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ABSTRACT

Antibiotics are vital to modern medicine, helping to protect patients from infection.
However, antimicrobial resistance (AMR) is growing at an unprecedented rate, with 10 million

people predicted to die annually from resistant infections by 2050.

Honey has been used for thousands of years for topical wound care applications.
However, delivering natural honey as an antimicrobial can see its effects differ greatly from
batch to batch. Herein, a bioengineered antimicrobial honey (SurgthoneyRO™ - SHRO) with
promising antimicrobial activity was used to circumvent such issues and enable consistent
dosing. The antimicrobial properties elicited from SHRO are predominantly owed to the
production of reactive oxygen species (ROS), such as hydrogen peroxide (H2O9), by means of
a water-sensitive enzymatic reaction. Much like honey, SHRO is an adherent, highly viscous
product, limiting clinical use and application. This thesis aims to overcome these issues by
developing a fundamental understanding of SHRO and engineering novel delivery systems

that ease application, allow for  situ activation of ROS and maintain antimicrobial efficacy.

This work demonstrates three systems that are capable of locally delivering efficacious
doses of ROS to a wound site. These systems include: 1) the formulation of ROS producing
emulsions which have the ability to trigger the therapeutic generation of HoO2 (0.7 — 4.2 pmol
g'), over 24 hour and display viscosities between 1.4 and 60.7 Pa - s at a shear rate of 4.1 s”! by
varying dispersed phase volumes (30-60%) and adding thickening agents. This flexibility allows
for the tailoring of specific applicational mechanisms, such as that of a spray or a cream. 2) the
formulation of ROS producing superabsorbent powders with a capacity to absorb up to 120.7
mL g! of water and generate 3.1-5.2 pmol g-! of HoO9 in a 24 hour period. In addition to
tackling topical infections this system also has the potential to simultaneously provide a
protective environment and stimulate wound healing. 3) the formulation of an implantable
ROS producing calcium sulphate bone cement capable of generating up to 0.7 pmol g'! of
HsO7 over 24 hours. In addition, this system demonstrates compressive strengths comparable
to trabecular bone (32.2 MPa), highlighting it’s i vivo suitability. Each of these formulations has
been tested i vitro against clinically relevant, World Health Organisation priority pathogens,
namely Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa. Overall this thesis
demonstrates the potential to reduce reliance on traditional antibiotics by exploiting

formulation engineering to aid society in the fight against AMR.
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CHAPTER ONE

1. INTRODUCTION

Antimicrobials have been used for millennia in the treatment of microbial infections.
There 1s well documented evidence of topical wound management having taken place in
ancient civilisations from across the globe, including China, Egypt and Greece [1-3].
Nevertheless, infections now seen as simple and straightforward to treat, such as gastroenteritis
and pneumonia, were once the number one cause of death worldwide [4,5]. Infections caused
by a simple cut or transmitted through a cough or a sneeze were also often fatal. Notably in the
19t century tuberculosis, a bacterial infection that mainly affects the lungs, was solely

responsible for 25% of all deaths in Europe [6].

Despite infections being a major cause of death in humans, it was not until 1676 that
the existence of bacteria and microorganisms were discovered by a textile merchant, Antonie
Van Leeuwenhoek, where he observed what he called ‘Animalcules’ through a single lensed
microscope [7,8]. The conclusive link between microorganisms and infection, however
remained undetected until Louis Pasteur’s research into Germ theory in the mid 19 century
[9]. This work laid the foundation for German physician Paul Ehrlich who noted that certain
chemical dyes would stain some bacterial cells but not others [10]. With this principle in mind
he concluded that substances could be developed to selectively kill bacteria without harming
other cells [11]. In 1909 this led to the discovery of arsphenamine, which although difficult to

deliver and highly unstable in air, was successfully used to treat Treponema pallidum, the bacterial



infection responsible for causing syphilis [12—-14]. Arsphenamine is now regarded as the first

modern chemotherapy agent [15].

Following on from the key concept of compound specificity developed in the previous
century, the first antibiotic, penicillin, was discovered by Sir Alexander Fleming in 1928 [16—
19]. However, as with arsphenamine, stabilisation and mass production limited early antibiotic
use and it was not until the 1940’s that these challenges were overcome [20-22]. At which point
penicillin, ‘the wonder drug’, was rolled out worldwide, changing the face of modern medicine
and saving millions of lives [23,24]. Unfortunately, the euphoria surrounding this antibiotic
was short lived, as by the 1950’s bacterial resistance had become a significant clinical issue [25].
The discovery and deployment of beta-lactam antibiotics restored confidence and hope in
medicine, however again this was short lived with resistance rapidly emerging, resulting in the
first case of methicillin-resistant Staphylococcus aureus (MRSA) [1,26,27]. Between the late 1950°s
and the early 1980’s there was a huge rise in the discovery and development of new
antimicrobials, introducing nearly 60% of all antibiotic classes to market, in a bid to solve the
problem of resistance [28]. However, with only two new classes discovered since that period,

the antibiotic pipeline is beginning to dry up, and resistance is once again on the rise [29,30].

Antimicrobials are starting to fail, in what 1s fast becoming a global problem. Scientists
in every continent on earth, including Antarctica, have reported the detection of resistant
microbes [31,32]. The UK government reports estimate that by 2050, 10 million people will
die annually around the globe as a direct result of antimicrobial resistance (AMR), which is
more deaths than from cancer and diabetes combined [33,34]. Further worsening of the AMR
crisis could have significant consequences for surgical procedures and cancer chemotherapy as

it becomes too hazardous to undertake [35].



It has been demonstrated throughout history that nature has a remarkable propensity
to adapt and survive. As such, observations of the natural world often serve as inspiration for
scientific innovation. With the majority of current antimicrobials found in or derived from
nature, and with the benefit of billions of years of evolution, it seems only logical that this
approach warrants further investigation. One such area of interest is the use of reactive oxygen
species (ROS) as a treatment for infection [36,37]. The antimicrobial properties of ROS are
widely exploited in nature, including as part of the human body’s defence system [38].
Production of ROS has even been identified as the predominant mechanism of action for
certain types of antimicrobial honey [39,40]. Interestingly, the use of honey for wound care
dates back to 3000 BC, and promisingly, to date no honey-resistant phenotypes have been
observed in bacteria for both ROS producing honey or manuka [41]. However, being a natural
product, the efficacy of honey can vary widely, this high degree of variability does not conform
with the reproducibility requirements of modern day medicine [42]. Therefore, in order to
harness the antimicrobial efficacy of honey, an approach to enable consistent ROS production
is needed. This prompted the development of an engineered honey (SurgihoneyRO™ -
SHRO) capable of generating tailorable amounts of ROS through the enzymatic oxidisation

of glucose [43,44].

This thesis for the first time aims to utilise ROS produced from a bioengineered honey and
formulate eflicacious delivery systems for the treatment of topical infections. To achieve this, it
was firstly important to understand and characterise the novel engineered honey, SHRO
(Chapter 3). The knowledge developed in Chapter 3 was then used as a foundation to guide
the engineering a number of systems capable of controllably releasing ROS. As seen in work
by both Ehrlich and Fleming, the delivery of an antimicrobial can be a significant challenge,

one which must be overcome in order to maximise the effect on society. This case is no



different, much like commercially available honey, SHRO is highly viscous and adherent,
which so far has limited clinical usability and thus uptake, despite its promising efficacy.
Chapters 4 — 6 are focused on engineering three distinctive SHRO delivery systems with the
following objectives:

e To enhance clinically usability and expand applicational areas by enabling easy
administration, such as that produced by a spray, cream, powder or injectable
system.

e To ensuring that processing conditions did not reduce antimicrobial efficacy of
the active SHRO.

e To add additional functionality with the aim of creating an environment that

also improves wound healing.



CHAPTER TWO

2. LITERATURE REVIEW

2.1 Infection and Treatment

Infections occur due to foreign disease causing microorganisms invading host tissues,
these microorganisms are commonly referred to as pathogens [45,46]. Not all microorganisms
cause disease, known as probiotics these flora provide an advantageous environment necessary
for human health, assisting processes such as digestion and pathogenic defence [47,48]. It 1s
worth noting that the terms “infection” and “disease” are not synonymous; infection is the
consequence of a pathogen invading a host and beginning to grow, whereas disease only occurs
once an invading pathogen has impaired tissue function [49]. For disease to occur, pathogens
must first gain access, invade, colonise, and cause damage to host tissues. Access 13 normally
achieved through either natural orifices, such as the mouth or nose, or breaches in the skin that

may result from a wound [50].

2.1.1 Pathogens

There are six main types of pathogens: bacteria, protozoa, fungi, helminths, viruses,
and prions [51-53]. Bacteria exist as unicellular prokaryotic microorganisms, absent of
membranous internal organelles such as nuclei, mitochondria or lysosomes. Genomes within
bacteria are circular in nature and DNA is double stranded, replicating by means of binary
fission [49]. There are a number of different types of bacteria morphology, the three most
common are bacillus (rod), coccus (spherical), and spirillum (helical) [54,55]. These bacteria

are then frequently categorised based on Gram staining results, which 1s influenced by the



structural composition of the cell wall [56]. Gram positive bacteria have a cell wall that consists
of a thick layer of peptidoglycan, which helps to support the cell membrane. This peptidoglycan
layer is responsible for retaining the crystal violet dye used during Gram staining, causing this
type of bacteria to appear purple in colour [57]. In contrast, the cell wall of Gram negative
bacteria comprises of a thin peptidoglycan layer sandwiched between an outer and an inner
membrane. This thinner layer does not retain the crystal violet dye during Gram staining and
therefore does not appear purple. It does however stain pink due to the use of a counterstain,

such as Safranin, during the process [58].

Protozoa, like bacteria are unicellular, however differ in that they are eukaryotic in
nature and do not possess cell walls [59]. Fungi are also eukaryotic organisms with rigid
cellulose or chitin based cell walls and reproduce by forming spores. However, the majority of
fungi are multicellular with a few exceptions, such as yeast which is unicellular [60]. Like fungi,
helminths are also multicellular and are simple invertebrates with reproductive cycles including
multiple stages and often requiring a host [61]. Treatment of helminth infections can be difficult
since like human physiology, it is made up of differentiated tissues meaning that the drugs used

in treatment are often also toxic to human cells [49,62].

In contrast to bacteria, protozoa, fungi and helminths, viruses are not actually
organisms due to the fact that, they have no inherent metabolism and cannot reproduce
independently [63]. Viruses contain a nucleic acid genome consisting of genetic material
organised as either double stranded DINA or single stranded RINA [64]. This is then surrounded
by protein and referred to as a capsid. Viruses are also often encapsulated in a lipid envelope
acquired from the host cell [65]. Similarly, prions are also not classed as organisms since they

are composed entirely of protein. These proteinaceous particles are normally either inherited



or transferred through infected tissue. As with other pathogens, viruses and prions cause disease

by means of disrupting the normal functions of the host cell [66].

2.1.2 Pathogenic Immune Response

Not all infections require treatment as the human body’s immune response is often able
to detect and neutralise pathogens [67,68]. Antigens, usually proteins on the surface of the cell,
stimulate the response of lymphocytes and phagocytes [69]. Lymphocytes are types of white
blood cell and consist of T and B lymphocytes. T-lymphocytes attack and destroy pathogens in
a specific manner while B-lymphocytes produce specific antibodies for the encountered antigen
whilst also enabling memory cells to trigger a secondary immune response if encountered again
[70,71]. Phagocytes destroy pathogens by means of phagocytosis, a fundamental process of the
body’s innate immune system that engulfs and digests foreign particles [72,73]. In contrast to
lymphocytes that generate a pathogen specific immune response, phagocytes respond in the
same manner irrespective of the pathogen [74]. Notably, both of these cell types utilise the
production of ROS to stimulate and drive the immune response to the target site, where

hydrogen peroxide is used for cell signalling (0.1-10 pM) and as an antimicrobial agent

(>25 pM) [75-77].

2.1.3 Antimicrobials

Pathogens have the ability to compromise, overwhelm or evade a body’s defences
causing disease, this may necessitate medical intervention to prevent permanent damage,
including loss of tissue function and death [78]. Antimicrobials are a group of agents with the
ability to kill or inhibit the growth of microorganisms. Commonly known agents include
antibacterials, antifungals, and antiparasitics. Each has the capacity to target specific

microorganisms, 1.e. antibacterials are only effective against bacteria [79]. Antibiotics form a



subgroup of the broader category, antibacterials, and differ by definition in regard to their
source of origin. Antibiotics, originally defined as substances produced by one microorganism
for the selective inhibition or eradication of another, now includes synthetically produced
molecules. Synthetically produced antibiotics mimic substances formed by microorganisms in

nature for the inhibition or eradication of bacteria [80,81].



2.2 Antimicrobial Resistance

Modern medicine is highly reliant on the use of efficacious antimicrobials, especially
antibacterials and antibiotics [82]. However, microorganisms through mutations in
chromosomal genes and by gene transfer, have rapidly developed resistance mechanisms to
antimicrobials and are able to resist and, in some cases survive treatment (Antimicrobial
resistance - AMR) [83]. The emergence of AMR, specifically that due to drug or multi-drug
resistant bacteria, was responsible for 50% of all deaths associated with clinical infections in
Europe in 2008 [84]. Given this worrying statistic, the focus of the remainder of this chapter

will be largely on antibacterial and antibiotic resistant bacteria.

2.2.1 Resistance Development and Mechanisms of Action

In general, antibacterials can be delivered topically, parenterally, orally or as a
suppository with dosing dependent upon route of administration and age. Antibacterials work
by inhibiting cellular processes, pathways and functions, specifically antibiotics have modes of
action that precisely targets one aspect of a cell’s ability to survive, as can be seen in Table 2.1
[85]. Other antimicrobials, such as metal ions (silver, copper etc.) and honey, have a number
of mechanisms of action affecting multiple pathways [86]. This is likely why resistance

development to these types of antimicrobials is less common.



Table 2.1. The mechanism of action of common antibiotic classes. *Adapted from Alanzs., [87].

Mechanism of Action Antibiotic Classes

Inhibition of cell wall synthesis Beta-lactams
Glycopeptides
Cyclic lipopeptides
Inhibition of protein synthesis Tetracyclines
Aminoglycosides
Oxazolidinones
Streptogramins
Ketolides
Macrolides
Lincosamides
Inhibition of DNA synthesis Fluoroquinolones
Inhibition of RNA Synthesis Rifampin
Inhibition of folic acid synthesis Sulphonamides
Trimethoprim

Disorganisation of the cell membrane Polymyxins

Resistance to antimicrobials is a naturally occurring phenomenon and can either occur
due to intrinsic characteristics of the species being treated or develop due to antimicrobial
exposure. Resistance plasmids (R-factors) have even been found to be present in microbes
within a pristine environment, one with no record of any previous contact with antibiotics [88].
The effects of AMR, however have been exacerbated by human intervention and is largely
associated with the excessive use and misuse of antimicrobials in both healthcare environments

and agriculture [89]. Every year in the USA an average of 3 million kilograms of antibiotics
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are administered to patients, 13 million kilograms of antibiotics are administered to animals,
and the environment as a whole is exposed to a further 15 million kilograms of antibiotics
[90,91]. Exposing microbes to a multitude of antimicrobials at varying doses, promotes natural

adaptation and the development of resistance.

Intrinsic resistance is a microorganisms natural ability to resist the mechanism of action
of a particular antimicrobial. This could be due to inherent structures or functional
characteristics of the cell [92]. An example of intrinsic resistance is observed during the use of
the antibacterial triclosan, which has broad eflicacy against both Gram positive and Gram
negative bacteria. However, due to the additional coding of the enzyme enopl-ACP reductase in
members of the genus Pseudomonas, the mechanism of action of triclosan is inhibited [93]. Other
examples of intrinsic resistance can be found in Gram negative species of bacteria. For example,
the antibiotics daptomycin and vancomycin are both highly effective against Gram positive
bacteria but have a reduced ability to cross the outer membrane of Gram negative bacteria,

severely reducing efficacy [94,95].

In addition to fundamental intrinsic differences, microbes can also develop resistance
at two different stages; at a planktonic phase and at community level [96]. Cellular resistance
can occur due to gene mutation or by horizontal gene transfer (HGT) [97]. HGT is where
DNA is acquired from another resistant organism not passed down as a product of reproduction
[98]. This can occur by an organism up taking free DNA (transformation), plasma-mediated
transfer (conjugation) or phage-mediated transfer (transduction) [99]. Community level
bacterium can develop resistance to tolerate far greater stress than an individual cell. This 1s
exemplified by a microorganism’s ability to form biofilms resulting in up to a 1000 fold increase

in antibiotic resistance [100]. Furthermore, planktonic and community level resistance can

11



become synergistic, increasing and enhancing the overall AMR of the microbes [101]. Specific

mechanisms of resistance can be found in Table 2.2 and visualised in Figure 2.1.
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Figure 2.1. Mechanisms attributed to antibiotic resistance *Adapted from ReAct., [102].
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Table 2.2. Antimicrobial resistance mechanisms.

Mechanisms of Cellular Resistance References
Inactivation by hydrolysis or drug modification [103,104]
Reduction of drug binding affinity by means of target alteration of target

[105]
bypass
Decreasing drug permeability through the membrane [106]
Use of efflux pumps to expel drugs from within the cell [107]
Transfer of resistance determinants from other organisms by means of

[108]
horizontal gene transfer
Mechanisms of Community Resistance
Development of a biofilm matrix [109-111]
Development of persister cells which are slow growing to reduce effect from

[112]
antimicrobials which target bacteria which are dividing
Starvation induced stringent response as a result of limited nutrients in the
biofilm also reduces the effect from antimicrobials which target bacteria which ~ [113,114]
are dividing
Synergistic Mechanisms
Enhanced mutation rate in biofilms [115]
Extracellular DNA present within the biofilm encourages horizontal gene

[116-119]
transfer
Low concentration of antimicrobial provides sympathetic conditions for
[120,121]

increased mutation rates and horizontal gene transfer
Higher expression of cellular resistance mechanisms [122]
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Hospital acquired infections (HAI) are a major safety concern worldwide, increasing
morbidity, mortality, costs and length of treatment [123]. A recent study within the European
Union identified on average around 2.61 million new patients contract a HAI, while in the
USA HAT’s cost $28-48 billion dollars and 90,000 lives annually [124,125]. It has been shown
that only 17 different microorganisms, which prevalently include Staphylococcus aureus,
Pseudomonas aeruginosa and Escherichia coli, account for up to 87% of all HAI, of which 20% display
drug or multidrug resistant phenotypes [126,127]. With resistance to antimicrobials ever
increasing and the development of new antibiotics grinding to a halt, to help drive and guide
development, in 2017 the World Health Organisation (WHO) published a list of 12 priority
pathogens (Table 2.3) [128]. These are the pathogens most likely to cause a significant impact
on human health if resistance continues to develop on its present trajectory. The pathogens are
graded from critical to medium with those in the critical category resistant to multiple

antimicrobials, including carbapenem a ‘last resort” antibiotic, posing an imminent threat to

health [128,129].
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Table 2.3. World Health Organisation priority pathogens. *Derived from WHO., [128].

Critical

Acinetobacter baumannit — carbapenem resistant
Pseudomonas aeruginosa — carbapenem resistant

Enterobacteriaceae — carbapenem resistant, extended-spectrum beta-lactamase producing (ESBL)

High

Enterococcus faectum — vancomycin resistant

Staphylococcus aureus — methicillin resistant, vancomycin intermediate and resistant
Helicobacter pylort — clarithromycin resistant

Campylobacter spp. — fluoroquinolone resistant

Salmonellae - fluoroquinolone resistant

Neusseria gonorrhoeae — cephalosporin resistant, fluoroquinolone resistant

Medium

Streptococcus pneumoniae — penicillin non susceptible
Haemophilus influenzae — ampicillin resistant

Shagella spp. — fluoroquinolone resistant
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2.3 Use and Development of Novel Antimicrobials

According to The Pew Trust, as of June 2019 approximately 42 new antibiotics are in
Phases 1-3 of development, appearing to suggest that the drug development pipeline has been
reinvigorated amid the growing concern surrounding AMR [130]. However, historic data
suggests that fewer than 1 in 3 new antibiotics at this stage make it to market reducing the
number of viable antibiotic treatments to approximately 14 [131]. Furthermore, no new novel
mechanisms of action are currently in the pipeline with all developments being derived from
or combined with existing products [132]. Analysis by The Pew Trust also suggests that many

of these drugs do not target the critical priority pathogens as identified by the WHO [130,131].

The development of new antibiotics comes with inherent challenges especially in
contrast to other therapeutic fields. This is mainly due to the fact that the “low hanging fruit”
in the production of antimicrobial derivations and combinations has mostly been tapped,
leaving only the complex, costly task of discovering novel antimicrobial mechanisms [133—135].
This expense is what has caused many large pharmaceutical companies to exit the
antimicrobial market and instead focus on more profitable therapeutics [136]. To put this into
perspective, a study by the London School of Economics has indicated that the typical net
present value of an antibiotic is in the region of -$50 million and this is in comparison to the
development and marketing of drugs for musculoskeletal conditions, which produces a net
present value of §1.15 billion [137]. To further compound the problem, in order to maintain
the eflicacy of antimicrobial treatment and to ensure that there is always an option available, it
would be necessary to develop novel mechanisms but not enter them into the market until
necessary. This strategy would prevent disease causing microbes from coming into contact with
the newly developed antimicrobials stopping the development of resistance towards them.

However, this means creating products and essentially leaving them on a shelf, reducing profits
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and eating into a products patent life span [138]. Only 4 large pharmaceutical companies
(Merck & Co., Roche, GlaxoSmithKline and Pfizer) still have active antibiotic programmes
leaving small-medium sized enterprises (SMEs) to fill the void in the development of new
antimicrobials [139]. Popular avenues of exploration have included the re-examination of
metallic 1ons such as silver and other natural antimicrobial compounds, including honey as a
means of treating infections. These antimicrobial products have historically been critical in
wound care but were superseded by the discovery and development of antibiotics. However,
the emergence of antibiotic resistance has forced the re-evaluation of such compounds as both

a means of treatment and the development of novel antimicrobial technologies.

2.3.1 Honey

One specific area of interest for SMEs 1s to exploit and develop existing antimicrobial
sources to their full potential, such as that of ROS and honey [36,37]. For millennia specific
types of honey have been used as a topical wound treatment without the development of AMR
[140]. The composition of honey in nature is highly dependent on floral source, weather
conditions, temperature, geological location and storage time but 1s mainly composed of three
components, fructose (®38%), glucose (=31%) and water (=17%) [141,142]. The remaining
constituents are other sugars, acids, proteins, vitamins and minerals [143]. Inherently,
endogenous water within the honey structure is bound to sugar molecules and is low in
concentration, providing many of the systems physicochemical characteristics (e.g. viscosity),
and inducing a high degree of osmolarity [40,144]. Being osmotic allows the honey to draw
water away from organisms causing dehydration and produce an environment non-conducive
to cellular activity [145]. In addition, the presence of gluconic acid further increases the

antimicrobial hostility of the system, creating an environment that typically has a pH between

3.2 and 4.5 [40].
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The antimicrobial effects of honey are not only due to the levels of acidity and
osmolarity but also the presence of peroxide or non-peroxide components [146,147]. Non-
peroxide honeys, such as Manuka are monofloral and dependant on one source of nectar, in
this case from the Manuka tree [148]. Manuka honey contains compounds, such as catalase,
that affect the production and accumulation of hydrogen peroxide. However, increased levels
of methylsyringate, methylglyoxal and bee defensin-1 are found within the honey, which result
in a strong antimicrobial effect [42,149,150]. Manuka honey is widely used in wound care with

uses such as the formulation of antimicrobial biomimetic meshes as is demonstrated by

Mancuso. et al., [151].

More commonly within a honey system is the formation of hydrogen peroxide, which
arguably provides honey with its most potent antimicrobial effect [152]. Hydrogen peroxide
and other ROS are produced upon dilution of unbound water by the enzyme mediated (glucose
oxidase — GOx) oxidation of glucose (Eq. 2.1) [36]. As aforementioned (section 2.1.2), in
addition to its direct antimicrobial effects the presence of ROS in a wound can stimulate the
immune system to respond to infective pathogens [153,154]. This immune response occurs at
ROS concentrations between 5 - 250 pM [155]. Furthermore, ROS has also been found to
support wound healing between 0.1 — 10 pM, specifically the processes of proliferation,

differentiation, migration, angiogenesis and act as an anti-inflammatory [155-157].

GO
CeHip0g + Hy0 + 0y — CeHy,0, + HyO, (Eq. 2.1)[42]
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2.4 Use of Reactive Oxygen Species in Wound Care

As a natural product the antimicrobial activity of honey can vary greatly. Such
irregularity is not conducive to modern day medicine and one of the reasons that clinical uptake
and use of honey or honey based products is limited [157,158]. Notably, neat hydrogen
peroxide (HoO2) has previously been used in wound care to treat and prevent infection, but its
use 1s also limited due to its fast reactivity. As such high, often cytotoxic doses (=3%) are used
in order to keep the ROS concentration above the microbicidal level for a longer,
therapeutically relevant, period of time [159-161]. In contrast endogenous macrophages
generate much lower local concentrations of ROS of between 10 - 1000 pM. Hyslop. et al., [77]
further indicates that ROS concentrations of 25 — 50 pM are sufficient to induce bacteriostasis
however concentrations of up to 500 pM may be necessary to observe bacterial cell death in
some organisms [162]. A review by Zhu. et al., [163] therefore concluded that it would be
beneficial to deliver these, lower, tailored doses of ROS and maintain these concentrations at

the site of infection.

2.4.1 SHRO

In order to realise the potential use of honey as a viable antimicrobial treatment it must
be capable of delivering specific and controlled amounts of ROS over a clinically relevant
period of time. A novel engineered medical grade honey, SHRO, meets this realisation. SHRO
1s a bioengineered honey processed to enhance and deliver a specific and consistent
antimicrobial effect [164]. Key w vitro and i viwo studies by Dryden, Halstead and Cooke.,
[165], Dryden, Milward and Saeed., [164], and Dryden. e al., [166] found SHRO to be a
powerful antimicrobial agent, effective at treating wounds and ulcers. SHRO has been shown
to eradicate both Gram positive and Gram negative bacteria, including Staphylococcus aureus (S.

aureus), Pseudomonas aeruginosa (P. aeruginosa) and Escherichia coli (E. coli). In addition, SHRO has
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also been shown to be strongly efficacious against World Health Organisation priority
pathogens, namely, MRSA and vancomycin-resistant Enterococcus faecium [43,44,167-171].
Furthermore, Halstead. et al, [168] discovered that SHRO prevented the formation and

reduced the seeding of biofilms.

Clinically, SHRO demonstrated an ability to prevent and treat surgical site infections
as well as Hickman and vascular line infections. In all cases the use of SHRO prevented the
need for the administration of antibiotics [166,172]. As aforementioned, SHRO 1is an
engineered honey, this allows the potency to be tailored as required. This property permitted
SHRO to outperform other medical grade honeys, such as Activon and Medihoney and two

of the most commonly used antimicrobials in wound dressings; silver and iodine [43].

2.4.2 Mode of Action

Hydrogen peroxide and other ROS are produced from SHRO by means of an
enzymatic reaction as shown in Eq. 2.1 [42]. The kinetics of this reaction can be
mathematically described using the Michaelis-Menten equation (Eq. 2.2), which states that the
reaction rate (V) is equal to the maximum rate achieved (Vmax) multiplied by the concentration
of the substrate [S] divided by that of the Michaelis constant (Kw) plus the concentration of the
substrate [173]. As with any novel healthcare technology it is prevalent that the
pharmacokinetics and mode of action are well documented [167,174]. Understanding the
kinetics of the system will allow for quantification of ROS over time along with determination

of production rates.

_ Vimax[S]
= e (Eq. 2.2)[173]
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Molecular oxygen (Og) is essential in the mitochondrial production of adenosine
triphosphate (ATP), which provides energy. An increase in the ATP yield is necessary for the
greater demand of energy required to repair tissues [39]. If that O2 molecule has been reduced
by the addition of electrons it is referred to as a ROS. Examples of ROS include the hydroxyl
ion (OH-) and radical (-OH), the superoxide anion (-Og’), peroxide (-O22), and hydrogen

peroxide (H20p9) [36].

The production of ROS at concentrations > 25 pM provides SHRO with its potent
antimicrobial activity, with multiple mechanisms of action [162]. Dryden. ¢t al., [167] indicates
that ROS elicits its antimicrobial action through reactions with thiol groups found in enzymes,
proteins and DNA, inhibiting function. Additionally, Wang. e al., [175] demonstrates that
ROS can oxidise bacterial cell walls and membranes preventing transport and compromising
how vital molecules interact, leading to cellular death. Furthermore, it has been shown that

ROS can inhibit protein synthesis in ribosomes and disrupt electron transport (Figure 2.2)

[176-178].
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Figure 2.2. Bacterial structures and processes affected by treatment with ROS
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2.5 Delivery Systems

SHRO somewhat realises the potential use of honey as a viable antimicrobial treatment.
It is capable of delivering specific and controlled amounts of ROS providing, repeatable,
consistent, efficacious, results and eliminates the variability associated with that of natural
honey [164]. As illustrated in work by both Ehrlich and Fleming, the delivery of an
antimicrobial can be a significant challenge, one which must be overcome in order to maximise
the effect on society [12—-14,20-22]. Much like commercially available honey, SHRO is an
adherent and highly viscous product that produces ROS as a result of an enzymatic, water-

initiated reaction [42], limiting its clinical usability and uptake, despite its promising efficacy.

To maximise the impact of SHRO on infection treatment, usage and clinical uptake
needs to be increased. Within the healthcare setting the most prominent sites of infection are
topical. The skin acts as one of the first lines of defence, breaches caused by either an accident
(e.g. trauma) or from an intentional act (e.g. surgical incision) allows for the incursion of
pathogens and is the leading cause of infection [179]. Topical antimicrobials therefore are
commonly used both to treat infections and to act as a prophylactic [180,181]. Delivering an
antimicrobial topically can offer a number of advantages to that of systemic administration,
including localised, targeted delivery of antimicrobials to the specific site, which minimises
systemic toxicity [179]. Common topical approaches to deliver antimicrobials or more broadly

other actives, include the development of emulsions, creams and powders.

Another identified area for which the development of a SHRO delivery system could
make an impact is that of implants and implantable devices. Currently 45% of all nosocomial
infections are associated with the insertion of implants, of which a high proportion are resistant

to treatment and extremely persistent. This can result in additional surgery and the removal of
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the implant [182]. In addition to research into inherent methodologies to make the implant
itself antimicrobial, auxiliary materials used in implant fixation can also be functionalised, for

example antimicrobial bone cements.

To enable easy delivery of SHRO, there is a need to create alternative physical
formulations with a reduction in the adhesive characteristics of SHRO. The formulation should
also be able to exhibit a controllable release profile, with the aim of producing efficacious
amounts of ROS (> 25 pM) for up to or in excess of 24 hours to achieve a therapeutically
relevant treatment period. When designing such systems, it is important to consider the
underlying mechanisms of action. In the case of SHRO, the oxidation of glucose to produce
ROS is a reaction that requires water (Eq 2.1). SHRO contains 16-20% water, which is bound
to sugars and is therefore not free to react [183]. As a consequence, to avoid premature
production of ROS before clinical application formulations must be designed to utilise a non-
aqueous vehicle. Such a formulation would enable the efficacy of the product to be maintained
during storage with the aim of activating the formulation i sifu. Furthermore, glucose oxidase
denatures at temperatures greater than 55°C, therefore adding a temperature limitation to the

formulation process [151].

2.5.1 Emulsions and Emulsion Formulation

Colloids are a class of soft matter materials, which incorporates multiphase systems,
including emulsions [184]. An emulsion can be defined specifically as a mixture of two or more
liquids that are ordinarily considered immiscible, this sees one liquid (dispersed phase) become
dispersed in another (continuous phase) to form a homogenous mixture [185]. Emulsions are
used widely in a diverse range of industries, including food, firefighting, polymer manufacture,

photography and drug delivery [186,187].
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There are two types of basic emulsions that can be formed; the first is that of an oil in
water emulsion (O/W), whereby the oil forms the dispersed phase and the water is the
continuous phase. The second type of emulsion is a water in oil (W/O) emulsion, in which the
water 1s dispersed within the continuous oil phase [188]. More complex emulsions, such as
multiple emulsions can also be formed, for example double emulsions that include water in oil
in water emulsions (W/0O/W) and oil in water in oil emulsions (O/W/O) [189,190]. It is worth
noting however, that although basic notation describes an emulsion as water in oil or oil in
water, it 1s not bound by these two compounds as it is in fact describing the lyophilic (oil) or
hydrophilic (water) tendencies of that phase [191]. Such would be the case in an emulsion

where SHRO forms the polar (hydrophilic) component within the system.

Emulsion Stability

Emulsions are inherently thermodynamically unstable and as a result they do not tend
to form spontaneously [192,193]. In order to form an emulsion, there is an energy requirement
that is normally delivered to the system through methodologies such as shaking, stirring and
homogenisation [194]. Over time emulsions will phase separate in order to reduce the
unfavourably high energy states associated with interfacial tension [195]. The stability of an

emulsion is characterised by its ability to resist a change in properties over a period of time

[196].

There are five main instability mechanisms associated with emulsions, these are;
sedimentation or creaming, coalescence, flocculation, Ostwald ripening and phase inversion
(Figure 2.3) [197-199]. Sedimentation, most commonly observed in W/O emulsions, occurs

when the dispersed phase is denser than that of the continuous phase. Gravitational forces then
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act upon the dispersed droplets forcing them to settle at the bottom of the emulsion [200].
Creaming 1s the opposite phenomenon to that of sedimentation; droplets rise to the top of the
emulsion due to buoyancy of the dispersed phase [201]. The occurrence of sedimentation and
creaming can both be described by Stokes law, a mathematical expression describing how
resistive forces in viscous fluids influence the way in which a dispersed particle moves and, in
such cases, the maximum velocity that can be achieved. In detail, the equation directly relates
particle radius () to sedimentation and creaming velocities (v). Whilst also accounting for any
difference between the droplet density (p;), the density of the continuous phase (p,) and the

bulk density (17) under the effect of gravity (g) (Eq. 2.3) [202].

. 2r2(p;n—p1)g (Eq. 2.3)[202]

Merging of two dispersed droplets to form one larger droplet is described as
coalescence. This occurs due to the disruption of the interfacial film caused by the interaction
of two droplets [203], which are more likely to interact when in close proximity, such as in
sedimentation or creaming layers. Coalescence may also occur due to droplet collision during
Brownian diffusion and over time this can greatly impact emulsion stability [203,204].
Instability can also occur due to the presence of attractive forces between droplets, referred to
as flocculation. These forces may result in the droplets forming flocs (groupings of droplets),
increasing the probability of coalescence but may also contribute to maintenance of droplet
structure [205,206]. The development of flocculation can lead to a change in emulsion flow
behaviour, which may impact delivery and dosing [207]. Ostwald ripening occurs when solids
in solution crystallise, over time smaller crystals deposit onto larger crystals, which leads to a
decrease in homogeneity and a destabilisation of the emulsion [208,209]. The fifth instability

mechanism, phase inversion is a phenomenon that occurs when the dispersed phase of an
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emulsion becomes the continuous phase or vice versa [210]. Phase inversion is widely used to
formulate emulsions, with many manufacturers using this process in order to create products
with increased stability and a small size distribution of droplets within a continuous phase [211].
It can occur due to the introduction of particular flows (shear induced), changing temperature,

alterations in phase volumes (catastrophic phase inversion — CPI), change in pH or the addition

of salts [212].

In order to increase the stability of emulsions, molecules known as surfactants or
emulsifiers are used. Surfactants orientate at the interface between the two emulsion phases
and reduce the interfacial tension (Figure 2.4a-b) There are four types of surfactants; non-ionic,
anionic, cationic and zwitterionic (Figure 2.4c) [213]. These compounds typically have a polar
(hydrophilic) head and non-polar (lipophilic/hydrophobic) tail. [199,214]. Emulsifier
configurations vary, meaning they can exhibit different levels of polarity and charge. Non-ionic
surfactants carry no net charge in the head group, anionic and cationic surfactants carry
negative and positive charges in the head groups respectively, and zwitterionic surfactants carry
both a negative and a positive charge in the head group [215,216]. With regards to topical and
medical applications it is generalised that anionic and cationic surfactants produce a potent
irritancy as a result of surface active properties interacting with bio-membranes and
intracellular processes. Non-ionic surfactants have the lowest irritant effect and are widely used

in cosmetics and medicine [217,218].
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The exact mechanism of a surfactant is dependent upon the type of film that is formed
(Figure 2.5) [219]. Monomolecular films produce a monolayer at the interface, capable of
repelling nearby droplets and preventing coalescence. Multimolecular films form multiple
layers around the droplet and much like the monomolecular films provides resistance to
coalescence through repulsion [199]. In addition, multimolecular films have the ability to swell,
which can increase the overall viscosity of the system further reducing the likelihood of droplets
merging [219]. Solid particle films can also be formed by utilising materials that can be wetted
by both the polar and non-polar phase. This property results in the particles concentrating
around the interface of the phases and produces a mechanical barrier to prevent coalescence

[199,219].
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Figure 2.5. Different mechanisms of action for surfactants dependent upon type of film formed.

*Adapted from Madaan. et al., [219].

The overall polarity of a surfactant also varies between compounds, this variance is
measured on a scale known as the hydrophilic-lipophilic balance (HLB) [220]. HLB values can
range from 0 — 20 with values <10 indicative of a molecule that has greater lipophilic
tendencies. HLB values >10 indicate a higher degree of polarity. Emulsifiers that have a greater
polarity (HLB value >10) will in general form O/W emulsions, conversely those that are more
lipophilic will produce W/O emulsions (HLB value <10) [221]. As HLB values are additive,
desired HLB values can be achieved by combining surfactants. The final HLB of the mixture
(HLBm) can be calculated using Eq. 2.4 whereby %a and %s represent the percentage of the
two surfactants in the final mixture and HLBa and HLBg signify the HLB values of both

surfactants [222,223].

HLB,, = (%, X HLB,) + (%5 X HLBp) (Eq. 2.4)[222]
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With regards to the formulation of a SHRO emulsion it would be advantageous to
form a SHRO 1in oil emulsion in order to protect the SHRO from atmospheric water in storage,
preventing premature ROS activation and a reduction in its antimicrobial efficacy prior to
application. In order to achieve this a non-ionic surfactant, with an HLB value conducive of

W/0O emulsion formation should be used.

Common types of oil used in medicine and the formulation of emulsions include but
are not limited to: paraffin oil, vegetable oil, olive oil and corn oil [224-226]. Paraffin oil is the
by-product of petroleum distillation and has a number of medical and cosmetic applications,
such as drug delivery and cream formulation [224]. Unlike most oils used in emulsion
formation paraffin oil is highly refined and is made up of exclusively long, higher chain alkanes
[227]. Vegetable, olive and corn oil on the other hand are composed of varying blends of
different triglyceride esters and fatty acids [228]. In terms of common surfactants, as previously
mentioned non-ionic surfactants have the lowest irritant effect [217,218]. As such non-ionic
surfactants, including polyglycerol polyricinoleate (PGPR) and Sorbitan monooleate 80 (SPAN
80) are amongst the most commonly used surfactants in food and healthcare applications. The
HLB values of PGPR and SPANGS8O are 1.5 and 4.3 respectively, meaning they are both used

to formulate W/O emulsions [229-232].

Emulsion Processing Variables

The formulation of a stable emulsion is crucial for both efficient storage and for the
reproducible production of the final applied therapeutic and efficacious dose. However, this
stability requirement is driven by a number of factors including mechanism of instability and

length of time the product must remain stable for in order to maintain efficacy. Processing
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parameters that can influence emulsion stability include stirring intensity, mixing time,

emulsifier concentration and formulation temperature [199,233].

Emulsions are formulated through the application of mechanical energy. This energy
deforms the interface between the two phases creating droplets of one phase within another
[234]. The size of the droplets created is relative to the energy input into the system, with higher
energies forming smaller droplets and increasing stability [235]. Examples of equipment used
to deliver this mechanical energy include shakers or agitators, propeller mixers, turbine mixers,

homogenisers and sonicators [199].

In addition to the amount of mechanical energy delivered to the system, another key
parameter 1s the mixing time. According to Khan. ef al, [199] droplet diameter within the
emulsion decreases with stirring speed and time. However, it is also noted that prolonged
mixing may cause the surfactant to drop out of the interface between the two phases, due to

the exerted shear forces [233].

The most efficient surfactant concentration is dependent upon both the emulsion being
formed and the type of surfactant. In general, there is a concentration window for which a
surfactant is effective [233]. Outside of this range the stability of the final emulsion significantly
diminishes. Low concentrations of surfactant produce an unstable emulsion as droplets have a
tendency to agglomerate. High concentrations of surfactant also have an adverse effect on
emulsion stability [236]. This is due to an increased time for the interfacial film between the
two colliding droplets to drain of the continuous phase and this leads to interfacial deformation

with a greater propensity for droplets to coalesce [237,238].
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Preparing stable emulsions at low temperatures is possible, however as the surface
tension of most liquids decreases with an increase in temperature, more stable emulsions can
often be created at higher temperatures [199]. Systems exposed to higher kinetic energies also
have a greater ability to overcome the attractive forces of the continuous phase, the temperature

at which this occurs is known as the critical temperature value [233].

Cream Formulation

Simply, a cream 1s an emulsion that contains approximately equal volumes of water
and oil. Typically, creams have a thickening agent added to the emulsion in order to achieve
particular rheological and sensory properties, appropriate to the target application [239].
Creams usually display non-Newtonian viscoelastic behaviour with an elastic microstructure,
which pertains to a shear thinning and low yield stress response to allow for good spreadability.
Upon the removal of shear forces the microstructure transiently regenerates and returns to its

original viscosity [240].

Emulsion Characterisation

The evaluation of an emulsion, its properties and its characteristics can be determined
by various methods (Table 2.4). These include but are not limited to methodologies that identify
the emulsion type, quantify interfacial tension, determine the droplet size, characterise stability

and assess the rheological properties [241].
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Table 2.4. Key Emulsion Characterisation Techniques

Characteristic Assessed Test/Methods

Type of Emulsion Dilution Test
Addition of Hydrophilic or Lipophilic Dyes
Conductivity

Interfacial Tension Tensiometer

Droplet Size Microscopy
Laser Diffraction

Instability Mechanisms Visual Measurements
Accelerated Conditions:
Centrifuge
Temperature

Flow Rheology

A dilution test works on the principle that addition of supplementary continuous phase
will not have an adverse effect on the emulsion. For example, diluting an O/W emulsion with
water will not result in a stability change, however the addition of water to a W/O emulsion
will cause the emulsion to break [242]. Dyes could also be used to determine the type of
emulsion, by utilising either a lipophilic or hydrophilic dye and analysing the results under a
microscope, the type of emulsion can be determined by the location of the dye [195].
Alternatively, the type of emulsion may also be assessed by measuring the conductivity. As oil
1s a poor conductor, an oil continuous emulsion will not allow a current to pass. The inverse is

true if the emulsion that has been formed is water continuous as a current is allowed to flow

[219].

Interfacial tension is a contractive property that allows the surface of a liquid to resist
an external force and can be measured using a tensiometer [243]. There are different types of
tensiometers such as: a goniometer that measures the interfacial tension using a pendant or
sessile drop technique [244,245], a Du Noty ring tensiometer, which pulls a submersed
platinum ring out of the liquid in order to measure the surface tension [246], a Wilhelmy plate

tensiometer which places a plate perpendicular to the interface and measures the force that is
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exerted onto it, and a bubble pressure tensiometer that exploits the pressure generated from

gas or air bubbles in the measuring liquid using a capillary of a known size [247,248].

The determination of droplet size can be commonly achieved by either microscopic
examination or by laser diffraction methodology [219]. Droplet size can offer insight into the
stability of the emulsion, with smaller droplets providing greater stability. However, if droplet
size 1s found to increase over time it could indicate the occurrence of coalescence [199,219]. In
addition to droplet size, stability can also be assessed by measuring sedimentation or creaming.
The rate at which the dispersed phase sediments, creams or coalesces can be examined visually
either under storage or accelerated storage conditions [196,249]. Accelerated conditions are
often used to predict long term stability, with emulsions commonly exposed to environments
such as centrifugation or an increase in storage temperature [199]. Centrifugation increases the
rate of gravitational phase separation due to a difference in density. Exposing an emulsion to
15400 g for five hours is equivalent to the predicted annual gravitational effect the emulsion
would be subjected to in storage [250]. Alternatively, stability can be assessed by increasing the
storage temperature. This has a number of effects on the emulsion, however arguably the most
influential 1s that it can decrease the viscosity of the phases and increase sedimentation rates
[199,250]. Additionally, higher temperatures provide the system with a greater kinetic energy
resulting in more droplet collisions and increasing the likelihood of coalescence. Both

methodologies allow for long term stability predictions to be made [187].

Rheology can be used to assess the flow characteristics of an emulsion, which may be
an important indicator for how easy the formulation may be to deliver or be retained once it
has been applied topically. Specifically, oscillatory rheology can be used to assess the emulsions

ability to store energy elastically and the viscous shear response, which allows energy dissipation
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through heat [251]. These properties are known as the storage (G’) and loss modulus (G”) of
the emulsion and they can be further analysed by means of a frequency sweep in order to
describe the time dependant behaviour of the emulsion [252]. This was concluded to be an
important assessment of emulsion stability by Tadros [253]. The viscosity profile of emulsions
investigates the dependency of G” and G” on frequency and the effect of energy dissipation
within droplets [254]. Relative values of G” and G are known to be indicative of a change in

fluid structure [255].

2.5.2 Powder Formulation

Powders are widely used in medicine to deliver therapeutic compounds, be that as tablet
precursors intended for internal use or in its particulate form for external, topical, application
[256]. In addition, powders can often offer greater stability than that of liquids, are more
convenient and easier to apply, can be blended with other medical applications and may
increase the speed of the therapeutic effect due to the large surface area [257-259]. A powder
delivery system however can provide issues with storage, especially if the formulated powder is
hydroscopic or has a tendency to dissolve in a humid environment, such as SHRO [260,261].
In order to achieve a powder, it is necessary to remove liquid components such as water from
the system. Three methods of water separation include; solvent extraction, evaporation or

freeze drying [262—-264].

Solvent Extraction

Solvent extraction otherwise known as liquid-liquid extraction separates compounds
based upon their relative phase solubility in polar or non-polar (organic) solvents [265,266].
There is then a net mass transfer between the two immiscible phases, usually in the direction

of water (polar) to organic solvent. This process is governed by the chemical potential of the
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system and a fundamental drive to adopt a state of lowest free energy [262]. The two immiscible
liquids can then be isolated using a separation funnel and processed [266]. Often volatile

solvents are used in order for the organic or less polar solvent to evaporate leaving behind the

dry solute [267].

The process of solvent extraction has been utilised a number of times on honey such as
work by Rezi¢. et al, [268] and Jiménez. et al, [269] for the extraction, separation and
determination of pesticide residues within the matrix. However, Hatt. et al, [270] highlights
that this methodology could be problematic for the extraction of water for the purposes of
creating a dry honey powder. The first issue 1s that of the complexity of the compositional
make-up of honey, which contains lots of different compounds such as water, sugars, enzymes
and minerals all with varying polarities [142,143]. This would make extraction and separation
of just water difficult as some compounds may have a higher affinity to the water phase than
that of the solvent. In addition to this, this methodology often utilises volatile solvents and this
could pose both an issue with regards to enzyme stability, which as described in Wiggers. ¢t al.,
[271] can be inhibited. Furthermore, it is well known that volatile solvents are often associated

with health risks ranging from topical irritation to cancer [272].

FEvaporation

Another method for the removal of water could simply be to increase the temperature
and force the water to evaporate. This could be achieved by the utilisation of a conventional
oven or by a method known as spray drying [273], which forces liquids through a nozzle,

creating droplets between 10 and 500 pum depending on the nozzle type [274] that are then

sprayed into a hot chamber (typically >100°C) forcing the water to evaporate. The formation
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of small droplets maximises heat transfer and therefore, the rate at which the water evaporates.

The solid particles are then collected in a powder drum [275,276].

Both oven and spray drying are routinely used in formulation of honey powder for use
as a sweetener or an additive in the culinary sector [277-279]. Whilst maintaining flavour, the
high temperature that honey is exposed to during these procedures could fundamentally disrupt
the conformity of the enzyme resulting in an inability to produce ROS [151,280]. In addition,

exposure to heat may reduce the sugars in the honey to hydroxymethylfurfural [281].

Freeze Drying

In contrast to spray drying other dehydration techniques do not require high
temperatures to remove water. Freeze drying, a synonymous technique to lyophilisation, is able
to maintain structure and functionality by using low temperatures and low pressures to remove
ice from a material by means of sublimation [282-284]. At atmospheric pressure most
compounds exist in three temperature dependant phases (solid, liquid, gas), however
sublimation is an endothermic process by which a compound can directly transition from solid
to gaseous phase, without transitioning through the intermediary liquid phase [285,286]. This
phenomenon occurs at a distinct region of a materials phase diagram, known as the triple point
and identifies the maximum pressure (6.12 mbar) and temperature (0.01°C) threshold required
for sublimation to occur. If these values are exceeded ice will melt into water and will transition

through its liquid phase prior to vaporisation (Figure 2.6) [287].
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Figure 2.6. Phase diagram of water illustrating the triple point associated with sublimation.

The process of freeze drying can occur in up to four main stages; pre-treatment, sample
freezing, primary drying and secondary drying [288,289]. At the pre-treatment stage the
sample 1s prepared for freeze drying, which may involve concentrating the product or adding
components to improve processing, such as drying agents to increase glass transition

temperature [264].

The glass transition of a material describes the transformation from an amorphous
“glassy” state into a viscous state or vice-versa [290]. In the context of honey, the highly

concentrated sugars and organic acids produces a product characterised by low glass transition
temperatures (7,), often reported below -50°C, which provides an inherent challenge to the

freeze drying process [291-294]. If the temperature of the drying chamber is higher than that

38



of the 7, of honey it will adhere to the chamber surface, preventing the drying process [295—
297]. Due to the low 7, of honey drying agents such as starch, maltodextrin or gum Arabic are
typically added in order to increase the 7, of the honey, ensuring that the 7,is not crossed
within the chamber, keeping the material in it amorphous state [298]. Drying agents increase
the 7, by reducing particle to particle cohesion, which reduces the water-holding capacity of
the material, enabling the water content of the honey to be removed, the drying process to

proceed and a powder to be formed [299-301].

When freezing the sample for drying it is important that the material is cooled below
that of its triple point, to ensure that sublimation occurs in preference to instigating the melting
process [302]. The speed of freezing is also a factor to consider, slow freezing forms larger
crystals that allows a product to dry faster, but ice crystals can damage sensitive structures, such
as enzymes. In order to prevent the formation of larger ice crystals, materials can be frozen
quickly with common methods, including using a -80°C freezer or the use of liquid nitrogen

[303].

Once the material is frozen, the pressure within the freeze dryer is then lowered through
the application of a vacuum to initiate the primary drying phase [304]. With small amounts of
heat provided, usually through conduction or radiation, the ice in the material sublimates
removing up to 95% of the endogenous water [305]. This phase can often last for a number of
days to ensure heating is minimised, which is particularly important for temperature sensitive
formulations. Vaporised water is then condensed in a condensing chamber and allowed to

solidify [264,306].
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If further drying is required a secondary drying phase can be performed, this aims to
remove any remaining water in the material [307]. During this phase the temperature is
increased higher than that in the primary phase and the pressure is lowered further, this helps
to break any physicochemical interactions that may be present, allowing any remaining water
to be vaporised and removed. Following the secondary drying phase, a typical material will

have a final residual water content between 1 and 4% [305].

Added Hydrogel Functionality

With the rise of chronic wounds and the morbidity associated with them, wound care
1s becoming increasingly important. A number of wound dressings have been developed with
the aim of both protecting the wound from developing infection and also to aid the wound
healing process (Table 2.5). Simply, wounds can be classified as either being dry or wet with
treatments varying depending upon type. A dry wound would benefit from a moist
environment in order to support the inflammatory phase and increase the rate of epithelisation
[308]. In contrast a wet wound would benefit from having the amount of exudate limited to

allow for autolytic debridement which further promotes successful wound healing [309].
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Table 2.5 Commercially available wound dressings [309].

Dressing Type = Commercially Available Products Characteristics
Gauze Curity, Vaseline Gause, Xeroform Can Dry Wounds
Films Bioclusive, Blisterfilm, Cutifilm, Retains Moisture
Flecigrid, OpSite, Tegaderm
Hydrocolloids ~ Aquacel, Comfeel, DuoDERM, Traps Fluid
Granuflex, Tegasorb
Hydrogels Carrasyn, Curagel, Nu-gel, Purilon, Rehydrates Wound
Restore, SAF-gel, XCell
Foams 3M Adhesive Foam, Allevyn, Lyofoam, Moderately Absorbent
Tielle
Alginates Algisite, Kaltostat, Sorbsan, Tegagen Highly Absorbent,
Acts as a Haemostatic agent.
Hydrofibers Aquacel Hydrofiber Highly Absorbent
Skin Substitutes  Alloderm, Apligraf, Biobrane, Bioseed, Provides Growth Factors and
Dermagraft, Epicel, EZ Derm, Cytokines

Hyalograft, Integra omnigraft,
Laserskin, Myskin, TransCyte

As aforementioned one of the benefits of forming a powder delivery system is that it can
be blended with other materials to add functionality. Given the known benefits of using
hydrogels in wound care, the incorporation of a superabsorbent to facilitate iz situ gelation may
enhance treatment [310]. Hydrogels are formed of complex, hydrophilic, polymer networks
with a capacity to contain and absorb large quantities of water, such as that found within
biological fluids [311]. The high water content and porosity of hydrogels provides a close
resemblance to that of native tissue and thus provides a foundation for the process of wound
healing [312,313]. Specifically, it has been shown that the moist environment provided by a
hydrogel dressing simplifies healing phases such as granulation, the repair of the epidermis, and

the removal of dead tissue [314-317].

Polymers commonly used to make hydrogels include alginate, gellan gum, agar,
polyvinyl pyrrolidone and polyethylene glycol, however these require crosslinking in solution
to form hydrogels [318]. Crosslinking is achieved with the action of various gel specific stimuli,

which can include the use of radiation, heat, pressure or chemicals [319]. Therefore, hydrogels
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are often delivered hydrated for efficiency. This approach, however, is less feasible if the
formulation incorporates a water-sensitive compound, such as SHRO since it would be

activated and a reduction in efficacy observed prior to application.

In order to control the gelation rate of a hydrogel within a powder system,
superabsorbent polymers may be exploited to rapidly draw in water. One of the most well-
known superabsorbent polymers is sodium polyacrylate (SPA) [319], which is supplied as a
granular solid. SPA has the capacity to absorb between 100-1000 times its own mass of water,
hence its pseudonym, waterlock [320,321]. The mechanism behind SPA’s preeminent ability
to absorb and retain water is twofold. Firstly, SPA is a long, randomly coiled polymer formed
of a backbone containing carboxylic acid groups (COOH), which are hydrophilic and thus
draw water into the structure [322]. This water displaces sodium ions and this causes the coiled
polymer to unravel [323]. Next, hydrogen bonds form between the COOH groups and water

molecules, retaining and incorporating the HoO molecules into its structure (Figure 2.7)[319].

Figure 2.7. The formation of hydrogen bonds between carboxylic acid groups and water

molecules on the backbone of sodium polyacrylate, which results in the formation of a hydrogel.
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Characterisation of Powders
The evaluation of a powder, its properties and its characteristics can be determined by
various methods (Table 2.6). These include but are not limited to methodologies that identify

the morphology, size and flow of the powder particulates [324,325].

Table 2.6. Key Powder Characterisation Techniques

Characteristic Assessed Test/Methods

Morphology/Size Microscopy (Inc. Light and SEM)
Laser Diffraction
Dynamic Image Analysis

Flow Shear Cell Rheology
Angle of Repose
Carr’s Compressibility Index
Hausner Ratio

There are a number of methods used to determine the morphology and size of powder
particles, commonly these parameters are characterised and analysed by means of microscopy,

laser diffraction and use of dynamic image analysis techniques [326—328].

Visualisation of particles can be achieved simply by use of a light microscope, however
for a more detailed analysis an instrument such as a scanning electron microscope (SEM) may
be used. A SEM uses an electron beam scanned in a raster pattern across the surface of the
material [329]. These electrons interact with atoms on the surface and detectors then identify
either secondary electrons that are emitted from excited atoms (SE) or electrons are back
scattered from the electron beam (BSE), providing information relating to topography and
composition [330]. A SEM microscope is capable of resolving and measuring particles down

to | nm in size [331].
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Laser diffraction methods can also be used in order to determine the size distribution
of particles. This technique analyses the “halo” produced by diffracted laser light as the beam
passes through a particle dispersion [332]. The angle by which the laser is diffracted is
indicative of size, with the relative angle increasing with decreasing particle size. Mie theory is
used 1n order to calculate the size distribution of the particles with the reported sizes given as

the diameter of a volume equivalent sphere [325,333].

An alternative to using a laser diffraction technique is to use dynamic image analysis.
In contrast to laser diffraction techniques, dynamic image analysis assesses each individual
particle recording characteristic, such as sphericity and size [334,335]. Dynamic image analysis
works on the principle that a camera containing specialised optics is capable of obtaining
images at a rate of 500 frames per second with an exposure time of sub-nanosecond, thus
capturing images of individual particles within a single frame [334]. Particles are continuously
feed past the camera until a significant number have been imaged. Control over the particle
flow and concentration prevents the overlap of particles within the image. The images of the

particles are then analysed and evaluated using software [328,336].

The flow of a powder is also another important parameter to characterise as it is
influential in the application of the product. Methodologies associated with the determination
of powder flow are numerous, however shear cell rheology and the calculation of the angle of

repose, Carr’s compressibility index or Hausner ratio are amongst the most common methods

[337].

Shear cell rheology allows for the analysis of particle cohesion within the bulk powder

[338]. Instruments such as the Schulze shear cell measures the yield strength of the powder as

44



it begins to flow as a function of the applied stress. The flow property of the powder is then
expressed and can be compared to other materials [339,340]. Other empirical measures of flow
include the determination of the angle of repose [324]. This angle can be calculated using a
number of methodologies such as; the tilting box method, cylinder removal method or more
commonly the fixed funnel method [341,342]. The fixed funnel method allows for a known
quantity of material to be added to a closed or blocked funnel. The funnel is then opened at a
set height and a powder pile is formed. The angle that is formed between the horizontal plane
and the sloping face of the powder is the angle of repose and can be calculated by using
trigonometry [341,343]. This angle is related to the density, surface area and coeflicient of
friction exhibited by the powder. Materials forming a low angle of repose and, thus a flatter
pile, indicate a greater propensity to flow than that which form a tall pile and hence display a
high angle of repose [341]. Alternatively to the angle of repose, powder flow can be assessed by
means of calculating Carr’s compressibility index (CI) (Eq. 2.5) or the Hausner ratio (H) (Eq.
2.6) [343-345]. This is achieved by adding a known quantity of powder into a graduated
measuring cylinder with care not to compact the powder, taking note of the volume. A
mechanical tap, or method by which to reduce the interparticulate voids is then applied and
the final tapped volume is measured [324]. Materials that flow poorly are characterised by the
presence of large interparticle interactions and results with greater differences between the bulk

and tapped densities [344,346].

cl =" x 100 (Eq.2.5) [343]

Vi
4

vy

o= (Eq.2.6) [344]

Whereby v; is the initial, freely settled, bulk volume and vy is the final, compressed, tapped

volume.
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2.5.3 Bone Cements

Bone tissue infections, otherwise known as osteomyelitis, are a serious complication that
can arise from surgery or trauma [347]. Nearly half (45%) of all nosocomial infections are
associated with the insertion of implants or implantable devices, of which a high proportion are
resistant to treatment and extremely persistent [182,348]. Not only can the development of
osteomyelitis present a risk to life but it can also result in additional surgery and the failure or

removal of the implant [347].

In addition to functionalising implants with antimicrobials, there is a need to also
consider materials used for fixation of these devices since they directly interface with
surrounding tissue. Bone cement is widely used to fix prosthetics into place and also to augment
bone defects [349,350]. It is essential that these cements are biocompatible, resorbed at a rate
that matches bone formation, cost-effective, easily stored and easy to apply within the clinical
setting [351]. The three most common bone cements include; polymethyl methacrylate
(PMMA), calcium phosphate (CPC) and calcium sulphate (CSC) [352,353]. PMMA cements
set by means of an exothermic reaction, which can reach temperatures up to 120°C [354]. This
setting mechanism limits antimicrobial loading to compounds that are thermally stable, such
as gentamicin, erythromycin or vancomycin, and would not be suitable for the incorporation
of SHRO [355,356]. A number of calcium salt based cement systems have emerged in recent
decades providing orthopaedic surgeons with a practical substitute to that of autogenous bone
grafting with the most prominent being CPC and CSC [357]. Both of these calcium cements
set at lower temperatures than PMMA and are widely used in orthopaedics. CPCs may exhibit
a similar composition to that of endogenous bone mineral and it has been demonstrated by
Cox., et al. [358] that these systems may be formulated into efficacious antimicrobial carriers

for use with metallic implants. However, as evidenced by Zhu., et al. [359], CSC provides a
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much higher osseointegration potential than CPC, although faster degradation kinetics of CSC
should be considered. In some cases, a combination of both cements is formulated in order to
address the need of the application specific properties of a defect or implant [360,361]. The
formulation of a SHRO calcium salt cement, specifically CSC is of great interest due to its
wider usage and lower cost than calcium phosphate based cements [351]. It is hoped however,
that any investigation would provide a contribution to knowledge that could be transferred

between CSC and CPC systems.

Calcium sulphate cement (GSC)

Since its first use in 1892 CSC has been used in orthopaedics as a well-tolerated bone
regenerative material, with clinical use surpassing the majority of the currently available
biomaterials [362,363]. This success 1s due to low cost, ease of storage and deliverability [364].
CSC is formed as an injectable paste that may be easily and directly delivered to the defect
site, whereby it undergoes almost complete resorption without stimulating an i vwo

inflammatory response [351].

To create CSC raw calcium sulphate dihydrate otherwise known as “gypsum” is
mined, purified and heated to remove water, in a process known as calcination [365]. The
product of this process is calcium sulphate hemihydrate (CSH), otherwise known as plaster
of Paris [366]. CSH can reside in one of two forms, alpha (a) or beta (B), and although
chemically identical and infrequently differentiated in literature, differ in lattice structure
and crystal size [351,367]. a-CSH is characterised by well-structured crystals that are larger
in size than that of B-CSH, which is considered, relative to a-CSH, to be softer and more

soluble [368,369].
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When CSH is combined with water CGSC is formed by means of a exothermic
reaction which can increase the surrounding temperature to 42°C [367,370]. Often more
water 1s added than that suggested by the molar equation equivalent to form a workable
paste [351]. Excess water can however lead to a greater degree of porosity and therefore
produce an exponentially mechanically weaker cement [371]. The setting of GSC progresses
through a dissolution-precipitation reaction that is compatible within the physiological
environment (Eq.2.7) [351]. As GSH dissolves a saturated solution of GSC is formed, which
then proceeds to precipitate out by means of crystal nucleation. Both nucleation and growth
continue reducing the concentration of CSC in solution allowing for further dissolution of

CSH. Cycles of dissolution and precipitation further increase nucleation and growth of

crystals ending in a solid CGSC product [363,372].

CaS0, - 0.5H,0 + 1.5H,0 — CaSO0, - 2H,0 (Eq.2.7)[351]

Buocompatibility

The biocompatibility of implantable materials is essential and dependent upon the
complex interactions that occur at the implant-host interface [373]. The absence of a
significant host reaction to implantation is important, many studies have reported low degrees

of inflammation and fast, complete resorption of CSC, when compared to other regenerative

materials [363].

As an initial assessment of biocompatibility, the interactions between mammalian cells
and the material substrate may be investigated. To this end Payne., et al. [374] cultured human
fibroblast cells onto Polytetrafluoroethylene (ePTFE), polylactic acid (PLLA) and CSC, utilising

polystyrene as a control. It was discovered that cells were able to migrate furthest on CSC and
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in contrast to that of the other substrates maintain cellular morphology. CSC has also been
shown to increase microvascular density, suggestive of an enhanced angiogenic effect [375].
Improved vascularity could also help to explain some of the biological effects elicited by CSC
implants. Immunohistochemistry conducted by Walsh., e/ al [375] identified increased
localized concentrations of bone morphogenetic protein (BMP-2 and BMP-7) as well as platelet
derived growth factor (PDGYF) and transforming growth factor-p (T'GF-f), essential biological

molecules in the process of connective tissues regeneration.

In addition to considering the direct interaction of cells on biomaterials it is also
important to consider the influence of any degradation products. During CGSC dissolution
calcium ions are released from the scaffold which may, as suggested by Park., et al. [376],
stimulate osteoblast differentiation. In addition, Yamauchi., ¢ al. [377] indicates that calcium
ions may also incite proliferation and modulate osteoid synthesis. Furthermore, as osteoclasts
contain calcium sensing receptors, it is theorised that activity could be regulated due to the
localized concentration of calcium ions. As CSC dissolution increases local calcium
concentration osteoclast activity may therefore be inhibited and thus promote bone formation
[378]. pH at the implant site is also lowered as a result of the dissolution of CGSC [363]. This
can lead to localized demineralisation and the release of growth factors previously locked into
the bone matrix. Release of biomolecules such as BMP would boost mesenchymal stem cell

differentiation and thus increase bone formation [375]. The properties of CSC are summarised

in Table 2.7.
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Table 2.7. Properties of calcium sulphate. Derived from Thomas., ef al. [363].

Properties

Fast resorption with a low degree of inflammation

Superior fibroblast substrate

Localised increase in calcium ion concentration potentially stimulating bone growth
Angiogenic potential

Locally altered pH stimulates bone growth

Setting kinetics can be influenced by additives

Antibiotics, vital to modern medicine are also often added to CSC with gentamicin, a
broad spectrum aminoglycoside antibiotic, the most popular prophylactic since the early 1970’s
[379-381]. Resistance to gentamicin, like all mainstream antibiotics, i3 ever increasing and
despite a 2002 report by Thornes et al. stating that it is unsuitable for use in bone cements for
revision surgery due to the development of resistance, widespread clinical use has continued
[382,383]. As such, the incorporation of novel antimicrobials into CSCs that provide a viable
alternative to commonly used prophylactics, such as SHRO 1s deemed a worthwhile pursuit

[382,384].

Characterisation of Bone Cements
The evaluation of a bone cements, its properties and its characteristics can be
determined by various methods (T'able 2.8). These include but are not limited to methodologies

that identify setting time, crystal structure, chemical composition and mechanical properties.
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Table 2.8. Key Bone Cement Characterisation Techniques

Characteristic Assessed Test/Methods
Setting Time Gillmore Needle
Crystal Structure Microscopy (SEM)
Chemical Composition Raman Spectroscopy
X-ray Diffraction
Mechanical Properties Compression Testing

The setting time of GSC 1s relatively fast; however, kinetics can be affected when other
compounds are included. Additives, known as accelerators can increase the rate of setting or
compounds termed retardants may be used to slow the reaction [351,385]. Common
accelerators of the CGSC setting kinetics include inorganic salts and chitosan, which can increase
seed crystal density [363,386]. In contrast, biological macromolecules such as proteins have
been found to retard the setting of CSC by inhibiting crystal formation and preventing the
complete hydration of CSH [363,364]. This can in some cases delay the setting time drastically,

and as a result pre-set GSC formulations may be preferable [351].

Setting time can be assessed using a technique known as the Gillmore needle [387—
389]. Specifically, the ASTM standard C266-15 methodology measures the elapsed time
between setting initiation to that at which no indentation, by a needle of specific weight, can
be detected upon the cement allowing for the determination of the initial and final setting times
[390]. Furthermore, cement fragments may be analysed by SEM (section 2.5.2) to evaluate the
interconnected crystal structure with individual units assessed for size and arrangement

[391,392].

Raman spectroscopy and X-ray diffraction (XRD) are two techniques commonly used
to determine the chemical composition of a material [393]. Exemplified in work by Hughes., e/

al. [391] and Prieto-Taboada., ef al. [394] both Raman spectroscopy and XRD can be used to
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identify and quantify the phases present in GSC. Raman spectroscopy works by scattering and
detecting light [395]. By focusing a high intensity laser on a material, it is possible to cause light
scattering. While the majority of the light detected will be of the same wavelength used as the
source (Rayleigh scatter) some will have been scattered, inelastically, at a different wavelength,
characteristic to that of the material (Raman scatter) [396,397]. The different wavelengths
detected are compiled to form a Raman spectrum whereby peaks are specific to that of
molecular bond vibration, groups of bonds and structure [398]. In comparison XRD exploits
the elastic scattering of X-ray photons by atoms in a lattice to measure the constructive
interference of a monochromatic beam and produce a diffraction pattern [399,400]. Each
diffraction pattern is determined by atomic positions within the planes of the lattice and hence

XRD provides a fingerprint of a material, allowing for the identification of phases to occur

[401,402].

Given the mechanical role of skeletal tissue it is important to characterise the behaviour
of bone cements under loading. In order to characterise the mechanical properties of a cement,
compression testing is typically employed to determine elastic and plastic deformation,
compressive strength, and Young’s modulus [403,404]. This methodology determines a
materials behaviour under increasing compressive force until failure occurs [405,406]. Material
deformation during loading is recorded and the compressive stress and strain plotted (Figure
2.8) [407]. This information can be used to identify the maximum stress a material can sustain
before fracture (compressive strength) [406]. The strength of a bone depends on the region in
which it is located for example human trabecular bone harvested from the mandible (0.2 - 11
MPa) and femoral head (3 - 8 MPa), are substantially lower than that of compact load bearing
cortical bone (110 MPa) [408-410]. Young’s modulus (E) can also be calculated from the stress-

strain curve by dividing the uniaxial stress (o) by the strain (€) (Eq.2.8) [411]. This describes the
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elastic component of the compound by measuring a materials ability to withstand changes in

length under compression.
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Figure 2.8. An Example Stress-Strain Curve of Bone Undergoing Compression Testing

*Adapted from Unal. et al., [412]

E=2 (Eq.2.8)[411]
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CHAPTER THREE

3. FUNDAMENTAL ANALYSIS OF SURGIHONEYRO™

COMPOSITION AND ENZYME KINETICS

3.1 Introduction

With annual death tolls from AMR predicted to be greater than cancer by 2050,
research into new antimicrobials and methods to more effectively deliver existing compounds
are crucial to maintaining current quality of life [33,92,384]. The increasing difficulty and costs
associated with the discovery of novel antimicrobials, however, means that there are few new
compounds being developed [413,414]. In an effort to fill this gap researchers are looking for
inspiration in natural materials. The diverse roles of ROS in the body, including in response
to infection and wound healing, has attracted much attention [154]. However, the fast
reactivity of ROS, such as hydrogen peroxide means high doses must be used to stay above the
microbicidal level for a therapeutically relevant period of time [163]. To more effectively utilise

ROS a mechanism by which to stabilise and controllably release lower doses is required.

Production of ROS is a mechanism by which certain honeys are prevented from
spoiling [39]. ROS in honey is produced by the water sensitive enzymatic oxidation of glucose
(Equation 3.1). The levels of HoO9 produced via this reaction is wholly dependent upon honey
composition, which varies according to floral source, weather conditions, temperature,
geological location and storage time [415—417]. An average honey is composed of three main

components, fructose (£38%), glucose (=31%) and water (=17%). The remaining constituents
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are other sugars, acids, proteins, vitamins and minerals [142]. Inherently, endogenous water
within the honey structure is bound to sugar molecules and is low in concentration, providing

many of the systems physicochemical characteristics (e.g. viscosity).

GO
CoHyp0g + H,0 + 0y — CeHy,05 + Hy0, Eq. 3.1[42]

In order to realise the potential use of honey as a viable antimicrobial treatment, a
product capable of delivering specific and controlled amounts of ROS over a clinically relevant
time period is needed. As an engineered medical grade honey, SHRO meets this realisation
and promising  vitro and i viwo evidence has been collected which demonstrates the production
of ROS and its effects, at concentrations of 250 pM over a 24 hour period [43,44,167-170].
This degree of potency, within the range of that produced by endogenous macrophages is

capable of stimulating a systemic response while also inducing bacteriostatic and bactericidal

effects [77,155,162].

However, despite the engineered ability of SHRO to produce ROS i situ, which
circumvents the issues related with batch to batch variation of naturally derived honeys, it is
still inherently viscous and adherent. Thereby to realise the potential of SHRO as an alternative
to conventional antibiotics there is a need to formulate it into different physical structures that
are optimised to release clinically relevant ROS concentrations [418]. Before this formulation
challenge may be tackled, it is critical to develop a fundamental understanding of SHRO and

the mechanism by which it is able to produce an antimicrobial effect.

Hydrogen peroxide, such as that produced enzymatically from SHRO (Eq. 3.1), can be

used as an oxidising agent [419]. By exploiting the chemistry of o-dianisidine it is possible to
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catalytically reduce hydrogen peroxide to water using a peroxidase enzyme. This produces an
oxidised form of o-dianisidine (Eq. 3.2), which has a strong absorbance at 500nm [174,420].
By monitoring the change in absorbance at this wavelength as the reaction progresses the
kinetics of SHRO specific glucose oxidase can be studied. Specifically the kinetics of this
reaction can be mathematically described using the Michaelis-Menten equation (Eq. 3.3) that
states the reaction rate (V) is equal to the maximum rate achieved (Vmax) multiplied by the
concentration of the substrate [S] divided by that of the Michaelis constant (Kwm) plus the

concentration of the substrate [173].

POD
H,0, + o-dianisidine — oxidised o-dianisidine + H,0 Eq.3.2 [174]
_ Vimax[S]
= KartIs] Eq. 3.3 [173]

As aforementioned honey is a highly saturated sugar solution that contains a large
variety of additional compounds [142]. Arguably, for the purpose of developing an
antimicrobial effect through the production of hydrogen peroxide, the most important
compounds are glucose, glucose oxidase and water [42]. Hydrogen peroxide can be assessed
fluorospectrometrically by using a peroxidase substrate, which reacts with hydrogen peroxide
in a l:1 stoichiometry to generate resorufin, a highly fluorescent molecule [421]. In contrast,
to assess glucose concentration, adenosine triphosphate (ATP) is used to phosphorylate glucose
in a reaction catalysed by hexokinase (HK) [422]. In the presence of nicotinamide adenine
dinucleotide (NAD) the reaction product, glucose-6-phosphate is then oxidised to form 6-
phospho-gluconate in a further reaction catalysed by glucose-6-phosphate dehydrogenase

(G6PDH). This oxidation process reduces NAD to an equimolar amount of nicotinamide
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adenine dinucleotide + hydrogen (NADH), this proportionality therefore directly relates to the

concentration of glucose present and is measured by means of absorbance (Eq.3.4) [423,424].

HK
Glucose + ATP — Glucose-6-Phosphate + ADP

G6PDH
Glucose- 6- Phosphate + NAD —— 6-Phosphogluconate + NADH Eq. 3.4[424]

Further to the enzymatic investigations proposed thus far, refractometry can be used to
investigate the composition of SHRO. Refractometry measures the refractive index of the
material and this in turn can inform on the concentration of dissolved substances within a
material [425]. With specific reference to that of honey, refractometry may be used to assess

total water and sugar content [426,427].

This chapter aims to elucidate the enzyme kinetics of SHRO, characterise its chemical
composition and assess efficacy m vitro as well as any cytotoxicity against human dermal
fibroblasts. By better understanding the performance of SHRO this will help to guide the work

conducted in Chapter 4-6, which focus on formulating new, efficacious, easy to deliver systems.

57



3.2 Materials and Methods

3.2.1 Enzyme kinetics

Peroxidase (POD — Sigma Aldrich, UK) and glucose oxidase (GOx — Sigma Aldrich,
UK) enzyme stock solutions at concentrations of 125 and 500 units/mL were prepared in line
with the definition that 1 unit is defined as the amount of the enzyme that catalyses the
conversion of 1 micro-mole of substrate per minute. In addition, 50 mM sodium acetate buffer

was prepared (Fisher Scientific, UK)

100 mL of buffer solution was then oxygenated, and pH adjusted to 6, unless specified,
using 1 M hydrochloric acid (Sigma Aldrich, UK) or I M Sodium hydroxide (Sigma Aldrich,
UK). Making sure to protect from light, 10 mg of o-dianisidine dihydrochloride (o-DDH -
Sigma Aldrich, UK) was dissolved in 4 mL deionised (DI) water of which 2.68 mL of o-DDH
solution was added to 97.32 mL of sodium acetate buffer solution to form a 0.21 mM o-DDH

solution.

Separately 20 mL of B-D-(+) glucose solution in DI water (0.02-0.14 M - Fisher
Scientific, UK) was prepared. 50 pLL GOx stock was then added to 950 pL of DI water to create
a 25 unit/mkL solution. Immediately before use 96 mL of o-DDH solution was combined with
20 mL of glucose solution to form the “reaction cockia:l” and pH adjusted where necessary. In
addition, 480 pL of POD stock solution was added to 520 pL. DI water to prepare a 60
purpurogallin units/mL solution. Furthermore, 20 pL of 25 unit/mL GOx solution was
combined with 980 pL. DI water to create a 0.5 units/mL GOx solution. Upon completion of

these steps, each component was pipetted into a 96 well plate as indicated in Table 3.1 and
mixed well. Wells containing SHRO (Matoke Holdings Ltd., UK) were treated with the same

components as the blank controls owing to the fact that GOx was already present in the
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formulation. Each variable was run in triplicate. Absorbance (Asoo) was recorded every 30
seconds for 6 minutes and the maximum linear rate was obtained over a minimum of a 1

minute period and a minimum of 4 points as detailed in Figure 3.1.

Table 3.1 Well plate component quantities for the kinetic determination of glucose oxidase

behaviour.
Test Components (uL) Blank Components (uL)

First add:

Reaction Cocktail 93.6 93.6

POD Solution 3.2 3.2

DI Water 0.0 3.2

Then add:

Glucose Oxidase 3.2 0.0

- Calculating Maximum Linear
Rate

Ay
T AX

X
! “«—
Minimum of Four Asgg nm Points,
Minimum of One Minute Period.

Figure 3.1. Calculating the maximum linear rate of an enzymatic reaction using a minimum of

four points over a one minute period.
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3.2.2 Glucose assay

A glucose (HK) assay kit (Sigma Aldrich, UK) was used to determine glucose
concentration in SHRO samples. The manufacturer’s instructions were followed, briefly; the
glucose assay reagent was prepared with 1.5 mM NAD, 1.0 mM ATP, 1.0 unit/mL hexokinase,
1.0 unit/mL glucose-6-phosphate dehydrogenase reconstituted in 20 mL of water. 10 pL of
sample was added to 1.0 mL of glucose assay reagent and incubated for 15 minutes at room
temperature (20 * 1°C). Sample and reagents blanks were also prepared in the same manner,
replacing the glucose assay reagent and samples volume respectively with identical volumes of
deionised water. This allowed for the calculation of the total blank absorbance value by the
addition of the absorbance values pertaining to the sample blank and reagent blank. Each
variable was run in triplicate with absorbance measured at 340 nm against deionised water and
glucose concentration calculated using Eq. 3.5, whereby the change in absorbance (Aresc-Atotal
Blank = AA), total assay volume (T'V), molecular weight of glucose (180.2) and dilution factor (F)
used in sample preparation are multiplied together. This value is then divided by the
multiplication of the millimolar extinction coefficient of NADH at 340 nm (€ - 6.22), light path

(d — lem), samples volume and the conversion factor from pg to mg (1000).

-1 _ (QAA)(TV)(Molecular Weight of glucose)(F)
mg glucose mL™—" = (&)(d)(SV)(ug to mg conversion factor) Eq'3'5

3.2.3 Refractometry

0.5 mL of sample was added to the prism surface of an ORA-3H refractometer (Kern
& Sohn GmbH, Germany). Using the prism cover the sample was spread evenly over the entire
surface and excess wiped away. The device was held horizontally for 30 seconds to allow for
optimal temperature equalisation between the samples and the refractometer, focus adjusted,

and measurements read. All samples were run in triplicate.
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3.2.4 Zone of inhubition assay

Luria-Bertani (LB) broth (Sigma Aldrich, UK) and LB broth with agar (Sigma Aldrich,
UK) were prepared in distilled water to concentrations of 20 g/L and 35 g/L, respectively.
Both were then sterilised in an autoclave for 20 minutes at 121°C under 100 kPa of pressure.
Overnight cultures of Staphylococcus aureus (S. aureus - ATCC 29213), Escherichia coliv (E. coli -
MG 1655) and Pseudomonas aeruginosa (P. aeruginosa - NCTC 13437) were prepared in 5 mL of LB
broth inoculated with one bacterial colony. Using an Evolution 300 UV-VIS
spectrophotometer (Thermo Scientific, UK) at 600 nm the optical density of each overnight
culture was measured and diluted to 0.04. LB broth with agar was used to form plates, which
were then inoculated with bacteria. Using a 10 mm sterile borer, wells were created in the
center of the inoculated agar. 250 uL of either SHRO tube (100, 50, 5, 0.5% v/v) or HoOq (3,
0.3, 0.03, 0.003% v/v) was added to each well and then incubated at 37°C for 24 hours. The
zones formed from inhibited bacterial growth were then measured using a ruler, and the bore
hole diameter deducted. Each SHRO tube concentration and bacterial strain were run in

triplicate.

3.2.5 Human dermal fibroblast culture and cell viability

It was important to assess the effects of SHRO tubes and control HoO» concentrations
on mammalian cell behaviour. Human dermal fibroblasts (HDF - ATCC Cat. PCS-201-012;
Passage number 8) were cultured in Dulbecco’s modified eagle medium (DMEM - Sigma
Aldrich, UK) supplemented with 10% fetal bovine serum (Sigma Aldrich, UK), 1% w/v
penicillin/streptomycin (Sigma Aldrich, UK), and L-glutamine (Sigma Aldrich, UK). All
cultures were allowed to attach to the well plate for 24 hours, incubated at 37°C with 5% COo.
Well plates were initially inoculated with 5 x 10* cells/mL per well for 96-well plates. After 24

hours DMEM media was replaced with DMEM containing either SHRO from tubes at
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concentrations of 50, 5, 0.5, 0.05, 0.005 and 0.0005% or H2Os at concentrations of 3, 0.3,
0.03, 0.003, 0.0003 and 0.00003%. Well plates were then incubated at 37°C with 5% CO2 and

media changed on days 3 and 7.

Cell viability was assessed on days 1, 3 and 7 using a live/dead assay (Thermo Fisher,
UK) following the manufacturers protocol. Briefly, cells were seeded in a 96-well plate and
treated with SHRO or H»O9 containg media in triplicate. At each time point, media was
removed from the cells and then washed with phosphate buffered saline (PBS). Dyes were then
added, and the well plate was incubated in darkness for 15 minutes at room temperature. The
dye solution was removed, and PBS used to wash the cells that were then fixed with 4%
paraformaldehyde solution (PFA — Sigma Aldrich, UK). Fluorescent images were then
acquired using an Invitrogen EVOS M5000 microscope (Thermo Fisher, UK). Each sample

was run in triplicate.

3.2.6 Hydrogen peroxide assay

A fluorescent assay kit (Sigma Aldrich, UK) was used to determine hydrogen peroxide
release from the different SHRO samples and concentrations. Prior to testing a calibration
curve was created using hydrogen peroxide standards 10, 3, 1, 0.3, 0.1, 0.03, 0.01 and 0 pM
(Figure 3.2). The manufacturer’s instructions were followed, briefly the following standard
solutions were made: a master mix containing 50 pL red peroxidase substrate, 200 pL of 20

units/mL peroxidase, 4.75 mL assay buffer, and hydrogen peroxide standards between 10 pM

and 0 pM.
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Figure 3.2. Calibration curve of absorbance measured at Aex = 540nm/Aem= 590nm to

determine hydrogen peroxide concentration.

50 pL of sample or standard was then added from each time point to separate wells and
50 pL of master mix was added (Figure 3.3). Wells were mixed, protected from light and

incubated at room temperature for 30 minutes. The fluorescence intensity was then measured

(Aex = 540nm/Aem= 590nm) using a Tecan Spark plate reader (Tecan Trading AG,

Switzerland). Each SHRO concentration was tested in triplicate.

Activate 7 Day Time Point Activate 6 Hour Time Point
w/ V‘ater . w/ Water or Media
Activate 2 Day Time Point Activate 1 Hour Time Point
w/ Water or Media w/ Water or Media

| | L
1 1 1
Activate 3 Day Time Point Activate 3 Hour Time Point
w/ Water or Media w/ Water or Media
Activate 1 Day Time Point Sample All and Run
w/ Water or Media Assay

Figure 3.3 Experimental timeline showing activation of samples for different time point

converging on t = 0 when the assay was run.
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3.2.7 Statistical analysis
GraphPad Prism® 5.0 software was used to perform statistical analysis. T-tests were
used to determine significance whereby values of p < 0.05 were considered significant and p

values indicated as follows p < 0.05 (*), p < 0.01 (*¥), p < 0.001 (***¥). Data is presented

throughout as mean * standard deviation.
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3.3 Results

The production of hydrogen peroxide with changing glucose molarities was investigated
using enzyme kinetics (Figure 3.4a). Glucose at concentrations of 0.02, 0.06, 0.1 and 0.14 M
utilising 0.5 units/mL GOx under the standard conditions of pH 6 and 26°C displayed an
increasing Vmax with rising glucose concentration. However, at a glucose concentration of 0.1
M and above, the enzyme becomes fully saturated with substrate and the rate of hydrogen
peroxide production plateaus, with absorbance measured at a constant rate of 0.00094 s!
(Figure 3.4b). The effect of changing glucose oxidase concentration on kinetics was also
explored. Glucose oxidase at concentrations of 0.25, 0.5 and 1 unit/mL were assessed at a
glucose concentration 0.1 M under standard conditions (Figure 3.4c). As expected, it was found

that Vmax increases proportionally (R* = 0.994) with increasing concentrations of glucose

oxidase (GOx) (Figure 3.4d).
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Figure 3.4. Effect of glucose concentration on hydrogen peroxide production (a) and rate of
production (b) with 0.5 units/mL GOx in solution. Effect of glucose oxidase concentration on
hydrogen peroxide production (c) and rate of production (d) utilising 0.1 M glucose. All

solutions were adjusted to pH 6 and a temperature of 26°C. n=3, error bars represent standard

deviation.

The effect of changing pH values between 4 and 8 on the enzyme kinetics of the reaction
was also explored (Figure 3.5a). It was observed that as pH values rise above 4, Vmax increases
and peaks at a pH of 6 with an absorbance rate of 0.00094 s-!. A further increase in pH reduced
the rate of reaction with a pH of 8 displaying a 62% slower absorbance rate of 0.00036 s-!. An
optimal working range therefore is identified between pH values 5 and 7, producing absorbance

rates of 0.00092 and 0.0009 s-!, respectively (Figure 3.5b). As peak performance was obtained
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by reactions carried out at pH 6, further experiments were carried out using buffer solutions

adjusted to this pH. The effect of temperatures between the range of 26 and 40°C were also

tested (Figure 3.5¢). It was found that reactions carried out at these temperatures had no

significant impact on the rate of reaction (Figure 3.5d). Therefore, further experiments were

carried out at 26°C in line with the working temperature of the plate reader used to record

absorbance.
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Building upon the fundamental knowledge gained from the kinetics of glucose oxidase,
the composition of SHRO was investigated, specifically the glucose, total sugar and water
content. There was very little inter sample variation between samples taken from the tube
(Figure 3.6a) or sachet variants (Figure 3.6b), however tube formulations of SHRO were found
to contain an average of 231.9 £ 7.8 mg/g of glucose compared to a sachet of SHRO that
contained an average of 359.5 + 6.5 mg/g of glucose (Figure 3.6¢). Similar trends were also
discovered in the total sugar content with the tube and sachet containing 78.9 £ 0.07% and
82.0 £ 0.03%, respectively (Figure 3.6d). Water content did however differ with the tube found
to contain an average of 19.4 £ 0.08% water and the sachet found to contain 16.3 * 0.05%

water (Figure 3.64¢).
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the sachets. n=3 in addition to three technical repeats per tube and sachet, error bars represent

standard deviation.

The amount of GOx in both the sachet and tube was unknown. However, the
concentration of glucose in both samples and the way in which GOx behaves under set
conditions has been elucidated, this enables the concentration of GOx to be calculated from

the maximum linear rate of reaction (Vmax) (Figure 3.7a). It was found that the tube had a
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higher rate of reaction that that of the sachet with a Vmax value of 0.0011 s-! in comparison to
0.00090 s! for the sachet (Figure 3.7b). From this, the concentration of glucose oxidase units
per mL can be calculated (Figure 3.7c). Subsequently, by incorporating the dilution factor, the
concentration of glucose oxidase units per gram could also be calculated. It was found that the
SHRO tube contained 11.8 units of glucose oxidase per gram in comparison to 6.19 units of

glucose oxidase per gram from the sachet (Figure 3.7d).
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Figure 3.7. Hydrogen peroxide production (a) and rate of production (b) between
SurgithoneyRO™ tubes and sachets, calculated value of glucose oxidase units present in
solution (c) and calculated glucose oxidase units in SurgthoneyRO™ (d). All solutions were

adjusted to pH 6 and 26°C. n=3, error bars represent standard deviation.
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A hydrogen peroxide assay was conducted to assess the production of HoOg from
SHRO tube and sachet samples over a 1 hour period. The results obtained showed that the
SHRO tube produced higher concentrations of HoO9 than the sachet with concentrations of
1.0 g/L producing 6.2 = 0.1 and 4.9 £ 0.3 pM respectively. Both samples produced linear
relationships between HoO9 production and SHRO concentrations producing near identical
R? values of 0.998 (Figure 3.8a). The SHRO sachet was later discontinued as the higher water
content in the SHRO tube enabled easier delivery without compromising the efficacy of the

formulation.

Further assessment of HoO: production at different SHRO concentrations was
conducted over 7 days. It was notable that production of HoO2 in 50% SHRO tube solutions
reduced by 40% over the first 6 hours from 1372 + 87.4 to 821 £ 67.2 pM post activation of
the enzymatic reaction with media. HoO9 concentration decreased further to 376 £ 2.8 yM
(73%) over the course of 24 hours and 106 £ 46.6 pM after 72 hours. In contrast, 5 and 0.5%
SHRO tube solutions increased post activation reaching values of 821 + 33.8 pM and 289 +
15.6 pM, respectively over 24 hours and 853 + 14.6 pM and 610 *+ 34.3 pM, respectively over
72 hours, both eclipsing that of the 50% solution. The remaining SHRO tube solutions

produced H2O» concentrations of less than 79 + 4.3 uM over the 7 day period (Figure 3.8b).
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Zone of inhibition experiments were conducted to determine how varying
concentrations of SHRO from tubes samples and H2O2 impacted the degree of microbial
efficacy. Neat SHRO 1n addition to 50 and 5% concentrations were capable of inhibiting the
growth of clinically relevant S. aureus (Figure 3.9a), P. aeruginosa (Figure 3.9b) and E.coli (Figure
3.8c) producing larger zones with higher concentrations of SHRO. All tested H2Oo
concentrations (3, 0.3, 0.03, 0.003%) were also capable of inhibiting S. aureus (Figure 3.9d),
however, 0.003% H2O2 was unable to inhibit the growth of P. aeruginosa (Figure 3.9¢) and E.coli
(Figure 3.91). As expected, similar to SHRO higher doses of HoO» displayed a bigger zone of

inhibited growth.
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Having determined the efficacious range of SHRO tubes and H2O9 it was important to
test the cytotoxicity of these samples against mammalian cells. Interestingly, media with 50%
SHRO produced a high level of HDF cell viability after 7 days (Figure 3.10a). In contrast, the
wells containing concentrations of 5 and 0.5% SHRO exhibited total cell death (Figure 3.10b-
c). At SHRO concentrations lower than 0.5%, cell viability was comparable to the cell only
control (Figure 3.10d-f). Alternatively, when the media contained H»Og total cell death
occurred at concentrations between 3 and 0.003% (Figure 3.10g-j). Only at concentrations
below 0.003% do cells exhibit comparable cellular viability with that of the control (Figure
3.10k-1). In all cases where cells remained viable after 7 days cells displayed a normal

morphology and were indistinguishable from that of the control (Figure 3.10m-n).
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SHRO

Figure 3.10. Fluorescent micrographs demonstrating viability of human dermal fibroblast
(HDF) cells cultured with 50 (a), 5 (b), 0.5 (c), 0.05 (d), 0.005 (e) and 0.0005% (f) SHRO and 3
(), 0.3 (h), 0.03 (1), 0.003 (3), 0.0003 (k) and 0.00003% (1) hydrogen peroxide. Control cells were
cultured in DMEM (m-n) and stained with Syto 10 (green — live cells) and ethidium homodimer

(red — dead cells) after 7 days.
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3.4 Discussion

To realise the potential of honey as an antimicrobial treatment, SHRO, an engineered
medical grade honey has the capacity to produce a specific amount of ROS independent of the
honeys floral source. Previous studies demonstrated the complete eradication of Staphylococcus
aureus (S.aureus) and Pseudomonas aeruginosa (P.aeruginosa), in addition to drug and multidrug
resistant strains, MRSA and vancomycin-resistant Enterococcus faecium [43,44,167-170]. SHRO,
however, similarly to natural honey presents highly viscous and adherent characteristics making
delivery difficult and hindering widespread clinical use [170,418]. Before delivery systems may
be developed to increase SHRO versatility and expand application areas, a fundamental
understanding of the enzyme kinetics and chemical composition must be elucidated. In
addition, the determination of cellular viability will help inform the development of new

formulations.

The enzymatic oxidation of glucose was assessed whereby it was observed that the
reaction velocities (Vmax) increased with increasing glucose concentrations. However, at
concentrations above 0.1 M the reaction exhibited a zero order profile, in line with that
expected of enzyme saturation kinetics (Figure 3.4a-b) [428]. The resultant effect is therefore
that Vmax was no longer dependent upon glucose concentration, a phenomenon comparable
to results obtained by Odebunmi., et al. [174]. In order to assess and understand both the kinetic
activity and composition of SHRO it was necessary to investigate the impact of different
concentrations of glucose oxidase on the reaction as well as differing reaction conditions. As
predicted by the Michalis-Menton equation (Eq. 3.3) at constant glucose concentration (0.1 M)
it was found that the Vmax increased proportionally to increasing enzyme concentration (R? =
0.994) (Figure 3.4 c-d) [173]. However, limitations of the study are due to only three

concentrations being tested, conclusions of the linear effect can only be drawn within an
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enzyme concentration range of 0.25-1.0 units/mL. Furthermore, the determination of reaction
velocities at different pH environments was assessed. The results, in line with studies by
Gibson., et al. [429] and Weibel., et al. [430] indicate a reduction in the catalytic ability of GOx
with enzyme activity at low and high pH values inhibited due to the reduction in electron
transfer and charge to the oxygen molecule. A range of pH values were identified between pH
5 and 7 for which the enzyme was most efficient with a peak velocity achieved at pH 6 (Figure
3.5a-b). In comparison to the normal physiological pH (7.4) of the body, the range at which the
enzyme 1s most efficient is more comparable to that associated with the skin (pH ~5.5). A review
by Schmid-Wendtner., et al. [431] suggests that by using products with a pH between 5 and 6
it may help to prevent and treat skin conditions. Furthermore, ROS concentrations between 5
and 250 pM have been shown to induce a immune response such as that of inflammation,
which plays a critical role in wound healing [155,432]. An attempt was also made to study the
catalysed oxidation reaction of glucose at different temperatures, however there was no notable
change in Vmax, conflicting with results published by Odebunmi., et al. [174] and Gibson., e
al. [433] who noted an increase in reaction velocities with an increase in temperatures (Figure
3.5¢c-d). The likely reasoning behind this being that insufficient time was given for temperatures

within the wells to equilibrate and thus was a limitation of the methodology.

With the kinetic effect of change in substrate and enzyme concentrations exposed to
different pH values at 26°C elucidated, the composition of two currently available SHRO
products can be assessed. In order to evaluate the enzyme concentration within the two samples
the glucose levels of both must be calculated. It was determined that tube formulations which
contained more water (19.4 £ 0.08%) and less total sugar content (78.9 £ 0.07%) than the
SHRO sachet (16.3 £ 0.05% and 82.0 £ 0.03% respectively) also contained less glucose with

231.9 + 7.8 mg/g in the tube compared to 359.5 * 6.5 mg/g in the sachet (Figure 3.6a-e).
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However, both fell within the range expected within a honey product [434]. The determination
of the amount of glucose present in the SHRO samples allows for the calculation of GOx
concentrations. As the kinetics of the reaction at 0.1 M are understood and with the effect of
changing GOx concentration linear in effect, by diluting both formulations to 0.1 M the
unknown concentration of GOx can be elucidated. The tube SHRO samples were found to
have a greater rate of reaction indicative of higher levels of GOx than that of the sachet (Figure
3.7a-b). Accounting for dilution in the original mass of honey, it was found that the tubes
contained 11.8 units/g compared to 6.19 units/g in the SHRO sachet samples, suggesting that

the tubes had a greater propensity to generate HoOo (Figure 3.7c-d).

The production of hydrogen peroxide as well as other ROS is vital to the antimicrobial
effect elicited by SHRO [170,418]. Due to this it is important to conclusively analyse the HoOo
production of the SHRO tubes and sachets, this was achieved using a fluorometric technique.
Notably the SHRO tube produced significantly (p = 0.02) more H2O9 than that of the sachet
with concentrations of 1.0 g/L releasing 6.2 = 0.1 and 4.9 * 0.3 pM of H2Os respectively
(Figure 3.8a). This supported the evidence that the SHRO tube contained more GOx. With
the greater ability to generate ROS despite its lower inherent glucose concentration and its
higher endogenous water content, which allows for easier handling, SHRO sachet products
were discontinued, with further investigations conducted using SHRO tube samples.
Interestingly in contrast to other concentrations, the production of HoOg9 in 50% SHRO
solutions was found to reduce by 40% after 6 hours producing no significant difference to that
of 5% SHRO solutions. The production of HyO» in 50% SHRO solutions continued to fall
below the pM concentrations produced by 5% SHRO with the 0.5% SHRO solution eclipsing
the produced levels of HoOg from the 50% SHRO solution after 3 days (Figure 3.8b). In order

to establish efficacy, a zone of inhibition test was used to find at which concentration SHRO
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maintained the ability to inhibit growth. It was found that 100, 50 and 5% solutions of SHRO
inhibited growth of clinically relevant S. aureus, P. aeruginosa and E. coli with zones of inhibition
proportional to the concentration of SHRO added. The higher the concentration the larger
the zone of inhibition (Figure 3.9a-c). These results although comparable with the current
literature were in contrast to the amount of ROS that was found to be produced by the
formulations in this study. However, zones of inhibition were carried out on agar plates which
contain 98.5% water and therefore as the solution diffuses through the plate it also diluted the
solution. It 1s theorised that this phenomenon is the resultant effect of insufficient free water
being available in a 50% solution to maintain the reaction over time and therefore this was
indicated by a decrease in ROS production in the hydrogen peroxide assay. This is further
supported by Olaitan., et al. [435] who states that honey is highly osmotic and thus draws water
into its structure leaving less water available to react with the substrate and causing a decrease
in the production of ROS over time. In addition, due to the high total sugar contents of SHRO,
complete dissolution of the glucose and enzyme may not have been achieved at 50% dilution,
hindering the reaction. This work suggests that further dilution would be necessary in order to
permit the reaction to occur over longer periods of time. Limitations of this study found that
concentrations greater than 50% could not be fully dissolved in solution. Furthermore, assay
method limitations dictate a maximum final concentration of 10 pM, requiring significant
dilutions of the formula and increasing the availability of water to activate production of ROS.
Due to this achieving baseline ROS activity within SHRO using this methodology is not

possible.

As a control HoO» at different concentrations (3.0 - 0.003%) were tested. Results

showed zones of inhibited growth for all concentrations when treating Gram positive S. aureus,

however, the lowest concentration 0.003% was unable to inhibit Gram negative P. aeruginosa
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and E.coli (Figure 3.9d-f). It is well known that Gram negative bacteria can be more difficult to
treat and it is reported by Fischbach., et al. [436] that the additional protection offered by the

outer membrane of the cell may require higher doses of ROS in order to treat an infection.

Previous studies have indicated that the presence of ROS can damage DNA and as
such further assessment of cell viability was undertaken utilising and treating i vitro cultures of
HDF cells [36,437]. Interestingly, it was found that cells treated with 50% SHRO DMEM
media proliferated well, displaying high levels of viability and a normal morphology,
comparable to that of the controls over 7 days (Figure 3.10a). This was in contrast to DMEM
media with 5 and 0.5% SHRO, which exhibited total cell death (Figure 3.10b-c). These results
support the hypothesis posed by the hydrogen peroxide assay for which it implied that in 50%
solutions of SHRO there is not enough free water to sustain the production of H2Og over time.
Furthermore, the level of ROS produced by the 50°% SHRO solution after 72 hours was 106
* 46.6 pM, which although has been shown to induce some stress responses is not high enough
to induce apoptosis, unlike the concentrations of ROS produced by 5% (853 £ 14.6 pM) and
0.5% (610 * 34.3 uM) formulations [155]. However, it is worth noting however that these
experiments were conducted using DMEM instead of assay buffer. Assay buffer carefully
regulates pH at pH 6. In contrast, DMEM modulates a physiological pH of 7.4 and is
supplemented with FBS, L-glutamine and a combination of penicillin and streptomycin. These
components may therefore affect the stability of ROS production and therefore limitations are
produced in the ability to directly compare results. In addition, the postulated reason for the
efficacious inhibition of bacterial growth for both neat SHRO and 50% solutions is that the
experimental set up is ran on agar plates through which the SHRO solution diffuses out of the
well and into the surrounding gel. As agar gel is 98.5% water, as the SHRO diffuses through

the media it also becomes more dilute and thus activates and maintains the production of
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SHRO. As SHRO concentrations were lowered below that of 0.5% cell viability was
indistinguishable from that of the control (Figure 3.10d-f). Furthermore, DMEM media with
H0O9 found that total cell death occurred at concentrations between 3 and 0.003% (Figure

3.10g-j), only concentrations below 0.003% are comparable with that of the control (Figure

3.10k-1).
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3.5 Conclusion

The research in this study elucidated the enzyme kinetics of SHRO as well as the
chemical composition and cellular viability in order to help inform developmental pathways
for which to formulate new, efficacious, easy to deliver systems. The kinetics of the enzymatic
oxidation of glucose reaction catalysed by glucose oxidase was studied over a number of
experimental conditions. It was found that the reaction velocities (Vmax) increased with glucose
and GOx concentration, until complete enzyme saturation was achieved, at which point Vmax
values plateaued. A range of pH values were identified between pH 5 and 7 for which the

enzyme was most eflicient with a peak reaction velocity achieved at pH 6.

Kinetics were elucidated at a temperature of 26°C in line with the limitations of the
methodology and the equipment, providing greater understanding of the reaction process as
well as allows for the investigation of SHRO composition. It was determined that the less
viscous, easier to handle, SHRO tube formulations contained more water and less total sugar
content than that of the sachet. Furthermore, the SHRO tube formulation also contained less
glucose but more GOx (231.9 + 7.8 mg/g and 11.8 units/g respectively) when compared to the
sachet (359.5 £ 6.5 mg/gand 6.19 units/g respectively) leading to the SHRO tube formulation
exhibiting a higher level of HoO2 production and the discontinuation of the sachet product.
The influence of the SHRO tube formulation on the viability of both bacteria and HDF cells
was also tested, with concentrations above 5% were needed in order to inhibit bacterial growth.
It was, however highlighted through fluorometric analysis that at concentrations of
50%,SHRO solutions did not have the required water availability to maintain production of
H20O2 overtime and as such was able to provide conditions for which HDF cells could
proliferate, express a high degree of viability and exhibit a normal morphology. This was in

contrast to 5% and 0.5% SHRO solutions that caused total cell death over the same time
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period. A direct comparison cannot be made between the methodology used to determine HDF
viability and bacterial inhibition as within the DMEM media used to culture the HDF cells the
SHRO concentration is fixed whereas in the case of the inhibition assay the SHRO solutions
dilutes as 1t diffuses through the aqueous agar gel, providing the necessary water for activation

but also reducing the concentration.

Overall this work highlights the fundamental mechanism by which future delivery

systems will be based upon. It also expands the knowledge of both limitations and

characteristics associated with SHRO, helping to guide the development of new formulations.
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CHAPTER FOUR

4. REACTIVE OXYGEN EMULSION DELIVERY

SYSTEMS

Data in this chapter is also presented in the following published article found in Appendix 1:
T,J. Hall, J.M.A. Blair, R.J.A. Moakes, E.G. Pelan, L.M. Grover, S.C. Cox, Antimicrobial
emulsions: Formulation of a triggered release reactive oxygen delivery system, Mater. Sci. Eng.

C. 103 (2019) 1-10. do1:10.1016/j.msec.2019.05.020.

4.1 Introduction

SHRO elicits an antimicrobial response due to the production of ROS, which is
produced by means of a water initiated, enzyme mediated, oxidation of glucose reaction (Figure
4.1a). SHRO contains 16-20% water but this is bound to sugars and is not free to react [183].
As a consequence, to avoid premature production of ROS before clinical application a non-
aqueous vehicle is required. The scope of this work is to formulate a product which can be
stored and activated  situ. Furthermore, it should improve the ease of handling SHRO, and
facilitate controlled release of ROS. One such approach may be to create an emulsion that

incorporates SHRO into its non-aqueous phase (Figure 4.1b).
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Figure 4.1 Schematic highlighting the production of hydrogen peroxide and reactive oxygen
species through the aerobic glucose oxidase mediated oxidation reaction of glucose and water
(a). The key components of a SurgthoneyRO™ in oil emulsion (b), in which SHRO 1s the
dispersed phase (c). After addition of water and shear (d) phase inversion of the emulsion occurs

(e) allowing for the production of hydrogen peroxide and other reactive oxygen species.

An emulsion can be defined as a dispersion of droplets of one liquid in another, in which
it is not soluble or miscible [197]. There are two basic forms of emulsions: (1) oil in water,
denoted O/W and (2) water in oil (W/O) [185]. Emulsions are inherently thermodynamically
unstable and systems quickly phase separate after manufacture to reduce the unfavourably high
energy states associated with interfacial tension (IFT) [438]. To improve stability over time,
typically emulsifiers or surfactants are used, these lower the tension between the two species

allowing the persistence of droplets, which may contain actives, over longer time scales [439].

Mechanical energy, such as shear is commonly applied by a homogeniser device and

often used to create and disperse droplets of one phase within another [187]. According to
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Silva., et al. [440] the more energy that the system is subject to the smaller the droplets are
formed. Stokes law (Eq. 4.1) states that a smaller particle diameter (r) induces a lower
creaming/settling velocity (v), implying that the generation of small droplets is important for
product stability [441]. Velocity is calculated taking into account density differences (Ap) under

the effect of gravity (g) and the viscosity of the continuous phase () [202,212].

v = 27‘2(/39217—,01)9 <Eq. 4—.1)[202]

When an emulsion is formulated with approximately equal proportions of water and
oil, it is often referred to as a cream [184]. Commonly, a thickening agent is added to the
emulsion in order to achieve specific rheological properties that relate to a positive sensory
perception [442]. To achieve such characteristics, creams are typically non-Newtonian,
viscoelastic materials with an inherent microstructure responsible for the production of an

elastic response to shear [443]. This produces yield stress values that allow for easy spreading.

The elastic shear-response of a material is characterised by its storage modulus (G),
which corresponds to the emulsions storage of elastic energy [444]. The viscous shear-response
is however, governed by the loss modulus (G”) that quantifies energy dissipation from
unrecoverable viscous loss [445]. The energy stored and lost during a deformation cycle can
be measured by calculating the loss tangent (tan §), which is the ratio of G” to G’ (Eq.
4.2)[446]. Atlow shear rates a low phase angle (&) is typically associated with a topical cream.
Creams generally exhibit pseudoplastic behaviour (shear thinning), whereby viscosity
monotonically decreases as a function of shear rate. As the application of shear stops, the

structure regenerates in a transient manner, known as thixotropy [240]. Low shear viscosity
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allows the product to maintain a high viscosity, whilst at higher shear rates viscosity is reduced,

facilitating tubular extraction and subsequent spreading action.

tand = P (Eq. 4.2)[446]

Active containing emulsions must be formulated to enable a therapeutic response to a
target area. As such emulsions with therapeutics residing in the dispersed phase must have an
inherent mechanism for release and activation of the compound such as phase inversion
(Section 2.5.1) which may be triggered by the introduction of particular flows (shear induced),

changing temperature, alterations in phase volumes (known as catastrophic phase inversion

(CPI)), change in pH or the addition of salts [212].

The focus of this study is to formulate an emulsion system that enables easy delivery of
ROS at concentrations capable of inducing a therapeutic antimicrobial response (>25 pM)
(Figure 4.1). It is hypothesised that by incorporating the SHRO 1n oil, this will help to protect
the agent from premature ROS activation and provide a treatment option for minor topical
infections such as that from a cut, scape or burn. By optimising the dispersion of SHRO, shear
thinning behaviour could be achieved easing application (Figure 4.1). Further development will
look to maintain the shear thinning behaviour whilst increasing the viscosity of the emulsion to
form a cream, with the aim of improving stability. This work will use an inversion trigger
whereby water and shear are added to the system until the emulsion inversion point is exceeded
and CPI occurs. This work 1s the first report of an engineered emulsion system to controllably

deliver ROS and demonstrates it is capable of eradicating clinically relevant bacteria i vitro

[170].
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4.2 Materials and Methods

4.2.1 Materials

LB broth, LB broth with agar, analytical grade paraffin oil, XG and magnesium
sulphate heptahydrate were supplied by Sigma Aldrich, UK. Other oils used in this study
(vegetable, olive and corn) were commercially sourced. PGPR was provided by Palsgaard,
Denmark and SHRO was supplied by Matoke Holdings, UK. Aerosil fumed silica (AR816)
was provided by Aerosil, UK. All materials were used as delivered and no further purification

or modifications were made.

4.2.2 Emulsion_formulation

Formulation optimisation

Emulsions were created in a two-step process using a 118 Ultra Turrax® disperser
(IKA, UK). The oil phase (paraffin, vegetable, olive or corn oil) was combined with PGPR for
I min at 10,000 rpm. SHRO was then added dropwise, using a 5 mL syringe, to the oil and
surfactant mixture. Unless specified post SHRO addition, shear was applied at 10,000 rpm
until a total time of 10 minutes had elapsed. The final emulsions were stored in a temperature
controlled laboratory set at 21°C until needed. Percentages are denoted as (v/v) and indicate
the amount of SHRO present in the formulation. The oil used can be assumed to be paraffin
oil with the surfactant (PGPR) volume set at 2% unless otherwise stated. All emulsions were

formulated in triplicate.

Process optimisation
60% SHRO emulsions were formulated and processing temperature was assessed
under room temperature and ice bath conditions using a digital thermometer. The applied

shear rate and time was also investigated after SHRO addition. In addition to the standard
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10,000 rpm, shear rates of 6000rpm and 8000rpm were investigated and these were applied

over 6, 8 or 10 minutes. All emulsions were formulated in triplicate.

4.2.3 Cream Formulation

Creams were based upon 60% SHRO emulsions formed using the protocol stated in
section 4.2.2. Creams containing fumed silica were manufactured by first dispersing AR816
Aerosil fumed silica in paraffin oil under high shear (10000 rpm) prior to formulation at total
concentrations of 1 (SHRO_ARI) and 2% (SHRO_AR2). Standard emulsion formation
protocol was then followed. Alternatively, creams were formulated with XG. In order to
incorporate XG into the dispersed phase, 0.5% (w/v) was completely dissolved in glycerol using
a high shear mixer at 10000 rpm and allowed to cool. SHRO was then added to the glycerol
in a 50:50 ratio, with the resultant solution used to form the dispersed phase, following standard
protocol (SHRO_XGTI). The protocol used to form SHRO_XG1 was then used as the base for
the formation of a fourth cream containing 0.5% (w/v) magnesium sulphate heptahydrate.
This was added and dissolved simultaneously with the glycerol (SHRO_XG2). All creams were

formulated in triplicate.

4.2.4 Visual characterisation of emulsion stability

Emulsions were formulated according to the method in section 4.2.2 and monitored
over a 7-day period at 21°C. At each time point (1, 2, 3 and 7 days) an image was taken using
an 1Phone X camera at 1.0 x zoom, from a distance of 15 cm and level with the meniscus of
the sample. To enable measurement calibration a fixed scale was placed next to the sample
during capture. Images were visually assessed to determine if droplet sedimentation or

separation of phases occurred. Image J software (1.47v National Institutes of Health, USA) was
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used to calibrate images and obtain a quantitative measurement of separation. Three samples

of each emulsion variant were measured in order to obtain a mean and standard deviation.

4.2.5 Interfacial tension measurements

As a quantitative indicator of stability, interfacial tension measurements were
conducted using a K100 force Tensiometer (Kriiss. GmbH, Germany). The plate was
immersed at a depth of 3 mm at the interface of the paraffin oil and the SHRO. Experiments
were run until the interfacial tension measurements had reached equilibrium. PGPR was
premixed into the oil phase at 0, 0.5, 1.0, 2.0 and 4% before testing and each concentration

was run in triplicate.

4.2.6 Rheological characterisation of SHRO in paraffin oil emulsions

An AR-G2 rheometer (TA Instruments, UK) with sandblasted parallel plates (size = 40
mm, gap height = 1 mm) was used to determine the viscoelastic properties of emulsions
immediately after manufacture (day 0) and after 7 days of storage at 21°C. Prior to testing on
day 7 the emulsions were shaken for 1 minute by hand in order to resuspend the droplets.
Viscosity was determined by means of a shear rate sweep from 1.0 to 100.0 s-! conducted over
a period of 5 minutes at 21°C. From this sweep, a shear rate of 4.1 s”! was used to characterise
behaviour prior to storage. This shear rate is representative of a low shear post-mixing state,
such as that achieved following a shake before use directive [447]. A shear rate of 99.7 s'! was
1solated to describe the behaviour under higher shear application, representative of the typical

forces involved in extrusion from a tube [448].

The linear viscoelastic region (LVR) was identified for all tested emulsions using a strain

sweep with frequency set at 1 Hz. This data was used to select a percentage strain value that
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fell within the LVR. Frequency sweeps were then carried out from 0.1 to 100 Hz at 21°C and

0.5% strain to obtain storage (G’) and loss (G”’) moduli.

It was important to determine the rate of viscosity recovery after simulated application
to ensure that the emulsion structure was not altered. Formulations were subjected to 100 s-!
for 30 seconds at 21°C to mimic extrusion. Shear rate was then reduced to 1.0 s-! and viscosity

monitored for 30 seconds. This process was repeated thrice, and the hysteresis results plotted.

4.2.7 Size analysis of dispersed SHRO droplets

Laser diffraction measurements were recorded by a Malvern 3000 Mastersizer
(Malvern Instruments, UK). Refractive indexes (RI) of 1.487 and 1.473 were used for SHRO
and paraffin oil, respectively. RI was determined using an ORA-3HA refractometer (Kern-
Sohn, Germany) and manufacturer provided values. The software used to calculate size
distribution assumed spherical droplets in a uniform media. Size distribution was measured on
days 0 and 7 to investigate the occurrence of coalescence. Each emulsion ratio was measured

in triplicate and with three readings per experimental run.

4.2.8 Conductiity measurements

Conductivity was measured using a HI99300 conductivity test meter (Hanna
Instruments, UK) to assess whether CPI had occurred. Measurements were taken before and
after shear of the samples and the controls (oil and deionised water). Emulsions were diluted

with deionised water in a 1:2 ratio and vortexed for I minute to trigger inversion.
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4.2.9 Hydrogen peroxide release from SHRO emulsions and creams

As an indicator of formulation efficacy, a fluorescent assay kit (Sigma Aldrich, UK) was
used to determine hydrogen peroxide release. Prior to testing a calibration curve was created
using hydrogen peroxide standards 10, 3, 1, 0.3, 0.1, 0.03, 0.01 and OuM. A further calibration
curve was created using SHRO 2.0, 1.5, 1.0 and 0.5 g/L. This was used to determine dilution
factors given the assay concentration limits. For the assay, | mL of each sample was diluted
with 2 mL of deionised water and vortexed for 10 seconds to allow phase inversion to occur.
This was then further diluted by adding 0.1 mL to 30 mL of deionised water (1:300) to conduct
the assay for each time point (1, 3, 6, 12 and 24 hours) (Figure 4.2). The manufacturer’s
instructions were followed, briefly the following standard solutions were made: a master mix
containing 50 pL red peroxidase substrate, 200 pL of 20 units/mL peroxidase, 4.75 mL assay
buffer, and hydrogen peroxide standards between 0 pM and 10 pM. 50 pL of sample or
standard was added to 50 pL of master mix, which were then mixed by pipetting, protected
from light and incubated at room temperature for 30 minutes. The fluorescence intensity was
then measured (Aex = 540nm/Aem= 590nm) using a Tecan Spark plate reader (T'ecan Trading

AG, Switzerland). Each emulsion was tested in triplicate.

All Samples Diluted
Emulsion Formulated Assay Run

3 Hour Time Point
Sampled and Inverted

| | | | |
| | | | |
24 Hour Time Point 1 Hour Time Point
Sampled and Inverted Sampled and Inverted

6 Hour Time Point
Sampled and Inverted

Figure 4.2. Timeline describing experimental design and sampling timepoints for fluorometric

determination of hydrogen peroxide
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4.2.10 In vitro efficacy of SHRO emulsions and creams
LB broth and LB broth with agar was reconstituted with distilled water to
concentrations of 20 g/L and 35 g/L respectively, both were sterilised by autoclaving for 20

minutes at 121°C and 100 kPa.

Overnight cultures of Staphylococcus aureus (S. aureus - ATCC 29213), Escherichia
coli (E. coli - MG1655) and Pseudomonas aeruginosa (P. aeruginosa - NCTC 13437) were
prepared by inoculating one colony of each strain into 5 mL of LB broth. The optical density
of each overnight culture was then measured at 600 nm using a Spectronic Helios Gamma

UV-Vis Spectrophotometer (Thermo Fisher Scientific, UK) and diluted to 0.04.

Agar plates were created from LB broth with agar and inoculated with bacteria. A 10
mm sterile hole borer was then used to create a well in the center of the inoculated agar. 1 mL
of each emulsion was diluted with 2 mL of deionised water and vortexed for 1 minute in order
to trigger the release of ROS. 250 pL of diluted emulsion was then added to the well and
incubated at 37°C for 24 hours. Zones of inhibited bacterial growth were then measured, and
the bore hole diameter was deducted from the total zone size. Each emulsion formulation and

bacterial strain were run in triplicate.

4.2.11 Statistical analysis
GraphPad Prism® 5.0 software was used to perform statistical analysis. T-tests were
used to determine significance whereby values of p < 0.05 were considered significant and p

values indicated as follows p < 0.05 (*), p < 0.01 (*¥), p < 0.001 (**¥). Data is presented

throughout as mean * standard deviation.
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4.3 Results

4.3.1 Optimisation of SHRO emulsion_formulations

Paraffin oil emulsions containing 30% SHRO and 2% PGPR were found to have a
slower sedimentation rate (29.6 £ 8.6%) over 7 days than emulsions formulated with olive (73.9
+ 1.1%), corn (86.0 £ 4.7%) or vegetable oil (78.5 = 1.1%) (Figure 4.3a). With the exception of
paraffin oil, the resultant emulsion instabilities were not reversible by inversion or shaking as
phase separation had occurred. Emulsions comprised of paraffin oil maintained the integrity of
the SHRO droplets and after initial sedimentation could be re-dispersed by inversion (see
images in Figure 4.3a). Coalescence and phase separation did not occur in paraffin oil emulsion
systems over the 7 days of storage. 1,2,3 and 7 days were selected in order to represent time

points throughout a period of treatment.

An increase in SHRO concentration for paraffin oil samples resulted in a lower rate of
sedimentation (Figure 4.3b). Notably, emulsions containing >50% SHRO showed no
indication of sedimentation over a 7 day period. Emulsions containing 40 and 30% SHRO

displayed sedimentation rates of 9.0 £ 1.8 and 29.6 £ 8.6%, respectively over 7 days.

Further testing determined that emulsions containing < 2% PGPR sedimented after 7
days (Figure 4.3c). After 24 hours, sedimentation was observed for both the 60 and 50% SHRO
emulsions, which contained 0.5% PGPR with sedimentation rates of 15.3 £ 1.0 and 22.8 *
5.0%, respectively. Over time, sedimentation progressed and at day 7 was recorded for 60%
SHRO emulsions as 40.6 + 2.0 and 50.4 + 5.0% for 50% SHRO emulsions. With an increase
in surfactant to 1%, sedimentation was reduced. After 3 days emulsions containing 60% SHRO

still displayed no sedimentation, emulsions that contained 50% SHRO, however sedimented

by 3.2 £ 1.1%. After 7 days, 60 and 50% SHRO emulsions containing 1% PGPR showed no
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significant difference in sedimentation with rates of 13.1 * 0.3 and 13.5 * 1.1% respectively
(Figure 4.3c). The stability improvements observed for samples with 2% PGPR, justifies

selecting this concentration of surfactant for the remainder of the study.
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Figure 4.3. Influence of emulsion formulation factors on the rate of droplet sedimentation
formulated and stored at room temperature (21°C): oil type (a), dispersed phase (SHRO)
concentration (b) and emulsifier (PGPR) concentration (c). Each emulsion was formulated and

tested in triplicate with error bars displaying standard deviation.

The concentration of PGPR in the emulsion was further investigated in order to
determine the IFT between the paraffin oil and SHRO. With no PGPR dispersed within the
system, a high IFT was measured (35.9 £ 0.8mN/m). As PGPR was increased to 0.5% the IFT
significantly reduced by 82.8% to 6.2 £ 0.2 mN/m. IFT continued to reduce until 2% PGPR

was incorporated into the system whereby the IFT appears to plateau as there was no further

95



significant decrease in IFT between 2% (5.18 £ 0.3 mN/m) and 4% (5.19 £ 0.1 mN/m) PGPR

concentrations (p = 0.98) (Figure 4.4).

W A

Interfacial Tension (mN/m)

PGPR Concentration (%)

Figure 4.4. Interfacial tension measurements between paraffin oil and SurgihoneyRO™ with

varying concentrations of polyglycerol polyricinoleate surfactant.

The ratio of SHRO to paraffin oil within the emulsion significantly alters the overall
viscosity (Figure 4.5a). An increase in the concentration of SHRO increased viscosity across all
shear rates tested (1.0 — 100 s'!). Apparent viscosities on day 0 and day 7 respectively measured
at 19.3 £ 0.2 Pa-sand 13.42 £ 0.2 Pa -5 (60%), 9.7 £ 0.3 Pa-s and 6.9 £ 0.5 Pa s (50%) and
1.4 £ 0.2 Pa-sand 1.8 £ 0.7 Pa- s (30%) at a shear rate of 4.1 s-I. After storage for 7 days at
21°C there was a 20 — 35% reduction in viscosity at all tested shear rates between 60 and 50%
SHRO emulsions. In contrast, the 30% SHRO emulsion formulation showed no significant

difference in viscosity after the 7-day storage period (Figure 4.5h).

The apparent viscosity profile of the emulsions differed to that of the control,

unprocessed SHRO. At lower shear (4.1 s1), 60 and 50% SHRO emulsions had a higher

viscosity than SHRO alone. In contrast, at a higher shear rate (99.7 s!), it was found that all of
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the emulsions except 60% SHRO, displayed lower apparent viscosities on day 0 compared to

SHRO alone (Figure 4.5c¢).

When SHRO emulsions are rapidly switched from a low (1.0 s7!) to a higher shear (100
s71) the viscosity reduces but quickly recovers exhibiting shear thinning behaviour (Figure 4.5d).
The SHRO emulsions did display hysteresis upon application and removal of shear as the

recovery viscosity of the formulation is lower than that of the initial measurement (Figure 4.5d).

Analysis of the viscoelastic properties of the emulsions determined that higher
concentrations of SHRO exhibited higher G’ and G values. At 5 Hz, for 60 and 50% SHRO
emulsions, the G’ was higher than that of the G”. However, 30% SHRO emulsions exhibited
similar G* and G” values at 5 Hz. At higher frequencies (30 Hz) G” exceeded G’ for all
formulations (Figure 4.5¢). The frequency at which crossover occurred was found to increase
with increasing SHRO concentration. At day 0 this phenomenon occurred at 63.1 Hz, 50.1
Hz and 1.6 Hz for 60, 50 and 30% SHRO emulsions, respectively and 50.1 Hz, 39.8 Hz and

0.8 Hz on day 7 (Figure 4.51).
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Figure 4.5. Visualisation of 60, 50 and 30% SHRO emulsion formulations (a), rheological

characterisation of 60, 50 and 30% SHRO emulsions immediately after formulation (day 0)
and after 7 days of storage at room temperature highlighting apparent viscosity (b), the viscosity
of 60, 50 and 30% SHRO emulsions normalised against SHRO at low (4.1 s!) and high (99.7
sh) shear (c), shear thinning behaviour of 60, 50 and 30% SHRO emulsions at shear rates of
1.0 s and 100 s'! conducted at 21°C (d), frequency sweep of 60 and 30% SHRO emulsions
conducted at 0.5% strain at 21°C (e) and the frequency at which G” begins to exceed G’ for

60, 50 and 30% SHRO emulsions, conducted at 0.5% strain at 21°C (f). n = 3 and error bars

represent standard deviation.
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The size of the dispersed SHRO droplets were investigated after manufacture (day 0)

and following 7 days of storage. The median diameter (Dso) of the droplets at day O for 30, 50
and 60% SHRO emulsions were found to be 4.92 + 0.44 pm, 2.09 + 0.07 pm and 2.07 + 0.02

pm, respectively. For all samples there was no significant difference found in Dso droplet size

between days O and day 7 (Table 4.1).
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Table 4.1. Droplet sizes in 60, 50 and 30% SHRO emulsions at days 0 and 7. A two tailed t-

test was conducted between Dsp measurements for days O and day 7 in order to assess

significance (P<0.05). n=3, £standard deviation. *N=No and Y=Yes

Size (Um)
Emulsion Sig. Diff.
Do Dso Doo P <0.05
(Y/N)*
30% SHRO
1.70  4.92 11.77
Day 0
+0.39 +0.44  +1.48
N
1.48  4.11 9.88
Day 7
+0.21 +0.31  +0.64
50% SHRO
1.22 2.09 3.61
Day 0
+0.08 +0.07  +0.09
N
1.23 2.09 3.48
Day 7
+0.03 +0.02  £0.01
60% SHRO
1.18 2.07 41.89
Day 0
+0.12  £0.02  £54.4
N
1.12 2.42 72.13
Day 7

+0.09 $0.26  £5.93
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In order to assess the inversion of the emulsion under application of water and shear,
conductivity measurements were taken. Neat paraffin oil has no measurable conductivity (0 pS)
as such when it is the continuous phase the emulsions, regardless of SHRO concentration,
exhibit no conductivity. Following addition of deionised water and applied shear, conductivity
measurements showed readings of 219.7 £ 6.7 uS, 204.7 £ 6.7 uS and 181.3 £ 8.4 pS for 60,

50 and 30% SHRO emulsions respectively, indicating CPI (Figure 4.6a).

The ability to maintain antimicrobial efficacy of SHRO once formulated into an
emulsion 1s paramount. Therefore, it was important to assess the levels of hydrogen peroxide
production following phase inversion of the SHRO emulsions. It was found that the emulsion
with the highest ratio of SHRO produced the most hydrogen peroxide; 60% SHRO emulsions

produced 4.2 £ 0.2 pmol g! after 24 hours and the 50 and 30% formulations released

significantly less at 1.9 + 0.03 pmol g-! and 0.7 £ 0.03 pmol g1, respectively (Figure 4.6b).
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Figure 4.6 Conductivity of SHRO emulsions before and after phase inversion (a) and the
normalised production of hydrogen peroxide over time (b). n = 3 and error bars represent

standard deviation.
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Unprocessed SHRO controls showed that the bioengineered honey had the potential
to be eflicacious against S. aureus, P. aeruginosa and E. coli (Figure 4.7a). Emulsions with 60, 50
and 30% SHRO were then tested against the same bacterial strains with efficacy compared to
neat SHRO diluted in water to the same concentration as would be found within each
emulsion. All formulations were shown to inhibit the growth of the Gram positive bacteria, S.
aureus (Figure 4.7b). However, only 60 and 50% SHRO emulsions produced enough ROS to
inhibit the growth of Gram negative bacteria P. aeruginosa and E. coli (Figure 4.7c-d). No
significant difference was identified between the efficacy of the emulsions and their equivalent
SHRO dilutions when tested against S. aureus. These results were replicated in both Gram
negative bacteria with the exception of the 30% SHRO emulsions, which did not inhibit
bacterial growth and may indicate that processing conditions are reducing the productivity of

the enzyme (Figure 4.7)
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Figure 4.7. SHRO treated Staphylococcus aureus, Escherichia coli and Pseudomonas
aeruginosa (a), Inverted SHRO emulsions and the zones of inhibition by treating
Staphylococcus aureus (b), Escherichia coli (c) and Pseudomonas aeruginosa (d). Agar plates
were inoculated with bacterial culture (ODgoo 0.04) at 37°C for 24 hours before treatment. Bore

hole size = 10 mm.

4.3.2 Investigation of the SHRO emulsion processes

In addition to optimising the formulation of the emulsion it was also important to assess
if and how a change in processing conditions effects the stability of the emulsion. Investigations
were carried out on 60% SHRO emulsions due to the presence of a higher concentration of
active and the demonstration of greater stability than those previously tested. When formulated

under standard conditions (10000 rpm for 10 min) at room temperature it was found that the

103



temperature during processing rose to 78.8 * 2.1°C, which is above the denaturation
temperature of the enzyme glucose oxidase (GOx - 55°C). In comparison when the same
emulsion was formulated within an ice bath the final temperature upon the cessation of shear
reduced by 22% and was determined to be significantly lower (p < 0.0001) at 61.5 £ 3.7°C

(Figure 4.8a).

When stored and formulated at room temperature (21°C) no visual sedimentation over
a 7 day period occurred, however when formed in an ice bath the same emulsion exhibited
reduced stability, with 4.88 £ 1.8% sedimentation occurring after 7 days of storage at room
temperature. In comparison when stored at a higher temperature (37°C) to replicate that of the
body temperature, the sedimentation rate over the 7 day period increased for both the emulsion
formulated at room temperature (1.87 £ 3.2%) and that formulated on ice (6.43 + 3.7%) (Figure

4.8b).

Taking into consideration the denaturation temperature of GOx and due to the fact,
that forming the emulsions at room temperature produces significantly more heat than
emulsions formed in an ice bath, further investigation was conducted with emulsions formed
on ice. The effect of different shear times and rates were explored where it was found that once
the shear was reduced from 10000 rpm to 8000 rpm the final temperature of the emulsion fell
below that of the denaturation temperature of GOx (42.3 = 2.1°C). It was also identified that
when the total time was reduced from 10 minutes to 8 minutes while still applying a shear rate
of 10000 rpm, temperature also reduced to below that of the denaturation temperature of GOx
(50.3 = 2.2°C). Overall, a decrease in total shear time reduced the maximum processing

temperature for all tested shear rates. (Figure 4.8c). However, the decrease in shear rate and
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shear time appears to come at the cost of stability with greater separation occurring under these

conditions (Figure 4.8d).
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Figure 4.8. Investigating the effect of formulating a 60°% SHRO emulsion at room temperature
and using an ice bath (a), effect of emulsion stability after 7 days due to emulsion storage at
21°C and 37°C (b), effect of shear time and rate on maximum processing temperature when
formulating emulsions in an ice bath (c), and effect of shear time and rate on emulsion stability

after 7 days when emulsions are formulated in an ice bath (d).

4.3.3 SHRO cream formulation

All cream formulations exhibited pseudoplastic flow, with apparent viscosities for fume
silica containing creams (SHRO_ARI1 and SHRO_AR?2) measured at 12.1 £ 1.1 Pa- s and

20.4 £ 1.4 Pa- s, respectively at a shear rate of 10 1/s (Figure 4.9a). These values were
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significantly lower than that produced by creams containing xanthan gum with SHRO_XG]1
and SHRO_XG2, which exhibited viscosities of 33.2 = 6.7 Pa- s and 28.0 £ 1.1 Pa- s,
respectively (Figure 4.9b). However, under higher shear (100 1/s) SHRO_XGI
(5.0 £ 0.6 Pa- s) produced comparable viscosities to that of SHRO_AR2 (6.2 £ 0.6 Pa- s).
Interestingly, despite SHRO_XG?2 displaying a similar shear thinning response to that of
SHRO_XG1 untl approximately 50 1/s, this behaviour appears to plateau between 50 1/s
and 200 1/s only varying between 11.3 + 0.9 Pa-s and 9.0 £ 0.1 Pa-s. In comparison
SHRO_XG]1 values decrease from 7.9 £ 1.9 Pa s to 2.2 £ 1.0 Pa- s between the same shear

rates.

Furthermore, when creams were rapidly switched from a low (1.0 1/s) to a higher shear
(100 1/s) the viscosity reduces but typically recovers within a few seconds exhibiting shear
thinning behaviour. With the exception of SHRO_ARI, all formulated creams were observed
to exhibit hysteresis upon the application and removal of shear as indicated by the recovery
viscosity being lower than the initial pre-shear measurement (Figure 4.9¢-d). SHRO_XG2 was
found to display the greatest difference in recovery viscosity with reductions of 44% (Figure

4.9d).

Analysis of the viscoelastic properties of the creams determined that SHRO_ARTI and
both xanthan gum creams (SHRO_XG1 and SHRO_XG?2) displayed higher storage (G’) than
loss (G”) moduli values across all tested frequencies (0 — 100 Hz). However, although
SHRO_AR?2 creams demonstrated comparable G’ values to that of SHRO_ARI creams at a
frequency of 25 Hz (1060.3 = 1.2 Pa and 1046.9 + 2.6 Pa respectively), at 40 Hz G” in the

SHRO_AR2 sample exceeded that of G’ (Figure 4.9e-f).
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Figure 4.9 The viscosity of SHRO_ARI1, SHRO_AR2 (a), SHRO_XGI and SHRO_XG2
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SHRO_AR2 (c), SHRO_XGI and SHRO_XG?2 (d), frequency sweeps of SHRO_ARI and
SHRO_AR2 (e), SHRO_XGI1 and SHRO_XG?2 (f) creams conducted at 0.5% strain and

21°C.
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It was found that immediately after manufacturing, fumed silica creams exhibited
smaller dispersed droplets and a narrower size distribution compared to formulations thickened
with XG. SHRO_ARI and SHRO_AR2 creams were found to have average median
diameters (Ds0) of 2.7 pm and 2.2 pm respectively (Table 4.2.). In contrast xanthan gum based

creams produced wide particle size distributions with median diameters of 79.4 pm

(SHRO_XG1) and 47.4 pm (SHRO_XG2) (Table 4.2.).

Table 4.2. Particle size distribution of Aerosil fumed silica creams (SHRO_ARI and

SHRO_AR2), and xanthan gum creams (SHRO_XG1 and SHRO_XG?2).

Size (pm)

Cream Formulation Dio Dso Deo
SHRO_ARI1 1.4 2.7 5.0
SHRO_AR?2 0.7 2.2 7.1
SHRO_XGI1 35.5 79.4 141.3
SHRO_XG2 25.1 47.4 112.2

The ability to maintain antimicrobial efficacy of the creams once formulated was
essential. Therefore, it was important to assess the levels of hydrogen peroxide production
following phase inversion. It was found that both SHRO_ARI1 (1.4 £ 0.5 pmol g'!) and
SHRO_AR2 (1.2 + 0.3 pmol g'!) produced similar hydrogen peroxide concentrations over a
24 hour period as those formulated using xanthan gum (SHRO_XG1 — 1.5 £ 0.4 pmol g'! and
SHRO_XG2 — 1.4 £ 0.07 pmol g''). However, SHRO_AR1 and SHRO_AR2 were found to
produce 12.1 £ 0.5 and 11.5 £ 0.4 pmol g'! of hydrogen peroxide respectively over a 7 day
period. The was in clear contrast to the amount of hydrogen peroxide produced by

SHRO_XG]1 (3.1 £ 0.2 pmol g'') and SHRO_XG2 (2.4 £ 0.4 pmol g!) over the same time
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period (Figure 4.10a). Despite these differences in released HoO» concentrations, all creams
were found to inhibit the growth of S.aureus. That said both fumed silica creams (SHRO_ARI1
and SHRO_AR?2) demonstrated the ability to produce zone of inhibition 42% larger than

creams containing xanthan gum (SHRO_XG1 and SHRO_XG?2) (Figure 4.10Db).
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Figure 4.10 Normalised hydrogen peroxide production (a) and zones of inhibition from
Staphylococcus aureus, treated by inverted Aerosil fumed silica (SHRO_AR1, SHRO_AR2) and

xanthan gum creams (SHRO_XG1 and SHRO_XG2) (b).
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4.4 Discussion

4.4.1 Optimisation of SHRO emulsion_formulation

SHRO i1s engineered to deliver tailored doses of ROS and does not rely on specific flora
or environmental conditions for its antibiotic activity like natural honeys, such as Manuka.
Since it 1s engineered, this means that the level of potency can be controlled. Previous studies
looking at the eflicacy of SHRO have reported promising results, but despite this, there are
limitations associated with delivering it to wound sites [43,44,167-169,418]. Currently much
like commercial honey, it is a concentrated polymer blend that is sticky, viscous and hard to
handle. These characteristics make it difficult to apply. This study has demonstrated a method
by which to deliver SHRO that enables stable storage whilst maintaining the ability to inhibit
bacterial growth when ROS production i1s trigged. This is achieved by the formulation of

emulsions, which undergo CPI when exposed to water and shear.

By creating a SHRO-in-oil emulsion it allows modification of the viscosity, a critical
characteristic that may determine ease of product delivery. In addition, by creating an emulsion
devoid of free water the risk of premature production of ROS is reduced. This is essential for
efficacy and shelf life. One of the main challenges when developing an emulsion is addressing
the inherent thermodynamic instability of the system. Investigation of SHRO stability within
different oil phases showed that paraffin oil produced an emulsion that did not coalesce or show
signs of flocculation or creaming. Furthermore, the dispersed SHRO was found to sediment at
a slower rate than emulsions formulated with olive, corn or vegetable oil (Figure 4.3a). In the
cases of the emulsions containing vegetable, olive or corn oil the resultant instability was not
reversible by means of inversion and shaking, indicating that phase separation had occurred.
Although sedimentation is not ideal for this application, since it did not occur immediately and

the dispersed droplets could be redistributed easily in paraffin oil, further investigation was
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deemed necessary. Notably, the need for redistribution of dispersed phases before application
1s common practise among formulations that contain unstable components. Shaking can
produce an even droplet distribution and therefore administration of a uniform dose, a factor
highlighted for its importance by Stringer and Bryant in the formation of corticosteroid
emulsions [449]. However, maintaining a formulation temperature lower than that of the
denaturation temperature of GOx is crucial in order to protect efficacy and control dosing.
Promisingly, a comparison of droplet size between days 0 and 7 demonstrated that no

coalescence occurred for any of the formulated SHRO paraffin oil emulsions (Table 4.1).

Optimising dispersed phase ratios (30-60%) with a set concentration of PGPR (2%),
found that formulations with a higher concentration of SHRO sedimented the least (Figure
4.3b). Further, no significant difference in droplet size for the 60% SHRO emulsion was
observed over 7 days of storage. This effect is likely due to two factors. Firstly, the droplets

formed in the 50 and 60% emulsions are small (around 2 pm) and suffer less from sedimentation

compared to the 5 pm droplets of the 30% emulsion, thus reducing sedimentation at higher
phase volumes [450]. The second factor is that as more SHRO is added the volume occupied
by droplets in the system also increases. This higher packing fraction physically prevents
sedimentation and results in an increase in viscosity (Figure 4.5), which is known to reduce
sedimentation speed [253,451]. Notably, both 50 and 60% SHRO emulsions showed no
sedimentation over 7 days. The low HLB value (1.5) associated with PGPR clearly aids the
stabilisation of the SHRO in oil system. It was determined that 2% was the minimum
concentration of PGPR required to stabilise these systems (Figure 4.3c). This was further
explained by conducting IFT measurements where it was confirmed that at 2°% PGPR
concentration the IFT was significantly reduced in comparison to lower concentrations with a

reduction in IFT of 85.52% compared to systems without PGPR. It was also found that higher
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concentrations of PGPR did not further decrease the IFT between the phases and as such was

the optimal concentration tested (Figure 4.4).

Promisingly, all of the paraffin oil emulsions displayed shear thinning behaviour (Figure
4.5b). This will help to ease delivery, as common methods of administration, such as sprays and
creams, often involve the application of shear. Sprays however, by definition, produce a mist
of fine droplets which although provides a more convenient application for the end user, it can
be difficult to apply enough such that a therapeutic dose is delivered. Therefore, in order to
realise this as a viable strategy higher efficacy formulation may be required. This is in contrast
to that of a cream delivery whereby the user can apply the product more liberally to the wound
area. Although all of the paraffin oil emulsions displayed shear thinning behaviour, after
storage for 7 days there was a significant (p < 0.05) reduction in viscosity at all tested shear rates
for 60 and 50% SHRO, interestingly a phenomenon not apparent in the 30% formulations.
The difference between the apparent viscosity of 60 and 50% SHRO emulsions on days 0 and
7 1s likely due to an interaction between dispersed droplets, which requires greater shear than
that exerted from shaking to mix the emulsion back to its original form [450,451]. This was not
the case with the 30°% SHRO emulsion; with greater range of movement, due to the lower
packing fraction and lower interactions between droplets, viscosities comparable with that of
day O could be achieved. As demonstrated by the results here and as described by Stokes law,
an increase in viscosity slows the rate of sedimentation [451-453]. Future applications could
use modifiers to increase the viscosity, thus avoiding the need to shake before use. This may
however prevent the use of delivery systems only suitable for lower viscosity fluids, for example
pump spray bottles. This data highlights a trade-off between stability and ease of application;
while the 30% emulsion exhibits 29.6 £ 8.6% sedimentation after 7 days it has the lowest

viscosity widening the possible administration devices that could be used. That said, it is notable
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that under high shear all SHRO emulsions exhibited significantly reduced viscosities (Figure
4.5c), which will aid delivery and application. Further, it is advantageous that when all
formulations were rapidly switched from high to low shear, in the absence of water, viscosity is
quickly recovered (Figure 4.5d). This means that the viscosity can be reduced in order to deliver
the emulsion but then as the shear rate reduces the emulsion quickly becomes more viscous
meaning it is more likely to be retained at the site of delivery [454,455]. All SHRO emulsions
displayed hysteresis, with 60% emulsions demonstrating the highest decrease in viscosity after
3 cycles (21%.) However, it was not deemed to affect the final application but warrants further

investigation.

Frequency sweeps were also conducted to elucidate the viscoelastic properties and
stability of the emulsions. Oscillatory rheology was used to determine the value of the storage
(G’) and loss modulus (G”) at between 0 — 100 Hz, with care that testing was conducted at a
strain value (0.5%) within the LVR of all samples. This was concluded to be an important
assessment of emulsion stability by Tadros, 2004 [253]. The viscosity profile of the emulsions
revealed that both G’ and G” rapidly increase with frequency (Figure 4.5¢), with the
dependence on frequency considered to be due to the effect of energy dissipation within
droplets [254]. The relative values of G’ and G are known to be indicative of a change in fluid
structure [255]. At 5 Hz, 60 and 50% SHRO emulsions exhibited a higher G’ than G, which
demonstrates they exhibit a gel like structure. In contrast, 30% SHRO formulations were
observed to have similar G” and G values (28.9 + 8.7 — 54.0 £ 17.1 Pa) at this frequency. This
correlates with observations that the stability is increased in emulsion formulations with higher
concentrations of SHRO as droplets begin to structure and cause an increase in viscosity [251].
At higher frequencies the emulsions undergo a viscoelastic transition, this is where G” exceeds

that of G’ [456]. This occurred for all samples tested indicating that the droplets within the
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emulsion interact at a small length scale and as such do not relax quickly. This decreases the
elastic behaviour and thus becomes more viscous, or liquid-like [457]. The frequency at which
G’ and G” crossover increased with rising SHRO concentration. This means that the ease of
delivery decreases with increasing SHRO as more energy is required to extrude the emulsion

from the delivery device.

In addition to easing the delivery of SHRO, this work aimed to create an emulsion that
could be triggered to release ROS i situ. Through the addition of water under shear it was
possible to cause the developed emulsions to catastrophically phase invert (CPI) leading to
activation of SHRO (Figure 4.6a). It is proposed that water may either be co-delivered with the
emulsion or media at the wound site could be used in order to trigger release. However, since
available moisture will significantly vary at different wound sites it is suggested that co-delivery
may be a more reproducible approach [308,458]. In order to confirm that CPI had occurred,
conductivity measurements were taken (Figure 4.6a). Neat paraffin oil has no measurable
conductivity. When SHRO is dissolved in deionised water a current is allowed to flow due to
the greater mobility of free 1ons [456]. Water was added to the emulsion and shear was applied
causing an increase in conductivity to 181.3 = 14.6 — 219.7 £ 6.7 pS with formulations
containing higher concentrations of SHRO allowing a greater current to flow. These
measurements confirmed that CPI had occurred and that the continuous phase is a
combination of SHRO and water. However, limitations within this study only addressed CPI
at one time point after formulation and did not measure conductivity over time. This would
therefore provide a more conclusive assessment to ensuring availability of the active to react

with water throughout therapeutic window (24 hours).
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It is known that the release of ROS, such as hydrogen peroxide is the dominant factor
to the antimicrobial efficacy of SHRO [418]. As such, it was critical that SHRO droplets within
the emulsion could still be activated to produce ROS after being exposed to water through
phase inversion. As expected, it was found that the emulsion with the highest ratio of SHRO
(60%) produced the most hydrogen peroxide; 4.2 + 0.2 pmol g after 24 hours. A controlled
and predictable release is critical to ensuring an effective and safe dose is delivered throughout
the period of application [459]. Promisingly, release of ROS was observed for the entire time
period tested (Figure 4.6b). For a topical application, stable release over 24 hours would mean
that the treatment would only have to be applied at most once daily and therefore makes it
more convenient for the patient or healthcare professional applying the product, however more
in vitro testing would be required in order to further inform on dosing regimens. In addition, as
elucidated in Figure 4.8a the maximum temperature reached during formulation of the
emulsion was higher than that of the denaturation temperature of GOx, and although there is
little evidence to support that eflicacy was significantly altered it cannot be ruled out. Therefore,
alternative formulation methodology should be explored to minimise the implications exposing

GOx to high temperature may have on the efficacy of the formulation.

Having assessed the wviability of ROS production from the formulated SHRO
emulsions, clinically relevant bacterial species found in topical wounds [41] were inoculated
onto agar plates and the SHRO emulsions ability to inhibit growth was measured. Unprocessed
SHRO controls showed that the bioengineered honey had the potential to be efficacious against
S. aureus, P. aeruginosa and E. coli (Figure 4.7a). This is consistent with previous i vitro evaluations
of SHRO [43,44,165,167,168,418,460]. Despite releasing different levels of ROS over 24
hours, inhibition of Gram positive bacteria S. aureus was achieved for all tested inverted

emulsions (Figure 4.7b). In contrast, inhibition of P. aeruginosa and E. coli was only observed for
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emulsions containing 50 or 60% SHRO. It is known that Gram negative bacteria are inherently
harder to kill compared with Gram positive species since they contain an extra layer of
protection in the form of an outer membrane. Previous studies have demonstrated that higher
doses of ROS are necessary to inhibit Gram negative bacterial growth [436]. The ability to
increase the baseline efficacy of SHRO, as reported by Dryden et al., [43] may provide a
solution. Working with a batch of SHRO with higher ROS production would enable the lower
viscosity characteristics of 30% SHRO emulsions to be exploited to ease application while

delivering a dose also capable of killing Gram negative bacteria.

4.4.2 Investigation of SHRO emulsion processing

To further develop and improve the emulsion system the emulsification process was
investigated, specifically shear rate and length of shear application. 60% SHRO emulsions were
chosen for this study since they exhibit greater stability compared to other formulations and
contains the most active. As aforementioned, upon assessing the temperature of the emulsion
following formulation it was discovered that this was far in excess of that of the denaturation
temperature of the enzyme glucose oxidase (55°C), which in theory could hinder efticacy and
affect the ability to administer a uniform dose [151]. This enzyme is responsible for the
oxidation of glucose and the subsequent production of hydrogen peroxide, which is necessary
for the product to elicit an antimicrobial effect [152]. Therefore in order to protect further
formulations from loss of efficacy emulsions were formulated using an ice bath, inspired by the
work of Peng., et al. [461]. This significantly reduced the maximum processing temperature by
22% to 61.54 £ 3.7°C (Figure 4.8a). By forming the emulsion in an ice bath, however it did
comprise the emulsion stability, as it was found that when stored bench top at 21°C,
sedimentation occurred over 7 days, which did not occur when processing was conducted at

room temperature. As storage temperature was increased to 37°C to replicate that of body
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temperature, emulsions produced both using an ice bath and at room temperature
demonstrated instability. Those formed on ice however were found to sediment the most
(Figure 4.8b). This is likely due to the fact that higher temperatures have a greater ability to
reduce the viscosity of emulsion components during the formulation process, particularly in this
case that of the dispersed phase [187]. This reduction in temperature caused by the use of an
ice bath means there is less energy in a system with a higher viscosity, leading to larger droplets
which sediment faster. In storage higher temperature however increase the Brownian motion

of the particles, accelerating instability mechanisms such as sedimentation and coalescence

[462].

During the optimisation of the formulation the efficacy of the emulsions were tested
against an equivalent dilution of SHRO where it was demonstrated that in most cases there
was no apparent reduction in inhibitory ability. This technique however is low in resolution
and at lower concentrations (30% SHRO) against Gram negative bacteria, where zone sizes
were considerably smaller, the equivalent dilution was found to inhibit growth, but the
emulsion did not. This may, at least in part, be due to the processing conditions. As formulating
on ice significantly reduced the final emulsion temperature post processing further
investigations were carried out to assess how a change in shear time and rate affects the
temperature and the stability of the emulsion. Both a reduction in shear time and shear rate
were found to have a negative impact on the rate of sedimentation with an increase of 55.2%
when shear was reduced from 10000 rpm (4.88 = 1.8%) to 8000 rpm (7.57 + 3.1%) and an

increase of 140.9% when the total shear time was reduced from 10 minutes (4.88 £ 1.8%) to 8

minutes (11.75 £ 2.1%) (Figure 4.8d). However, a reduction in both shear time and shear rate
were found to positively impact the final emulsion temperature; emulsions formulated at speeds

of 8000 rpm over 10 minutes resulted in a maximum processing temperature below that of the
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denaturation temperature of glucose oxidase (42.30 + 2.1°C). Equally a total shear time of 8
minutes while keeping the shear rate at 10000 rpm was also found to reduce the temperature
to below the denaturation threshold (50.30 £ 2.2°C) (Figure 4.8c). As aforementioned the
occurrence of sedimentation although not ideal, providing it can easily be re-disbursed and

does not lead to coalescence, can be mitigated by imposing a shake before use directive.

4.4.3 SHRO cream formulation

Creams were formulated with 1% (SHRO_ART1) and 2% (SHRO_AR2) Aerosil fumed
silica (AR816) to thicken the continuous phase of the emulsion or xanthan gum (SHRO_XGTI)
to thicken the dispersed phase of the emulsion. Magnesium sulphate heptahydrate was added
to one formulation of xanthan gum cream (SHRO_XG?2) with the aim of reducing polymer

entanglements between the glycerol and thickening agent, in line with methodology proposed

by Ciullo., et al. [463].

By utilising thickening agents such as; fumed silica and xanthan gum, it allows for the
rheological properties to be tailored. In addition to building upon the SHRO emulsion
formulations it was essential that efficacy was maintained, and instability issues addressed.
While the size of the droplet does not directly influence the production of ROS as the emulsions
are activated by phase inversion, they do impact stability. One of the issues highlighted in the
development of the SHRO emulsion was that of sedimentation, by incorporating fumed silica
or xanthan gum into the formulation this was found to significantly increase stability as there
was no indication of sedimentation after 1 month of storage at 37°C. Furthermore, droplet sizes
indicate that while dispersed droplets in the fumed silica creams were similar in size to that of
the SHRO emulsions at approximately 2.5 pm, xanthan gum based creams produced wider

particle size distributions with median diameters of 79.4 pm (SHRO_XGI) and 47.4 pm
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(SHRO_XG?2) (Table 4.2). In SHRO formulations it was noted that the bigger the droplet size
the greater the instability (Stokes law) this still remains the case, however as the creams
demonstrate a greater bulk viscosity than that of the SHRO emulsions, they exhibit a slower

rate of sedimentation [202,212].

Rheological measurements indicated that both xanthan gum creams have significantly
higher viscosities than that produced using fumed silica, however similar to the SHRO
emulsions all creams exhibited pseudoplastic flow, demonstrating a reduction in viscosity with
an increase in shear, a characteristic ideal for cream application (Figure 4.9a). At low shear
(10.0 1/s), as expected creams with a higher concentration of fumed silica displayed higher
viscosities with SHRO_AR?2 producing a viscosity of 20.4 £ 1.4 Pa-s compared to 12.1 + 1.1
Pa s for SHRO_ARI. More viscous creams, however, were produced with xanthan gum with
viscosities of 33.2 £ 6.7 Pa-s (SHRO_XGTI) and 28.0 £ 1.1 Pa-s (SHRO_XG2) at the same
shear rate. Low shear rates are known to deconstruct random polymer entanglements and
explains the primary decreases in viscosity observed. At higher shear rates however, the
reduction in viscosity is more likely attributable to the cleavage of hydrogen bonds and the
breakage of Van der Waal interactions, leading to thixotropic effects [464]. Although
SHRO_XG?2 did not respond in the same manner as the other cream samples as it appears to
plateau in viscosity at a much lower shear rate (80.0 1/s) and maintains a higher viscosity in
comparison to the other samples. This effect is likely attributable to the interaction of XG with

the magnesium salt [463].

Furthermore, when creams were rapidly switched from a low (1.0 1/s) to a higher shear

(100 1/5) the viscosity reduces but quickly recovered, this is a characteristic that would enable

ease of delivery to the application site where viscosity recovery would facilitate product
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retention locally. However, the SHRO cream formulations, with the exception of
SHRO_ARI, did display hysteresis upon the application and removal of shear to a greater
extent than the SHRO emulsion. SHRO_XG?2 was found to display the greatest difference in
recovery viscosity with reductions of 44% (Figure 4.9d). This could imply a permanent

breakdown of microstructure, reducing its ability to be retained on the skin with time [465].

Frequency sweeps further elucidated the viscoelastic properties of the cream. In line
with the results measured for SHRO emulsions both G” and G” were found to increase with
frequency an effect attributed to the dissipation of energy within the droplets (Figure 4.9e-f)
[253,254]. SHRO_ARI and both xanthan gum creams (SHRO_XGI1 and SHRO_XG2)
displayed higher G’ than G values across all tested frequencies. This indicated that under all
tested conditions the formulation retains a gel like structure. However, although SHRO_AR?2
creams demonstrated comparable G’ values as SHRO_ARI creams at low frequencies (25 Hz)
both G’ (1060.3 £ 1.2 Pa) and G” (1046.9 £ 2.6 Pa) displayed similar values at 40 Hz, which
indicates a breakdown of the microstructure (Figure 4.9e-f) [255]. This is not ideal since it may

increase variability of performance if this formulation is applied at different rates.

As with the SHRO emulsion, the development of an SHRO cream was with the
intention to trigger the activation of ROS i situ through catastrophic phase inversion. In order
to assess that this phenomenon still occurred when the creams were subjected to water and
shear, a hydrogen peroxide assay was conducted. It was found that all creams; SHRO_ARI
(1.4 £0.5 pmol g'' ), SHRO_AR2 (1.2 £ 0.3 ymol g'!' ), SHRO_XGTI (1.5 + 0.4 pmol g'! ) and
SHRO_XG2 (1.4 £ 0.01 pmol g'!) produced similar amounts of hydrogen peroxide over a 24
hour period. However, concentrations of hydrogen peroxide produced by creams require 48

hours (2.2-4.2 pmol g!) to reach comparable levels as that produced by the equivalent SHRO
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emulsion after 24 hours (4.2 + 0.2 pmol g-!). This implies that the addition of a thickening agent
reduces the rate at which hydrogen peroxide is produced. It was also demonstrated that whilst
both fumed silica creams, SHRO_ARTI (12.1 £ 0.5 pmol g!) and SHRO_AR2 (11.5 + 0.4
pmol g1), produced similar amounts of hydrogen peroxide over a 7 day period. Those
formulated using xanthan gum, SHRO_XG1 (3.1 £ 0.2 pmol g'') and SHRO_XG2 (2.4 + 0.4
pmol g-!), produced significantly less HoOo. This is likely due to the addition of glycerol, which
1s required in these formulations to dissolve the xanthan gum, hence there is lower
concentration of SHRO within the cream (Figure 4.10a). However, despite producing differing
amounts of hydrogen peroxide, all creams were found to inhibit the growth of S.aureus. Fumed

silica creams, however, exhibited significantly large inhibition zones of inhibition (42%) than

XG formulations (Figure 4.10b).

121



4.5 Conclusion

The overall aim of this thesis is to address the need for alternative topical infection
treatments to current antibiotics. In this chapter this has been achieved by successfully
formulating an emulsion containing SHRO, which has been engineered to enable triggered
release of antimicrobial reactive oxygen species via phase inversion. The hypothesis that an oil-
based emulsion would protect, store, and release SHRO under shear and dilution with water
at the time of application has been demonstrated 2 vitro. This mechanism could be initiated by
added or topical moisture, such as wound exudate and shear produced by hand or a delivery

device.

Emulsion composition was optimised to achieve the desired shear thinning behaviour,
easing delivery and promoting retention of the active at the site of infection. Stability
observations revealed that a small degree of sedimentation did occur, over 7 days, for emulsions
containing a dispersed phase of <50% SHRO, this was shown to be reversible by shaking.
Conveniently this redistributed droplets evenly, which is known to improve dose
reproducibility. Hydrogen peroxide measurements indicated that formulations with higher
concentrations of SHRO produced greater levels of reactive oxygen species with 60% SHRO
emulsions producing 4.2 = 0.2 pmol g-! after 24 hours. Emulsions with 30, 50, and 60% SHRO
were tested against clinically relevant bacterial species; Staphylococcus aureus, Pseudomonas
aeruginosa and Escherichia coli. It was found that 60 and 50% SHRO emulsions were efficacious

against all species.

In addition, it was found that post formulation the temperature of the emulsion was
higher than that of the enzyme’s denaturation temperature. As a result, the formation of

emulsions in an ice bath was investigated, which significantly reduced the temperature of the
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emulsion post processing. Furthermore, processing temperature was also reduced below the
critical denaturation temperature by reducing shear rate and shearing time, however these

process alterations did enhance the rate of droplet sedimentation.

Following optimisation of a based SHRO emulsion, Aerosil fumed silica and xanthan
gum were explored as thickening agents to create cream formulations. It was discovered that
1% fumed silica displayed better rheological characteristics than xanthan gum samples, whilst
also producing a product with enhanced stability and maintaining a shear thinning effect for
ease of delivery. Importantly, efficacy was also maintained, demonstrating that emulsion
technologies can be used to effectively store and deliver water sensitive antimicrobials, with the

possibility to engineer triggered release mechanisms that facilitate i sifu activation.
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CHAPTER FIVE

5. REACTIVE OXYGEN POWDER DELIVERY

SYSTEMS

5.1 Introduction

Given the significant use of lyophilisation to increase the shelf-life and stabilise sensitive
medical products, including antibiotics and enzymes [304], this may be a promising
formulation approach to transform SHRO into a non-adherent material while enabling
controlled release of ROS. There are a number of drying methods that may be employed to
create lyophilised powders. Of particular relevance to temperature sensitive therapeutics, like
SHRO, freeze drying is a low temperature (-55°C) lyophilisation technique that utilises a
vacuum (4 x 10-* mbar) to extract water from a sample by means of sublimation [283]. This
process transforms a material from its solid phase into its gaseous phase without going through
the liquid intermediary step [466]. As such high processing temperatures are avoided, which is

advantageous given GOx within SHRO denatures at temperatures greater than 55°C (Eq. 5.1).

GO
CoHip06 + Hy0 + 0y — CeHy,05 + Hy0, (Eq. 5.1)

Producing honey powder via freeze drying would facilitate easy delivery by reducing
issues related to the viscosity and adhesiveness associated with the raw product. This method
of delivery would also enhance usability by being more tailorable to the end use allowing for

system that can be packaged in multiple ways such as that of a sachet, powder shaker or powder
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spray device. However, formulating a dry powder from SHRO is inherently challenging due
to the high concentration of sugars and organic acids [293,294]. This composition produces a
product characterised by low glass transition temperatures (7,), often reported below -50°C
[291,292]. At the 7 ,honey changes from a glassy state to a soft viscoelastic material with a very
high viscosity [295]. In order to produce a powder, the material must remain in its glassy form
at operational temperatures, i.e. room temperature [296]. During the freeze drying process if
the temperature of the honey in the drying chamber is higher than that of the 7, the resultis a
viscoelastic material that will adhere to the chamber surface. This prevents the drying process
from occurring and the formation of a free-flowing powder is not possible [296,297]. To dry a
material of this type, either the temperature of the drying chamber has to be kept below that of
the 7, however this can be difficult due to the 7 of honey often being lower than that of the
drying chamber (-55°C), or the composition of the material needs to be modified to achieve a
higher 7,. In order to increase the 7, drying agents such as starch, maltodextrin or gum Arabic
are typically added [298]. These substances increase the 7, by reducing particle to particle
cohesion, and in turn less agglomeration reduces water-holding capacity [299,300]. This means
that the product remains in a glassy state throughout the drying process, enabling the water

content of the honey to be removed and a powder to be formed [301].

Once lyophilised, products are notoriously hydroscopic which can cause storage issues
and airtight containers must be used in order to prevent rehydration [467]. In addition to, in
order to reduce the relative humidity within the sample container desiccants are often used
[468]. Given that the antimicrobial mechanism of SHRO is initiated by water it is essential that

SHRO powders are stored to minimise rehydration post freeze-drying.
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As an alternative to formulating powder from SHRO, a ROS producing powder could
theoretically be formed totally synthetically by combining only the compounds needed for the
enzymatic oxidation of glucose to take place (Eq. 5.1). This mixture of glucose and GOx would
therefore utilise the same mechanism of action as that of SHRO but without the additional
components found within honey. Such a system still possesses limitations on storage similar to

that of SHRO powder, in addition to potential issues with enzyme stability.

Beyond powder formulation, given the known benefits of using hydrogels in wound
care, the incorporation of a superabsorbent to the product in order to facilitate i situ gelation
may enhance treatment. Specifically it has been shown that the moist environment provided
by a hydrogel dressing simplifies healing phases such as granulation, the repair of the epidermis,
and the removal of dead tissue [314—317]. Furthermore, by gelling n siu it will also form a
barrier preventing the any further infection or wound contamination from the environment.
The advantages of formulating a product in such away over existing commercially available
products (Table 2.5) is that it provides greater functionality. The superabsorbent component
would be able to remove exudate from the wound similar to the action of that of foam, alginate
and hydrofiber dressing, yet once exudate has been removed it can keep moisture localised
ensuring that the wound does not dry out, as is the action of a hydrogel dressing. Existing
hydrogel product are currently applied already hydrated and thus their capacity to absorb is
very limited, therefore their applicational purpose is to provide hydration to the wound site.
However, much like the absorbent dressing currently on the market there is limitations on how

much exudate is able to be absorb and this will dictate how often the dressing is changed.

For the first time, this study demonstrates the potential to formulate a powder system

that enables the delivery of ROS as an alternative to current antimicrobials or antibiotics. Both
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the transformation of SHRO into a powder, with the aid of a drying agent, and the formulation
of synthetic reactive oxygen powder, circumvents current issues with water sensitivity, viscosity,
and adherence therefore easing delivery and broadening clinical application. It is further
proposed that the addition of a superabsorbent to form a hydrogel upon contact with wound
exudate, enables i siu ROS activation (Figure 5.1). Overall, this chapter reports the
formulation of a novel antimicrobial technology that provides a physical barrier to protect the
wound from further infection, creates a moist environment to facilitate healing, and has the

potential to be used in combination with a range of therapeutic molecules.

Topical Wound Superabsorbent Powder Antimicrobial Hydrogel

Figure 5.1. A schematic diagram depicting the topical application of powder to a wound site,
which 1s activated i situ to produce reactive oxygen species and elicit an antimicrobial response,
whilst also rapidly forming a hydrogel to provide an ideal, protective, wound healing

environment.
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5.2 Materials and Methods

5.2.1 SHRO powder formulation

Neat SHRO (Matoke Holdings, UK) was added in varying concentrations (50 — 70%)
to either methylated-B-cyclodextrin (MCD — CycloLab R&D Ltd.,, Hungary) or (2-
hydroxypropyl)-B-cyclodextrin (HCD - CycloLab R&D Ltd., Hungary). Concentrations of
SHRO present within a formulation are denoted as % (w/w) and are indicated by the
numerical value adjacent to the drying agent acronym e.g. MCD 50 utilises methylated-p3-
cyclodextrin as the drying agent and contains 50% SHRO. Further, the addition of sodium
polyacrylate (SPA — Sigma Aldrich, UK) was explored with specific MCD or HCD
formulations. Incorporation of SPA is indicated by the percentage value adjacent to the sodium

polyacrylate acronym.

5.2.2 Freeze drying

Before lyophilisation, SHRO, drying agent and those formulations that contain SPA
were then mixed at room temperature 21°C using a spatula until a homogenous paste was
formed. Formulations were then frozen at -80°C for 24 hours and freeze dried for 72 hours
using a Lablyo mini freeze dryer (Frozen in Time, UK). Freeze drying was performed under
high (4 x 10-* mbar) vacuum conditions with the condenser temperature set at -55°C. Upon

removal from the freeze dryer, samples were milled using a pestle and mortar to form a powder.

9.2.3 Synthetic reactive oxygen powder formulations

Mixtures of analytical reagent grade D-glucose anhydrous (Fischer Scientific, UK) and
GOx (Matoke Holdings, UK) at concentrations of 0.2, 0.1 and 0.05% w/w were formed.
Powders were weighed using a Quintix® Analytical Balance 60 (Sartorius, UK) and mixed in

a 50 mL centrifuge tub, at room temperature (21°C ), by continuous oscillation on top of a
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benchtop votexer for 5 minutes. Formulations where glucose was replaced with fructose to
assess stability were created using analytical reagent grade D-Fructose (Fischer Scientific, UK)

and mixed using the same methodology as above.

9.2.4 Powder characterisation and storage

Mass Loss

Mass loss due to the removal of water from the formulation was determined using a
Pioneer balance (Ohaus, Switzerland) with mass measurements taken both before and after

freeze drying. Each SHRO powder formulation was run in triplicate.

Fourier-transform infrared spectroscopy (FTIR)
To confirm processing did not change the chemical structure of SHRO, FTIR spectra
were obtained using a Nicolet 380 spectrometer (Thermo electron corporation, UK). For each

sample, 64 scans were taken at a resolution of 4 cm-! and averaged spectra are presented.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to assess the morphology and size of
freeze dried powder particles. Images were captured at an electron acceleration voltage of 15
kV using a TM3030Plus tabletop microscope (Hitachi Group, UK) in back scattered mode. All
samples were mounted onto aluminium stubs using carbon tape and gold sputter coated to

ensure conductivity.

Particle size
A QICPIC (Sympatec, UK) high speed dynamic image analyser was used to size SHRO

powder particles. The camera frame rate was set at 100 fps with a particle fall height of 40 cm.
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Particle size was determined using the EQPC mode, which calculated the diameter of a circle
that had the same area as the projected area of the particle. Each powder formulation was

analysed in triplicate.

Powder flowability

The angle of repose and Hausner ratio were determined in order to assess powder flow,
which would influence ease of delivery and packing within the wound. Angle of repose was
calculated by using a short-stemmed powder funnel, which was clamped 10 cm above a level
surface. While blocking the opening, 5 g of powder sample was added to the funnel and the
obstruction was subsequently removed to allow the powder to flow onto the surface below. The
height and diameter of the powder pile was then measured, and the angle of repose calculated

using trigonometry.

Hausner ratio was calculated by first recording the initial powder volumes (vi), then
interparticulate voids, reduced by a mechanical tap (tapped density), were minimised by use of
a vibrating plate. Vibrations were applied for 5 minutes after which there was no difference in
recorded volume. Final powder volumes (vi) were recorded and the Hausner ratio was
calculated using Eq. 5.2. Each SHRO powder formulation was run in triplicate.

vi

H= (Eq. 5.2)

Powder storage
Lyophilised powders were immediately transferred from the freeze dryer into an airtight
universal container, which included the addition of 2g of silica beads to acts as a desiccant to

reduce the relative humidity within the container.
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5.2.5 SHRO powder gel characterisation

Absorbency

0.1 g of SHRO powder was added to a 20 mL test tube and 0.1 mL of distilled water
was then added to the test tube and allowed to rehydrate for 5 minutes. The test tubes were
then inverted for 10 seconds onto a water sensitive surface to assess absorbency. Distilled water
was continually added in 0.1 mL volumes leaving 5 minutes between each addition until water

was no longer absorbed by the SHRO powder.

Rheology

Each SHRO powder containing SPA was first measured out to 1 g and added to either
5 or 20 mL of distilled water at room temperature (21°C). A Kinexus Ultra+ rheometer
(Malvern Instruments, UK) equipped with 40 mm serrated parallel plates to minimise wall slip
during the determination of the SHRO gel’s viscoelastic properties. All tests were conducted at
33°C to simulate skin temperature, with samples given 2 minutes of temperature equilibration
time. Gap height was set at 1 mm. First, a strain sweep with the frequency fixed at 1 Hz was
conducted to identify the % strain values that fall within the linear viscoelastic region.
Frequency sweeps were then carried out using 0.1% strain and frequencies from 0.1 to 100 Hz

to obtain storage (G’) and loss (G”’) moduli.

5.2.6 In vitro antibacterial properties of SHRO powder

Hpydrogen peroxide assay
Hydrogen peroxide concentrations released from SHRO powders were determined by
an Amplex red peroxide fluorescent assay kit (T'hermo Fisher Scientific, UK). A calibration

curve was first created using HoOq standards at the following concentrations 10, 3, 1, 0.3, 0.1

and 0 uM. For the assay, 0.1 g of each powder was firstly dissolved in 40 mL of phosphate
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buffered saline (PBS) to form a stock solution. At each time point, 50 pL was taken from each
of the stock solutions and further diluted in 10 mL of PBS. A reagent master mix was then
formed containing 50 pL red peroxidase substrate, 100 pL of 10 units/mL peroxidase, and 4.85
mL assay buffer. 50 pL. of SHRO powder or H2Og standard was added to each well to which
50 pL of master mix was then added. Wells were then mixed by pipetting and incubated for 30
minutes protected from light. Fluorescence intensity was then measured (Aex = 540nm/Aem=
590nm) using a Tecan Spark plate reader (T'ecan Trading AG, Switzerland). Each SHRO

powder was tested in triplicate.

Lones of infubition

LB broth (Sigma Aldrich, UK) and LB broth with agar (Sigma Aldrich, UK) were
prepared in distilled water to concentrations of 20 g/L and 35 g/L, respectively. Both were
then sterilised in an autoclave for 20 minutes at 121°C under 100 kPa of pressure. Overnight
cultures of Staphylococcus aureus (S. aureus - ATCC 29213), Escherichia coli (E. coli - MG1655) and
Pseudomonas aeruginosa (P. aeruginosa - NCTC 13437) were prepared in 5 mL of LB broth
inoculated with one bacterial colony. Using an Evolution 300 UV-VIS spectrophotometer
(Thermo Scientific, UK) at 600 nm the optical density of each overnight culture was measured
and diluted to 0.04. LB broth with agar was used to from plates, which were then inoculated
with bacteria. Using a 10 mm sterile borer, wells were created in the center of the inoculated
agar. 0.2 g of neat SHRO powder was added to each well and then incubated at 37°C for 24
hours. The zones formed from inhibited bacterial growth were then measured, and the bore
hole diameter deducted. Testing of SHR O powder efficacy in solution was achieved by creating
different concentrations of SHRO powders (0.2 - 0.005 g/mL). 250 pL of each concentration
was pipetted into each well, incubated at 37°C for 24 hour, zones of inhibition measured and

well size deducted. Each SHRO powder formulation and bacterial strain were run in triplicate.
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5.2.7 In vitro brocompatibilaty

Human dermal fibroblast cell culture

It was important to confirm the SHRO powders had no detrimental effects on
mammalian cell behaviour. HDF (ATCC Cat. PCS-201-012; Passage number 8) were cultured
in DMEM (Sigma Aldrich, UK) and supplemented with 10% v/v fetal bovine serum (Sigma
Aldrich, UK), 1% v/v penicillin/streptomycin (Sigma Aldrich, UK), and L-glutamine (Sigma
Aldrich, UK). All cultures were allowed to attach to the well plate for 24 hours incubated at
37°C with 5% CO». Well plates were initially seeded with 5 x 10* cells/mL per well for 96-well
plates. After 24 hours DMEM media was replaced with DMEM containing different
concentrations of SHRO powder variants and incubated at 37°C and 5% CO2 with media

changed on days 3 and 7.

HDF cell viability - lwe/dead assay

Cell viability was assessed on days 1, 3 and 7 using a live/dead assay (Thermo Fisher,
UK) following the manufacturers protocol. Briefly, cells were seeded in a 96-well plate and
treated with SHRO powder containing media. At each time point, media was removed from
the cells and then washed with PBS. Dyes were then added, and the well plate was then
incubated in darkness for 15 minutes at room temperature. The dye solution was removed, and
PBS used to wash the cells that were then fixed with 4% PFA (Sigma Aldrich, UK). Fluorescent
images were then acquired using an Invitrogen EVOS M5000 microscope (Thermo Fisher,

UK). Each sample was run in triplicate.
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HDF cell proliferation - XTT assay

Cell proliferation was assessed on days 1, 3 and 7 by means of an XT'T assay (Biological
Industries, Israel) and the manufacturers protocol was followed. Briefly, cells were seeded in a
96-well plate and treated with SHRO powder containing media. 0.1 mL of activation solution
was added to 5 mL X'T'T" assay reagent to form the reaction solution. 50 mL of reaction solution
was then added per well and incubated for 2 hours at 37°C and 5% COs. Absorbance was then
measured using a Tecan Spark plate reader (Tecan Trading AG, Switzerland) set at 450 nm
with media only readings subtracted from wells containing SHRO powders. Blank subtracted
values were then normalised against control wells containing HDF cells and DMEM media.

Each sample was run in triplicate.

5.2.8 Ex-vwo porcine wound model

Commercially available porcine skin (Skin for sale, UK) was cut using a scalpel in order
to create a lesion. The site was dampened with 2mL of water to mimic wound exudate and
approximately lg of SHRO powder containing +40% SPA was applied using a shaker
applicator. Images were taken before, during and after addition of the SHRO powder. Post
gelation, a cross section of the wound was created using a scalpel and imaged using an iPhone

X camera.

5.2.9 Statistical analysis
GraphPad Prism® 5.0 software was used to perform statistical analysis. T-tests were
used to determine significance whereby values of p < 0.05 were considered significant and p

values indicated as follows p < 0.05 (*), p < 0.01 (*¥), p < 0.001 (***¥). Data is presented

throughout as mean * standard deviation.
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5.3 Results

5.3.1 SHRO powder formulation

B-cyclodextrin derivatives (CD), MCD and HCD were utilised for their superior drying
ability of SHRO when compared to other drying agents, such as maltodextrin and gum arabic
(Figure 5.2a). The ability of B-cyclodextrin to promote the removal of water from the sample
and hence provide the ability to form a flowable powder post freeze drying was tested. SHRO
water loss post freeze drying was measured at 0.20 = 0.02, 0.25 = 0.03 and 0.23 £ 0.02 g per
gram of MCD 70, MCD 50 and HCD 50 powder, respectively (Figure 5.2b). This revealed no
significant difference between equivalent MCD and HCD samples (p = 0.45), or for powders

with 20% more SHRO (p = 0.08, MCD 70 versus MCD 50).
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Figure 5.2. Chemical structure of B-cyclodextrin, methylated-B-cyclodextrin (MCD), and (2-
hydroxypropyl)-B-cyclodextrin (HCD) (a) and a comparison of the mass loss from pure SHRO
and SHRO powders as a result of freeze drying (b). n=3, error bars represent standard

deviation.

Importantly FTIR spectra confirmed that the incorporation of these compounds and
the removal of water did not influence the chemical composition of the SHRO, specifically
relating to bonds characteristic of carbohydrate structures. The two water bands observed at

3284 cm! (OH — stretch) and 1641 cm! (OH — deformation) in samples MCD 50 and HCD
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50, were reduced in intensity compared to the SHRO control, indicating a lower water content
(Figure 5.3a). Characteristic carbohydrate regions between 1800 cm ! and 500 cm ! were also
analysed. These wavelengths correspond to the most sensitive absorption region for SHRO,
MCD and HCD (Figure 5.3b). SHRO sugar peaks include the stretching of the C-O band in
the C-O-C linkage (1110 cm™), G-OH group/C-C stretch in the carbohydrate structure (1043
cm'!) and C-H bending of the carbohydrate (918 cm!). MCD and HCD show a prominent
absorption band at 1083 cm! corresponding to the C-H and C-O stretching vibrations. This
band is absent in the SHRO spectrum but can be observed in the MCD 50 and HCD 50
samples. Similarly, SHRO characteristic peaks at 815 cm™! and 773 cm! can be observed in
MCD 50 and HCD 50 but not in the drying agent controls. With no significant change or shifts
in peaks this indicates that compositional integrity of the active, SHRO has been maintained,

which will be vital for producing an antimicrobial effect.
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Figure 5.3. Average FTIR spectra (64 scans) of SHRO powders made with MCD and HCD
along with controls that contained no honey at wavelengths between 500 - 1800 cm™! (a) and

500 - 4000cm-!(b). Scans were taken at a resolution of 4 cm-!.
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In all cases the addition of MCD or HCD resulted in significantly more water removal
compared with SHRO alone, demonstrating the effectiveness of the selected drying agents
(Figures 5.4a-d). Notably, the resultant freeze-dried powders made from different B-

cyclodextrin derivatives, were homogeneous and indistinguishable under SEM (Figures 5.4e-

g)-

a) SHRO b) mcp70 c) McCD 50 d) Hcp50

Figure 5.4. Images were taken of SHRO (a), MCD 70 (b), MCD 50 (c) and HCD 50 (d)
formulations before and after freeze drying with higher magnification SEM images of MCD

70 (e), MCD 50 (f) and HCD 50 (j) also acquired.

SHRO powder was further characterised by particle size and its ability to flow, which
both play a role in effective delivery of the product and ensure sufficient packing within the
wound (Figure 5.1). The particle size for all SHRO powders MCD 50 — 70 and HCD 50 fell
within identical distributions with an average diameter of approximately 205 pm (Figure 5.5a).
A funnel technique was used to obtain the angle of repose of all samples, which defines the

transition between phases of a granular material and allows for the quantitative measure of
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powder flowability (Figure 5.5b). Increasing SHRO concentration in MCD samples from 50
to 70% was found to significantly (p = 0.04) reduce powder flowability as indicated by a 12.5%
increase in angle of repose between MCD 50 (26.3£0.86°) and MCD 70 (29.6%£1.6°). The
average angle of repose for samples containing 50% SHRO powder and utilising HCD was
22.910.55° (Figure 5.5¢c). Notably this was significantly lower than equivalent MCD samples
(p = 0.005). The reduction in flowability may also be due to the absorption of water from the
environment. As the experiment was benchtop and not under condition of low relative
humidity water content may have rapidly increased and resulted in the agglomeration of

particles.

In order to determine the relative effect of interparticle interactions and how this may
impact flowability, the Hausner ratio was calculated using Eq. 5.2 and methodology depicted
in Figure 5.5d. Despite formulations exhibiting variations in flowability, there was no
statistically significant differences in Hausner ratios indicating that the propensity of samples to
be compressed was comparable between MCD 70 (1.38+0.08), MCD 60 (1.47£0.02), MCD

50 (1.43+0.08), and HCD 50 (1.43%0.17) (Figure 5.5¢).
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Figure 5.5. Typical particle size distribution of SHRO powders with an average size of
approximately 205 um (a), schematic representing angle of repose measure that is an indicator
of flowability (b), differences in the angle of repose for samples with varying SHRO content
and drying agent (c), diagram depicting density determination methodology used to calculate
Hausner ratio, a determinant of packing efficiency (d), and the calculated Hausner ratio of

SHRO powders (e). n=3, error bars represent standard deviation.

139



In an effort to localise the powder at the defect site and to protect the wound from
further infection, the addition of a superabsorbent (SPA) was explored. Specifically, the aim of
incorporating SPA was to enable the powder to transform into a hydrogel through absorption
of wound exudate. Concentrations of 10 —40% were selected in order to provide a broad range
of values with higher concentrations expected to provide greater absorption properties. To
begin this optimisation process, the ability of each formulation (MCD 70 — 50 and HCD 50) to
absorb water was measured. As may be expected, a positive linear correlation was observed
between SPA addition and water absorption capacity. Remarkably, despite honey being known
for osmotic behaviour, generally formulations with SHRO absorbed less water than equivalent
controls (no SHRO and same SPA content). Specifically, MCD 70, MCD 50 and HCD 50
with +10% w/w SPA absorbed 39.67+6.4, 29.67%2.5, 37.33£1.5 mL g'! respectively while the
equivalent amount of SPA had the capacity to absorb 41.16£2.1 mL g!. It is also remarkable
that when comparing between samples containing SHRO, for 20 and 40% w/w SPA samples
MCD 70 exhibited lower absorbency compared to MCD 50 and HCD 50, despite this

formulation containing 20% more honey (Figure 5.6a-b).

The viscoelastic properties of gels developed from the SHRO powder formulations
were assessed to determine whether they exhibited sufficient flexibility to conform and protect
the wound bed. Notably, all of the formed protective layers were found to exhibit dominant G’
values across all tested frequencies, which is characteristic behaviour of a gel system. The drying
agent (MCD vs HCD) and concentration of SHRO (MCD 50 vs MCD 70) had no significant
impact on G’ values (p > 0.05). An increase in SPA from 10 to 40% w/w, however did increase
the G’ value indicative of a stiffer gel (Figure 5.6c-d). When additional water was added to the

formulations this caused a reduction in G’, a trend observed across all frequency values.
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Limitations of this study found that if less than 5 mL per g was added, a brittle gel was little

homogeneity was formed and therefore the rheological properties could not be fully elucidated.
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Figure 5.6. Absorption capacity of SHRO powders with +10, 20 and 40% SPA (a) and the
relationship between SPA addition and water absorbency for different drying agents with SPA
used as a control (b). Viscoelastic properties of SHRO powder gels with +10 and 40% SPA
conducted at 0.1% strain and 33°C after addition of 5 or 20 mL distilled water (c) and the
comparison of storage modulus at a frequency of 1 Hz (d). n=3, error bars represent standard

deviation.

A hydrogen peroxide assay was conducted over 8 days to confirm that the processing

conditions used for powder formation did not adversely affect the efficacy of incorporated
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SHRO. Promisingly all formulations were found to produce H2Og over this time period (Figure
5.7a). It 1s notable that release was fastest from MCD 70. After 4 days, MCD 70 (29.97 £1.3
pmol g!) exhibited a significantly higher concentration of hydrogen peroxide compared to

MCD 50 and HCD 50 (21.45 £1.6, and 18.88 £1.7 pmol g, respectively). However, after 8

days no significant differences in HoO2 concentrations were observed (Figure 5.7a).

Zone of inhibition experiments were conducted to determine if varying levels of HoOo
produced from different powder formulations impacted the degree of microbial efficacy (Figure
5.7b). Promisingly, all of the powder variants were capable of inhibiting the growth of clinically
relevance Gram negative (P. aeruginosa and E.colt) and Gram positive species (S. aureus). Despite
variations in HoOp release kinetics, there was no significant difference in the size of inhibition
zones formed for MCD 70, MCD 50 and HCD 50 powders against all tested bacteria (Figure
5.7c-e). The amount of powder required to be eflicacious was also determined by conducting
a minimum inhibitory concentration assays using MCD 70. The results show efficacy against

S. aureus down to a concentration of 0.005 g mL-! (Figure 5.7f).
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Having determined the efficacious range of MCD 70 it was important to confirm that
the levels of HoOy released were not cytotoxic to mammalian cells. Promisingly no adverse
effect on HDF viability was observed at a powder concentration of 0.01 g mL-! (Figure 5.8a-h).
Over a period of one week, the majority of cells remained viable, exhibiting an elongated
morphology at day 7 (Figure 5.8e-h). To further reinforce these findings, an XTT cell
proliferation assay was conducted (Figure 5.8i-j). These results demonstrated HDFs exhibited
levels of proliferation comparable to cell only controls at powder concentrations of 0.01 and
0.05 g mL! for all formulations. Furthermore, for HCD 50 proliferation was not impacted at

a higher concentration of 0.15 g mL-! (Figure 5.8g-h).

The ability of the gel formed from MCD 70 + 40% SPA to conform within a 3D defect
was assessed using an ex-vivo porcine model in which a wound was created using a scalpel
(Figure 5.8k) and moistened to stimulate exudate before powder addition (Figure 5.81). Within
<1 minute this powder sample was observed to transform into a gel (Figure 5.8m). Promisingly
cross-section dissection of the model revealed that the gel had expanded to fill the wound
creating a tight interface across the entire defect (Figure 5.8n). It is proposed that this ability to
easily conform in 3D would prevent the wound environment from being invaded with further

bacteria while keeping the delivery of ROS localised to the site of infection.
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Figure 5.8. Fluorescent micrographs demonstrating viability of human dermal fibroblast (HDF)
cells cultured with 0.01 g mL-1 of SHRO powders and stained with Syto 10 (green — live cells)
and ethidium homodimer (red — dead cells) after 1 (a-d) and 7 days (e-h) (scale bars — 1000 pm).
Quantification of HDF proliferation by X'T'T" assay and normalised to cell only controls after 1
(1) and 7 (j) days of culture with powder formulations. A 1cm? 3D wound formed with a scalpel
in ex-vivo porcine skin (k), application of SHR O powder to the dampened defect using a shaker
applicator (1), with gelation occurring in < I minute (m), which expanded to fill the entire defect
creating a tight interface with the surrounding tissue (n) (scale bars — 10 mm). n=3, error bars

represent standard deviation.
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9.3.2 Synthetic reactive oxygen powder formulation

Following the successful formulation of SHRO powder variants, investigations were
made to formulate a synthetic reactive oxygen powder. Three formulations were created with
0.2, 0.1 and 0.05% GOx incorporated into the powder systems. The ability of these systems to
produce and release hydrogen peroxide immediately post-production was tested (Figure 5.9a).
it was found that levels of HoOg rose steadily over a 72 hours period where they peaked,
producing concentrations of 2.44 + 0.09, 2.10 + 0.08 and 1.96 + 0.05 mmolg-! respectively.
After 72 hours, the concentration of hydrogen peroxide reduced slightly to 2.09 + 0.02, 1.59 *
0.05, 1.47 £ 0.06 mmolg! respectively after 7 days. Powders were then stored at room
temperature (21°C) for 10 and 18 days following production, before re-assessment of each
powder’s hydrogen peroxide producing capability. After 10 days of storage it was found that
the level of hydrogen peroxide produced was significantly reduced. The release profile was
similar to that measured initially post formulation, however after 72 hours hydrogen peroxide
concentrations were reduced by 43.7 (1.38 £ 0.6 mmolg!), 69.2 (0.65 £ 0.3 mmolg!) and
77.6% (0.44 = 0.49 mmolg!) respectively. This phenomenon continued and after 18 days of
storage concentrations of hydrogen peroxide produced were only 0.86, 0.95 and 0.05% of the
original value tested immediately postproduction (Figure 5.9b). Further confirmation of a
decrease in efficacy was also prevalent in the results from bacterial zones of inhibition tests. The
ability for the 0.2% GOx synthetic formulations to inhibit the growth of S. aureus was assessed
immediately postproduction, and then again after 10 and 18 days, complimentary to that of
the hydrogen peroxide assay. It was found that the zone produced initially were large in size
(24.7 £ 1.5 mm) that decreased to (11.3 £ 1.5 mm) after 10 days and after 18 days no zone of
inhibition was detected (Figure 5.9¢). Controls of both glucose and water produced no capacity
to inhibit bacteria inferring that activity is due to the presence of GOx and the enzymatic

reaction that occurs.
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Figure 5.9. Experimental plan (a) for determining hydrogen peroxide production of synthetic
reactive oxygen powder formulations containing 0.2, 0.1, and 0.05% glucose oxidase after 0,
10 and 18 days of storage at room temperature (21°C) (b). Zone of inhibition produced by
treating Staphylococcus aureus with 0.2% GOx synthetic reactive oxygen powder formulations
after 0, 10 and 18 days of storage at room temperature (21°C) (c). Controls of glucose and water

were used both eliciting no reaction. n=3, error bars represent standard deviation.

Further testing was conducted in order to better understand the capacity reduction of
synthetic powders to produce hydrogen peroxide. Glucose in 0.2% formulations was replaced
with inert fructose, to prevent the enzymatic oxidation reaction from occurring (Eq. 5.1). These
formulations were stored for a week at room temperature (21°C) and tested for hydrogen
peroxide release at a 24 hour time point on days 0, 1, 3 and 7 (0.2% fructose control) (Figure

5.10a). To assess if the presence of glucose during storage caused the decrease in efficacy noted
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in Figure 5.9, glucose was added to the 0.2% fructose formulations immediately before assessing
the hydrogen peroxide production at a 24 hour time point on days 0, 1, 3 and 7 (0.2% fructose-
glucose). As expected without the presence of glucose the 0.2% fructose control indicated
negligible concentrations of hydrogen peroxide over the 7 days of storage. A decreasing trend
however was noted when assessing the capacity of 0.2% fructose formulations to produce
hydrogen peroxide when glucose is added prior to testing. A 24 hour time point taken after 7
days of storage, produced 0.35 + 0.02 mmolg! of hydrogen peroxide. This was significantly
less than that measured post-formulation where hydrogen peroxide concentrations were 0.68
+ 0.05 mmolg! indicating a trend of a reducing capacity to produce hydrogen peroxide over

the storage period (Figure 5.10b).
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Figure 5.10. Experimental plan (a) for determining hydrogen peroxide release from 0.2%
synthetic reactive oxygen powder formulated with fructose in place of glucose, stored for 0, 1,

3 and 7 days after which glucose was added to the formulation (b). Measurements were taken

24 hours after the addition of glucose.
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5.4 Discussion

5.4.1 SHRO powder formulation

SHRO, an engineered medical grade honey, has the capacity to generate ROS through
a reaction between glucose and water, which is mediated by the enzyme glucose oxidase (Eq.
5.1). Existing literature has demonstrated the eflicacy of SHRO, both i vitro and i vive, against
arange of Gram negative and Gram positive bacteria, including antibiotic resistant species (e.g.
MRSA) [43,44,167-170]. However, the highly viscous and adherent nature of SHRO makes
it difficult to deliver and 1s preventing it from being used more widely in infection treatment
[170,418]. Herein we demonstrate the possibility to use starch based drying agents to facilitate
freeze drying of SHRO and form a free-flowing powder, which enables easy application. These
formulations were further enhanced by the incorporation of a superabsorbent compound
enabling ROS production to be initiated through absorption of wound exudate while

transforming the powder into a gel, creating a protective barrier capable of promoting healing.

In selecting a drying technique, it was important to consider the thermal instability of
SHRO since above 55°C enzymatic production of ROS is significantly reduced [151]. As such,
low temperature methods were explored, namely freeze drying, a technique that has been
employed to lyophilise other temperature sensitive therapeutics, such as vaccines [469].
However, it was not possible to dry SHRO on its own since the water present was bound too
tightly to sugar molecules. Therefore the addition of drying agents were explored to increase
the glass transition temperature [298]. Two compounds were tested for this purpose MCD and
HCD. It was found that only the latter two had the capacity to dry mixtures containing = 50%
SHRO. Compared with the other tested agents, it is proposed that the additional methylation
present in MCD and HCD helps to decrease particle to particle interaction and this reduces

the ability of SHRO to retain water (Figure 5.2a). Interestingly when comparing MCD and
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HCD, the former, with a higher degree of methylation, was capable of drying mixtures

containing up to 70% SHRO, in comparison to only 50% with the latter [299,300].

Following successful drying, it was important to confirm that neither MCD nor HCD
had a detrimental effect on antimicrobial efficacy of SHRO. FTIR was used to study the
molecular interactions within the powder formulations and concluded that there were no
structural or chemical changes. Peaks at wavelengths characteristic of both SHRO and the
drying agent were present in the final products with no evidence of peak shifts or changes
(Figure 5.3a-b). By observing the relative intensity of the bands at 3284 and 1641 cm! variation
in water content could be determined, with SHRO exhibiting the greatest intensity in these
regions [470]. This comparison revealed that MCD 50 formulations showed lower intensities
in the water bands than HCD 50, indicating that MCD has an enhanced ability to remove
water from SHRO during the drying process. Mass loss measurements corroborated this
finding, with MCD displaying 65% more mass loss than SHRO alone and 7% more than
equivalent HCD formulations (Figure 5.3b). The ability to produce a free flowing powder at
70% when using MCD also demonstrates the enhanced drying capacity for this compound
compared to HCD, which was only able to dry formulations consisting of up to 50% SHRO

(Figures 5.4a-d).

To assess the ease of delivering each powder to a wound, flowability was measured
along with the packing ability of each formulation since this will influence dosage. The three
formulations selected for further testing (MCD 70, MCD 50 and HCD 50) were found to
exhibit comparable particle size distributions. Notably, all samples exhibited a broad range of
particle sizes with average Do, Dsoand Doo values of 88, 205 and 391 pm, respectively (Figure

5.5a). This is likely due to two reasons; firstly, compared with other grinding techniques (e.g.
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ball milling), hand grinding of SHR O powders is likely a relatively inefficient methodology that
typically does not produce a narrow particle size range [471]. Secondly, it is likely that particle-
particle interactions led to aggregations during analysis, evidence for this can be observed in
the SEM images (Figure 5.4f-g). Size alone is not enough to infer or predict the flow properties
of a powder, Fu., et al. [472] states that the shape of the particle has a greater influence than
the size. This indicates that improvements in grinding may be required in order to improve
flow. Given the similar particle size distributions, it was interesting that a significant difference
in the angle of repose was observed between these samples (Figure 5.5¢). Angle of repose was
measured at between 23-30° for all samples, indicative of good flow properties [473]. This
methodology is most significantly affected by factors such as the sliding and rolling of particles,
interparticle friction, and size [474—476]. Since the size distribution was similar, it is suggested
that the HCD powders exhibit lower angles of repose due to reduced particle friction driven by
a more spherical morphology, however this is not supported by the high resolution SEM images
(Figure 5.4f-g). Remarkably, <hou., et al. [477] concluded that angle of repose measurements
were less sensitive to density and interparticle interaction, factors which are influential in the
determination of a powders Hausner ratio. This explains the conflicting trends observed
between the angle of repose measurement (Figure 5.5¢) and Hausner ratio (Figure 5.5¢), which
suggests that all powders have an equal (p > 0.05) but poor ability to flow (1.37-1.47) [478].
However, it 1s also highlighted that all SHRO powder formulations had the same propensity
to compress and therefore the mass dosage delivered to a defined wound area would likely be
similar. Furthermore, it is notable that MCD 70 contains a greater proportion of active and
therefore would be expected to release more HoOo, which was confirmed through n wvitro
experiments (Figure 5.7a). With conflicting measurements, likely due to a combination of a
high degree of non-sphericity amongst the particle population and the probability that the

powder is absorbing environmental moisture causing aggregation, a third methodology is
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proposed. Carr’s compressibility index is an alternative way of determining powder flow similar
to that of Hausner ratio and could complement existing data to inform on the improvement of

powder flow. Furthermore, this could be conducted in a controlled desiccated environment.

There is a wide body of existing literature that evidences the benefits of using hydrogels
in wound dressings [310—-313]. In particular, absorbent systems like alginate are cited for their
promising absorption capabilities of up to 20 times their weight in fluid making them useful for
treating infected wounds [479]. Alongside this, the introduction of topical negative pressure has
improved management of complex wounds [479-481]. Here the incorporation of a
superabsorbent (SPA) was explored to support management of wound exudate and through
situ gelation, localise the powder formulations while creating a protective barrier to prevent
further contamination (Figure 5.1). When in contact with water there is a tendency for the
sodium 1in the polyacrylate to be displaced by H2O and replaced within the polymer network
causing it to swell. Rheological analysis (Figure 5.6¢) demonstrated characteristic gel behaviour
for all samples, as indicated by G’ exceeding G at all tested frequencies (0.1-100 Hz). The
mechanical properties of skin produces young moduli values of between 4.6 — 20 MPa with
storage (G’) and loss moduli (G”) measuring at 400 Pa and 100 Pa respectively [482,483]. These
results suggest that the gel formed provides a stiffer scaffold than that of skin which supports its
use as a protective barrier. Comparisons cannot be made with regards to the Youngs modulus

due to limitations regards to equipment availability.

Through the use of an ex-viwo porcine model, we demonstrate that the swelling of the
polymer network creates a tight interface at the wound periphery (Figure 5.7n). It is postulated
that this expansion may be exploited to locally apply negative pressure across the interface. The

linear correlation between SPA and gel absorption capacity suggests that the degree of swelling,
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and thus applied pressure, could be controlled through adding more superabsorbent. MCD 70,
MCD 50 and HCD 50 powders maintained integrity up to 77.3 £ 1.5, 120.0 £ 2.0, 119.3 £
3.1 mL g'! of water, respectively when 40% SPA was added (Figure 5.6a). SPA concentration
was found to be the predominant factor influencing storage and loss modulus (Figure 5.6c-d)
with another factor being SHRO concentration. Specifically, it was observed that MCD 70,
which contained more active had a reduced ability to hold water in the formed polymer
network compared to MCD 50 (Figure 5.6b). This is likely due to the increased generation of
free 10ns from formulations with higher SHRO content, which may disrupt the attraction of

water to the polymer chain [484].

The production of hydrogen peroxide and other ROS is well documented to be the
dominant factor in the antimicrobial effect elicited by SHRO [170,418]. On that premise it
was vital that post formulation the engineered SHR O powders retained their ability to produce
hydrogen peroxide (Figure 5.7a). It was found that powders with higher concentrations of
SHRO had a faster rate of reaction, with MCD 70 producing 5.15 £2.0 pmol g'! of hydrogen
peroxide after 24 hours. This was in comparison to MCD 50 (3.34 +£0.12 pmol g'!) and HCD
50 (3.11 £0.30 pmol g!), which produced comparable levels of H2O2 suggesting the
predominant factor in determining dosage was SHRO concentration. Producing a formulation
capable of controlled, predictable production of hydrogen peroxide ensures that effective and
non-cytotoxic dosing can be delivered throughout the application period [459]. Promisingly, it
was found that all the SHRO powders continued to produce and maintain levels of hydrogen
peroxide throughout the entire testing period (8 days). However, it is notable for topical
application, dressing changes would typically be done more frequently, most commonly every
24-48 hours, although some dressing can last for as long as a week [485]. Based on these release

profiles, it will be important to provide application advice to align wound care regimes with the
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dosage time scale for the SHRO powders, which is suggested to be a maximum of one week.
For shorter application periods, the faster rate of hydrogen peroxide generation by MCD 70

formulations may be beneficial to treating infected wounds that also exhibit exudate.

Previous n vitro studies have shown that unprocessed SHRO was eflicacious against a
range of clinically relevant bacteria, including S.aureus, P. aeruginosa, and E.coli
[43,44,165,167,168,170,418,460]. A inhibition zone test [41], depicted in Figure 5.7b was used
to confirm whether the H2O2 concentrations released from powder formulations containing
between 50 and 70% SHRO were able to inhibit the growth of Gram positive S.aureus, and two
Gram negative species P.aeruginosa and E.coli (Figure 5.7c-e). After 24 hours MCD 70, MCD
50, and HCD 50 had inhibited the growth of all tested species. Notably, larger zones of
inhibition were measured for S.aureus compared with P.aeruginosa and E.coli, which is consistent
with results attained by Hall, et al. [170] whereby the Gram negative bacteria proved more
difficult to inhibit. It has also been suggested by Fischbach., et al. [436] that higher doses of ROS
may be required in order to inhibit the growth of Gram negative bacteria due to the additional
protection of the outer membrane. Higher concentrations of ROS may be achieved by
adjusting the baseline efficacy of SHRO, as is reported by Dryden., et al. [43]. This offers the
possibility to form powders that are more effective against Gram negative organisms, however
given the influence of SHRO on water absorption capacity it would be important to determine
if these changes have any knock-on effects to the gel’s physical behaviour. Since S.aureus was
found to be the most sensitive bacteria to treatment with all SHRO powders and with no
significant difference between powder formulations, further investigations were conducted to
assess at which concentration an inhibition zone was no longer formed. This test differed to
that of the previous studies as in place of neat powder, solutions were diluted in order to attain

specific SHRO powder concentrations, this methodology also reflected that used to determine
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cell viability. It was found that in all cases the lowest concentration that still produced a zone
of inhibition was 0.005 g mL-!, demonstrating the potential of using this formulation on

extremely wet wounds (Figure 5.7f).

Both Fang [437] and Memar., et al. [36] have previously reported the possibility of
DNA damage as a result of HoOo dosing. As such, it was important to confirm whether the
levels released from the formulated powders had an effect on cell viability or proliferation.
Promisingly at powder concentrations of 0.01 g mL-! or below a balance was struck between
antimicrobial efficacy and an absence of detrimental effects on endogenous cells. This was
confirmed through staining of live cells and imaging with confocal microscopy (Figure 5.8a-h),
which revealed high degrees of viability and an elongated morphology during the 7 days of
culture. XTT analysis confirmed that HDF proliferation was not significantly altered in the
presence of 0.01 g mL-! and below concentrations of SHRO powders compared with cell only
controls over 7 days (Figures 5.81j). Although Fibroblast viability is not affected, it would be
expected that as the SHRO powder has the ability to generate an inhibitory effect (HoO2 >25
pM) it would also illicit an immune response in the body, such as the recruitment of
macrophages. Further studies may investigate if an inflammatory response is stimulated in
Fibroblast cells due to the presence of SHRO powder using a human IL-8/CXCL8 ELISA

[77].

5.4.2 Synthetic reactive oxygen powder formulation

Having successfully formulated an efficacious superabsorbent SHRO powder capable
of inhibiting the growth of bacteria, whilst also providing a beneficial and protective wound
healing environment. Further investigations were made into the development of a totally

synthetic, reactive oxygen delivering, powder system. This system looked to utilise the
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enzymatic oxidation of glucose reaction as means to generate reactive oxygen species i siu.
Different concentrations of enzyme (0.2 — 0.05%) were tested in order to create products with
different release profiles for study. All synthetic powder variants were found to successfully
produce hydrogen peroxide, with concentrations peaking after 3 days at concentrations of 2.44
+ 0.09, 2.10 £ 0.08 and 1.96 = 0.05 mmolg! for 0.2, 0.1 and 0.05% GOx formulations,
respectively. This level of hydrogen peroxide generation would be expected to elicit and
antimicrobial effect, however, significant dilution (>2 L) would be required in order to reduce
the concentration down to a comparable level to that of the respiratory burst of ROS produced
by macrophages. Therefore, it is highly likely that at this concentration apoptosis of endogenous
cells would occur. As this system is totally synthetic, the process is completely tailorable allowing
a restriction in substrate concentration to control the maximum amount of ROS that is
produced and for the enzyme quantity to be regulated to dictate the kinetics of the reaction.
From this a number of ROS therapeutic concentrations could be targeted such as that
associated with antimicrobial effects (25-500 pM), immune responses (5-250 pM) and wound

healing (0.1-10 uM) [77,155,162].

The stability of the system, however, did appear to be an issue, as the ability for the
synthetic powders to produce hydrogen peroxide reduced with storage time. 0.2, 0.1 and 0.05%
formulations demonstrated a 43.7, 69.9 and 77.6% reduction after 10 days of storage and
>99% reductions across all three synthetic powders after 18 days (Figure 5.9b). This significant
reduction in efficacy was also evident when used to treat S. aureus with synthetic powders stored

for different lengths of time (Figure 5.9¢).

A study was then conducted in order to assess a hypothesis based upon research by

Harris., et al. [486] that suggests the instability could be due to small amounts of water present
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within the glucose powder, activating the production of hydrogen peroxide, and forming an
environment conducive to the degradation of the enzyme. However, this was disproven as
when glucose was replaced during storage with fructose, which is inert in specific terms to the
reaction in question, hydrogen peroxide generation was still affected (Figure 5.10). This
indicates an inherent instability with the enzyme itself, an issue not apparent in SHRO powder
formulations. It is well known and described, such as in work by Bucekova., et al. [487] and
Albaridi [488], that honey contains a multitude of different compounds, with chemicals such
as thiols and polyphenols known for their ability to help protect the functionality of enzymes
[489,490]. This may explain the noticeable differences in stability between that of the enzyme
in the formulated SHRO powder systems and that of the synthetic reactive oxygen powder.
Further research by Dubey., ef al [491] indicates that free enzymes have a lower stability than
that of immobilised enzymes with results specifically identifying improved storage stability
when the enzyme was bound to a substrate. To increase storage stability it has also been noted
that storing under fridge or freezer conditions can extend enzyme life [492-494].Moving
forwards a number of works such as that by Trau., e al. [495] and Zhu., et al. [496] utilise
encapsulation techniques as a mechanism to help prevent the inactivation of glucose oxidase

and may offer a solution to the instability associated with storage over time.
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5.5 Conclusion

The research in this chapter addresses a fundamental need for the development of new
antimicrobials and effective systems by which to deliver them. This has been achieved by
successfully formulating powders, which contain SHRO a novel engineered honey, for the
prevention and treatment of topical wound infections. Through utilisation of freeze drying and
addition of CD based drying agents, we demonstrate it is possible to formulate free-flowing
powders without compromising antimicrobial efficacy of the temperature sensitive enzyme
within SHRO. Specifically, MCD and HCD proved to be the most effective agents at removing
water from SHRO. In comparison, the additional methylation of MCD allowed for the
incorporation of up to 70% SHRO (20% > HCD and 30% > CD) whilst still producing a free-

flowing powder.

Selected MCD and HCD formulations were further enhanced through addition of a
superabsorbent, sodium polyacrylate. This increased the water absorption capacity of the
powder, enabling formation of a hydrogel at the wound site while activating production of
antimicrobial reactive oxygen species. Specifically, addition of 40% superabsorbent resulted in
a capacity to absorb up to 120.7 £4.5 mL g! of water. Application in an ex-vivo porcine model
demonstrated that swelling of the polymer network resulted in the formation of a protective gel

barrier, which may prevent further wound contamination and aid healing.

Importantly the incorporation of drying agents was not found to change the chemical
composition of SHRO. The levels of hydrogen peroxide produced (3.1 — 5.2 pmol g'! in 24
hours) proved to efficacious against clinically relevant Gram positive and Gram negative

bacterial species; Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli. Furthermore,
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SHRO powder formulations were found not to elicit any detrimental effects on the viability or

proliferation of human dermal fibroblast cells over 7 days.

In addition to SHRO powder delivery systems, synthetic reactive oxygen
delivery systems were also formulated. The rationale behind this study was to expand the
number of applicational areas by developing a completely tailorable product, devoid of the
undesirable properties associated with that of freeze drying a honey product. However,
although possessing the potential to deliver efficacious concentrations of reactive oxygen species
at concentrations exceeding that which can be produced using SHRO powders there was an
inherent enzyme stability issue, which reduced the capacity for the powder to generate ROS

over time, requiring further research and development.

In this chapter, it was demonstrated that optimised SHRO powders exhibited broad
spectrum efficacy against clinically relevant bacteria without causing harm to endogenous cells.
Furthermore, the development of synthetic reactive oxygen powders offers flexibility and easily
tailorable dosing. Overall this work highlights the potential of reactive oxygen powder delivery
systems as a means by which to expand the clinical usability of alternative antimicrobials,
offering the field a powerful new tool in the fight against development of resistant microbes.
Further experimentation could see studies designed to improve the flow characteristics of
SHRO powder. This could be achieved by using a ball mill for uniform powder grinding, with
determination of flow assessed by means of the Carr compressibility index in a desiccated
environment. In addition to this, work on stabilising the GOx in the synthetic powder

formulation would allow for longer term storage and efficacy.
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CHAPTER SIX

6. REACTIVE OXYGEN IMPLANTABLE CEMENT

DELIVERY SYSTEMS

6.1 Introduction

Hard tissue defects can arise following disease or trauma, including the excision of
infected tissue and benign or cancerous growths. While bone exhibits a capacity to “self-heal”
small defects, those larger than a critical size require surgical intervention. In this case, bone
graft or biomaterials may be used to repair the defect and provide a scaffold for new hard tissue
deposition. It is essential that these materials are well tolerated by the body (i.e. biocompatible),
resorbed at a rate that matches bone formation, cost-effective, easily stored and easy to apply
within the clinical setting. To this end, there has been a vast emergence of calcium-salt based

cement systems in recent decades [351].

In particular, CGSC has been widely adopted clinically. This success is due to the
formation of an injectable paste that may be easily and directly delivered to the defect site.
Advantageously, the setting reaction of calcium sulphate, which progresses through a
dissolution-precipitation reaction, is compatible with the physiological environment (Eq.
6.1). The cement can therefore harden @ situ to provide a scaffold for new bone formation.
This feature of CSC gives rise to beneficial properties that can enhance patient recovery and

well-being, such as the loading of antibiotics.
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CaSO, - 0.5H,0 + 1.5H,0 — CaSO0, - 2H,0 (Eq. 6.1)

Antibiotics are vital to modern medicine, helping to protect patients from infection that
may be the result of injury, a compromised immune system, or the undertaking of procedures
such as surgery [497,498]. It is therefore alarming that bacteria are rapidly evolving resistance
to many antibiotics, which may be attributed to global misuse [33,34]. Gentamicin, a broad
spectrum aminoglycoside antibiotic has been loaded into bone cements to provide a
prophylactic effect since the early 1970°s [379-381]. Resistance to gentamicin, like all
mainstream antibiotics, is ever increasing and despite a 2002 report by Thornes e/ al. stating
that it 1s unsuitable for use in bone cements for revision surgery due to the development of
resistance, widespread clinical use has continued [382,383]. As such, the development of novel
antimicrobials that provide a viable alternative to commonly used prophylactics, as well as

systems by which to enable efficacious delivery, are a healthcare priority [382,384].

The promising potency of SHRO by means of the production of reactive oxygen
species, such as hydrogen peroxide (Eq. 6.2), makes it an interesting candidate for further
investigation into its ability to replace more traditional antibiotics for use in infection prevention
or treatment. To date, little work had been done to assess the capability of this water sensitive

active with existing biomaterial delivery systems.

GO
CeHyp0g + Hy0 + 0y — CeHy,05 + Hy0, (Eq. 6.2)

For the first time, this chapter highlights the potential to formulate a calcium sulphate
and SHRO cement producing an antimicrobial regenerative scaffold. Herein, we address the

challenging water-sensitive nature that accompanies the use of ROS producing honey products
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by limiting its exposure to free water. This is achieved by locking excess water within the crystal
structure of hydrated cement. Furthermore, key physicochemical properties of this novel
cement are analysed to determine usability, including compressive strength, setting time and
injectability. Alongside antibacterial testing, a scratch assay was conducted. In summary,
SHRO enriched cements were shown to kill and inhibit bacteria without inducing an

inflammatory response or affecting the rate of wound healing using osteoblast bone cells.

162



6.2 Materials and Methods

6.2.1 Preparation of cement

Cements were prepared with a liquid to powder (L:P) ratio of 0.2 mL/g. Anti-bacterial
derivatives contained 0.1 g of SHRO per gram of cement powder. Briefly, calcium sulphate
hemihydrate (CaSO4-0.5H20) powder (Sigma Aldrich, UK) was combined with distilled water
and mixed for 30 seconds to form a workable paste before hardening (CS_Control). SHRO
(Matoke Holdings, UK) was combined either as an initial constituent of the cement

(CS_SHROI) or combined with cement paste 4 minutes after the initial 30 second mixing time

(CS_SHRO2).

Once mixed, pastes were cast into a split mold and placed upon a vibrating plate to
reduce air bubbles within the final cement samples. The cement filled split mold was incubated
at 37°C for 12 hours to produce 6 by 13 mm (D:H) cylindrical test specimens. Initial and final
setting times were determined using Gillmore needle apparatus and following ASTM standard
(C266-15. Briefly, cement pastes were prepared and manipulated into a flat-topped pat. The
initial setting time was determined by vertically applying a 113.4£0.5 g weighted needle with
a tip diameter of 2.12+0.05 mm to the top surface of the pat, and taken as the point at which
no appreciable indent was observed post addition of the liquid component. The final setting
time was determined by vertically applying a 453.620.5 g weighted needle with a tip diameter
of 1.06£0.05 mm to the top surface of the pat and taken as the point at which no appreciable
indent was observed post addition of the liquid component. Measurements were recorded at

10 minute intervals in triplicate.
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6.2.2 Cement characterisation
Cement degradation was examined by static ageing. Individual cast cement cylinders
were placed in a cylindrical container with a diameter of 22.1 mm and fully submerged in 2.5

mL of distilled water. Changes in mass were recorded at days 7, 14 and 21 in triplicate.

Mechanical testing was performed using a Zwick/Roell Z030 Universal testing rig
equipped with a 50 kIN load cell. Compression tests were undertaken at a loading rate of 2
mm/min. Following a specimen pre-load of 5 N, force versus deformation curves were

recorded in triplicate.

Scanning electron microscopy (SEM) was used to image cement fracture surfaces.
Imaging was performed using a Hitachi TM3030Plus tabletop instrument. Back scattered
electron (BSE) and secondary electron (SE) were acquired with an acceleration voltage of 15
kV. All SEM samples were mounted onto aluminium stubs using double sided carbon discs,

and gold coated to ensure conductivity.

To assess any change in phase composition over time, powder X-ray diffraction (XRD)
was performed using a Bruker D8 Advance instrument equipped with a Cu X-ray source
(1.5418 A) and LYNXEYE (1D mode) detector. Diffraction patterns were acquired between
10 — 50° 20 with a step size of 0.02° and step time of 0.3 seconds. Raman spectroscopy was also
performed using a Renishaw inVia™ Raman microscope equipped with 633 nm laser and 1200
I/mm grating. Scans were an average of 3 accumulations acquired at 1 % power and 30
seconds exposure time, with the baseline subtracted and cosmic rays removed using WiRE™

software.
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6.2.3 Anti-bacterial properties of cements

Initially the capacity of the cements to generate HoOo was determined. Cast cement
cylinders (section 6.2.1) were placed in a cylindrical container with a diameter of 22.1 mm and
fully submerged in 2.5 mL of distilled water. Supernatant was recovered at 1, 3, 6 and 24 hours
as well as at 4 and 7 days. HoO2 was detected using a fluorometric hydrogen peroxide assay kit
(Sigma Aldrich, UK) in triplicate. Due to the instability of the HoO2 molecule, collection of
samples was staggered, such that supernatant from each time point was collected and assayed

simultaneously.

Anti-bacterial activity of cements was then determined by an agar diffusion method.
Nutrient agar plates were prepared by pouring 25 mL of sterilized nutrient agar into Petri
dishes. Once solidified, condensation was eliminated by placing the agar filled Petri dishes in a
60°C dry heat oven. Overnight cultures of S. aureus. (ATCC 29213) and P. aeruginosa NC'TC
13437) were prepared by inoculating one colony of each strain into 5 mL of Luria-Bertani (LB)
broth (Sigma Aldrich, UK) and incubated at 37°C for 16 hours in a shaking incubator (150
rpm). Each overnight culture was then diluted to an optical density (ODgoo) value of 0.02, using
an Evolution 300 UV-VIS spectrophotometer (Thermo Scientific, UK). The plates were then
inoculated with bacteria, using a hockey stick spreader to ensure maximum coverage. A sterile
hole borer (Sigma Aldrich, UK) was then used to create a 10 mm diameter well in the center
of the inoculated agar. For the pre-set samples cement supernatant was recovered after 24
hours, of which 250 pL. was transferred to inoculated agar wells (CS_SHRO2 Dry).
Alternatively, 250 pL of cement paste was directly injected into the well (CS_SHRO2 Wet). A
gentamicin dose comparison was prepared at a concentration of 0.0024 g/mL. This equates to
the same calculated mass of hydrogen peroxide released after 24 hours from CS_SHRO?2

scaffolds. Plates were then incubated at 37°C for 24 hours. Zones of inhibition (ZOI)

165



measurements were taken conservatively (smallest diameter of zone) using a ruler. Experiments

were performed in triplicate.

6.2.4 Osteoblast cell migration and inflammatory response

Osteoblast migration was assessed by means of an @ wvitro scratch assay. 500,000
osteoblast like cells (SAOS-2 — Passage number 28) were seeded into each well of a Corning™
24 well plate (Sigma Aldrich, UK) and incubated in a HeraCell 1501 CO3 incubator (Thermo
Scientific, UK) for 3 days at 37°C with 5% COaq. A vertical scratch across the well was then
made using a pipette tip. The cells were subsequently washed using PBS (Thermofisher, UK)
to remove debris and McCoy’s 5A modified media (Fisher Scientific, UK) was replaced.
Cement samples were then suspended in the cell media using Falcon™ trans-well inserts with
a pore size of 0.4 pm (Fisher Scientific, UK). Images were taken every 24 hours using an Eclipse
TE300 Inverted Phase Contrast Microscope (Nikon Instruments Incorporated, UK) and cell

migration distance was calculated using Image J (1.47v National Institutes of Health, USA).

The inflammatory response to the calcium sulphate control cement (CS_Control) and
SHRO loaded samples (CS_SHRO1 and CS_SHRO2) was determined using a human IL-
8/CXCL8 enzyme-linked immunosorbent assay (ELISA) (R&D Systems, USA). The
manufacturer’s protocol was followed to conduct the ELISA. The optical density was measured

at a wavelength of 450 nm using an Infinite F200 Pro (Tecan, UK).

6.2.5 Statistical analysis
Statistical analysis was performed in GraphPad Prism® 5.0 software. Two-way ANOVA

was used to determine statistical differences between groups. A students t-test was used for post-
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hoc testing. An alpha value of 0.05 was used for all tests. Values of p < 0.05 were considered

significant.
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6.3 Results

0.3.1 Cement preparation

An overview of the preparation of each cement, as well as associated setting time, is
provided in Table 6.1. Production of CS_Control, CS_SHRO1 and CS_SHRO?2 cements with
a L:P ratio of 0.2 mL/g resulted in workable pastes that could be transferred to a split mould
and produce cylindrical test specimens. Initial and final setting times were determined using
Gillmore needles. Calcium sulphate hemihydrate (CaSO4-0.5H20) combined with water alone
(GS_Control) resulted in the most rapidly setting paste, possessing an initial and final setting
time of 10 and 20 minutes, respectively. Addition of SHRO as an initial component of the paste
formulation (CS_SHROV1), extended the initial and final setting times to 30 and 40 minutes,
respectively. In comparison, if the calcium sulphate hemihydrate (CaSO4 0.5H20) cement was
left to harden for 4 minutes prior to the addition of SHRO (CS_SHRO?2), initial (20 mins) and

final (30 mins) setting times were extended to a lesser extent than for CS_SHROI.
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Table 6.1. Overview of cement preparation and setting parameters. Setting times were

acquired from n=3 pastes and are recorded to the nearest 10 minutes.

Preparation Initial setting  Final setting

Cement Preparation overview . . .
time time time

Calcium sulphate

hemihydrate and

water, 30 seconds
mixing

CS_Control 30 seconds 10 minutes 20 minutes

Calcium sulphate
hemihydrate, SHRO
and water, 30 seconds
mixing

CS_SHRO1 30 seconds 30 minutes 40 minutes

Calcium sulphate
hemihydrate and
water, 30 seconds
mixing, wait 4 minutes,
add SHRO, 30 seconds
mixing

CS_SHRO2 5 minutes 20 minutes 30 minutes

6.3.2 Cement characterisation

Cement degradation was examined by statically ageing specimens in distilled water over
a period of 3 weeks. All specimens remained intact with negligible evidence of either
fragmentation or degradation (Figure 6.1a). Weekly measurements showed minimal variation
in mass over a three week period, with a maximum 3% increase at week 2. In contrast,
CS_SHRO1 and CS_SHROZ2 cements were both shown to lose 2-4% mass by week 3 and

exhibited comparable degradation kinetics to each other (Figure 6.1b).
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Figure 6.1. Appearance (a) and measured changes in mass (b) for CGS_Control, CS_SHRO!1
and GS_SHRO2 cements as prepared (Week 0) and following 3 weeks of static ageing in

distilled water (Week 3).

Raman spectroscopy confirmed the predominant phase of CS_Control, CS_SHRO1
and CS_SHRO2 cements as calcium sulphate dihydrate (CaSO4-2H20) (Figure 6.2a).
Vibrational modes indicative of SO4 tetrahedra were identified in all samples. Consistent with
calcium sulphate dihydrate (CaSO4 2H2O) peaks were identified at 1009 cm-! (symmetric
stretching, v!), 415 cm™! and 493 cm! (symmetric bending, v?), 1137 cm! (antisymmetric

stretching, v%), and 620 cm™! and 670 cm-! (antisymmetric bending, v*).

Prior to ageing, XRD analysis demonstrated that all samples consisted of two crystalline
phases (Figure 6.2b). Diffraction peaks at 15, 29, 30 and 32° 20 (*) were matched to the star
rated ICDD pattern for CaSO4 0.5H20 (01-083-0438). The remaining peaks at 12, 21, 29, 31
and 33° 20 () were matched to the star rated ICDD pattern for CaSO4 2H20O (01-070-0983).
Quantification of phases revealed that CaSO40.5H2O and CaSO4.2H2O constitute all pre-

aged cement samples at an approximate ratio of 1:2. Following ageing, only minor quantities
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(< 5%) of CaSO40.5H20 remained in any of the cement scaffolds due to further hydration

within the aqueous environment (Table 6.2).

a) b)
Fhokk KK . % . b
\\_’j__ CS_SHRO2 | l . ilw.  CS_SHRO2
- | CS_SHRO1 = ~ | . n.. CSSHRO1 =
3 T 3 2
2 | cs_Control 2 2l L.\ N CScontrol 3
[ [
£ £
3 |_L CS_SHRO2 3 | 1 L CS_SHRO2
CS_SHRO1 = | L N CS_SHRO1 =
e by e @
=
A ~ Cs_Control & | 1 L Cs_Control =
1000 2000 3000 4000 10 20 30 40 50
Raman Shift (cm™) 26 (Degrees)

Figure 6.2. Raman spectra (a) and XRD powder diffraction patterns (b) for CS_Control,
CS_SHRO1 and CS_SHRO2 cements as prepared (Week 0) and following 3 weeks of static

ageing in distilled water (Week 3).

Table 6.2. Overview of cement composition as prepared (Week 0) and following 3 weeks of

static ageing in distilled water (Week 3).

Week 0 Week 3
Cement
CaS0O4+0.5H O CaS0O42H-.0O CaS0O4+0.5H O CaS0O42H-.0O
CS_Control 36.6% 63.4% 4.3% 95.7%
CS_SHRO1 34.7% 65.3% 2.2% 97.8%
CS_SHRO?2 39.8% 60.2% 3.5% 96.5%

The mechanical properties of the cement specimens were assessed using compression
testing. Stress-strain curves revealed distinct regions of elastic and plastic deformation, reflective
of the specimens catastrophically failing and then progressively fracturing in multiple locations

(Figure 6.3a-b). Average compressive strength and Young’s modulus were determined (Figure
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6.3c-d). Compressive strength values of 37.9 + 5.2, 22.6 + 5.0 and 23.5 *+ 6.4 MPa were
achieved by unaged GS_Control, GS_SHRO1 and CS_SHRO2 samples respectively with the
unaged CGS_Control demonstrating a significant (p < 0.05) increase in compressive strength in
comparison to both CS_SHRO1 and CGS_SHRO2 cements. Following 3 weeks of ageing, there
was no significant difference in compressive strength between GS_Control, CS_SHRO!1 and
CS_SHRO2 samples (35.0 £ 8.9 MPa, 31.3 £ 7.0 MPa and 32.2 + 5.8 MPa respectively). In
terms of Young’s modulus, no significant differences were observed between CS_Control (1.9
+ 0.7 GPa), CS_SHROI (1.1 £ 0.9 GPa) and CS_SHRO2 (0.8 + 0.5 GPa) specimens prior to
ageing. Similarly, no significant differences were found after degradation experiments.
Moreover, the compressive strength and Young’s modulus values of samples before and after

ageing (3 weeks) were analysed using a t-test and all exhibited p-values of > 0.05.
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Figure 6.3 Average compressive stress vs. strain curves for GS_Control, CS_SHRO1 and
CS_SHRO2 cements (a) as prepared (Week 0) and following (b) 3 weeks of static ageing in
distilled water (n=3). (c) Compressive strength and (d) Young’s modulus properties for
CGS_Control, GS_SHRO1 and CGS_SHRO2 cements as prepared (Week 0), and following 1
week, 2 weeks and 3 weeks of static ageing in distilled water (Week 1, Week 2 and Week 3

respectively) (meant SD, n=3).

Cement fracture surfaces were analysed using SEM prior to and following ageing. As
prepared CS_Control, CS_SHRO1 and CS_SHRO2 cements appeared to consist of a dense,
irregular, network of interconnected high-aspect ratio crystals typical of both CaSO4 -0.5H20

and CaSO4-2H20 (Figure 6.4a-c). Individual crystal units exhibited approximate dimensions
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of 3 x 3 x 15 pm 1n all samples. Cements subjected to ageing showed no notable deviation in
microstructure compared to as prepared cements and further between specimen groups (Figure

6.4d-f).
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Figure 6.4. SEM images of GS_Control (a), GCS_SHRO1 (b) and CS_SHROZ2 (c) cement
fracture surfaces as prepared (Week 0), and CS_Control (d), CS_SHRO (e) and GS_SHRO?2

(f) cement fracture surfaces following 3 weeks of static ageing in distilled water (Week 3).

6.3.3 Antibiotic efficacy and cellular response

The generation of HoOs from CS_Control, CS_SHRO1 and CS_SHROZ2 cements in

distilled water was measured over a period of 72 hours (Figure 6.5a). GS_Control cements

consistently produced baseline levels of up to 0.006 £ 0.001 pmol g'! HoO» while peak levels of
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production were detected at 24 hours for CS_SHRO1 (0.28 £ 0.03 pmol g'!') and CS_SHRO2

(0.72 £ 0.1 pmol g') formulations. After 48 hours, HoOs levels returned to baseline

concentrations.

Having demonstrated higher HoO9 peak values, CS_SHRO2 cements were tested for
their antimicrobial potency in pre-set (dry) and wet states (Figure 6.5b). Levels of HoOq
generated from all GS_SHRO2 samples were sufficient for inhibiting the growth of both §.
aureus and P. aeruginosa. HoOq enriched supernatant collected after 24 hours from pre-set
CGS_SHRO?2 cylinders gave zones of inhibition measuring 7.7 = 0.6 mm for the Gram positive
S. aureus, whilst zones of inhibition for the Gram negative P. aeruginosa measured at 5.7 = 0.6
mm. This was significantly smaller (P < 0.05) than those measured for samples set 2 sifu, which
produced zones of inhibition measuring 14.7 = 1.2 and 11.7 £ 1.0 mm for S. aureus. and P.
aeruginosa, respectively. Promisingly, CS_SHRO2 set i sifu showed no significant difference in

inhibition to that of a comparable dose of gentamicin producing zones of 15.3 £ 0.6 (S. aureus)

and 12.7 £ 1.5 mm (P. aeruginosa).

A scratch assay was performed in the presence of GS_Control and CS_SHRO?2
cements in order to determine the effect on osteoblast migration as a simple model for bone
regeneration (Figure 6.5c). The scratch (distance between cells) initially measured at 404.50 £
38.9, 339.50 £ 36.1 and 380.00 £ 1.4 pum for CS_Control, CS_SHRO2 and media only

samples, respectively. After 48 hours it was shown that in all cases that cells migrated across the
gap, reducing the initial size of the scratch by 82.2% (GS_Control), 76.29% (CS_SHRO2) and
87.76% (Media control).There was found to be no significant difference (P > 0.05) in cell
migration distance across the “wound gap” between samples and controls. Alongside the

scratch assay, expression of inflammatory chemokines were assessed and no significant
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differences in CXCLS8 level were observed between the CS_Control (31.40 = 6.3 pg/uL),

SHRO containing cements (31.83 £ 5.8 pg/uL) and media alone (31.78 + 6.3 pg/uL) (Figure

6.5d).
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Figure 6.5. (a) Normalised hydrogen peroxide production for CS_Control, CS_SHRO1 and
CS_SHRO2 cements in distilled water (meant SD, n=3). (b) Zones of Inhibition for
Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa) in the presence of
CS_Control, CS_SHROI1 and CS_SHROZ2 cement supernatants (meant SD, n=3). (c)
Scratch assay and (d) human IL-8/CXCL8 enzyme-linked immunosorbent assay to determine
the cellular effect of CS_Control and CS_SHRO?2 scaffolds in comparison to media alone on

wound healing using osteoblast cells (mean® SD, n=2).
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6.4 Discussion

In recent decades the emergence of calcium-based scaffolds, such as calcium sulphate
cement, to augment bone defects and provide a scaffold for cellular integration has proved
highly successful. However, in order to enhance patient recovery these systems are often
prophylactically loaded with antibiotics - commonly gentamicin. Antibiotics are a cornerstone
of modern medicine and as such the current rapid evolution of resistant species is an alarming
threat. This work has demonstrated a methodology to incorporate an alternative antimicrobial
substance, specifically a reactive oxygen producing honey (SHRO), into a calcium sulphate
cement. Importantly it is demonstrated that structural integrity of the SHRO containing
cement is maintained while exhibiting comparable potency to an antibiotic control against

Gram negative and Gram positive species.

An 1nitial study into the degradation of SHRO cements showed minimal variation in
mass over a three week period, with a maximum 3% increase at week 2 for the control CS
cement. This increase is likely due to the precipitation of calcium dihydrate from unreacted
calcium hemihydrate as the water infiltrates the scaffold. In contrast, GS_SHRO1 and
CS_SHRO2 cements were both shown to lose 2-4% mass by week 3 and exhibited comparable
degradation kinetics to each other (Figure 6.1b). This is likely due to the SHRO locked within

the cement scaffold dissolving in the water and diffusing out into solution.

While degradation kinetics showed little variability in mass loss over a three week period
once the cement was set. It was observed that adding SHRO to calcium sulphate hemihydrate
(CaSO4 0.5H20) and water increased the time taken to form a completely hardened scaffold,
which suggests that either the honey is altering the reaction products or the setting kinetics. The

extent to which setting is delayed 1s dependent upon the timing of SHRO incorporation into
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the ceramic matrix. It is postulated that the osmotic nature of the SHRO actively removes the
free water required for the dissolution of calcium sulphate hemihydrate (CaSO4 0.5H20) and
subsequently delays the precipitation of calcium sulphate dihydrate (CaSO4 2H20) (Eq. 6.1).
A theory supported by Raman spectroscopy and XRD, which indicate that no additional
reaction products have been formed. Hall, ¢/ al, [170] demonstrated that the presence of
additional water prior to application leads to premature ROS production and a reduction in
antimicrobial efficacy at point of use. The osmotic nature of SHRO also allows for the honey
to be incorporated into the developing ceramic matrix during preparation. SHRO draws water
from the hardening matrix, acting as a liquefier, this allows for homogeneous mixing. In theory,
less free water would be available for osmotic extraction by SHRO given the partial
transformation into the stable hydrated calcium sulphate (CaSO4-2H2O) phase during the 4

minute initial setting period.

It was hypothesised that locking water into the crystal structure of the hydrated calcium
sulphate (CaSO4 2H20) would benefit the antimicrobial efficacy of CS_SHRO2 scaffolds, as
this reduces the free water available to generate ROS species on contact with SHRO.
Therefore, GS_SHRO2 cement will possess a greater potential to generate ROS following
setting over GS_SHRO1 cement. Notably it was found that GS_SHRO2 produced > 2.5 times

more hydrogen peroxide (0.72 = 0.1 pmol g'!) over 24 hours than CGS_SHRO1 (0.28 + 0.03

pmol g!) despite both formulations containing the same amount of active supporting the
hypothesis that ROS production 1s affected by free water availability. Currently, antibiotics are
prescribed prophylactically in order to decrease postoperative infections, however
antimicrobial prophylaxis is to be discontinued 24 hours after surgery as stated by the guidelines

[499]. The timeframe of antimicrobial activity for these cements therefore falls within the
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recommended guidelines. Interestingly however as the ROS falls rapidly after 24 hours the

concentrations of ROS could be beneficial for bone regeneration [155].

Following preparation, there were notable differences in scaffold appearance between
groups. Compared to CS_Control cements, which were pure white, SHRO infused
CS_SHROI1 and CS_SHRO2 cements were distinguishable by a slight golden colouration.
During ageing experiments, the supernatant surrounding GS_Control specimens remained
clear. Within 24 hours, the ageing supernatant of CS_SHRO1 and CS_SHRO?2 specimens
took on a golden hue. This is suggested to be an indicator of water infiltration within the
internal structure of cements and the leeching of SHRO from these scaffolds. This may account
for the mass reduction (2-4%) observed in the honey containing samples (Figure 6.1b). As
indicated by the Raman spectra and XRD patterns, calcium sulphate hemihydrate is detected
in all of the prepared samples. Its presence is likely due to the cements being prepared with the
least possible volume of water to form a workable paste, making water a limiting reagent of the
setting reaction in order to restrict its interaction with SHRO and prevent premature
production of ROS (Eq. 6.2). Unreacted calcium sulphate hemihydrate in the cement scaffolds
was then found to convert to calcium sulphate dihydrate during the ageing experiment (Table
6.2), explaining why CGS_Control cements gain 3% mass during the first 2 weeks of ageing.
Following 3 weeks of ageing, the mass of CGS_Control specimens was comparable to the week
0 cylinders, suggesting some degradation of the cement scaffold. Interestingly, the changes in
mass are not monotonic, suggesting a dynamic relationship between mass increase due to the
further precipitation of calcium sulphate dihydrate and the loss of scaffold due to the release of

the therapeutic additive and cement degradation.
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At week 0, SHRO addition was found to reduce the mechanical integrity of the
materials as Control scaffolds (CS_Control) possessed higher compressive strength and Young’s
modulus values compared to CS_SHRO1 and CS_SHRO?2 (Figure 6.3e-f). As the honey is not
a particulate antimicrobial, it was not expected to act as a filler within the bulk matrix [500].
Interestingly, it has previously been showed that the strength of calcium-based cement can be
influenced by the addition of antibiotic compounds, possibly through mechanisms of chemical
interaction during the setting period that can alter the scaffold microstructure [501].
Mechanical properties of cement scaffolds are highly dependent on microstructural features,
such as pore size and pore distribution, which present weak points in the scaffold that may
initiate crack formation [502,503]. Given that SHRO is osmotic and has a naturally low pH
(3.8), it may influence the setting reaction and microstructural characteristics of calcium
sulphate cement by drawing water away from the progressing reaction (Eq. 6.1) [504]. This
could restrict precipitation and possibly promote pore formation. Further testing to evidence
this theory should be undertaken with the determination of sample porosity. This would
provide conclusive evidence as to the effect SHRO has on the structure of CS cement. Although
SHRO has the potential to influence the microstructure of cement, at the loading levels
employed minimal deviations in microstructure were observed. Although the resulting
compressive strengths of the scaffolds exceed those of human trabecular bone harvested from
various sites of the human body, including the mandible (0.2 - 11 MPa) and femoral head (3 -
8 MPa), the values are substantially lower than that of compact load bearing cortical bone (110
MPa) [408—410]. These scaffolds may therefore provide sufficient mechanical stability in
augmentation sites within non-load bearing anatomical regions. Given that the scaffolds retain
mechanical properties and undergo minimal degradation over the course of in vitro ageing,
SHRO incorporated cements may be suitable as regenerative scaffolds over an extended period

of time if required [505].
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It has been demonstrated that the release of ROS, such as hydrogen peroxide, from
SHRO 1s pertinent to its antimicrobial efficacy [418]. CS_SHROZ2 demonstrated greater
capacity for the generation of hydrogen peroxide as per the hypothesis and as thus justifies the
selection of CS_SHRO?2 for further testing. CS_SHRO2 was tested for its antimicrobial
efficacy against clinically relevant bacterial species [41], by means of agar diffusion tests,
examining the zones of inhibited growth on inoculated agar plates. The preparation of
CS_SHRO2 cements for this i vitro assay was conducted in two ways, the first by forming pre-
set cylinders that were then immersed in distilled water and incubated at 37°C for 24 hours.
Hydrogen peroxide enriched supernatant was then removed and added to the wells in the agar.
This methodology allows the antimicrobial efficacy of the cement post setting to be examined
while also assessing whether this material could be used as a pre-set granule formulation to
provide a prophylactic regenerative template. It was found that CS_SHRO2 pre-set cement
does have the ability to inhibit the growth of both Gram positive §. aureus and Gram negative
P. aeruginosa, however the zones of inhibition were significantly smaller (P<0.05) than those of
cements directly injected into the well and allowed to set (Figure 6.5b). The reduced
antibacterial potency of the pre-set formulation suggests that a degree of ROS activation occurs
during hardening. To enable this novel antimicrobial cement to be used in its pre-set form it
may be possible to increase the baseline efficacy of the incorporated SHRO, as reported by
Dryden et al., [43]. Promisingly, when the CS_SHROZ2 paste is administrated directly into the
agar plate the resultant zones of inhibition were comparable to an equivalent dose of
gentamicin. The ability to kill both Gram positive and Gram negative organisms is consistent
with that of previous u vitro studies involving SHRO and thus further demonstrates it is a viable

alternative to traditional antibiotics [170,418].
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Having assessed the potent antimicrobial viability of the CS_SHRO2 cement
formulation it was necessary to investigate the effect these formulations would have upon
endogenous osteoblast cells that would be present in the surrounding defect tissue. This was
achieved by conducting a scratch assay and an ELISA detecting inflammatory chemokines.
The scratch assay, a methodology described by Liang, ez al., [506], 1s based upon observing and
measuring the migration of the leading edge of a confluent cell monolayer, across an artificially
formed gap “scratch”, until new cell to cell contact is achieved. No impairment of osteoblast
migration was observed in the presence of CS_SHROZ2 scaffolds, which is promising since
maintenance of wound healing would be critical to patient recovery. This cellular compatibility
was further supported by investigating the degree of inflammatory chemokines produced by
the osteoblast cells. Interleukin 8 (CXCLS) 1s produced by cells, such as osteoblasts as an
environmental immune response in order to stimulate macrophage recruitment to a particular
site [507,508]. It was found that there was no significant difference in CXCL8 concentration
in the media containing CGS_Control cements supporting claims in the literature that calcium
sulphate does not elicit an inflammatory response [363]. CS_SHRO2 scaffolds also exhibited
this absence of an inflammatory response suggestive of a compatible relationship between the

scaffold, released SHRO, and the endogenous cells.
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6.5 Conclusion

In conclusion this chapter addresses the need for the production of a regenerative bone
tissue scaffolds that engender efficacious alternative antimicrobial solutions to use instead of
traditional antibiotics. This has been achieved by formulating calcium sulphate cements that
incorporate a reactive oxygen producing honey (SHRO). Promisingly, the compressive
strength of SHRO loaded calcium sulphate cements was shown to be comparable to trabecular
bone and not significantly different to a control calcium sulphate formulation (GS_Control)
after a period of 3 weeks. As such, SHRO loaded calcium sulphate cement may be deemed
mechanically suitable for wuse in trabecular bone augmentation, in particular

craniomaxillofacial sites.

The antimicrobial efficacy of SHRO is largely due to a water initiated and enzyme
mediated oxidation of glucose, which produces ROS, which lead to microbial killing. By
incorporating SHRO into the developing scaffold matrix, it was hypothesised that the water
would already be bound in the crystal structure of the hydrated calcium sulphate phase. This
methodology of incorporation was shown to limit premature activation of ROS. In addition,
in order for an antimicrobial effect to occur the concentration of ROS must be >25 pM, this
efficacy was demonstrated after 24 hours i vitro against clinically relevant Gram positive (S.
aureus) and Gram negative (P. aeruginosa) bacteria. Furthermore, after 48 hours this novel SHRO
loaded calcium sulphate cement was not found to inhibit would healing or elicit an
inflammatory response in osteoblast bone cells, supporting the theory that as ROS
concentrations declines from that which proves an antimicrobial affect, concentration

beneficial for wound healing (0.1-10pM) may be generated.
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In summary, this study presents promising evidence that other antimicrobials, such as
SHRO, may be used as alternatives to traditional antibiotics in bone cements, which is a timely

development in the wake of the bacterial resistance crisis.
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CHAPTER SEVEN

7. CONCLUSIONS AND FUTURE WORK

7.1 General Overview

AMR i1s growing at an unprecedented rate, with 10 million people per year predicted
to die annually from resistant infections by 2050. Antimicrobials are vital to modern medicine
and therefore, research into novel antimicrobials and systems by which to effectively deliver

them is a healthcare priority.

Honey used topically for millennia in wound care applications can deliver a potent
antimicrobial effect, however, its potency may differ greatly from batch to batch. To
circumvent this issue, a bioengineered antimicrobial honey (SHRO) with promising activity
was used. The antimicrobial properties elicited from SHRO are predominantly owed to the
production of ROS by means of a water-sensitive enzymatic reaction. Currently, much like
honey SHRO i1s an adherent, highly viscous product, packaged in both a tube and a sachet,
but with limited clinical use and application. The aim of this thesis was to overcome these issues
to produce delivery systems which ease application and deliver an efficacious dose of ROS.
Previous use of ROS in wound care has been at high, often cytotoxic doses in order to sustain
activity. However, as SHRO generates ROS lower local concentrations of ROS can be
generated to replicate doses familiar to the body such as that produced by macrophages (10-

1000 pM) or in wound healing (0.1-10 pM) [77,155].

In chapter 3, the enzyme kinetics responsible for the production of ROS were

elucidated and the chemical composition of SHRO unravelled. It was found that the reaction
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velocities (Vmax) increased with glucose and GOx concentrations, until values plateaued upon
complete enzyme saturation. A pH range between pH 5 and 7 was also identified as producing
the fastest rates of reaction, with a peak reaction velocity achieved at pH 6. Compositionally, it
was determined that the SHRO tube formulations contained 3.1% more water and less total
sugar content than the sachet sample. Furthermore, the SHRO tube formulation also
contained less glucose but more GOx when compared to the sachet, leading to the SHRO tube
formulation exhibiting a higher level of HoO9 production (6.2 £ 0.1 pM compared to 4.9 £ 0.3
pM after 1 hour). The influence of SHRO on viability of both bacteria and human dermal
fibroblasts (HDF) was also tested, highlighting that concentrations above 5% were needed in
order to inhibit bacterial growth and that at concentrations of 50% SHRO solutions did not
have the required water availability to maintain production of HoO2 over 7 day period. As
such, 50% SHRO solutions were able to provide conditions for which HDF cells could
proliferate, express a high degree of viability and exhibit a normal morphology. This was in
contrast to 5% and 0.5% SHRO solutions that caused total cell death over the same time

period.

Beyond developing a better understanding of SHRO efficacy, novel delivery systems
were engineered capable of easing application and offering i situ activation of ROS. Chapter
4, demonstrates and discusses the successful formulation of a W/O emulsion containing
SHRO, which was engineered to trigger the release of antimicrobial HoO2 concentrations as a
result of water addition and shear. This system protected, stored and released ROS at the time
of application, producing 4.2, 1.9 and 0.7 pmol g'! after 24 hours for 60, 50 and 30% emulsions
respectively. Efficacy was also demonstrated i vitro against clinically relevant bacteria.
However, although the system did appear stable after 7 days, this study would need to be

extended as the shelf lives of a medical product would require much greater stability. Emulsion
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composition was optimised to achieve the desired shear thinning behaviour, easing delivery
and promoting retention of the active at the site of infection. Stability observations revealed
that in some cases a small degree of sedimentation did occur, but for paraffin oil emulsions this
was shown to be reversible by shaking. Conveniently this redistributed droplets evenly, which
1s known to improve dose reproducibility. Hydrogen peroxide measurements concluded that
formulations with higher concentrations of SHRO produced greater levels of reactive oxygen
species. Paraffin o1l emulsions with 50 and 60% SHRO successfully inhibited clinically relevant
Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli. Post formulation, however, it was
discovered that the temperature of the emulsion (78.8 £ 2.1°C) was higher than that of the
enzyme’s denaturation temperature (55°C), potentially impacting ROS production. The
utilisation of an ice bath combined with a reduction in shear rate and time was found to reduce

the formulation temperature to 61.54 + 3.7°C, however this did result in an increase in

sedimentation of 4.88 £ 1.8% over 7 days. Addition of Aerosil fumed silica to a 60°% SHRO
base emulsion enabled successfully formulation of a SHRO cream, which exhibited favourable
rheological characteristics with enhanced stability to sedimentation. SHRO creams also
maintaining antimicrobial efficacy by producing up to 1.4 = 0.5 pmol g'! after 24 hours. This
was significantly less than the production of the base 60% emulsion, however after 7 days
SHRO cream was found to produce up to 12.1+0.5 pmol g! which may indicate a slower
production of ROS compared to that of the base formulation and provide a longer lasting

treatment option.

The advantages of delivering SHRO in the form of an emulsion or cream 1s that it is
easier to administer, as the formulated microstructure is shear-thinning and aids extrusion from
the tube. In addition, there is a lack of adhesion and therefore dressings will not stick to the

wound site. However, these emulsions are oil based and therefore when applied topically can
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feel greasy. In addition, high temperatures reached during homogenisation adds complexity to

the formulation.

Focus in chapter 5 was the development of another SHRO delivery system, specifically
a ROS producing superabsorbent powder. The challenge here was to successfully formulate
free flowing powders containing SHRO that were suitable for application to a topical wound
for prevention or treatment of an infection. Through utilisation of freeze drying and addition
of CD based drying agents, it was possible to engineer free-flowing powders without
compromising the antimicrobial efficacy of the temperature sensitive enzyme within SHRO.
Specifically, MCD and HCD proved to be the most effective drying agents at removing water
from SHRO. MCD and HCD formulations containing between 50-70% SHRO were further
enhanced through addition of a superabsorbent, sodium polyacrylate. This significantly
increased the water absorption capacity of the powder and enabled the formation of a
protective hydrogel at the wound site while activating production of antimicrobial ROS.
SHRO powders were found to produce 5.1, 3.3 and 3.1 pmol g! after 24 hours for MCD 70,
MCD 50 and HCD 50 formulations respectively. Importantly the incorporation of drying
agents was not found to change the chemical composition of SHRO, maintaining eflicacy
against clinically relevant bacterial species without eliciting any detrimental effects on HDF

cells.

In an effort to form a less complex system, synthetic reactive oxygen delivery systems
were also formulated from glucose and glucose oxidase. However, although possessing the
potential to deliver tailorable, efficacious concentrations of ROS there was an inherent enzyme
stability issue, which reduced the capacity for the powder to generate HoO2 by up to 78% over

10 days and over 99% after 18 days, requiring further research and development.
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The advantages of delivering ROS in the form of a powder is its inherent flexibility. It
1s easy to deliver to any wound site and can be developed to have broad functionality such as
the formation of a hydrogel in situ. However, the product is extremely hydroscopic and as such
must be stored in an airtight container with relatively low humidity in order to prevent both

powder cohesion and activation of ROS production.

The final ROS delivery system was outlined in chapter 6, where the formulation of an
implantable SHRO loaded calcium sulphate bone cement was exhibited. Promisingly, the
compressive strength of SHRO loaded calcium sulphate cements was shown to be comparable
to trabecular bone and not significantly different to a control formulation without honey. As
such, SHRO loaded calcium sulphate cement may be deemed mechanically suitable for use in
trabecular bone augmentation, in particular craniomaxillofacial sites. By incorporating SHRO
into the developing scaffold matrix, it was hypothesised that the water would already be bound
in the crystal structure of the hydrated calcium sulphate phase. This methodology of delayed
SHRO incorporation was shown to limit premature activation of ROS with formulations
producing 0.28-0.72 + 0.1 pmol g'! after 24 hours. Efficacy was further demonstrated i vitro
against clinically relevant bacteria and was not found to inhibit wound healing or elicit an
inflammatory response in osteoblast bone cells. The advantage of delivering SHRO in a bone
cement is that it offers an alternative to currently used antibiotics such as gentamicin and it can
also deliver low concentrations of ROS which could aid in wound healing. However, the

addition of SHRO to calcium hemihydrate during formulation does increases setting time.

In summary, the novel delivery systems presented in this thesis offer promising evidence

that other antimicrobials, such as SHRO, may be used as alternatives to traditional antibiotics.
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These developments are particularly timely given the growing impact of AMR and highlight
that formulation engineering may enable society to more effectively use antimicrobials, offering

hope to tackling this global challenge.
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7.2 Limitations and Future Work

7.2.1 Fundamental understanding

Enzyme kinetics

In order to produce a clinically relevant product it is important that the mechanisms of
action are well known and understood. Therefore, to add to knowledge and aid formulation of
reactive oxygen delivery systems, it was necessary to elucidate the kinetics associated with
glucose oxidase. In chapter 3 the effects of glucose, enzyme concentration and pH on reaction
rate were determined. An attempt was made to study the catalysed oxidation reaction of glucose
at different temperatures, using a temperature controlled plate reader, however there was no
notable change in Vmax. This conflicted with results published by Odebunmi., ez al. [174] and
Gibson., et al. [433] who noted an increase in reaction velocities with an increase in
temperatures. The likely reasoning behind this being that insufficient time was given for
temperatures within the wells to equilibrate. As per the methodology, reagents were added and
combined within the wells of a multi-well plate with the reaction initiated immediately prior to
placing the plate into the plate reader with its temperature pre-set. However, the experimental
protocol dictated a maximum run time of 6 minutes, seemingly insufficient time for well
reagents to equilibrate at the selected temperature. Future work may look to acquire the use of
a temperature controlled plate reader with injection ports. This would allow the well plate and
reagents to equilibrate to the set temperature, with the reaction initiated i situ by feeding the
enzyme solution through the ports. This work would help to provide information with regards
to the kinetic activity of glucose oxidase at more physiologically relevant temperatures, for

example those more closely related to the skin or internal body temperatures.
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7.2.2 Reactive oxygen emulsion_formulation

The hypothesis that an oil-based emulsion would protect, store, and release SHRO
under shear and dilution with water at the time of application has been demonstrated in chapter
4. However, future work may look to investigate stability further and over longer periods of
time. Optimisations may be made in the size of the SHRO droplets which are formed within
an emulsion in order to increase stability, as well as further investigations into the impact of
temperature on enzyme kinetics. Alternative emulsion formation methodologies may also be
explored in order to aid this optimisation, such as that of a high pressure homogeniser.
Emulsion composition has so far been optimised to achieve the desired shear thinning
behaviour, easing delivery and promoting retention of the active at the site of infection. This
technology has broad potential however, further development could see wider application and
an increased uptake if presented in a sprayable format. To achieve this, investigations must be
made into the reduction of the emulsion viscosity whilst also maintaining efficacy. As sketched
in Figure 7.1 a reduced viscosity emulsion could in theory occupy 1 part of a split spray bottle,
with the other section of the bottle filled with water. As the components from both portions of
the spray bottle are drawn up the tube, they are allowed to mix in the nozzle head, providing
the water and shear needed for the activation of ROS production. Alternatively, this concept

could also be used in the creation of a synthetic reactive oxygen spray delivery system.
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spray system envisaging the formation and

occupation of a SHRO emulsion inside a compartment of the spray bottle. This is then drawn

up and mixed with water where ROS production is activated by the shear forces exerted by

the spray nozzle.
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7.2.3 Reactive oxygen powder development

Enzyme stability

Chapter 5 demonstrated the successful formulation of SHRO containing powders,
produced using freeze drying and the addition of B-cyclodextrin based drying agents. It was
demonstrated that this was achieved without compromising antimicrobial efficacy of the
temperature sensitive enzyme within SHRO. Furthermore, there was no indication of enzyme
instability when stored over the periods of time tested, a characteristic present in all SHRO
based formulations. In addition to SHRO powder delivery systems, synthetic reactive oxygen
delivery systems were also formulated. However, although possessing the potential to deliver
efficacious concentrations of reactive oxygen species there was an inherent enzyme stability
issue, which reduced the capacity for the powder to generate ROS over time. It is indicated by
a number of researchers that honey contains many different compounds, some of which are
known to protect enzymatic activity [489,490]. Future work may look to investigate the
mechanism behind the storage instability combined and explore the possibility to add stabilising
compounds to the synthetic powder delivery system. It was also noted that storage temperature
can play a role in the stability of the enzyme with lower temperatures often preferred [492—
494]. A future study into synthetic powder stability at different temperatures could also be
conducted. Furthermore, the literature suggests that stability can be increased by immobilising
the enzyme onto substrate, or encapsulating glucose oxidase to prevent inactivation [495,496].
Both of these approaches could be investigated as means of improving the stability of the final

product, which would be vital for clinical use.

Process development
In the process of developing SHRO powders as described in chapter 5, particle size was

dictated by that associated with grinding by hand using a pestle and mortar. This limited the
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particle size that could be achieved. It was also an ineffective method for producing a narrow
size distribution, which would aid delivery. By utilising a more effective grinding instrument,
such as a ball mill, it is theorised that smaller particles could be generated, which in turn would
enhance flowability of the powder and the speed of ROS activation. It may also be beneficial
to produce particles of such a size pertinent to that required for a dry powder spray, typically

5-50 pm producing a convenient, easy to use delivery system with broad applications [509,510].

Formulation development

Further developing the reactive oxygen powder delivery system in order to provide
greater functionality such as formulating a powder that gels more cohesively. In addition to this
the powder systems could also incorporate a haemostatic agent. These added functionalities
could produce a product more suited to that of complex wounds. The added cohesiveness
would enable a gel to form and mould to the wound and once formed have the ability to be
removed as a single piece to make treatment more efficient overall. Combining this with a
haemostatic agent, such as kaolin could be used to stop bleeding and prevent the blood from

diluting and washing away the gel.

7.2.4 Reactive oxygen implantable systems development

Calcium sulphate cements that incorporate SHRO were formulated in chapter 6. The
compressive strength of SHRO loaded calcium sulphate cements was shown to be comparable
to trabecular bone and as such, SHRO loaded calcium sulphate cement may be deemed
mechanically suitable for wuse in trabecular bone augmentation, in particular
craniomaxillofacial sites. In this formulation SHRO was incorporated into the developing
scaffold matrix as it was hypothesised that the water would already be bound in the crystal

structure of the hydrated calcium sulphate phase. This methodology of incorporation was
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shown to limit premature activation of ROS and shown to be eflicacious i vitro. Future studies
may look to incorporate SHRO into other bone cements, such as calcium phosphate.
Specifically, it has been shown by Grover., et al. [511] that pre-mixed cements can be
formulated with glycerol in place of the liquid phase. This was found not to affect compressive

strength and would provide a solution to the premature activation of reactive oxygen species.
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7.3 Overall Summary

The four experimental chapters of this thesis each contribute to knowledge by
answering novel questions and providing promising solutions to the challenges surrounding the
delivery of enzymatically produced and water-sensitive ROS. Central to achieving this was the
adoption of a schematic formulation engineering approach to innovate controlled release
delivery systems. This application driven work was underpinned by developing new
understanding of honey’s antimicrobial properties and composition. Each of the formulated
delivery systems has potential to be used to apply SHRO instead of traditional antibiotics and
deliver ROS to a wound site (Table 7.1).making them timely innovations that offer some hope
to tackle the AMR crisis. It was found that within a 24 hour window, powder formulations are
capable of producing the most ROS, while emulsions systems were found to have a slower
production with cream formulations not peaking until after 7 days. Bone cement systems
produced the least hydrogen peroxide over the course of 24 hours, however one of the major
limitations with this system is the amount of SHRO that can be added. All formulations were
found to be able to illicit an antimicrobial effect by producing zone of inhibition on plates of
clinically relevant bacteria. However, concentration and dose is subject to the amount that the
system 1is diluted. For topical application this may mean that for dry wounds more water will
need to be added and for wet wounds either more regular dosing or a larger dosing. In addition,
as these formulations reduce in ROS production levels may be more suited to wound healing
offering further benefits to using i situ ROS producing systems. It is also notable that these
controlled release approaches may also be adapted to deliver other water-sensitive molecules,

which enhances the overall impact of this work.

198



Table 7.1 Comparison of hydrogen peroxide production of all SHRO formulations over a 24

hour period.

Hydrogen Peroxide Production after

Formulation 24h (umol g-1)
SHRO 5.6
Emulsions
60% SHRO 4.2
50% SHRO 1.9
30% SHRO 0.7
Creams
SHRO_ARI1 1.4
SHRO_AR? 1.2
SHRO_XG1 1.5
SHRO_XG2 1.4
Powders
MCD 70 5.2
MCD 50 3.3
HCD 50 3.1
Bone Cement
CS_SHROI1 0.28
CS_SHRO2 0.72
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ARTICLE INFO ABSTRACT

Keywords: The enzyme glucose oxidase mediates the oxidation of glucose to produce reactive oxygen species (ROS), such as
Surgihoney hydrogen peroxide. This reaction and its products are key to providing honey with its antimicrobial properties.
SurgihoneyRO Currently, honey is an adherent, highly viscous product that produces ROS by means of a water-initiated re-
HO“eY action. These properties reduce clinical usability and present a formulation problem for long term stability. This
ix:ﬁisﬁ study aims to engineer a water-in-oil emulsion containing an engineered honey (SurgihoneyRO™) that is easy to
ROS administer topically and is controllably activated in-situ.

AMR Paraffin oil continuous emulsions formulated using the emulsifier polyglycerol polyricinoleate displayed
shear-thinning characteristics. Viscosities between 1.4 and 19.3 Pa's were achieved at a shear rate representative
Formulation of post-mixing conditions (4.1 s~ ') by changing the volume of the dispersed phase (30-60%). Notably, this wide
CPI viscosity range will be useful in tailoring future formulations for specific application mechanisms. When exposed
to water and shear, these emulsion systems were found to undergo catastrophic phase inversion, evidenced by a
change in conductivity from OpuS in the non-aqueous state, to > 180uS in the sheared, inverted state.
Encouragingly, sheared formulations containing =50% SurgihoneyRO™ generated sufficient levels of ROS to
inhibit growth of clinically relevant Gram-positive and Gram-negative bacteria.
This study demonstrates an ability to formulate ROS producing emulsions for use as an alternative to current
topical antibiotic-based treatments. Promisingly, the ability of this system to release water-sensitive actives in
response to shear may be useful for controlled delivery of other therapeutic molecules.

Antimicrobial

1. Introduction

Bacteria and other resistant pathogens are predicted to kill more
people than cancer by 2050, with estimated global deaths in excess of
10 million per year [1,2]. Antimicrobials are key to infection preven-
tion and curative treatments, for example protecting patients exposed
to complex wound healing procedures, such as surgery or cancer che-
motherapy [3,4]. Therefore, research into novel antimicrobials and
systems by which to deliver them is a healthcare priority [5].

With the antibiotic development pipeline running dry, many re-
searchers are continuing to look for inspiration from nature, such as the
use of reactive oxygen species (ROS). This includes the use of hydrogen

peroxide (H,0,) to treat infections. However, due to its reactivity high
doses of H,0, are often used (=3%) to keep the level of ROS above the
bactericidal concentration [6]. This can have cytotoxic effects on any
surrounding cells [7,8]. To combat this, Zhu et al. concluded that
successful delivery of a lower, tailored dose of ROS would be ad-
vantageous [9].

The use of ROS to Kkill bacteria is a defence mechanism found in
honey to prevent it from spoiling. Honey has been used for thousands of
years for topical wound care applications without the development of
resistance [10]. The problem with using natural honey as an anti-
microbial is that the effect can differ greatly from batch to batch [11].
This is largely due to the conditions within the beehive, which are

Abbreviations: SHRO, SurgihoneyRO; ROS, reactive oxygen species; AMR, antimicrobial resistance; MRSA, methicillin-resistant Staphylococcus aureus; O/W, oil-in-
water; W/O, water-in-oil; CPI, critical phase inversion; PGPR, polyglycerol polyricinoleate; LVR, linear viscoelastic region; LB, Luria-Bertani; S. aureus, Staphylococcus

aureus; E. coli, Escherichia coli; P. aeruginosa, Pseudomonas aeruginosa
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influenced by a variety of environmental factors such as; the weather,
accessibility to pollen and humidity [12]. As such, to realise the po-
tential use of honey as an alternative antimicrobial it would be neces-
sary to chemically engineer a product that would deliver a controlled
and tailorable amount of ROS over a sustained period.

There are a number of medical grade honeys available for use, in-
cluding Medihoney manuka honey, Activon manuka honey and en-
gineered SurgihoneyRO™ (SHRO). Promisingly, in vitro and in vivo
studies using SHRO have demonstrated the complete eradication of the
infecting bacterial culture [13-17]. This included both Gram positive
and negative species as well as drug resistant strains, such as methi-
cillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant
Enterococcus faecium [17]. In addition, it has been shown to be effective
against fungi and prevented or reduced the seeding of biofilms [14,15].
Furthermore, SHRO has been found to be equally or more efficacious
than Medihoney manuka honey and Activon manuka honey as well as
two of the most commonly used topical wound care alternatives, iodine
and silver [13,16]. Interestingly, in contrast to iodine and silver dres-
sings, SHRO was not shown to elicit cytotoxic effects [13].

SHRO is currently packaged as a raw product in a sachet or tube.
This delivery system is clinically non-optimal since it is highly viscous
and adherent to surfaces. Therefore, the development of alternative
physical formulations, which incorporate SHRO and facilitate an ap-
plication specific release profile of ROS, is of great interest. When de-
signing such a system it is important to consider the underlying me-
chanisms of action. In the case of SHRO, the oxidation of glucose to
produce ROS is a reaction that requires water (Fig. 1a). SHRO contains
16-20% water but this is bound to sugars and is not free to react [18].
As a consequence, to avoid premature production of ROS before clinical
application a non-aqueous vehicle is required. Such a formulation
would enable the product to be stored and activated in-situ. To improve
the ease of handling SHRO, and facilitate controlled release of ROS, this
non-aqueous vehicle will require appropriate physical structuring. One
such approach may be to create an emulsion that incorporates SHRO
into its non-aqueous phase (Fig. 1b). An emulsion can be defined as a
dispersion of droplets of one liquid in another, in which it is not soluble
or miscible [19].

There are two basic forms of emulsions: (1) oil in water, denoted
(O/W) and (2) water in oil (W/O). Emulsions are inherently thermo-
dynamically unstable and systems quickly phase separate after
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manufacture to reduce the unfavourably high energy states associated
with interfacial tension [20]. To improve stability over time, emulsifiers
or surfactants have to be used, these lower the tension between the two
species allowing the persistence of droplets, which may contain actives,
over much longer time scales [21].

Phase inversion is a phenomenon that occurs when the dispersed
phase of an emulsion becomes the continuous phase or vice versa,
during this process surfactants spontaneously change their arrangement
[22]. Phase inversion is widely used to formulate emulsions, with many
manufacturers using this process in order to create products with in-
creased stability and a small size distribution of droplets within a
continuous phase [23]. It can occur due to: the introduction of parti-
cular flows (shear induced), changing temperature, alterations in phase
volumes (known as catastrophic phase inversion (CPI)), change in pH or
the addition of salts [24].

The focus of this study is to formulate an emulsion system that
enables easy delivery of ROS producing honey as a novel antimicrobial
(Fig. 1). It is hypothesised that by incorporating the SHRO in oil, this
will help to protect the agent from premature ROS activation. By op-
timising the dispersion of SHRO in paraffin oil, shear thinning beha-
viour could be achieved easing application (Fig. 1). This work aims to
use an inversion trigger whereby water and shear are added to the
system until the emulsion inversion point is exceeded and CPI occurs.
This paper is the first report of an engineered emulsion system to
controllably deliver ROS and demonstrates it is capable of eradicating
clinically relevant bacteria in-vitro.

2. Materials and methods
2.1. Materials

Luria-Bertani (LB) broth, LB broth with agar and analytical grade
paraffin oil were supplied by Sigma Aldrich, UK. The other oils used in
this study (vegetable, olive and corn) were commercially sourced.
Polyglycerol polyricinoleate (PGPR) was provided by Palsgaard,
Denmark and SHRO was supplied by Matoke Holdings, UK. All mate-
rials were used as delivered and no further purification or modifications
were made.

[

~

N

GO
2 CeH1206 + H30 + 0, — CgH1,0, + Hy0,
Oxidation of Glucose Mediated by Glucose Oxidase to Form Hydrogen Peroxide
b) ¢) Emulsion Formed e) Phase Inversion
Paraffin Qil SHRO +
+ @%éé é@ SHRO Continuous (&%ﬁ Qﬁﬁﬂ H20
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Fig. 1. Schematic highlighting the production of hydrogen peroxide and reactive oxygen species through the aerobic glucose oxidase mediated oxidation reaction of
glucose and water (a). The key components of a SurgihoneyRO™ in oil emulsion (b), in which SHRO is the dispersed phase (c). After addition of water and shear (d)
phase inversion of the emulsion occurs (e) allowing for the production of hydrogen peroxide and other reactive oxygen species.
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2.2. Emulsion formulation

Emulsions were created in a two-step process using a T18 Ultra
Turrax® disperser (IKA, UK). The oil phase was combined with PGPR for
1 min at 10,000 rpm. SHRO was then added dropwise, using a 5mL
syringe, to the oil and surfactant mixture. After the SHRO was added,
shear was applied at 10,000 rpm until a total time of 10 min had
elapsed. The final emulsions were stored in a temperature controlled
laboratory set at 21 °C until needed.

Unless otherwise indicated, percentages are denoted as (v/v) and
indicate the amount of SHRO present in the formulation. The oil used
can be assumed to be paraffin oil with the surfactant volume set at 2%
unless otherwise stated.

2.3. Visual characterisation of emulsion stability

Emulsions were formulated according to the method in Section 2.1
and monitored over a 7-day period at 21 °C. At each time point (1, 2, 3
and 7 days) an image was taken of each individual sample. To enable
measurement calibration a fixed scale was placed next to the sample
during capture. Images were visually assessed to determine if droplet
sedimentation or separation of phases occurred. Image J software (1.47v
National Institutes of Health, USA) was used to calibrate images and
obtain a quantitative measurement of separation.

2.4. Rheological characterisation of SHRO in paraffin oil emulsions

An AR-G2 rheometer (TA Instruments, UK) with sandblasted par-
allel plates (size = 40 mm, gap height = 1 mm) was used to determine
the viscoelastic properties of emulsions immediately after manufacture
(day 0) and after 7 days of storage at 21 °C. Prior to testing on day 7 the
emulsions were shaken for 1 min by hand in order to resuspend the
droplets. Viscosity was determined by means of a shear rate sweep from
1.0 to 100.0s ™! conducted over a period of 5min at 21 °C. From this
sweep, a shear rate of 4.1 s~ ! was used to characterise behaviour prior
to storage. This shear rate is representative of a low shear post-mixing
state such as that achieved following a shake before use directive [25].
A shear rate of 99.7 s™! was isolated to describe the behaviour under
higher shear application such as extrusion from a tube [26].

The linear viscoelastic region (LVR) was identified for all tested
emulsions using a strain sweep with frequency set at 1 Hz. This data
was used to select a percentage strain value which fell within the LVR.
Frequency sweeps were then carried out from 0.1 to 100 Hz at 21 °C and
0.5% strain to obtain storage (G’) and loss (G”) moduli.

It was important to determine the rate of viscosity recovery after
simulated application to ensure that the emulsion structure was not
altered. Formulations were subjected to 100s~! for 30s at 21°C to
mimic extrusion. Shear rate was then reduced to 1.0 s ! and viscosity
monitored for 30 s. This process was repeated thrice, and the hysteresis
results plotted.

2.5. Size analysis of dispersed SHRO droplets

Laser diffraction measurements were recorded by a Malvern 3000
Mastersizer (Malvern Instruments, UK). Refractive indexes (RI) of 1.487
and 1.473 were used for SHRO and paraffin oil respectively. RI was
determined using an ORA-3HA refractometer (Kern-Sohn, Germany)
and manufacturer provided values. The software used to calculate size
distribution assumed spherical droplets in a uniform media. Size dis-
tribution was measured on days 0 and 7 to investigate the occurrence of
coalescence. Each emulsion ratio was measured in triplicate and with
three readings per experimental run.

2.6. Conductivity measurements

Conductivity was measured using a HI99300 conductivity test meter
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(Hanna Instruments, UK). Measurements were taken of individual
components as well as both prior and post addition of deionised water
and shear. Emulsions were diluted with deionised water in a 1:2 ratio
and vortexed for 1 min to trigger inversion.

2.7. Hydrogen peroxide release from SHRO emulsions

A fluorescent assay kit (Sigma Aldrich, UK) was used to determine
hydrogen peroxide release from SHRO 30, 50 and 60% emulsions. Prior
to testing a calibration curve was created using hydrogen peroxide
standards 10, 3, 1, 0.3, 0.1, 0.03, 0.01 and O uM. A further calibration
curve was created using SHRO 2.0, 1.5, 1.0 and 0.5 g/L. This was used
to determine the dilution factors used given the concentration limits of
the assay. For the assay, 1 mL of each emulsion was diluted with 2 mL of
deionised water and vortexed for 10 s. This was then further diluted by
adding 0.1 mL to 30 mL of deionised water (1:300) at each time point
(1, 3, 6, 12 and 24 h). The manufacturer's instructions were followed,
briefly the following standard solutions were made: a master mix
containing 50 uL red peroxidase substrate, 200 uL of 20 units/mL per-
oxidase, 4.75mL assay buffer, and hydrogen peroxide standards be-
tween O uM and 10 pM.

50 uL of sample or standard was then added to each well and 50 pL
of master mix was added. Wells were mixed by pipetting, protected
from light and incubated at room temperature for 30 min. The fluor-
escence intensity was then measured (Ax = 540 nm/Aey, = 590 nm)
using a Tecan Spark plate reader (Tecan Trading AG, Switzerland).
Each emulsion was tested in triplicate.

2.8. In-vitro efficacy of SHRO emulsions

LB broth and LB broth with agar was reconstituted with distilled
water to concentrations of 20 g/L and 35 g/L respectively, both were
sterilised by autoclaving for 20 min at 121 °C and 100 kPa.

Overnight cultures of Staphylococcus aureus (S. aureus — ATCC
29213), Escherichia coli (E. coli— MG1655) and Pseudomonas aeruginosa
(P. aeruginosa — NCTC 13437) were prepared by inoculating one
colony of each strain into 5 mL of LB broth. The optical density of each
overnight culture was then measured at 600 nm using a Spectronic
Helios Gamma UV-Vis Spectrophotometer (Thermo Fisher Scientific,
UK) and diluted to 0.04.

Agar plates were created from LB broth with agar and inoculated
with bacteria. A 10 mm sterile hole borer was then used to create a well
in the center of the inoculated agar. 1 mL of each emulsion was diluted
with 2 mL of deionised water and vortexed for 1 min in order to trigger
the release of ROS. 250 puL of diluted emulsion was then added to the
well and incubated at 37 °C for 24 h. Zones of inhibited bacterial growth
were then measured, and the bore hole diameter was deducted from the
total zone size. Each emulsion formulation and bacterial strain was run
in triplicate.

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism® 5.0 soft-
ware. Two-tailed Welch's t-tests were used to determine statistical sig-
nificance. Values of p < 0.05 were considered significant. Data is
presented as mean * standard deviation.

3. Results
3.1. Stability of SHRO emulsion

Paraffin oil emulsions containing 30% SHRO and 2% PGPR were
found to have a slower sedimentation rate (29.6 *= 8.6%) over 7 days
than emulsions formulated with olive (73.9 = 1.1%), corn
(86.0 = 4.7%) or vegetable oil (78.5 = 1.1%) (Fig. 2a). With the ex-
ception of paraffin oil, the resultant emulsion instabilities were not
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reversible by inversion or shaking as phase separation had occurred.
Emulsions comprised of paraffin oil maintained the integrity of the
SHRO droplets and after initial sedimentation could be re-dispersed by
inversion. Coalescence and phase separation did not occur in paraffin
oil emulsion systems over the storage periods investigated.

An increase in SHRO concentration for paraffin oil samples resulted
in a lower rate of sedimentation. Notably, emulsions containing > 50%
SHRO showed no indication of sedimentation over a 7 day period.
Emulsions containing 40 and 30% SHRO displayed sedimentation rates
of 9.0 = 1.8 and 29.6 + 8.6%, respectively over 7 days (Fig. 2b).

Further testing determined that emulsions containing < 2% PGPR
sedimented after 7 days. After 24h sedimentation was observed for
both the 60 and 50% SHRO emulsions, which contained 0.5% PGPR
with sedimentation rates of 15.3 = 1.0 and 22.8 * 5.0%, respec-
tively. Sedimentation progressed and at day 7 was recorded for 60%
SHRO emulsions at 40.6 * 2.0 and 50.4 * 5.0% for 50% SHRO
emulsions (Fig. 2¢). With an increase in surfactant to 1%, sedimentation
was reduced. After 3 days emulsions containing 60% SHRO still dis-
played no sedimentation, emulsions that contained 50% SHRO, how-
ever sedimented by 3.2 = 1.1%. After 7 days, 60 and 50% SHRO
emulsions containing 1% PGPR showed no significant difference in
sedimentation with rates of 13.1 = 0.3 and 13.5 *+ 1.1% respectively
(Fig. 2c). For its improved stability 2% PGPR was used for the re-
mainder of the study.

3.2. SHRO emulsion rheology

The ratio of SHRO to paraffin oil within the emulsion significantly
alters the overall viscosity (Fig. 3a). An increase in the concentration of
SHRO increased viscosity across all shear rates tested (1.0-100 s™h.
Apparent viscosities on day O and day 7 respectively measured at

19.3 = 0.2Pas and 13.42 = 0.2Pas (60%), 9.7 + 0.3Pas and
6.9 + 0.5Pas(50%) and 1.4 = 0.2Pasand 1.8 = 0.7 Pas (30%) ata
shear rate of 4.1s™!. After storage for 7 days at 21 °C there was a
20-35% reduction in viscosity at all tested shear rates between 60 and
50% SHRO emulsions. In contrast, the 30% SHRO emulsion formulation
showed no significant difference in viscosity after the 7-day storage
period (Fig. 3b).

The apparent viscosity profile of the emulsions differed to that of
the control, unprocessed SHRO. At lower shear (4.1s™ '), 60 and 50%
SHRO emulsions had a higher viscosity than that of SHRO alone. In
contrast, at a higher shear rate (99.7 s™1), it was found that all of the
emulsions except 60% SHRO, displayed lower apparent viscosities on
day O compared to SHRO alone (Fig. 3c).

When SHRO emulsions are rapidly switched from a low (1.0s™ Hto
a higher shear (100s™') the viscosity reduces but quickly recovers
exhibiting shear thinning behaviour (Fig. 3d). The SHRO emulsions did
display hysteresis upon application and removal of shear as the re-
covery viscosity of the formulation is lower than that of the initial
measurement (Fig. 3d).

Analysis of the viscoelastic properties of the emulsions determined
that higher concentrations of SHRO exhibited higher G’ and G” values.
At 5 Hz, for 60 and 50% SHRO emulsions, the G’ was higher than that of
the G”. However, 30% SHRO emulsions exhibited similar G’ and G”
values at 5Hz. At higher frequencies (30 Hz) G” exceeded G’ for all
formulations. The frequency at which crossover occurred was found
increased with increasing SHRO concentration. At day O this phenom-
enon occurred at 63.1 Hz, 50.1 Hz and 1.6 Hz for 60, 50 and 30% SHRO
emulsions, respectively and 50.1 Hz, 39.8 Hz and 0.8Hz on day 7
(Fig. 3f).
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3.3. SHRO emulsion characterisation

The size of the dispersed SHRO droplets was investigated after
manufacture (day 0) and following 7 days of storage. The median dia-
meter (Dso) of the droplets at day 0 for 30, 50 and 60% SHRO emulsions
were found to be 4.92 + 0.44um, 2.09 = 0.07pym and
2.07 * 0.02 um, respectively. For all samples there was no significant
difference found in Dsq droplet size between day 0 and day 7 (Table 1).

In order to assess the inversion of the emulsion under application of
water and shear, conductivity measurements were taken. Neat paraffin
oil has no measurable conductivity (0uS) as such when it is the

continuous phase the emulsions, regardless to SHRO concentration,
exhibit no conductivity. Following addition of deionised water and
applied shear, conductivity measurements showed readings of
219.7 = 6.7S, 204.7 = 6.7 S and 181.3 = 8.4uS for 60, 50 and
30% SHRO emulsions respectively, indicating CPI (Fig. 4a).

The ability to maintain antimicrobial efficacy of SHRO once for-
mulated into an emulsion is paramount. Therefore, it was important to
assess the levels of hydrogen peroxide production following phase in-
version of the SHRO emulsions. It was found that the emulsion with the
highest ratio of SHRO produced the most hydrogen peroxide; 60%
SHRO emulsions produced 595.1 = 22.1 uM/mL after 24 h and the 50
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Table 1

Droplet sizes in 60, 50 and 30% SHRO emulsions at days 0 and 7. A two tailed t-
test was conducted between Ds, measurements for day 0 and day 7 in order to
assess significance (p < 0.05). n = 3, + standard deviation.

Emulsion Size (um)
Dio Dso Dgo Sig. diff.

p < 0.05
(Y/N)*

30% SHRO

Day 0 1.70 = 0.39 4.92 = 0.44 11.77 = 1.48 N

Day 7 1.48 = 0.21 4.11 = 0.31 9.88 = 0.64

50% SHRO

Day 0 1.22 + 0.08 2.09 = 0.07 3.61 = 0.09 N

Day 7 1.23 = 0.03 2.09 = 0.02 3.48 = 0.01

60% SHRO

Day 0 1.18 = 0.12 2.07 = 0.02 41.89 + 54.4 N

Day 7 1.12 = 0.09 2.42 = 0.26 72.13 * 5.93

*N = no and Y = yes.

and 30% formulations releasing less at 249.9 = 3.9uM and
83.5 + 3.0 uM respectively (Fig. 4b).

3.4. Antimicrobial efficacy

Unprocessed SHRO controls showed that the bioengineered honey
had the potential to be efficacious against S. aureus, P. aeruginosa and E.
coli (Fig. 5a). Emulsions with 60, 50 and 30% SHRO were then tested
against the same bacterial strains with efficacy compared to neat SHRO
diluted in water to the same concentration as would be found within
each emulsion. All formulations were shown to inhibit the growth of the
Gram-positive bacteria, S. aureus (Fig. 5b). However, only 60 and 50%
SHRO emulsions produced enough ROS to inhibit the growth of Gram-
negative bacteria P. aeruginosa and E. coli (Fig. 5c and d). No significant
difference was identified between the efficacy of the emulsions and
their equivalent, neat, SHRO dilution when tested against S. aureus.
These results were replicated in both Gram-negative bacteria with the
exception of the 30% SHRO emulsions which did not inhibit bacterial
growth (Fig. 5).

4. Discussion

SHRO is engineered to deliver tailored doses of ROS and does not
rely on specific flora or environmental conditions for its antibiotic
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activity like natural honeys, such as Manuka. Since it is engineered, this
means that the level of potency can be controlled. Previous studies
looking at the efficacy of SHRO have had promising results, but despite
this, there are limitations associated with delivering it to wound sites
[13-17,27]. Currently much like commercial honey, it is a concentrated
polymer blend which is sticky, viscous and hard to handle. These
characteristics make it difficult to apply. This study has demonstrated a
method by which to deliver SHRO that enables stable storage whilst
maintaining the ability to inhibit bacterial growth when ROS produc-
tion is trigged. This is achieved by the formulation of emulsions, which
undergo CPI when exposed to water and shear.

By creating a SHRO-in-oil emulsion it allows modification of the
viscosity, a critical characteristic that may determine how a product
may be delivered. In addition, by creating an emulsion devoid of free
water there is no premature production of ROS. This is essential for
efficacy and shelf life. One of the main challenges when developing an
emulsion is addressing the inherent thermodynamic instability of the
system. Investigation of SHRO stability within different oil phases
showed that paraffin oil produced an emulsion that did not coalesce or
show signs of flocculation or creaming. Furthermore, the dispersed
SHRO was found to sediment at a slower rate than emulsions for-
mulated with olive, corn or vegetable oil (Fig. 2a). In the cases of the
emulsions containing vegetable, olive or corn oil the resultant in-
stability was not reversible by means of inversion and shaking as phase
separation had occurred. Although sedimentation is not ideal for this
application, since it did not occur immediately and the dispersed dro-
plets could be redistributed easily in paraffin oil, further investigation
was deemed necessary. Notably, the need for redistribution of dispersed
phases before application is common practice among formulations that
contain unstable components. Shaking ensures an even distribution in
droplets and therefore administration of a uniform dose, a factor
highlighted for its importance by Stringer and Bryant in the formation
of corticosteroid emulsions [28]. Promisingly, a comparison of droplet
size between days 0 and 7 demonstrated that no coalescence occurred
for any of the SHRO paraffin oil emulsions studied (Table 1).

Optimising dispersed phase ratios (30-60%) with a set concentra-
tion of PGPR (2%), found that formulations with a higher concentration
of SHRO sedimented the least (Fig. 2b). Further, no significant differ-
ence in droplet size for the 60% SHRO emulsion was observed over
7 days of storage. This effect is likely due to two factors. Firstly, the
droplets formed in the 50 and 60% emulsions are small (around 2 pm)
and suffer less from sedimentation compared to the 5 um droplets of the
30% emulsion, thus reducing sedimentation at higher phase volumes
[29]. The second factor is that as more SHRO is added the volume
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b) Staphylococcus Aureus

Zone of Inhibition (mm)

d) Escherichia coli

Zone of Inhibition (mm)

Fig. 5. SHRO treated Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa (a), inverted SHRO emulsions and the zones of inhibition by treating
Staphylococcus aureus (b), Escherichia coli (¢) and Pseudomonas aeruginosa (d). Agar plates were inoculated with bacterial culture (ODggo 0.04) at 37 °C for 24 h before

treatment. Bore hole size = 10 mm.

occupied by droplets in the system also increases. This higher packing
fraction physically prevents sedimentation and results in an increase in
viscosity (Fig. 3), which is known to reduce sedimentation speed
[30,31]. Notably, both 50 and 60% SHRO emulsions showed no sedi-
mentation over a period of 7 days. The low HLB value (1.5) associated
with PGPR clearly aids the stabilisation of the SHRO in oil system
greatly. It was determined that 2% was the minimum concentration of
PGPR required to stabilise these systems (Fig. 2c).

Promisingly, all of the paraffin oil emulsions displayed shear thin-
ning behaviour (Fig. 3b). This will help to ease delivery, as common
methods of administration, such as sprays and creams, often involve the
application of shear. After storage for 7 days there was a significant
(p < 0.05) reduction in viscosity at all tested shear rates for 60 and
50% SHRO, interestingly a phenomenon not apparent in the 30% for-
mulations. The difference between the apparent viscosity of 60 and
50% SHRO emulsions on days 0 and 7 is likely due to an interaction
between SHRO droplets, which requires greater shear than that exerted
from shaking to mix the emulsion back to its original form [29,30]. This
was not the case with the 30% SHRO emulsion; with greater range of
movement, due to the lower packing fraction and lower interactions
between droplets, viscosities comparable with that of day 0 could be
achieved. As demonstrated by the results here and as described by
Stokes law, an increase in viscosity slows the rate of sedimentation
[30,32,33]. Future applications could use modifiers to increase the
viscosity thus avoiding the need to shake before use. This may however
prevent the use of delivery systems only suitable for lower viscosity
fluids, for example pump spray bottles. This data highlights a trade-off
between stability and ease of application; while the 30% emulsion

exhibits 29.6 *= 8.6% sedimentation after 7 days it has the lowest
viscosity widening the possible administration devices that could be
used. That said, it is notable that under high shear all SHRO emulsions
exhibited significantly reduced viscosities (Fig. 3c), which will aid de-
livery and application. Further, it is advantageous that when all for-
mulations were rapidly switched from high to low shear, in the absence
of water, viscosity is quickly recovered (Fig. 3d). This means that the
viscosity can be reduced in order to deliver the emulsion but then as the
shear rate reduces the emulsion quickly becomes more viscous meaning
it is more likely to be retained at the site of delivery [34,35]. The SHRO
emulsions did display hysteresis, however, since this effect was minimal
it is not deemed to affect the final application but warrants further
investigation.

Frequency sweeps were also conducted to elucidate the viscoelastic
properties and stability of the emulsions. Oscillatory rheology was used
to determine the value of the storage (G”) and loss modulus (G”) at low
frequency values. This was concluded to be an important assessment of
emulsion stability by Tadros [31]. The viscosity profile of the emulsions
revealed that both G’ and G” rapidly increase with frequency (Fig. 3e),
with the dependence on frequency considered to be due to the effect of
energy dissipation within droplets [36]. The relative values of G’ and G”
are known to be indicative of a change in fluid structure [37]. At 5Hz,
60 and 50% SHRO emulsions exhibited a higher G’ than G”, which
demonstrates they have a greater gel like structure. In contrast, 30%
SHRO formulations were observed to have similar G’ and G” values
(28.9 + 8.7-54.0 = 17.1Pa) at this frequency. This correlates with
observations that the stability is increased in emulsion formulations
with higher concentrations of SHRO as droplets begin to structure and
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cause an increase in viscosity [38]. At higher frequencies the emulsions
undergo a viscoelastic transition, this is where G” exceeds that of G’
[39]. This occurred for all samples tested indicating that the droplets
within the emulsion interact at a small length scale and as such does not
relax quickly. This decreases the elastic behaviour and thus becomes
more viscous, or liquid-like [40]. The frequency at which the G’ and G”
crossover increased with rising SHRO concentration. This means that
the ease of delivery decreases with increased amount of SHRO as more
energy is required to extrude the emulsion from the delivery device.

In addition to easing the delivery of SHRO, this work aimed to
create an emulsion that could be triggered to release ROS in-situ.
Through the addition of water under shear it was possible to cause the
developed emulsions to catastrophically phase invert (CPI) leading to
activation of SHRO. It is proposed that water may either be co-delivered
with the emulsion or media at the wound site could be used in order to
trigger release. However, since available moisture will significantly
vary at different wound sites it is suggested that co-delivery may be a
more reproducible approach [41,42]. In order to confirm that CPI had
occurred, conductivity measurements were taken (Fig. 4a). Neat par-
affin oil has no measurable conductivity. When SHRO is dissolved in
deionised water a current is allowed to flow due to the greater mobility
of free ions [39]. Water was added to the emulsion and shear was ap-
plied, an increase in conductivity was measured
(181.3 * 14.6-219.7 + 6.7 uS) with formulations containing higher
concentrations of SHRO allowing a greater current to flow. These
measurements confirmed that CPI had occurred and that the continuous
phase is a combination of SHRO and water.

It is known that the release of ROS, such as hydrogen peroxide is the
dominant factor to the antimicrobial efficacy of SHRO [27]. As such, it
was critical that SHRO droplets within the emulsion could still be ac-
tivated to produce ROS after being exposed to water through phase
inversion. As expected, it was found that the emulsion with the highest
ratio of SHRO (60%) produced the most hydrogen peroxide;
595.0 = 22.1 uM after 24h. A controlled and predictable release is
critical to ensuring an effective and safe dose is delivered throughout
the period of application [43]. Promisingly, release of ROS was ob-
served for the entire time period tested (Fig. 4b). For a topical appli-
cation, stable release over 24 h would mean that the treatment would
only have to be applied at most once daily and therefore makes it more
convenient for the patient or healthcare professional applying the
product.

Having assessed the viability of ROS production from the for-
mulated SHRO emulsions, clinically relevant bacterial species found in
topical wounds [44] were inoculated onto agar plates and the SHRO
emulsions ability to inhibit growth was measured. Unprocessed SHRO
controls showed that the bioengineered honey had the potential to be
efficacious against S. aureus, P. aeruginosa and E. coli (Fig. 5a). This is
consistent ~ with  previous in-vitro evaluations of SHRO
[13-16,27,45,46]. Despite releasing different levels of ROS over 24 h,
inhibition of Gram-positive bacteria S. aureus was achieved for all
tested inverted emulsions (Fig. 5b). In contrast, inhibition of P. aeru-
ginosa and E. coli was only observed for emulsions containing 50 or 60%
SHRO. It is known that Gram-negative bacteria are inherently harder to
kill as compared with Gram-positive species they contain an extra layer
of protection in the form of an outer membrane. Previous studies have
demonstrated that higher doses of ROS are necessary to inhibit Gram-
negative bacterial growth [47]. The ability to increase the baseline
efficacy of SHRO, as reported by Dryden et al., [13] may provide a
solution. Working with a batch of SHRO with higher ROS production
would enable the lower viscosity characteristics of 30% SHRO emul-
sions to be exploited to ease application while delivering a dose also
capable of killing Gram-negative bacteria.

5. Conclusion

In conclusion this study addresses the need for alternative topical
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infection treatments to current antibiotics. This is achieved by the
successful formulation of an emulsion containing SurgihoneyRO™
(SHRO), which has been engineered to enable triggered release of an-
timicrobial reactive oxygen species via phase inversion. The hypothesis
that an oil-based emulsion would protect, store, and release SHRO
under shear and dilution with water at the time of application has been
demonstrated in-vitro. This mechanism could be initiated by added or
topical moisture, such as wound exudate and shear produced by hand
or a delivery device.

Emulsion composition was optimised to achieve the desired shear
thinning behaviour, easing delivery and promoting retention of the
active at the site of infection. Stability observations revealed that a
small degree of sedimentation did occur, over 7 days, for emulsions
containing a dispersed phase of < 50% SHRO, but this was shown to be
reversible by shaking. Conveniently this redistributed droplets evenly,
which is known to improve dose reproducibility. Hydrogen peroxide
measurements indicated that formulations with higher concentrations
of SHRO produced greater levels of reactive oxygen species. Emulsions
with 30, 50, and 60% SHRO were tested against clinically relevant
bacterial species; Staphylococcus aureus, Pseudomonas aeruginosa and
Escherichia coli. It was found that 60 and 50% SHRO emulsions were
efficacious against all species. In summary, it is demonstrated that
emulsion technologies can be used to effectively store and deliver water
sensitive products, with triggered release mechanisms to actively
combat clinically relevant infections.
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