were still producing a very large ZOI after 5 days which

suggests they could have remained active if tested for longer.

The results from these experiments suggest that changing the form of the clay

did not adversely affect the antimicrobial activity of the composite. The
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antimicrobial activity of the 6wt% PVP-I/ Laponite®RD sample was not
dissimilar to the 6wt% PVP-I/ Cloisite®Na* so in light of its reduced cytotoxicity

could have been a suitable alternative antimicrobial material.

However, there was a problem with the formulation, after 24 hours on the agar
the material split (delaminated) into two halves along the boundary between the
two layers. This meant that during the passage studies care had to be taken
when transferring the material to a fresh agar plate that the two layers were
accurately positioned on top of each other. The layers could easily be displaced
during the experiments and the lack of coherence between the layers may have
affected the flow of iodine through the layers. This problem limited the duration
of the study. By the 5t day it had become impossible to keep the two layers

correctly aligned.

It is unclear why the Laponite samples split. One of the differences between the
two clays is the diameter of the platelets, the Cloisite®Na* platelets are between
200-500nm diameter whereas the Laponite®RD platelets are much smaller,
approximately 20nm diameter. The self-stratifying layers are believed to occur
because the clay settles as the dressing dries. The demarcation into two layers
was more distinct in the Cloisite®Na* composites compared with the
Laponite®RD composites. The coherent nature of the PVOH and PVP-I
composite is thought to be reliant on the clay which helps to compatibilise them.
There are a number of factors which may have contributed to the failure of the
Laponite®RD composite to retain its form. It could be due the fact that the
platelets are smaller and possibly settle out more than the Cloisite®Na+
platelets or that the polarity of the Laponite®RD or its different ionic charge
means that it does not compatibiise as well (Clegg 2015 Personal

communication)

However, despite attempts to alter the mixing techniques and try to produce a
more consistent film it was not possible to produce a composite which remained
intact under the experimental conditions. This meant that the focus of the

research returned to the Cloisite®Na* composite.
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6.3. Antimicrobial activity of different PVOH/PVP-I/Cloisite®Na*

Formulations
6.3.1. Introduction

The patent application (PCT/GB2016/050658) stated that the antimicrobial
material could contain a concentration of iodine between 0.1 to 15wt%. The
initial experiments which investigated the antimicrobial effects of different iodine
concentrations tested concentrations between 1 and 8.5wt% (Section 2.3.2.3.).
However, these experiments were only undertaken over a 24 hour period so did
not demonstrate the phenomena identified in the passage studies that the
material consistently produced larger ZOl after 48 hours. The preferred
CROWD formulation contained Cloisite®Na* (12.5wt%) and 6wt% PVP-I.

Whilst the cytotoxicity testing suggested that reducing the iodine concentration
did not appear to greatly decrease the composite’s cytotoxicity it was still
considered important to try to reduce the amount of iodine in the composite to
the minimum effective concentration. It was decided to investigate the impact of
reducing the lodine concentration on the antimicrobial efficacy by comparing the
three iodine containing 6, 3, and 1.5wt% PVP-I/ CloisiteNa+ formulations that

were tested in the cytotoxicity experiments (Section 5.7.3.2.).
6.3.2. Methods Summary

Passage studies were undertaken using the dark side of the three formulations
containing 1.5wt%, 3wt% and 6wt% PVP-I/Cloisite®Na* against the five test
bacteria; E. coli, P. aeruginosa, S. aureus, S. aureus USA300 and EMRSA- 16.

The passage experiments were undertaken for five days.
6.3.3. Results

Figures 6.3. to 6.7. illustrate the different ZOIl produced by the Cloisite®Na*
composites containing the three different iodine concentrations against the five

test bacteria.

The 1.5wt% PVP-I samples produced very small ZOl (<200mm?2) against P.
aeruginosa and had stopped producing a ZOIl by day 4. The ZOI produced
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against E. coli were similar to the size of the test sample (400mm?2) for the first 2
days and no ZOIl was produced on the third day. However, the 1.5wt% samples
did produce ZOI against the three Gram-positive bacteria for 4 days but had
stopped producing a ZOl by day 5.

The ZOI produced by the 3wt% PVP-I samples were larger than those created
by the 1.5wt% samples but smaller than the 6wt% samples. The 3wt% samples
produced clear ZOI against P. aeruginosa for the first 2 days but by the third
day the ZOIl was smaller than the sample size and there was no ZOIl on the
fourth day. The results against the S. aureus strains differed in that the 3wt%
samples produced clear ZOIl against S. aureus (SH1000) and the community
acquired USA300 for 5 days but was only effective against the EMRSA-16 for 4
days.

As in all previous studies the standard CROWD material, PVOH/PVP-I/Cloisite®
Nat* containing 6wt% PVP-I produced a large ZOI against all six test bacteria for

the duration of the 5 day experiment.
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Figure 6.3: The effect of reducing the lodine Concentration in the PVOH/PVP-
I/Cloisite®Na* composite on the ZOI produced against P. aeruginosa (Error bar =

Standard Deviation, n = 6)
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Figure 6.4: The effect of reducing the lodine Concentration in the PVOH/PVP-

I/Cloisite®Na+ composite on the ZOI produced against E. coli (Error bar = Standard
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Figure 6.5: The effect of reducing the lodine Concentration in the PVOH/PVP-
I/Cloisite®Na* composite on the ZOI produced against S. aureus (SH1000)

(Error bar = Standard Deviation, n = 6)
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Figure 6.6: The effect of reducing the lodine Concentration in the PVOH/PVP-

I/Cloisite®Na+* composite on the ZOI produced against S. aureus USA300 (Error
bar = Standard Deviation, n = 6)
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Figure 6.7: The effect of reducing the lodine Concentration in the PVOH/PVP-
I/Cloisite®Na* composite on the ZOIl produced against EMRSA-16 (Error bar =

Standard Deviation, n = 6)
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6.3.4. Discussion

These results show that reducing the iodine concentration would shorten the
duration of antimicrobial action of the material, particularly against P.
aeruginosa and E. coli. As the indirect cytotoxicity tests of these three
formulations had demonstrated that reducing the iodine concentration did not
appear to reduce the cytotoxicity it was decided to retain the more effective

6wt% PVP-I concentration as the preferred iodine concentration.

6.4. Scale up of manufacture of preferred CROWD formulation
6.4.1 Introduction

The inital CROWD test samples were created in the Materials Engineering
Research Institute (MERI) on a small scale by mixing all the ingredients in a
round bottom flask using magnetic stirrer bars. 60g of the suspension was then
poured into 9cm circular petri dishes and dried in a vacuum oven over 7 days.
The samples were then cut into 2 x 2cm squares for testing.

Scale-up of production and manufacture of a prototype wound dressing was
undertaken by Dr David Hogg from Rejuvetech Ltd and Dr Francis Clegg
(MERI, SHU). Specific challenges they had to address included the mixing of
the ingredients on a larger scale, finding suitable moulds which could be used to
cast the films and drying the films in different conditions/ environments to

produce a polymer-composite gel.

The preferred CROWD formulation contained: -

PVOH/PVP-I 6wt%/ Cloisite® Na * 12.5wt%
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6.4.2. Methods Summary

The manufacture of the large scale CROWD material is described in Section
2.3.2.5.

6.4.3. Results

The first large scale formulation which measured 22.5 cm x 22.5 cm was
produced in MERI by Francis Clegg (Figure 6.8). In Figure 6.9. the material has

been detached from the dish to demonstrate the stratification of the composite.

|

Figure 6.9: Stratification in the CROWD Composite

The final manufactured material produced by Rejuvetech (Figure 6.10.) was
very smooth, uniform and rubber like in consistency. In figure 6.11. the material
has been conformed to demonstrate the flexibility of the material and clearly
illustrates the self-stratifying layers which form the Light and Dark sides of the

composite.
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Figure 6.10: Large Scale CROWD 6wt% PVP-I/ Cloisite®Na+ composite
produced by Rejuvetech Ltd

Figure 6.11: The flexible CROWD composite illustrating the light and dark sides.

6.4.4 Discussion

The large scale composite could be applied directly to a wound surface and
should conform to the shape of the wound. It can easily be cut into any shape

so could be applied to unusually shaped wounds.
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6.5. Effect of hydration on the preferred CROWD composite.
6.5.1. Introduction

One of the interesting characteristics of the initial CROWD materials was the
different states of hydration. Depending on the length of the drying time, the
oven temperature or if they were dried at room temperature the samples could
be wet and flexible or very dry and brittle. Dry samples could be rehydrated by
the addition of sterile water. Having observed that the material could absorb
fluid it was decided to investigate the effects of rehydrating the material and

whether this would affect the antimicrobial properties of the material.

6.5.2. Methods Summary

The preferred CROWD formulation (PVOH/PVP-I 6wt%/ Cloisite®Na* 12.5wt%)
was prepared using the standard mixing technique described in section 2.3.2.4.

Square 2 x 2cm samples were placed Top (Dark) side up in an open Petri dish
and then placed in a Slimline-H humidity oven (Sharetree Ltd, Stonehouse,
Gloucester, UK) set at 23°C and 95% relative humidity. (Above 95% humidity
partial dissolution of the film was observed). After 7 hours the films appeared
more flexible. The samples were left in the humidity oven for a total of 50 hours

and the increase in mass calculated.

The process was repeated using 2 x 2cm samples of the Bottom (Light) side of

the material.
6.5.3. Results

After 50 hours at 95% humidity both the Top (Dark) and Bottom (Light) sides
had increased in mass 40% (Figure 6.12).

230



40 - /l

—o— TOP-up
o -»— BOTTOM-up

5 10 15 20 25 30 35 40 45 50
t (h]

Figure 6.12: The increase in mass of the Top (Dark) and Bottom (Light) side of
the standard CROWD formulation over 50 hours in a humidity oven at 23°C at
95% relative humidity (Petra 2015).

6.5.4. Discussion

This ability to absorb moisture whilst maintaining the integrity of the film could
be very useful in clinical practice. This suggests that the material could be used
on heavily exuding wounds to absorb large volumes of exudate. It could also be
applied to dry wounds in the rehydrated form to provide a moist wound
environment at the wound interface and this may help enhance auto
debridement. It is possible that the material may also be able to donate fluid and
behave similarly to a hydrogel. This potential advantage of the material warrants

further investigation.

6.6. Effect of hydration in the Antimicrobial Activity of the CROWD
Composite

6.6.1 Introduction

Having identified that the CROWD material could be rehydrated it was important
to determine if the change in hydration would affect the antimicrobial release
profile. Passage studies were undertaken to compare the antimicrobial activity
of hydrated and non-hydrated samples of both the light and the dark sides of
the standard CROWD material.

231



6.6.2. Methods Summary

The standard CROWD formulation containing PVOH/PVP-1 6wt%/Cloisite®Na+

was prepared using the standard mixing technique described in Section 2.3.2.4.

After the normal drying time half of the batch was placed in the humidity oven
set at 23°C and 95% relative humidity for 50 hours.

Square 2 x 2cm samples of the Standard CROWD material (S) were compared
to the hydrated samples (HY). Both the Light (L) and Dark (D) sides of the
standard and hydrated samples were tested.

The antimicrobial activity of the samples was tested against S. aureus, E. coli

and P. aeruginosa using the passage method described in Section 2.1.2.3.
6.6.3. Results

The ZOI of produced against the three test bacteria by the standard formulation
(S) compared to the samples that had been rehydrated at 95% relative humidity
(HY) are shown in Figures 6.13 - 6.15.

All samples were still producing a large ZOIl against S. aureus after 5 days
(Figure 6.13). After the first 24 hours both sides of the hydrated samples were
producing larger ZOI than the light and dark sides of the standard formulations.
On day 2 all samples had produced larger ZOI than they had in the first 24
hours. Both the light side samples ZOl were much larger than the dark side

samples. The light side of the standard formulation produced the largest ZOI.

After the third day the ZOI of all the samples had decreased but they all still

produced a clear ZOlI greater than 500mm?2 on day 5.
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Figure 6.13: The ZOIl produced by standard (S) and 95% hydrated (HY)
samples of the preferred CROWD composite against S. aureus. (Error bar =

Standard Deviation, n = 6) Key: L=Light side in contact with agar D=Dark side in contact with
agar

Against E. coli the light sides of both the standard and hydrated samples
produced very similar ZOl in the first 24 hours (Figure 6.14). Both the dark side
samples produced smaller ZOI after 24 hours than the light sides. The ZOI of
the hydrated dark side after 24 hours was larger than the standard dark side but
by 48 hours it was smaller than the standard sample however it then increased
in size by day 3 and was still producing a small ZOIl on day 4. Both light side
samples had stopped producing a ZOI after 4 days. Only the hydrated dark side
was still producing a ZOl on day 4 and this was similar in size to the test sample
size of 400mmz2.
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Figure 6.14: The ZOI produced by standard(S) and 95% hydrated (HY) samples
of the preferred CROWD composite against E. coli. (Error bar = Standard Deviation, n

= 6) Key: L=Light side in contact with agar D=Dark side in contact with agar

In the P. aeruginosa experiments shown in Figure 6.15, the light sides of both
the standard and hydrated samples produced very similar ZOl after the first 24
hours and similarly the dark sides of the two different samples produced very
similar ZOIl. On day 1 both the light side samples produced ZOI which were
more than double the size of the dark side ZOIl. After 48 hours both the light
side samples ZOI had reduced but the size of the dark side samples ZOI had
increased slightly. By day 3 all samples were producing ZOIl smaller than the
400mm?2 sample size. On day 4 the hydrated dark side had not produced a ZOl,
but the other three samples were still producing small ZOI similar in size to the
previous day.
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Figure 6.15: The ZOI produced by standard(S) and 95% hydrated (HY) samples

of the preferred CROWD composite against P. aeruginosa (Error bar = Standard

Deviation, n = 6) Key: L=Light side in contact with agar D=Dark side in contact with agar

6.6.4. Discussion

It would appear that in the first 24 hours both the standard and the hydrated
samples dark sides and the light sides produced similar sized ZOIl. Against all
three bacteria the light side of the hydrated material followed a similar pattern to
that of the light side standard samples but the ZOl were smaller. The most
notable difference between the two formulations occurred in the P. aeruginosa
experiments where the hydrated dark side stopped producing a ZOIl after the
third day whereas the other three samples were still producing a small ZOI on
day 4.

As in previous experiments the ZOIl produced by the different sides of the
material and the duration of antimicrobial action varied between the different
bacterial species. The duration of the antimicrobial effect against the Gram -
negative bacteria; E. coli and P. aeruginosa was shorter than that seen against

S. aureus.
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The state of hydration of the sample did not appear to markedly affect the
antimicrobial efficacy. This was important as it implies that the material could be
used on wounds with differing levels of exudate and that high fluid levels should
not affect the antimicrobial activity of the material. However further work is

required to investigate fully the absorption capacity of the material.

6.7. Sterilisation of the preferred CROWD formulation.
6.7.1. Introduction

As mentioned previously, all dressings for clinical use are required to be sterile
so it was important to find a method of sterilisation for the CROWD material
which would conform to the industry standard for sterilisation of medicinal
products and devices.

One of the most common forms of sterilisation used for commercial dressings is
gamma (Y) ray sterilisation. The usual source of Y ray sterilisation used in the
pharmaceutical industry is Cobalt 60 which emits two high energy rays: Y- rays
and lower energy [ particles. A cobalt source of 1-4x1016 Bq is used for
industrial irradiation to deliver an absorbed radiation dose greater than 25kGy
which is the standard pharmacopoeial dose in Europe (European

Pharmacopoeia 2011).

The Y-rays target DNA and cause single or double strand breaks in the DNA
which inhibits DNA synthesis and can cause errors in protein synthesis. They
also cause damage to RNA, enzymes, bases and cell membranes (Aulton’s
Pharmaceutics, 2013).

Gamma irradiation is suitable for wound dressings because it can penetrate
various materials effectively, it does not cause a significant rise in temperature
and there is no radioactivity in the final product. However, there may be
chemical changes that can affect polymers such as changes in tensile strength,
colour, odour and gas formation. Materials known to be affected include acetal,
Fluorinated Ethylene Propylene, Polytetrafluoroethylene, Polyvinyl Acetate, and
Polyvinyl Alcohol (PVOH) (Aulton’s Pharmaceutics 2013).

236



For this part of the research we were able to find a collaborator, Steve Cotton,
the Managing Director of Brightwake, Mansfield, UK. Brightwake manufactures
a wide range of commercial dressings including honey and other antimicrobial
materials. Steve Cotton agreed to take samples of the CROWD material to be
gamma irradiated by the contract sterilisation company Brightwake uses to
sterilise their commercial wound dressings. In the UK two companies, Steris
and Swann Morton, undertake contract sterilisation of pharmaceutical products

and devices.

For these experiments samples of the large scale CROWD material
(PVOH/PVP-1 6 wt%/Cloisite®Na* 12.5wt%) were sealed in plastic bags and
covered in tin foil to protect from light to transport them to Brightwake. Having

undergone the standard pharmaceutical gamma irradiation cycle the CROWD

dressing was returned to SHU for antimicrobial testing in a silver foil package.
(Figure 6.16)

*

Figure 6.16: Gamma irradiated sample of the CROWD material shown with foil

outer package.

6.7.2. Methods Summary

Square 2 x 2cm samples were cut from an irradiated CROWD sample and from

a non-irradiated sample of the same batch. The dark side of the 2 x 2 cm

samples of the irradiated sample were then tested at the same time as the dark
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side of the 2 x 2cm samples from the non-irradiated CROWD material to
determine whether the ionizing radiation had affected the antimicrobial efficacy
of the material. Passage studies as described in Section 2.1.2.3. were
undertaken against S. aureus (SH1000), E. coli (JM109), P. aeruginosa
(HO085180216), S. aureus USA300 and EMRSA -16.

6.7.3. Results

The irradiated samples produced ZOIl for 72 hours against all test bacteria
except P. aeruginosa where they were only effective for 48 hours (Figure 6.17).
The ZOI produced by the irradiated samples were larger for the first two days
thereafter those produced by the non-irradiated samples were larger
suggesting that the iodine was being released more rapidly by the irradiated
material. By the fourth day of the experiment all of the irradiated samples were
no longer producing a ZOIl. The non irradiated samples were still producing
clear ZOI against all five test bactetria after 5 days when the experiment was

terminated.
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Figure 6.17: Comparison of the ZOI produced by the irradiated (Irrad.) and non-
irradiated CROWD samples against the five test bacteria. (Error bar = Standard

Deviation, n = 6) Key = “lIrrad” indicates the samples which had undergone commercial Y
irradiation.

6.7.4. Discussion

The irradiated samples were visibly wetter than the non - irradiated samples
and iodine appeared to have leaked into the plastic packaging (Figure 6.16).
This could possibly be due to a cross linking reaction occurring within the
material, effectively shrinking the polymer network resulting in the elution of
aqueous iodine solution. This experiment demonstrated that the Y irradiation
had affected the release characteristics of the dressing effectively shortening
the duration of antimicrobial action so an alternative form of sterilisation may be

required to maintain the slow release characteristics.
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6.8. Incorporation of the CROWD material into secondary dressings.
6.8.1. Introduction

In its original sheet form the CROWD material could be used as a primary
dressing and be placed directly in contact with a wound surface. However, it
would require a secondary dressing to keep it in place and to absorb any liquid
that is wicked through the material from the wound to the top surface of the
composite. The choice of secondary dressing is important as it must not
interfere with the unique release characteristics of the CROWD composite. Most
of the absorbent dressings such as alginates and hydrofibers would not be
appropriate as they would absorb any moisture from the top of the CROWD
dressing and form a gel. The most obvious candidate materials for use as a
covering over the CROWD material would be foams, soft silicone polymers or

vapour permeable films.

Our collaborators at Brightwake were interested in incorporating the CROWD
material into existing carrier dressings to determine if the unique slow release

properties of the composite would be retained.
6.8.2. Methods Summary

Samples of the pre-dried standard CROWD formulation containing PVOH/PVP-I
6 wt%/ Cloisite®Na* 12.5wt% were supplied to Brightwake in the form of a
slurry. This was then applied by Brightwake, using different commercial coating
techniques, to a foam dressing Advazorb and a gauze tulle dressing.
Advazorb® (Advancis Medical) is a low - adherent, hydrophilic, polyurethane
foam dressing with a breathable, bacteria proof film backing. The foam is

claimed to have high fluid retention properties.

Three different dressing formulations were created; Foam with pattern print
(Figure 6.18), Foam with flood coat iodine (Figure 6.19) and lodine knitted
dressings (Figure 6.20). The dressings were returned to Sheffield Hallam
University (SHU), Biomolecular Sciences Research Centre (BMRC) for

antimicrobial testing.
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Figure 6.18: Foam with pattern print iodine

Figure 6.19: Foam with flood coat iodine
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Figure 6.20: lodine Knitted Dressing

The dressings arrived at SHU sealed in a foil wrapper but had not been
sterilised. The samples were aseptically cut into 2 x 2cm squares and UV
irradiated on both sides for 15 minutes prior to testing. Passage studies as
described in Section 2.1.2.3. were undertaken against S. aureus, P. aeruginosa

and E. coli.
6.8.3. Results

The two foam dressings curled and detached from the agar, so the experiment

was repeated using sterilised 20 pence coins as weights.

After 24 hours incubation at 37°C there was complete microbial growth of all
three bacteria under both the different foam dressings.

The colour of the foam dressings was very pale which would suggest that there
was very little iodine present and that the CROWD material may have been
absorbed into the foam material and there was not sufficient remaining to

produce an antimicrobial effect.

The iodine knitted dressing when opened had liquid iodine within the plastic
packaging which was sealed within the outer foil wrapper (Figure 6.20). When
tested this dressing produced a clear ZOI against each of the three test bacteria

after 24 hours incubation (Figure 6.21) but when transferred after the second 24
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hours there was complete microbial growth of each of the test bacteria
indicating that the controlled release of iodine had been lost in this formulation.
Interestingly this sample looked similar to the Inadine® commercial dressing.
The results from the Inadine passage studies (Section 3.3.2) were included in
Figure 6.21 as a comparison to the iodine knitted dressing results. The Inadine
dressings produced similar sized ZOl as shown in Figure (6.21). However,
unlike the iodine knitted dressing, Inadine was still effective against S. aureus

and E. coli after 48 hours.
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Figure 6.21: ZOI against the three test bacteria that were created by the lodine
Knitted Dressing compared to the ZOI produced by Inadine after 24 hours. (Error
bar = Standard Deviation, n = 6)

6.8.4. Discussion

Unfortunately, none of the combined dressing formulations demonstrated the
enhanced duration of antimicrobial activity exhibited by the original CROWD
composite. It is likely that the active iodine may have been lost, possibly through
evaporation, during the printing and coating processes. The knitted dressing
appeared to have retained the characteristic iodine colour but had lost the
original rubber like consistency of the CROWD material. Incorporation of the
CROWD slurry into the gauze appears to have disrupted the clay/polymer
composition leading to the loss of the slow release properties of the material.
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6.9. Conclusions

The scale up of the manufacturing process produced a large flexible uniform
material with two distinct different coloured layers. The different colours provide
an indication of the release characteristics with the light brown side producing a

faster release of iodine than the dark brown side.

As discussed in section 4.10.3. the light layer contains five times the amount of
clay than the dark layer and it also contains a larger amount of iodine. The
higher concentration of iodine in the light layer may account for increased size
of the ZOI produced in the passage studies in the first couple of days. What is
still to be determined is the effect on the composition of the two layers over time
as the iodine is released, as this would help explain the mechanism of the slow
release action that has been observed. The state of hydration of the material did
not appear to markedly affect the release of iodine and this ability to rehydrate
the material may be useful in clinical practice especially for the management of
dry to low exuding wounds. The ability of the material to absorb fluid is also

important particularly in the treatment of heavily exuding wounds.

The results of the gamma irradiation experiments were challenging. Firstly,
there was obvious leakage of iodine from the material into the plastic wrapper
which would make removal of the material difficult for clinicians. Secondly the
duration of antimicrobial activity was reduced to less than 3 days against the P.
aeruginosa and only 3 days for the other four test bacteria. This effect is most
likely to be due the ionising radiation affecting the cross linking within the
polymer or possibly an effect on the structure of the platelet stacks within the

material which then made the material more porous to the iodine.

Finding an alternative sterilisation method may be difficult as the CROWD
polymer is hydrophilic and probably heat sensitive or thermo labile, so steam or
dry heat sterilisation methods would not be suitable. Ethylene oxide gaseous
sterilisation is sometimes applied to elastic adhesive dressings but to be
effective the dressing packaging has to be permeable to air, water and the gas.
This would not be an option because the CROWD material has to be packed in
a material such as foil which protects it from moisture and light. Early CROWD
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samples left in a sealed Petri dish were observed to fade over time on exposure
to light so since this was noted all samples have been stored in sealed Petri

dishes covered with tin foil to protect from light.

The results of the antimicrobial testing of the CROWD incorporated into the
Advazorb foam and the knitted dressing were disappointing. It is assumed that
during the printing and coating of the foams the active iodine was lost. The
knitted material was effective, but only for 24 hours, demonstrating that the
novel sustained release effect of the CROWD material had been lost. One
suggestion would be that the CROWD coating could be applied as a thicker
layer or the gauze and foams could be incorporated into the solid composite

rather than being mixed with the slurry.

Further work is required to identify a suitable secondary dressing for the
CROWD composite. One experiment planned is to test the effect of the
Advazorb foam as a secondary dressing to cover the CROWD material to
determine if this combination would affect the release properties of the CROWD
composite. Other suitable secondary dressings to be tested could include less

absorbent foams such as polyurethane or silicone and vapour permeable films.
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Chapter 7: General Discussion, Future Directions and Conclusion

7.1. Aims of Research and Contribution to Knowledge

The original aim of this research was to investigate the antimicrobial properties
of commercial antimicrobial wound dressings (AWD) in order to determine if
individual bacteria are more susceptible to a particular class of AWD. Having
written wound care formularies for a number of different NHS Hospital Trusts,
one of the challenges has been to find robust evidence to support any
recommendations of the appropriate choice of antimicrobial dressing for a
wound infected with a particular bacterium. The lack of evidence available
stems in part from the fact that most wound dressings are classed as medical
devices and as such are not required to undergo the rigorous clinical trials
which are mandatory for medicinal products, which have to pass the three tests
of quality, safety and efficacy in order to be granted a licence for sale. A review
of manufacturers’ websites for all the commercial dressings included in this
reasearch illustrated the fact that most companies published very few

references to evidence the efficacy of their products.

This study has shown that the dressings tested demonstrated antimicrobial
activity but there were significant differences between individual dressings
within the same class in terms of their effect on different bacteria and their
duration of action. These differences are probably associated with the structural
properties of the carrier dressings and the mechanism of antimicrobial release.
This research highlights the need for the characteristics of individual
antimicrobial dressing formulations to be defined so that clinicians can make
evidence based choices when selecting a dressing to treat a particular wound

infection.

Another key contribution to knowledge of this research was the creation of a
novel antimicrobial material. The unique two side release profile, absorbent
wicking properties and the colour change indicator make this material different
to any of the dressings currently available in the UK and provide a novel

material for the treatment of infected wounds.
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Future work is however required to develop this technology to create a wound

dressing prototype which could undergo clinical evaluation.

7.2. Future Microbiological Studies
7.2.1. Test Organisms

As discussed in Section 1.6. there are a number of pathogens which are
commonly found in wounds. The bacteria used for this study were chosen
because they are often associated with clinical infection in chronic wounds
were; Staphylococcus aureus, a Gram - positive bacteria which is a common
skin commensal, and two Gram - negative bacteria Escherichia coli and
Pseudomonas aeruginosa both of which are frequent wound colonising
organisms associated with wound infection. Later experiments included the
methicillin — resistant S. aureus species, as these strains are particularly
resistant to antibiotic treatment and are a problem in wound care, particularly in

immunocompromised patients.

This study developed a fast, simple and easily reproducible in vitro model which
could be used to test other wound pathogens. It would be interesting to extend
the research to include other pathogens such as Staphylococcus epidermidis, a
common skin commensal, which is an opportunistic pathogen capable of
causing bacteraemia. As discussed previously, deep wounds are often
colonised with anaerobic bacteria so it would also be useful to test activity
against an anaerobe such as Clostridium perfringens which can cause gas
gangrene by the production of lecithinase which destroys tissue, red blood cells
and immune cells (Edwards - Jones 2016). Broadening the range of lab strains
and clinical isolates examined within a species to determine if there are different
susceptibilities to the antimicrobial agents would provide a more comprehensive
analysis of the usefulness of specific dressings against pathogens based on

speciation.

Other organisms known to colonise wounds are yeasts and a common
contaminant is Candida albicans so the antimicrobial efficacy of dressings

against yeasts could also be studied. For future biofilms experiments a series of
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multispecies biofilms containing a selection of common wound pathogens will
be developed as this would more effectively represent the polymicrobial nature

of biofilms found in non-healing wounds.
7.2.2. Test Dressings

The commercial dressings included in this research (listed in Table 3.2. in
Section 3.2.) were chosen to represent examples from the four main classes of
antimicrobial dressings which contain biguanides, iodine, silver and honey. As it
was not possible to test all the commercially available antimicrobial wound
dressings a selection was made from each class to include different carrier
dressings such as tulles, foams, alginates and hydrofibers. During the study
some dressings have been withdrawn from the market, for example lodozyme
was withdrawn in the autumn of 2017. Similarly, a number of new dressings
have been introduced and variations to formulations or carrier dressings have
been made. The dressings chosen were all licensed for treatment of infected
wounds at the time of selection. The dressings had to be available as sheets
because the test methodologies could not accommodate antimicrobial gel
formulations such as honey, Octenilin® (octenidine) and Prontosan (PHMB)

wound gels.

The dressings included in the study were tested against lab strains of S. aureus
and E. coli and an antibiotic susceptible clinical isolate of P. aeruginosa from a
burns patient. Only the silver containing dressings were effective against all
three bacteria for longer than 48 hours so it is planned that the next series of
passage studies for these dressings will include the MRSA strains. Within the
class of silver dressings the two foams; Allevyn Ag and Biatain Ag, produced
the most interesting results. Their minimal efficacy against S. aureus and E. coli
compared with their prolonged antimicrobial activity against P. aeruginosa
warrants further investigation. These experiments will be repeated to compare
the silver foams with plain Allevyn and Biatain non-adhesive foams to determine
if the carrier dressing exert any antimicrobial activity which may be contributing
to the efficacy of the silver foams. It is also the intention to investigate a wider
range of silver foam dressings containing a variety of silver formulations either
on the dressing surface or embedded within the carrier material. Three products

have been identified for future study: Acticoat Moisture Control, PolyMem Silver
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and Aquacel Ag Foam. The Acticoat dressing consists of a three layer
polyurethane foam with a wound contact layer containing nanocrystalline silver
whereas the PolyMem Silver consists of a polyurethane foam containing
monocrystalline silver. The Aquacel Ag foam was chosen because it is a
combination of the Aquacel Hydrofiber and polyurethane foam containing 1.2%
ionic silver. It will be interesting to determine how the antimicrobial activity of the
combined silver foam layer and hydrofiber layer compares with the unsupported

silver hydrofibers previously tested, Aquacel Ag and Aquacel Ag+ Extra.
7.2.3. Experimental Methodologies

The Zone of Inhibition (ZOI) method used in this study provides a measure of
the ability of the dressing to release an antimicrobial from within the carrier
dressing. The test is designed to mimic the clinical use of the dressing and
predict the capability of the dressing to kill or prevent bacterial growth within a
wound. In order to exert a significant antimicrobial effect in this test the
dressings must absorb moisture from the agar to activate or release the
antimicrobial held within the material. The antimicrobial then has to diffuse into
the agar to exert its antimicrobial effect (Thomas and McCubbin 2003). One of
the limitations of this method is that dressings where the antimicrobial is
immobilised within the material the antimicrobial may not diffuse far into the
agar and so the material does not produce clear ZOI. This could be one of the
reasons why the Tulle dressings Bactigras, Inadine and Actilite did not perform
well in this study. Another issue identified with this methodology was with the
dressings that were highly absorbent and swelled and obscured the developing
clear zone, an example being the hydrogel lodozyme. Similarly, the materials
that curled away from the agar surface produced smaller ZOl where they
remained in contact with the agar. In some circumstances it was possible to
apply a weight to the test sample as was done in the experiments with the
commercial foam dressings. However, with Tulle open weave dressings this
was not possible because a weight would obstruct the pores in the fabric and

could have impacted on the antimicrobial efficacy of the material.

Other factors can also influence the results of the diffusion assay. The diffusion
rate of the antimicrobial and the rate of the lawn growth of the test bacteria and

concentration are sensitive to the physicochemical effects of temperature, pH,
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water content and the agar gel concentration and depth (Thorn, Greeman and
Austin  2005). The test does not distinguish between bacteriostatic and
bactericidal effects but did provide a reproducible visual and measurable
distinction between the dressings.

The bactericidal activity of a dressing could be tested by taking a swab from the
area under the dressing and then streak onto a fresh agar or a sample of the
agar under the dressing could be taken and placed in broth for incubation. No
growth would indicate that the dressings were bactericidal.

In future, challenge testing could be used to enable comparison of the speed of
bacterial kill between different dressings and in the presence of different
bacteria. It is designed to measure the ability of a dressing to kill bacteria
applied to it in the form of a suspension. One method commonly used in
antimicrobial dressing comparison studies is based on a method published by
Wright et al. (1999). In this test, 0.2ml of a log phase culture of the test bacteria
is added to a standardised portion of the dressing and incubated for two hours.
The dressings are then transferred into 10ml of 0.1% peptone water (Oxoid)
and vortexed to remove any viable organisms. Serial dilutions are performed in
triplicate on each extract and the number of viable organisms present
determined using a standard surface counting technique. If viable organisms
are recovered, the test is repeated using a 4 hour contact time and then again
for 24 hours. If no organisms are detected after 2 hours the dressing is placed
in 10ml tryptone soya broth to detect very low levels of viable organisms. This
test enables comparison of the speed of bacterial kill between different
dressings and in the presence of different bacteria (Thomas and McCubbin
2003).

To provide a quantitative assessment of the performance of the dressings a
logarithmic reduction assay could be undertaken. The antimicrobial dressings
are incubated with the test bacterium of a known culture density for 0.5 — 24
hours. At various time points the bacteria are recovered and viable cells
counted and the number expressed as a logarithm. The results are expressed
as logio reduction values (logio initial count — logio final count). A log reduction
of >3 (>99.9% of bacteria are killed) may be used to define an antimicrobial that

is bactericidal rather than bacteriostatic. Log reductions > 1 but < 3 indicate that
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a proportion of the bacteria have been killed (Wounds International 2012).
When reviewing published literature there are often variations in the logio
reduction methods used. Variation in the experimental design such as different
inoculum concentration and exposure time to the antimicrobial and the use of a
neutraliser to inhibit the action of the antimicrobial after the chosen exposure
time may generate different results when evaluating the same dressings
(Lindsay 2011).

The techniques used to test the antimicrobial efficacy of wound dressings are
often not standardised so comparison between different studies may not be

possible or may lead to incorrect assumptions.

On 9" June 2014 a draft British Standard “EN16756: Antimicrobial wound
dressings - Requirements and test methods”, was published for public
consultation. Last accessed on 12t February 2020 it was still in draft form and
was not an established British Standard. The draft standard describes a range
of test methods for establishing whether a wound dressing exerts antimicrobial
activity. The draft standard suggests the use of clinical strains of S. aureus
(American Type Culture Collection (ATCC) 6538), P. aeruginosa (ATCC 9027)
and Candida albicans (ATCC 10231). C. albicans was recommended because it
forms part of the normal microflora and acts as an opportunistic pathogen in
immunocompromised patients or those on broad spectrum antibiotics, so is a
key infection causing organism in many different types of wounds. The
methods described involved the organisms being grown in Simulated Wound
Fluid (SWF) containing 50% maximum recovery diluent and 50% Foetal Calf
Serum (Parsons et al. 2005) which contain salts and proteins which are known
to interfere with some antimicrobial substances used for dressings. The SWF is
also thought to more closely simulate the role of wound exudate and create a
more realistic challenge for the test organisms. Our pilot study (Bradshaw
2011), which tested 1 x 1lcm samples of a variety of antimicrobial dressings,
found that there was no significant difference in the size of the ZOI using
Mueller Hinton broth compared with SWF for honey or silver (p = 0.981, 0.567)
but a significant difference p< 0.05 was observed for iodine. However
subsequent student research projects did not demonstrate such clear

differences between the two growth media. Due to inconsistency in these
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results the decision was made at the start of this study to undertake the initial
passage experiments using Mueller Hinton (MH) broth. Restricting the
experiments to a standard growth media also reduced the number of variables

when making comparisons between the dressings.

Now that a preferred CROWD formulation has been identified future
antimicrobial testing could be undertaken to compare the antimicrobial effects
produced when bacteria are grown in MH broth compared with the growth of
bacteria of the same species in growth media containing SWF. Another
recommendation in the draft standard that differed from our research
methodology was the suggested incubation temperatures, between 30-35°C for
bacteria and which are lower than the 37°C used in this study. The first
experiments in this study were undertaken in 2010 and the test bacteria were
incubated at 37°C. For consistency throughout this research all the
experimental conditions, including the temperature for incubating the bacteria
were kept the same. Future experiments could be undertaken using lower
incubation temperatures to mimic wound conditions at the environmental facing
surface but then the results would not be directly comparable to previous
results. However, it would be possible in future studies to run parallel
experiments at different temperatures to establish if lower incubation

temperatures affect the size of the zones of inhibition of microbial growth.

The draft standard suggests three test methods; a direct contact method in
which the inoculum is applied to the dressing (Gallant-Behn et al. 2005), a
shaking method where the dressing is placed in liquid culture (Parsons et al.
2005) and a two compartment method where the dressing is suspended in a
strainer in contact with the test inoculum (Agren and Mirastschijski 2004). The
draft standard does not recommend a particular test but advises that the first
two methods are suitable for most dressings except super absorbent dressings,
and the third method is suitable for dressings releasing antimicrobial agents.
The standard does however advise that the contact time should be 24 hours +/-
| hour which should ensure more consistency between tests. This research

used a standard contact time of 24 hours for all antimicrobial studies.

When the British standard is formally published it would be advisable to repeat

the testing on all of the commercial dressings and the CROWD material, using
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one of the official methods. The shaking method would probably be most
suitable because it is unlike the ZOI diffusion assay and would provide

guantitative data on Kill rates.
7.2.4. Biofilm Experiments

The initial in vitro tests measured the antimicrobial activity of the dressings
against planktonic bacteria which are known to be more susceptible to
antimicrobial agents than their counterparts living in a biofilm. A simple in vitro
biofilm model was developed to test the ability of the CROWD and Inadine
dressings to eradicate 24, 48 and 72 hour biofilms containing either S. aureus,
P. aeruginosa or E. coli. Whilst both the CROWD and Inadine dressings were
shown to completely eradicate biofilms containing S. aureus and E. coli they
were ineffective against the P. aeruginosa biofilms. However, there were
limitations with this simple biofilm model. The biofilms tested involved single
species of bacteria which were grown in the presence of required nutrients for
the set period of growth. Biofilms growing on wounds are likely to have very
different compositions and may contain multiple bacterial species and altered
physiology in terms of their metabolic rate and the presence of nutrients
(Halstead et al. 2016).

Various biofilm models have been developed which vary in complexity from flat-
bed perfusion models (Thorn and Greenman 2009) to complex bioreactors. In
the flat-bed perfusion model the biofiims are grown within 1 cm?2 cellulose
support matrices and are perfused with growth media. Dressings are applied to
the biofilm and the biofilm can be removed at various time points to determine
the total biofilm population. An alternative approach is the colony biofilm model
where biofilms are grown on a semipermeable membrane that is placed on
agar. The bacteria are provided with a new supply of nutrients by moving the

membrane to a fresh agar plate.

Another commonly used model is the drip-flow reactor (DFR) where biofilms are
grown on an inclined microscope slide inside a testing channel where it is
continuously supplied with fresh medium (Buckingham-Meyers, Goeres and
Hamilton 2007).
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A combination of these methods, the colony-DFR model has been described by
Lipp et al. (2010) which the authors claim is a practical method for growing in

vitro biofilms in a manner that mimics a chronic wound environment.

The Biomolecular Sciences Research Centre at Sheffield Hallam University has
recently acquired a commercial drip flow reactor so a further series of
experiments are planned to compare the antibiofilm activity of the CROWD
material with the remaining commercially available iodine dressings, Inadine
and lodoflex. The intention is to test against a greater variety of bacterial

species and create more mature 7 day biofilms.

The commercial iodine dressings: Inadine, lodoflex and Betadine cream (1g
applied to Topper Gauze) have been tested against mixed species 3 and 7 day
old biofiims produced in a constant depth film fermenter (CDFF) (Hill et al.
2010). The biofilms formed were derived from both aerobic and anaerobic
chronic wound isolates. Quantitative analysis of the mature biofilms found that
S. aureus and P. aeruginosa predominated in all the different wound consortia
analysed. The authors concluded that this situation was directly analogous to
that found in the quantitative analysis of the microflora in chronic wounds.
Inadine and lodoflex were shown to have killed all the bacteria in both the 3 and
7 day CDFF - generated biofiims. The Betadine® cream/ gauze produced a
reduction in S. aureus counts to 1x104 cfu/ml against the 3 day biofiim but a
lower reduction to 1x107 cfu/ml in the more mature 7 day biofilm. No significant
reduction in the P. aeruginosa count was observed with the Betadine cream/
gauze. It would be interesting to try to repeat this experiment to assess the
performance of the CROWD material against this more complex biofilm and to

compare its anti-biofilm activity with the available commercial iodine dressings.

A recent study by Oates et al. (2018) described a novel wound biofilm model
developed to evaluate the effectiveness of topical antimicrobials. The basal
perfusion model was developed to reproduce the basolateral nutrient delivery of
wounds and was able to sustain the growth of four functionally distinct wound
pathogens in multi-species biofilms. The biofilms were exposed over 7 days to
povidone-iodine (PVP-I) (10%wi/v), polyhexamethyelene biguanide (PHMB)
(0.5%v/v) and silver acetate (0.05%w/v). The authors found that the rank order

of tolerance in the multi-species biofim was Pseudomonas aeruginosa>
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Methicillin resistant Staphylococcus aureus (MRSA) > Bacteroides fragilis
(Gram-negative, anaerobic bacill)> Streptococcus pyogenes (Gram-positive,
facultative anaerobic coccus). None of the antimicrobials were able to eradicate
the P. aeruginosa or MRSA from the biofilms. The rank order of effectiveness
for the antimicrobials against the biofilm communities was shown to be PVP-I >
PHMB > silver acetate. These experiments used liquid formulations of the
antimicrobials however it may be possible to test the CROWD material using a
similar methodology which could then help determine it's efficacy against multi-
species biofilms containing mixed aerobic and anaerobic species commonly

found in wounds.
7.2.5. Cell Biology Experiments

Whilst the Biofilm models are more representative of bacterial behaviour in a
wound environment than the planktonic studies, they still do not reflect the
complex biological interactions which occur within wounded skin. Traditionally
wound dressings have been tested on animal skin, usually pig skin. Problems
with the reproducibility of wounding animal skin and the inherent cost have led
to the development of skin models. The cytotoxicity testing of CROWD and the
iodine commercial dressings was undertaken using a 3D tissue engineered skin
model developed by colleagues at the University of Sheffield (Shepherd et al.
2009). This Tissue Engineered (TE) skin has also been used to create a burn
wound by the application of heated rods to the surface of a piece of skin at a set
temperature and time duration. The wound can be infected with bacteria to
produce a biofilm on the skin which could in future be used to test the anti-
biofilm activity of CROWD and the commercial dressings. Another project
currently being undertaken in the Biomolecular Sciences Research Centre
(SHU) has involved the development of a wound model using a living skin
equivalent (LSE) produced by Innovenn UK Ltd (Lewis et al. 2018). The skin
was wounded using a scalpel blade and assessed at day 4 post wounding by
histology and matrix-assisted laser desorption-mass spectrometry imaging
(MALDI-MSI). Wounding the model was shown to disrupt the epidermal barrier
function and stimulate keratinocytes to migrate and proliferate across the wound
to close the damaged area. This model can be infected and used to test

antimicrobial dressings.
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7.3. Clinical Evaluation

In vitro models provide a very useful assessment of antimicrobial activity and
can be used to screen and compare efficacy in a reproducible way between
dressings. The skin models enable examination of the effect of antimicrobials
on skin cells however they do not replicate all the factors involved in wound
healing such as the impact of wound exudate, growth factors, proteases,
antimicrobial peptides and the role of the vascular system. The ultimate test for
the CROWD dressing would be an in vivo study on human wounds. The
CROWD research has been presented at conferences and Universities within
the UK and internationally and has generated a great deal of interest,
particularly in developing countries such as India, Vietham and Ghana where
there are a limited range of effective and affordable antimicrobial dressings. A
potential collaboration to investigate a possible clinical evaluation has been
developed following a visit to the University of Ghana, Medical School in 2017.
Medical colleagues are interested in testing the CROWD material on infected
diabetic foot ulcers. A local pharmacist who runs a pharmaceutical
manufacturing facility in Accra has also been involved in discussions about the
feasibility of preparing the material in Ghana. The materials incorporated into
the CROWD material are relatively cheap to buy or import. The most
challenging part of the manufacturing process is the drying of the slurry which
may require the purchase of a temperature and humidity controlled oven. At the
time of writing various avenues for funding were being investigated to support

this future work.

7.4. Antimicrobial Material Developments
7.4.1. Patent Application

An International patent application No. PCT/GB2016/050658 (Priority Date
13/3/2015) was filed on 19/3/2016 for An Antimicrobial Material by Sheffield
Hallam University. There were four specific objectives of the invention listed in

the Summary of the Invention:
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The first was to provide an antimicrobial material for use in wound dressings
that provides protection against a broad spectrum of bacteria and is configured
specifically to provide a sustained and controlled release of the active

antimicrobial agent.

The second objective was to provide an antimicrobial obtainable via a low cost
manufacturing method that may be stored for prolonged periods of time without

losing antimicrobial activity.

The third objective was that the antimicrobial material may be regarded as free
— standing or self-supporting or a material that may be layered or backed by

additional materials.

The fourth objective was that the antimicrobial material was capable of
providing an easily identifiable visual indication of the level of antimicrobial
depletion and hence an estimated time period for the continued antimicrobial

properties of the material when applied as a wound dressing.
7.4.2. Novel Antimicrobial Composite Material.

The novel CROWD material has been shown in in vitro antimicrobial tests to be
highly effective against planktonic and biofilm forms of growth of common
wound pathogens. The material forms a self- stratifying film and is organised
into a first and second layer. The first layer is lighter in colour and comprises of
a higher concentration of clay and higher concentration of lodine than the
darker layer. The lighter layer has been shown to produce larger ZOl than the
dark side suggesting that it releases the antimicrobial at a faster rate than the
dark side. The dark side initially produced smaller ZOIl but demonstrated a
longer duration of antimicrobial action, still being effective against S. aureus

after eight days continuous use.

Statistical analysis of the passage study results for all the antimicrobial wound
dressings tested demonstrated a significant difference in the antimicrobial
efficacy of the CROWD material compared with all the other commercial

antimicrobial dressings tested.
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7.4.3. Advantages of the CROWD material

Another advantage of the material identified during testing was the ability of the
composite to draw water through the material when the dark side was placed in
contact with agar. This wicking effect could be highly advantageous particularly
in the management of heavily exuding wounds. The CROWD composite
appears to be highly absorbent and further work is required to investigate the
fluid handling properties of the material. British Pharmacopoeia standard tests
will be used to determine the absorbent properties of the material. The most
appropriate tests for the CROWD material would include the fluid-handling
capacity (FHC) test which determines the ability of the composite to absorb and
retain wound exudate whilst losing water vapour through the outer surface. Also
the fluid affinity test would be useful to investigate the ability of the composite to
donate moisture as well as absorb wound exudate. The ability to donate
moisture would be very advantageous particularly in the management of dry
necrotic wounds to facilitate rehydration and autolytic debridement (Aulton’s
Pharmaceutics 2013). When dehydrated the CROWD composite is brittle but it
can be easily rehydrated so potentially in the dry form the material could be
used on heavily exuding wounds and the more moist, flexible form, applied to
wounds producing moderate to low levels of exudate. It is envisaged that either
side of the dressing could be applied to a wound depending on the antimicrobial
release characteristics required. The material should conform to the wound
surface allowing no dead space and can be cut to fit awkward shaped wounds
or to be wrapped around appendages such as finger or toes. One major
advantage of the CROWD material over the only other iodine dressings suitable
for the treatment of cavity wounds, lodoflex, is that it can be removed intact
from the wound bed. A problem associated with the cadexomer bead
preparation is that the beads can dry out and adhere to the wound surface
making removal difficult and sometimes traumatic. lodoflex should not be used
in cavity wounds with tracking sinuses due to the risk of beads being dislodged
from the paste and becoming lost in a sinus where they could become a focus

for infection.
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7.4.4. Consideration of Secondary Dressing materials

Whilst the CROWD material is suitable for use as a primary dressing it will, like
hydrogel dressings, require a secondary dressing to retain the material in
position and to absorb any exudate that is wicked through the composite. The
most obvious choice of secondary dressing would be absorbent foam, such as
the Advazorb that was used in the commercialisation study. The impact of a
secondary dressing on the unique release properties of the CROWD composite

will require investigation before a clinical evaluation can be undertaken.
7.4.5. Storage Conditions

The one objective from the patent that has not yet been investigated is the
determination of the storage requirements and shelf life of the material. This has
proved difficult as the Y irradiation used to sterilise the composite appeared to
affect the physical properties of the material and caused the release of iodine
into the packaging. Wound dressings are required to be sterile so an alternative
method of sterilisation has to be identified. Long term stability testing should be
carried out in the exact packaging the material will be marketed in. Anecdotal
evidence has shown the material fades on prolonged exposure to artificial light
but the effect of this on the antimicrobial activity of the material has not been
tested in a controlled manner. However, this observation did lead to the material
being stored in sealed containers wrapped in tinfoil to protect from light. Due to
the hygroscopic capacity of the CROWD material it will need to be sealed in a
wrapper to protect it from moisture which is also suitable for the sterilisation

process.

One of the key factors that could possibly affect the stability of the material is
temperature. If the material is going to be used in very hot and humid countries
such as Ghana then it will be required to be tested at higher temperatures and
relative humidity than a product being used in a temperate climate. The World
Health Organisation (WHO) (2009) classify Ghana as Climatic Zone IV, a hot
and humid climate and advise long term test conditions should include testing at
temperatures of 30°C and 65% Relative humidity. CROWD samples will be
required to be stored under various conditions for different time periods and
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testing will be required to demonstrate that there has been no reduction in

efficacy and any obvious degradation in the formulation.
7.4.6. Mechanical Properties

Various mechanical properties of wound dressings are also widely tested such
as the tensile strength, performance under pressure and rheological properties.
There are also some important clinical considerations when determining the
appropriateness of material to be used as a wound dressing. The adhesive
strength of the material is important as it is critical that the material does not
adhere to the wound making removal traumatic and potentially damaging new
tissue. As discussed, the CROWD material is highly absorbent so is unlikely to
adhere the wound surface. If the material dehydrates it can easily be rehydrated
with water to facilitate pain free removal from a wound. Another potential
problem associated with application of a dressing to skin is possible irritation
and sensitisation. This could be tested using a skin model and assessed using
MALDI — MSI.

The current focus of the CROWD project is to obtain further funding to develop
the material and identify a suitable secondary dressing to enable it to undergo a

clinical evaluation.

7.5. Conclusion

The original aim of this research was to investigate the antimicrobial properties
of commercial antimicrobial dressings available in the UK. The in vitro passage
studies involving 20 different commercial antimicrobial dressings found that
most of the dressings tested were effective for up to 48 hours against all three
test bacteria. Only the silver dressings demonstrated a prolonged duration of
action greater than 48 hours. The two silver foam dressings behaved differently
to the other silver dressing in that they were only effective against P. aeruginosa

and that they had an extended duration of antimicrobial action of 7 days.

In our original pilot study (Bradshaw 2011) the antimicrobial efficacy of samples
of different antimicrobial dressings were tested over a 24 hour period. The
iodine cadexomer dressing, lodoflex®, was shown to completely eradicate the
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test bacteria from the whole surface of the Petri dish. This observation
combined with an interest in iodine chemistry led to the development of the
CROWD project designed to try to create a slow release iodine containing
dressing. At this point the focus of this research was diverted into the

development and testing of the iodine containing clay composite material.

Having compared the antimicrobial activity of the CROWD dressing to all the
commercial antimicrobial dressings tested CROWD has been shown to be more
effective, particularly in terms of the prolonged duration of activity. It is not only
active against planktonic bacteria but is also able to eradicate bacteria growing
in simple biofilms. Differences in the release properties of the two sides of the
material offer the clinician a choice depending on the required duration of
action. The highly absorptive properties, combined with the colour indicator and
the two side release profile make this a unique material suitable for use on
infected open wounds. Since the withdrawal of lodozyme from the market in
2017 the only remaining iodine containing dressing which claims to have slow
release properties is lodoflex. CROWD has been shown to have a similar
cytotoxicity profile to lodoflex but a superior antimicrobial duration of action and

has the added advantage that it can be easily removed intact from the wound.

The ideal wound dressing would combine proven clinical effectiveness with high
tolerability, low cost and have a simple, reliable method of manufacture and
sterilisation. The antimicrobial dressings investigated in this study have a limited
clinical evidence base, and in this in vitro testing have been shown to have

performance limited to the short term.

The unique CROWD material offers the opportunity to develop a product with a
sustained antimicrobial effect, supported by evidence of activity against biofilms
and a level of cytotoxicity similar to the only other iodine dressing marketed for
the treatment of infected wounds (lodoflex). Further development work is
required to optimise the manufacturing and sterilisation processes before this
promising material can be made available to improve the care of patients with

infected wounds.
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Appendix 1. Post Hoc Test Results

Table

Dressing

1: Scheffé Test

11

Scheffe®2e Actilite "
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lodozyme 107
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199

199 199

Urgotul
58D

209 209

Urgotul Ag

227

Algivon

250
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274 274

Urgosorb
Ag

340 340

Aguacel
Ag

398 398

Sorbsan
Ag

409 409

Allevyn Ag

437

Aguacel
Ag Extra

518

Biatain Ag

534

lodoflex

626

CROWD L

676

CROWD D

845

Table

Dressing

2. Tukey HSD Test

Subset

11
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409

Allevyn Ag

437

Aguacel
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518

Biatain Ag

534
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626

CROWD L

676

CROWD D

845
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Table 3: Student —-Newman- Keuls Test

Dressing 1 2 3 4

Student  Acfilite 11
Newman- Tulle
Keulg>* Badigras 31
lndozyme 107
Medihoney 109
Gel
Inadine 132 132
Activon 150
Tulle
Apinate
Urgotul
55D
Urgotul Ag
Agivon

ra| =
= w
@ | @

R
¥
]

Suprasorb

Urgosorb
Ag
Agquacel
Ag
Sorbsan
Ag

Hlewyn Ag
Agquacel
Ag Extra
Biatain Ag
lodo flex
CROWD L
CROWD D

wa
w
©

408

@
Fa
5]

@
5
@

Table 4: Normality Testing for Residuals in ANOVA using SPSS - Descriptives

Descriptives

Statistic Std. Error

Residual for ZOlI Mean .0000 5.65861

95% Confidence Interval for Lower Bound -11.1024

Mean Upper Bound 11.1024

5% Trimmed Mean 1.0344

Median -.5233

Variance 36854.846

Std. Deviation 191.97616

Minimum -1323.38

Maximum 1498.33

Range 2821.71

Interguartile Range 124.17

Skewness -.314 .072

Kurtosis 12.379 .144
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