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Abstract

Multidrug-resistant pathogens are prevalent in chronic wounds. There is an urgent need to
develop novel antimicrobials and formulation strategies to overcome antibiotic resistance and provide
a safe alternative to traditional antibiotics. Chapter 2 aims to create a novel nanocarrier for two
cationic antibiotics, tetracycline hydrochloride and lincomycin hydrochloride, overcoming antibiotic
resistance. In this study, the use of surface-functionalised polyacrylic copolymer nanogels as carriers
for cationic antibiotics is investigated. These nanogels can encapsulate small cationic antimicrobial
molecules and act as a drug delivery system. They were further functionalised with a biocompatible
cationic polyelectrolyte, bPEI, to increase their affinity towards the negatively charged bacterial cell
walls. These bPEl-coated nanocarrier-encapsulated antibiotics were assessed against a range of
wound isolated pathogens, which had been shown through antimicrobial susceptibility testing (AST)
to be resistant to tetracycline and lincomycin. The data reveals that bPEl-coated nanogels with
encapsulated tetracycline or lincomycin displayed increased antimicrobial performance against

selected wound-derived bacteria, including strains resistant to the free antibiotic in solution.

Next, after experimentation into the use of Carbopol nanogels against antibiotic-resistant
wound-derived pathogens, in planktonic form, the work in chapter 3 investigated their use against
biofilm-formed pathogens. Biofilms are prevalent in chronic wounds and once formed, are very hard
to remove, which is associated with poor outcomes and high mortality rates. Biofilms are comprised
of surface-attached bacteria embedded in an extracellular polymeric substance (EPS) matrix, which
confers increased antibiotic resistance and host immune evasion. Therefore, disruption of this matrix
is essential to tackle the biofilm-embedded bacteria. Novel nanotechnology is applied to do this, based
on protease-functionalised nanogel carriers of antibiotics. Such active antibiotic nanocarriers, surface
coated with the protease Alcalase, "digest" their way through the biofilm EPS matrix, reach the buried
bacteria, and deliver a high dose of antibiotic directly on their cell walls, which overwhelms their
defences. This thesis's work demonstrates that they are effective against six wound biofilm-forming
bacteria, Staphylococcus aureus, Pseudomonas aeruginosa, Staphylococcus epidermidis, Klebsiella
pneumoniae, Escherichia coli, and Enterococcus faecalis. Additionally, it is shown that co-treatments
of ciprofloxacin and Alcalase-coated Carbopol nanogels led to a 3-log reduction in viable biofilm-
forming cells when compared to ciprofloxacin treatments alone. Encapsulating an equivalent
concentration of ciprofloxacin into the Alcalase-coated nanogel particles boosted their antibacterial
effect much further, reducing the bacterial cell viability to below detectable amounts after 6 hours of

treatment.



Chapter 4 combines the work of chapter 2 (NPs against antibiotic-resistant pathogens) and
chapter 3 (NPs against biofilm-forming pathogens). This concept is demonstrated by encapsulating
Penicillin G and Oxacillin into shellac nanoparticles, subsequently coated Alcalase. It is shown for the
first time that these active nanocarriers can destroy biofilms of S. aureus resistant to Penicillin G and
are significantly more effective in killing the bacterial cells within compared to an equivalent
concentration of free antibiotic. The approach of concentrating the antibiotic by encapsulating it into
a nanocarrier allows a localised antibiotic delivery to the anionic cell wall, facilitated by coating the
NPs with a cationic protease. This approach allowed the antibiotic to restore its effectiveness against S.
aureus, characterised as resistant to the same antibiotic and cause rapid bacterial biofilm degradation.
This approach could be potentially used to revive old antibiotics which have already limited clinical

use due to developed resistance.

Chapter 5 continued investigating the antimicrobial properties of antibiotic-loaded shellac
NPs, with a cationic protease surface functionalisation, however this time on a pathogen fungal
species, Candida albicans. These Amphotericin B (AmpB)-loaded shellac NPs are fabricated by pH-
induced nucleation of aqueous solutions of shellac and AmpB in the presence of Poloxamer 407 (P407)
as a steric stabiliser (in the same fashion as penicillin G and oxacillin in chapter 4. The AmpB-loaded
shellac NPs are surface coated with the cationic protease Alcalase. The AmpB-loaded shellac NPs show
a remarkable boost of their antifungal action compared to free AmpB when applied to C. albicans in
both planktonic and biofilm forms. The surface functionalisation with a cationic protease allows the
NPs to adhere to the fungal cell walls, delivering AmpB directly to their membranes. Additionally, the
hydrolysing activity of the protease coating degrades the biofilm matrix, thus increasing the

effectiveness of the encapsulated AmpB compared to free AmpB at the same concentration.

Additionally, these protease-coated nanocarrier-based antibiotics showed no detectable
cytotoxic effect against human keratinocytes. It is envisaged these antibiotic-loaded NPs.
Subsequently, surface functionalised with the cationic protease could be potentially used to treat
antibiotic-resistant biofilm infections in the clinic, for example, in recalcitrant chronic wounds. Chapter

6 outlines future work which could be performed using these NP formulations.
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1.0Chapter 1

1.1 Skin structure and function

Skin is commonly regarded as the largest organ in the human body and is essential for an
individual's survival and health (Grice & Segre. 2011). One of the primary roles of skin is to act as a
physical barrier to the external environment and facilitate the individual's protection from biological
and chemical insults (Baroni et al., 2011). Additionally, it mediates tactile interactions between an
individual and the external environment via skin embedded afferent neurons and mechanoreceptors
and regulating thermal stability (Abraira & Ginty, 2013). Healthy skin is generally a dry, acidic (pH =5.6-
6.4), salty environment that is waterproof and creates an impermeable barrier for infection from
microorganisms (Kruse et al., 2015). During life, the skin is often damaged, reducing its protective
properties and renders the individual vulnerable to infection and colonisation from pathogenic
microorganisms (Percival et al., 2015). Non-pathogenic commensal skin microbiota may also enter a
cutaneous lesion (Misic et al., 2014). To maintain health and minimise the risk of infection from
trauma skin has a highly regulated multi-staged healing mechanism comprising 1) haemostasis 2)
inflammation 3) proliferation and 4) remodelling (maturation) (Reinke & Sorg, 2012). Failure to
complete this process can result in the development of a chronic wound environment which
subsequently requires ongoing treatment and maintenance to prevent the detrimental function of the
body area wounded, and possible deleterious infection (Frykberg & Banks, 2015). Antimicrobial agents
are often administered in chronic wound treatments. However, these agents' efficiency is often
negated due to the prevalence of resistant bacterial species (Rahim et al., 2016). Due to antibiotic
discovery's stalled nature and increasing resistance, nanocarrier-mediated delivery of antimicrobials
is under investigation to understand if this approach can overcome bacterial resistance mechanisms

(Wang et al., 2017).

Skin is divided into three main layers, the outer epidermis, the middle dermis, and the inner
subcutaneous tissue layer (Baroni et al., 2011). These regions have unique structural histology
pertinent to the role of a particular layer of the skin has (Arda et al., 2014). There is a variation in skin
thickness, ranging from 0.5 mm in the eyelids to 4 mm thick on the heels (Farage et al., 2013). This
variation in thickness is proportional to the abrasion and pressure the skin is exposed to. For example,
fingertips and other areas with high amounts of pressure, i.e. heels are considerably thicker than skin
located nearby (Pouradier et al., 2013). Additionally, skin properties are dependent on sex and age,

with males on average having thicker skin then females post-puberty, and skin becoming progressively
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thicker until adulthood in both genders (Derraik et al., 2014). The functions of the skin are broad and

are summarised in table 1.1.

Table 1.1 A summary of the functions of human skin.

Function Description

Physical Protection | UV light is absorbed by melanin, derived from melanocytes, and protects the skin from
excessive exposure and potential free radical production (D’Orazio et al., 2013). The
elasticity of skin allows flexibility, movement and growth whilst still retaining structural
integrity (Pawlaczyk et al., 2013). Keratin forms a strong protective barrier to
extracellular insults (Anford et al., 2015).

Immunity Various cells, such as innate immune Langerhans and phagocytic cells, provide
immediate protection from a bacterial infection (Sanford & Gallo, 2013). Secreted host
defence peptides (HDPs) include cathelicidins, protegrins and b-defensins and convey
a wide array of antimicrobial actions. Some species such as S. aurous display resistance
to these agents (Brett & Bradfute, 2015).

Sensation Somatic sensory receptors situated in the skin allow pressure stimuli to be detected
(Park & Kim, 2013).

Thermoregulation Hair follicles provide limited heat insulation and can be involuntarily controlled by
erector pili muscles, straightening the angle of hair can decrease heat loss from the
skin's surface (Romanovsky et al., 2014). Additionally, thermoreceptors can sense
external and internal temperatures and stimulate blood vessel dilation to cause
superficial blood perfusion and protect against a cold external environment, or
constricted to reduce blood perfusion and conserve heat, particularly in extremities
(Tansey & Johnson, 2015). Secretions from sweat glands allow evaporation and
reduction in skin (and body) temperature (Lu & Fuchs, 2014).

Absorption Cells in the outermost epidermis (0.25 to 0.40 mm) are primarily supplied by external
oxygen, and not the hosts own respiratory system (Stiicker et al., 2002).

Storage and Vitamin Ds is synthesised photochemically from precursor 7-dehydrocholesterol upon

synthesis exposure to UVB light, allowing an endocrine release of this vitamin (Mostafa &

Hegazy, 2015). Triacylglycerols are stored as an energy reserve in adipocytes below
the skin's subcutaneous layer, acting as a layer of insulation (Alexander et al., 2015).
Water resistance Sebum is secreted to create a hydrophobic barrier on the stratum corneum to prevent
water loss via seepage and evaporation (Grice & Segre, 2011).

1.1.1 Skin microbiology

Skin is home to a diverse milieu of microorganisms, with the vast majority commensal to the
host (Grice & Segre, 2011). The ecology of the skin surface is highly relevant to microorganisms' ability
to colonise, with conditions changing depending on the topographical location of the skin (Cundell,
2016). Additionally, endogenous host factors such as antimicrobial peptides (AMPs), the adhesion and
aggregation capability of the microorganism determine its success at skin colonisation (Pfalzgraff et
al., 2018). As well as the ability of AMPs to directly kill microorganisms by electrostatic membrane
disruption resulting in cell lysis, they can also have a chemotactic function and recruit immunocytes,
interacting with Toll-like receptors (TLRs) to help educate the immune and aid in the removal of
bacterial products and promote inflammation (Zhang & Gallo, 2016). Skin flora can also have a
mutualistic influence on the host by consuming nutrients and occupying space used by transient

pathogens (Campbell & Koch, 2017). They can also release molecules to inhibit the growth of and help
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prevent colonisation by exogenic pathogens (Nakatsuji et al., 2017). S. epidermidis has been shown
to secrete phenol-soluble modulins which can inhibit the growth of nearby species such asS.
aureus (Otto, 2014). Disruption to this microbiome ecosystem has been linked to skin disorders,
providing evidence on the importance of the skin habitat, dysbiosis reversion is currently being
researched to understand if this can help treat or prevent disease (Williams & Gallo, 2017).
Additionally, these symbiotic species may prime and educate T-cells located in the skin, allowing them
to respond to pathogenic threats if required (Ali & Rosenblum, 2017). This benefit is not without risk,
however, as non-pathogenic species still can cause disease in immunosuppressed individuals, or cause

bacteraemia via wounds (Sasson et al., 2017).

Skin, as the largest organ with approximately 1.8 square metres of surface area, is primarily
cooler than the internal temperature of 37°C, with the averaging being 34°C (Grice & Segre, 2011).
The numerous folds and invagination create changes in temperature in different areas of the body.
This is a factor for the variation of microorganism species at other skin sites with the humidity and
presence of sebaceous glands influencing the microbiome composition (Li et al., 2017). Facultative
anaerobes and lipophiles such as Propionibacterium acnes and Malassezia spp. can thrive in these
areas due to the decreased oxygen content and higher relative humidity (Leheste et al., 2017). This
accounts for the increased concentration of these species on the scalp due to the abundance of lipids
(Perezetal., 2016). S. aureus can grow more effectively in areas such as the groin due to the increased
temperature and higher humidity (Albrecht et al., 2015). Areas more open to abrasion with reduced
humidity and dryness (hands, arms, and legs) are much less confluent in bacterial populations due to
the harsher conditions for bacteria to grow (Grice & Segre, 2011). Selective pressure of the more niche
areas of human skin creates a more limited range of species, whereas other sites have a much higher
bacterial diversity (Oh et al., 2016). It is suggested skin microbiota is more stable in areas that are
occluded than regions in which there are more environmental fluctuations, such as the limbs
(Schommer & Gallo et al.,, 2013). However, host factors are considered more significant than
environmental factors, due to the composition of the skin microbiota remaining relatively stable over
time, regardless of changes in the environment (Grice & Segre, 2011). The mycobiome is often
overlooked when considering skin and wound sites' microbiota, despite evidence they are present in
80% of diabetic foot ulcer samples (Kalan et al., 2016). This could be because the sensitivity of
detecting fungi using traditional cell culture methods results in a much lower detection rate, 5% in the
Kalan et al., 2016 study. Using molecular methods in this study increased the detection rate to 80%.
The study also revealed the presence of the phylum Ascomycota in wound sites increased the healing
time, providing evidence of the importance of understanding the mycobiome's role in wound healing

(Kalan et al., 2016).
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Host and environmental factors play a large part in determining the skin microbiota (Grice &
Segre, 2011). Age, sex, and location cause variations in the skin microenvironment (Prescott et al.,
2017). Age is an essential factor to consider, in utero foetal skin is sterile, and the baby is colonised
during vaginal birth from the mother, interestingly the profile of bacteria the baby is exposed to differs
if caesarean section birth is performed (Mueller et al., 2015). During puberty, there is a change in the
skin microbiome of the individual as higher sebum production levels increase the prevalence of
lipophilic species, according to samples taken and inoculated in cultured based methods (Kennedy et
al., 2017). Gender is also thought to be responsible for differences in individuals' skin profile (Ying et
al., 2015). There are conflicting opinions of whether gender is significant in the variations observed in
skin profiles, or if it is an artefact created by the increased use of cosmetics and hygienic products
used by women (Lee et al., 2018). The environment an individual lives in and their occupation may
affect the skin microbiome (Prescott et al., 2017). Hygiene products and cosmetics can change the
skin's chemical conditions and may result in different bacterial profiles, but this area is not well
understood (Kong et al., 2017). Some hypothesise that overuse of antibacterial products may do more
harm than good by disrupting the beneficial resident microorganisms on the host (Kong & Segre, 2012).
The climate an individual lives and works in can also affect the skin microbiome, with increased
temperature and humidity associated with increased concentrations of bacteria on the back, axilla,
and feet (Manus et al., 2017). Additionally, UV light is known to be bactericidal, so areas with increased
exposure to the UV light would likely result in reductions in microorganism concentrations (Rosenthal

et al., 2011).

1.1.2 Wound healing and microbiology

The wound healing process is vital in maintaining the structural integrity and functionality of
skin following injury and negating the negative consequences of pathogens or other external chemical
agents (Ganapathy et al., 2012). Depending on the healing process's success, a wound is categorised
into either 1) acute wounds or 2) chronic wounds (Martin & Nunan, 2015). Acute wound healing is the
successful repair of the wound site via the bodies intrinsic healing processes, comparatively chronic
wounds fail to heal correctly (within 3 months), either due to intrinsic metabolic issues or external
bacterial infection (Frykberg & Banks, 2015). Wound healing is a coordinated systemic process which
is separated into four phases (Figure 1.1), these are highly dynamic with a high degree of overlap
(Eming et al., 2014). This is especially true in irregularly shaped wounds which may be undergoing
different healing phases simultaneously (Shah et al., 2012). The process is generally described as linear,
but each phase has varying duration times (Demidova-Rice et al., 2012). The wound healing process is

comprised of the following stages 1) haemostasis 2) inflammatory response 3) proliferation and 4)
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maturation (Yates et al., 2012). An interruption in one of these phases could lead a wound away from
normal healing and into a chronic condition, with chronic inflammation being a driving factor in
chronic wounds (Zhao et al., 2016). Age and gender also play a role in wound healing. Older people
heal slower than younger, primarily due to a delayed inflammatory response (Guo & DiPietro, 2010)
and increased cellular senescence (Wilkinson & Hardman, 2017). Additionally, females' wounds have
been shown to physiologically heal faster than male equivalent wounds (Engeland et al., 2009). The
role of oestrogen has been investigated in wound healing, with deficiencies in 17B-estradiol shown to
increase macrophage migration inhibitory factor (MIF) (Wilkinson & Hardman, 2017), resulting in
disruption of the inflammatory healing phase and subsequent slowed healing (Junker et al., 2013). It
has been suggested that microorganisms are present and propagating in all chronic wounds (Wolcott
et al., 2016). However, these microorganisms' role in chronic wounds and how they influence wound

healing is multifaceted (Table 1.2) (Zhao et al., 2013a).

Day: 0-3
| Haemostasis > Reduce/end blood loss

Day: 3-20
| Inflammation > Influx of immune cells and cytokines to remodel the wound site

Week: 1-6
| Proliferation > Growth of new cells/tissue and the closing of the wound

Week: 6 onwards

| Maturation > Collagen remodelling is ongoing to produce healed skin

Time

Figure 1.1 The phases of wound healing in the skin. Immediately following injury blood clotting occurs
(haemostasis) to reduce and prevent blood loss from the wound site (Golebiewska & Poole, 2015).
Inflammation occurs shortly afterwards to begin the process of removing dead cells and potential
extrinsic materials via phagocytosis (Landén et al., 2016). New tissue is grown during the proliferation
phase to replace dead or missing tissue from the injury (Demidova-Rice et al., 2012). Skin is fully healed
and strengthened by collagen production and the formation of scar tissue (Yates et al., 2012). Image
adapted from Nauta et al., 2014.
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Table 1.2 The potential role of microbiota within wounds and how they may affect wound healing.

Role of microbiota in wounds Ref

The microbiota in a wound consists of a diverse range of species, most of which are (Scales &
commensal contaminants but within this population, one species may cause problematic Huffnagle,
infection. 2013)

The microbiota within a wound form a biofilm, and this presents different challenges for (Percival et
the host, which contributes to persistent infection. al., 2015)
The wound acts as a reservoir for future infection if environmental and host conditions (Misic et al.,
permit growth. 2014)
Inflammation is produced persistently due to continuous bacterial presence, and this can (Gardiner et
influence wound healing. al., 2017)
The wound microbiota is not harmful to the host and is controlled by the immune system. (Chen et al.,
However, growth can happen on wound dressings and release toxins which may be 2018)
detrimental to the hosts wound healing.

Microorganisms are present within the wound but are not shown to be causing any (Williams et
adverse effect on wound healing. al., 2018)

1.1.3 Strategies for managing infected wounds

Currently, there are several strategies for treating biofilm infected wounds. These mostly
consist of debridement (biological, ultrasound, enzymatic, mechanical and surgical) and topical
treatments alongside systemic antibiotic therapy (Manna et al., 2020; Negut et al., 2018). If the wound
bed is not clear of infection, particularly biofilms, and devitalised tissue, wound healing is impaired
(Sherman et al., 1997; Liu et al., 2017). Biological debridement consists of using maggots (Lucilia
sericata (green bottle fly)), grown in sterile conditions. These maggots are applied to the wound bed
and confined by a specialised dressing (Bazalinski et al., 2019). This practice is usually reserved for
severe chronic infections, such as a diabetic foot ulcer and is becoming less common, although still
practised in the NHS (Rafter, 2010). Ultrasound debridement uses a curette to emit ultrasonic sound
waves in the wound bed vicinity. This separates necrotic tissues and some biofilms whilst keeping the
healthy tissue intact (Bekara et al., 2015). Enzymatic debridement is applying a topical agent that
chemically liquifies necrotic tissue (Patry et al., 2017). Autolytic debridement uses the body’s own
enzymes. The wound must be kept moist for this to be effective, requiring the use of dressings
consisting of hydrogels or hydrocolloids (Choo et al., 2019). Mechanical debridement includes
hydrotherapy, irrigation and abrasion of the infected wound. It often results in the unintended
damage of healthy tissue and is most commonly used in small wounds (Hess et al., 2003). Likewise,
surgical debridement by a partitioning using scalpels etc. is often used in the same context (Lebrun et
al., 2010). Lastly, topical antibiofilm therapies can be applied. These include; various antiseptics,
antibiotics, and other materials with antimicrobial properties, e.g. povidone-iodine (PVP-I), ionic silver,
polyhexamethylene biguanide (PHMB) and mupirocin (Cambiaso-Daniel et al., 2018). However,
biofilms are known to be tolerant to most antimicrobial agents, which often results in chronic wound

infection (Bowler et al., 2018). This project focuses on the creation of novel antibiofilm NPs.
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1.2 Biofilms

Biofilms allow bacteria to exist in an environment which helps increase survivability due to
the decreased efficacy of antimicrobials which must diffuse through the biofilm matrix (Stewart, 2015).
Social cooperation and interspecies interaction (Raghupathi et al., 2017), and resource capture and
retention also play a part (Flemming et al., 2016). These properties allow bacteria living within a
biofilm to have emergent properties and therefore should be considered separately in regard to
planktonic bacteria when investigating their role within wounds. Biofilms are composed of
extracellular polymeric substances (EPS). The cells within live in an aggregated form that can contain

multiple layers, vastly increasing cell to cell contact cohesion (Aggarwal et al., 2015).

The vast majority of the biofilm is hydrated EPS, making up approximately 90% of the biomass,
with the remaining 10% being cells (Brileya et al., 2014). Biofilms are commonly surface-attached with
one layer of cells in direct contact with the substratum. However, they can be found in flocs in which
biofilms are formed around cells without contact with a substratum (Kim et al., 2014). The biofilm is
highly influential in the growth and phenotype of bacteria. This means that properties discovered by
investigating the planktonic form of the same species are not always replicated in cells living in a
biofilm (Levipan & Avendafo-Herrera, 2017). Biofilms are among the most successful and widely
distributed forms of life with their presence found in a diverse range of environments that would not
support planktonic cells (Hgiby et al., 2011). The density of cells within biofilms is high, ranging from
108 to 10 cells per gram (Melaugh et al., 2016). It is often made up of a wide range of species making
unique biogenic microconsortia habitat (Liu et al., 2016). Biofilms are primarily composed of
polysaccharides, proteins, lipids and extracellular DNA (eDNA) (Limoli et al., 2015). Biofilms are
commonly found in chronic wounds but rarely in acute wounds (Attinger & Wolcott, 2012), and
regularly form on the outer layers, but are capable of inhabiting deeper layers of wound tissue (Ashrafi

et al., 2018).

Bacteria can interchange between living in planktonic and biofilms. However, biofilms are the
predominant form of bacteria found, likely due to the increased survivability of cells within EPS
(Petrova & Sauer, 2016). Biofilms allow cells to avoid being washed away, resist shear forces and
physical damage, and limit antimicrobial compounds' diffusion through the EPS (Saur et al., 2017).
Additionally, horizontal gene transfer of resistance genes (plasmid derived conjunction) is more easily
achieved in EPS due to the decreased bacterial motility and closer cell to cell contact between species

(Stalder & Top, 2016).

Biofilm formation (figure 1.2) can begin from a single cell which typically lands on a suitable

surface (Song et al., 2015). A single planktonic cell can reversibly adhere to a suitable surface (either
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biotic or abiotic) either by physical forces of bacterial appendages such as pili or flagella (Xu et al.,
2013a), they then can begin to grow into a microcolony (Saini et al., 2011). Forces that allow bacteria
to adhere to a substrate include electrostatic interactions, steric interactions, and van der Waals. This
adhesion is highly influenced by the substrate's temperature, pressure, and chemical properties
(Busscher & van der Mei, 2012). Attachment is irreversible when these forces, often modulated by
bacterial appendages, are greater than repulsive forces applied to cells from the environment
(Kostakioti et al., 2013). The biofilm then matures into a mushroom-like structure containing
exopolymers such as polysaccharides, proteins, and lipids that form a complicated scaffold-like
structure that has been suggested to be analogous to the extracellular matrix (ECM) of animal tissues
(Ghanbarietal., 2016). Growth within the biofilm is not uniform and channels, or pores, are formed
which allow gradients of nutrients and oxygen, creating pockets which are higher in nutrient density
compared to other areas of the biofilm (Melaugh et al., 2016). The biofilm microenvironment can also
have gradients of oxygen that promote different metabolic activities of the cells within, e.g. low
oxygen environments on the interior, leading to anaerobic and higher oxygen content on the exterior
leads to aerobic species growing (Wessel et al., 2014). The microenvironment also has pH gradients
that influence growth in species sensitive to pH fluctuations (Dige et al., 2016). The substrate the
biofilm forms on can also affect the biofilm microenvironment, e.g. a biotic surface such as a plant
may be rich in cellulose which is converted into glucose supporting anaerobic bacteria closed to the
substrate (Limoli et al., 2015). The microcolony can reach thicknesses of 1000 um (in extreme cases,
see table 1.3). Sessile cells within the biofilm can be dispersed and revert to a motile planktonic form
with increased expression of flagella proteins allowing them to be released from the biofilm and

potentially being able to form a new biofilm (Berlanga & Guerrero et al., 2016).

Planktonic

Substrate

Reversible Irreversible

Microcolony Maturation Dispersal
attachment  attachment

Figure 1.2. Biofilm formation schematic. Image modified from Toyofuku et al., 2015.
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Table 1.3. Size characteristics of clinically in vivo occurring biofilms, measured as their longest
diameter or length [Bjarnsholt et al., 2013].

Clinical location of biofilm Size / um
Catheter and shunt associated 5-1000
Implant associated 5-500
Chronic wounds 35-200
Contact lenses 50 - 100
Lung infections 4-100
Otitis media (ear) 4-80
Chronic osteomyelitis (bone) 5-50
Chronic rhinosinusitis (sinuses and nasal cavity) 5-30

Quorum sensing (QS) is utilised by bacteria to respond to cell population density and modulate
growth by sensing the concentration of QS signalling molecules in the local environment, and regulate
gene expression when a threshold concentration of signalling molecules is achieved (Solano et al.,
2014). During biofilm formation, the increasing density of cells increases the QS signalling process and
alters neighbouring cells' gene expression (Rutherford & Bassler, 2012). An example is an upregulation
of genes allowing for fibrous pili production, which increases inter-connectivity between the biofilm
microcolonies (Persat et al., 2015). The pili connections allow bacteria within the biofilm to adjust
their position using a process called twitching motility, which can influence the biofilm's overall
morphology as motile cells ‘crawl’ over non-motile cells to access faster-growing areas of the biofilm
(Anyan et al., 2014). The increased concentration of QS signalling molecules also alters the gene
expression of local bacteria to create an EPS-producing phenotype (Jayathilake et al., 2017). These QS
signalling molecules are termed autoinducers, Gram-negative species produce acyl-homoserine
lactones, and Gram-positive species produce oligo-peptides (Li & Nair, 2012). When they bind to

specific receptors, one of the outcomes is increased EPS-producing genes (Tan et al., 2014).

An interesting property of biofilms is the increased ability to process nutrients which
contribute to cells within being able to survive. Bacteria often secrete digestive enzymes which can
diffuse away in the aqueous environment when the bacteria are in planktonic form but are retained
within the biofilm creating a biofilm digestive system which benefits the cells in the biofilm (Bogino et
al., 2013). The heterogeneity of cells within a biofilm allows signalling molecules, genetic materials,
defensive molecules to be shared by multiple species allowing cooperation between species which
would not be possible in planktonic form, further contributing to the benefits of growing within a

biofilm (Liu et al., 2016).

As mentioned above, biofilms confer benefits to the cells within in regard to quenching

antimicrobial agents which may kill planktonic cells (Algburi et al., 2017). Figure 1.3 illustrates the
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mechanisms and factors involved in conferring drug resistance in pathogenic biofilms. The biofilm
itself can decrease the antimicrobial agent's ability to diffuse through the EPS, which in turn reduces
the concentration of antimicrobial a cell may be exposed to, thus increasing the resistance of the cells
to the chemical (Singh et al., 2017). An example of this is the neutralisation of toxic metals such as
copper which can be complexed to the EPS polysaccharides (Nocelli et al., 2016). EPS can act as a
sacrificial fodder to many toxic metals by oxidising them to the EPS structure and limiting exposure to
cells to sublethal levels (Gupta & Diwan, 2017). However, they can also become resistant to a specific
antimicrobial agent such as an antibiotic by continuous low exposure and the potential acquisition of
a resistant gene from a cell which is in cohesion within the biofilm (Castaneda et al., 2016). Biofilms
are also home to cells which are much more likely to be in a stationary phase as well as dormant non-
metabolic active persister cells, and therefore are not susceptible to antimicrobials which rely on
disrupting and inhibiting the growing metabolic activity of cells (Spoering et al., 2001; Lewis et al.,
2006). As well as the passive defensive benefits of a biofilm, certain species within a biofilm such as S.
aureus and Janthinobacterium lividum have been shown to actively produce a secondary metabolite
called violacein which has anti-viral, protozoan, and fungal properties (Bilsland et al., 2018). This
purple pigmented molecule could act as a defence against predation from grazing protozoa,

particularly in freshwater environments (Im et al., 2017).

EPS can be targeted to cause degradation and allow the cells inside to be vulnerable to
antimicrobial agents (Fleming & Rumbaugh, 2017). eDNA can be targeted with DNases to potentially
reduce the ability of gene transfer (Brown et al., 2015). The ability to degrade the exopolysaccharides
with glycoside hydrolases such as Dispersin B has also been investigated as a potential biofilm
treatment option (Garnett & Matthews, 2012). Biofilm adhesion has also been targeted with EPS
adhesion-binding antibodies or inhibitors, which have been shown to reduce biofilm's ability to form
(Kostakioti et al., 2013). Signalling molecules secreted by bacteria to promote EPS production have
also been targeted in an effort to reduce biofilm formation. Cyclic-di-GMP and cyclic-do-AMP are
secondary messengers used in signal transduction of EPS products, small-molecule inhibitors of cyclic-
di-GMP and cyclic-do-AMP have been identified using in silico drug discovery models. They have

shown promise in biofilm degradation when applied in vitro (Ha & O’Toole, 2015).
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and retains water

Figure 1.3. Mechanisms and factors involved in conferring drug resistance in pathogenic biofilms.
Data from Flemming et al., 2016. Image adapted from Singh et al., 2016.

There is evidence that biofilms are constantly remodelling the EPS, with distinct zones which
have different viscosities, allowing the movement of cells within the biofilm (Persat et al., 2005;
Billings et al., 2015). This remodelling allows biofilms to adapt to the environment, such as
hydrodynamic shear. Additionally, this allows the biofilm's active dispersal, mediated from enzymes
produced by the cells within, not just simple passive sloughing of the cells away (Whitfield et al., 2015).
There have been many enzymes discovered which confer biofilm remodelling in a wide range of
pathogen bacteria. Ones of particular interest are bacterial adhesin proteins that allow the bacteria
to attach to host tissues and indwelling medical devices (Pisithkul et al., 2019). This family of proteins
are called microbial surface components recognizing adhesive matrix molecules (MSCRAMMs). They
have been investigated as a potential therapeutic target to disrupt biofilm remodelling and adhesion

abilities (Paterson et al., 2010; Ghasemian et al., 2015; Otto, 2012).

Biofilms can be targeted by interfering with their metabolic requirements. An example is the
use of Gallium, which has similar chemical properties to Iron (Kaneko et al., 2007). Iron is an essential
nutrient for bacterial growth and is uptaken by siderophores or other iron-chelating molecules
(Johnstone & Nolan, 2015). Gallium can be uptaken by these receptors but when internalised does
not replication the function of iron in the pathways reasonable for cell growth and EPS production
(Kaneko et al., 2007). Silver nanoparticles (AgNPs) have been investigated for their bactericidal anti-

biofilm properties (Markowska et al., 2013). AgNPs biological effect is not well understood. However,
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it has been suggested AgNPs release Ag+ ions in the presence of water interact with the cell membrane
modifying the charge and ultimately causing cell death (Salvioni et al., 2017). Silver has also been used
in conjunction with bioactive glass and proved an effective antimicrobial and anti-biofilm agent

(Wilkinson et al., 2018).

The targeting of QS autoinducers has also been investigated as a potential anti-biofilm agent
in P. aeruginosa (Smith & Iglewski, 2003) and S. aureus (Lonn-Stensrud et al., 2008). Furanones have
been used as competitive inhibitors of QS autoinducers (Asif & Acharya, 2012), and autoinducer
antibodies such as R$2-1G9 have been used to quench the signalling potential of in P. aeruginosa and

significantly reduce the biofilm forming capability (Debler et al., 2007).

The mechanism of antibiotic-EPS interaction is not well understood (Fulaz et al., 2019).
However, ionic-based interactions between antibiotics and the EPS has been suggested (Davenport et
al., 2014). Experimentation showed that by modulating the addition of metal cations (Ca2+ and Mg2+)
to the biofilm treatment area, the penetration of the antibiotic tobramycin could be increased to P.
aeruginosa biofilms (Tseng et al., 2013). It has hypothesised that the addition of these cations blocks
binding sites that wound otherwise trap and hinder the antibiotic's penetration. There are many

charged groups in biofilm EPS, i.e. glycol proteins and polysaccharides (Speziale et al., 2014).

1.3 Antibiotics and antibiotic resistance

Bacterial infection can be considered one of the largest threats to public health in human
history (Prestinaci et al., 2015). Bacterial infection in the pre-antibiotic era was a leading cause of
mortality and morbidity (Aminov. 2010). Recent projections indicate that deaths from antibiotic-
resistant pathogens could reach 10 million annually in 2050, overtaking cancer death projections
(Willyard, 2017). Since the discovery of penicillin by Alexander Fleming in 1928, antibiotic therapy has
become ubiquitous in infection treatment (Lobanovska & Pilla, 2017). The potent bactericidal effects,
coupled with low mammalian cell toxicity, make them ideal agents for treating infections in humans
(Davies & Davies, 2010). Such is the dependence on antibiotics that most routine surgeries require
the administration of antibiotics as a preventative measure (Enzler et al., 2011). Unfortunately, the
overuse and abuse of antibiotics have led to the development of resistant strains, which ultimately
could render most antibiotics useless (Llor & Bjerrum, 2014). The reduced susceptibility of bacteria to
antibiotics has been gradually occurring over the last century, leading to the evolution of so-called

“superbugs”, which are resistant to most or all antibiotics used therapeutically (Aslam et al., 2018).

The World Health Organisation stated that in 2013, the post-antibiotic era had arrived

(McKenna, 2013). To confound the situation, the development of new antibiotics is diminishing due
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to high development costs, and a low return on the investment (Ardal et a., 2020). The spread or
emergence of resistant strains is far outpacing the development of new antibiotics (Aslam et al., 2018).
The treatment of resistant strains requires the antibiotic dosage to be increased and treatment time
lengthened (Raymond, 2019). Antibiotics target essential bacterial processes such as cell wall
synthesis, protein synthesis, DNA, and RNA (Kohanski et al., 2010). However, the ability of bacteria to
transfer resistant genes horizontally means resistance can spread quickly, creating multi-drug

resistant organisms (MDRO) (Sun et al., 2019).

Antibiotics are molecules which are cytotoxic or cytostatic (bactericidal or bacteriostatic) to
microorganisms, removing them from the body, or inhibiting them sufficiently that the host immune
system can fight the infection without being outcompeted by fast-growing microorganisms (Leekha et
al., 2011). There are many antibiotic classifications, which is often characterised by groups of
antibiotics that have a common mode of action or molecular structure (table 1.4). Common modes
of action include; inhibiting the cell wall synthesis, synthesis of DNA, RNA, and proteins. They can also
be internalised by simply diffusing through the cell wall and membrane, or by energy-dependent
transport mechanisms (Kohanski et al., 2010). Since there discovery of the first antibiotic in 1928
(Fleming, 1929), a continuous ‘golden age’ of discovery between the 1950s and 1970s began, and
there was an optimistic belief that antibiotics would bring an end to infectious disease by targeting
the pathogen whilst having a minimal effect against the host (Gould, 2016). However, antibiotic
resistance (the ability of bacteria to grow in the presence of antibiotics) emerged almost immediately
after penicillin was first used, and resistance species were discovered before penicillin first began to
be administered to patients (Davies & Davies, 2010). This emergence of resistance has been
dramatically amplified by the mis- and over-prescription of antibiotics, and their use in animal
husbandry (Llor & Bjerrum, 2014). Decades ago, the development of resistance was negated by
discovering new antibiotics. However, the antibiotic discovery void beginning in the 1980s has tipped
the balance of discovery/resistance towards bacteria with an ever-increasing population of resistant
species (Silver, 2011). Teixobactin is a proposed new antibiotic targeting a lipid precursor to
peptidoglycan, discovered by the novel isolation of bacterial soil samples (Ling et al., 2015). Like many
new drug discoveries, it may never be available to clinicians due to the extremely high costs and
regulatory obstacles, 15 of the 18 largest pharmaceutical companies have ceased research into new
antibiotics for these reasons (Ventola, 2015). With limited new antibiotic discovery’s coming to
market for over 30 years, efforts have focused on antimicrobial stewardship and limiting the
inappropriate use, particularly in a clinical setting (Doron & Davidson, 2011). However, despite the

implementation of stewardship programs, a study between 2012-2017 investigating the effect these
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programs had on reducing resistant species showed no significant reduction in hospital settings

(Bertollo et al., 2018).

The use of antibiotics has resulted in selective pressure towards species which have developed
resistance and increased the prevalence of resistance species in nature, primarily due to antibiotic
pollution generated entering the environment through wastewater (Tello et al., 2012). Modes of
resistance which bacteria may employ include; expression efflux pumps which create an extracellular
gradient reducing the concentration of the antibiotic in the cell, enzymatic inactivation of the
antibiotic, increased membrane impermeability, or by modification of the target to remove or reduce
the antibiotic affinity towards it (Figure 1.4) (Munita & Arias, 2016). S. aureus has been studied
extensively regarding antibiotic resistance, within six years of aminoglycoside introduction, resistance
had already emerged via enzyme modification, with over 50 separate enzymes discovered (Davies &

Wright, 1997).

This process can become overlapping, penicillinase-producing S. aureus was targeted with a
semi-synthetic analogous penicillin drug, methicillin. However, this soon became inhibited, leading to
MRSA strains (Harkins et al., 2017). A similar outcome occurred with vancomycin resistance S.
aureus (VRSA) in 2002 (Gardete et al., 2014), multi-drug resistance is becoming an increasing obstacle
to effectivity treat a pathogen (Assis et al., 2017). The spread of resistance is increased due to
bacteria's ability to transfer genetic material either by extracellular DNA transformation or by direct
bacterial conjunction (Munita & Arias, 2016). This allows species that may have a natural resistance
due to a mutated DNA section to spread this gene throughout the bacterial population, increasing the

breadth of resistance gene expression (Perron et al., 2012).
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Table 1.4 A Brief overview of several antibiotic classes and mode of actions.

Species contain
carbohydrates linked to a
peptide composed of amino
acids

Class Examples Molecular Structure Mode of action Ref
Beta-lactams Penicillin, R “ I:I s Inhibition of cell wall (Kong et
amoxoiciilin, hi j;r\%CHz biosynthesis al., 2010)
flucloxacillin © o N 4 CHa
o7 OH
Beta-lactam ring present in
all species
Sulfonamides Sulfanilamide, 0 Folate synthesis inhibitor. (Villa-Costa
sulfisoxazole, HoN < > g&o Competitive inhibition of etal., 2017)
sulfadiazine, \NH2 dihydropteroate synthase, a
prontosil . . vital enzyme in folate
Sulfonamide group present in .
. production
all species
Aminoglycosides | Steptomycin, HNJ’H? o Inhibition of protein (Kotra et
paromycin, HN N—{ synthesis. Binds to the 30s al., 2000)
kanamycin, ;Cé/o?@’w NH ribosomal sub-unit causing
neomycin Jd OH mis-reading of DNA and
2 subsequent mis-folded
0 s structural abnormal proteins
HO._. oM
OH
All species contain amino-
sugar substructures
Tetracyclines Tetracycline, OH O HO (I'ji o 0 Inhibition of protein (Grossman,
doxycyline, synthesis. Binds to the 30s 2016)
oxytetracycline, ribosomal sub-unit at
limecycline, aminoacyl site prevent tRNA
tigecycline from binding.
All species contain four
adjacent cyclic hydrocarbon
rings
Chloramphenicol | Chloramphenicol OH OH Inhibits protein synthesis. (Wiest et
al Inhibits peptodyl transferase al., 2012)
Oes HNj]/l\ activity of the 50s ribosome
\r."i cl sub-unit and prevents protein
© o chain elongation.
No subgrouping, one
individual compound
Macrolides Erythromycin, e it o Inhibits protein synthesis. (Jeli¢ &
azithromycin, i, : ;)H ho, o Inhibits peptodyl transferase | Antolovic,
clarithromycin HyC™ oty \\2@; s activity of the 50s ribosome 2016)
HsC3™ o O\LCHa sub-unit and prevents protein
""" OCH, chain elongation.
\Z{XCH'J
o —OH
CHjy
All species contain 14-, 15-, or
16-membered macrolide ring
Glycopeptides Vancomycin, e X Inhibits cell wall synthesis. (Binda et
teicoplanin, | Hydrogen bond interactions al., 2014)
talavancin, oL i between the glycopeptide
ramoplanin and terminal D-alanyl-D-

alanine moieties prevents
long polymers of N-
acetylmuramic acid (NAM)
and N-acetylglucosamine
(NAG) forming backbone of
Gram-positive species
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Table 1.4 continued.

Oxazolidinones

Linezolid,
cycloserine,
tedizolid,
posizolid

o o

~ A

F N\ P O>L
&H

All species contain the
structure 2-oxazolidinones
somewhere within the
compound

Inhibits protein synthesis.
Inhibits peptodyl
transferase activity of the
50s ribosome sub-unit.
Prevents fMet-tRNA
binding to the ribosomal P
site.

(Douros et
al., 2015)

levofloxacin,
trovafloxacin

E
(\N N
Hn A
All species contain a double

aromatic ring with an
attached carboxylic acid

Ansamycins Geldanamycin, Inhibits the synthesis of (Wilson et al.,
naphthomycin, RNA resulting in cell death. 2011)
rifamycin Ansamycins bind to the

prokaryotic RNA

polymerase

o%o
NH,
All species contain an
aromatic ring bridged by an
aliphatic chain
Quinolones Ciprofloxacin, o 0o Inhibition of DNA (Aldred et al.,

replication and
transcription. Interact with
DNA gyrase or
topoisomerase |V
preventing DNA replication
and transcription.

2014)

Streptogramins

Pristinamycin IA

group
S

When group A and B are

(Johnston et

Species are derivatives of an
amino acid and a sulphur
containing octose

(Group Aand B- | Pristinamycin IIA used in conjunction they al., 2002)
distinct ‘ have a synergistic effect
compounds LN Q o which results in 50s
which interact to L TCE \K(\ ribosomal sub-unit protein
form one /J:)N S 0 = NH inhibition
antibiotic) o "’,H/N\;)\O/\‘)%O
o] @ Os_-NH
N | OH
2
Antibiotic is comprised of two
distinct units — unit A is
shown above
Lipopeptides Daptomycin, Disrupts the cell membrane | (Beiras-
surfactin of bacteria by aggregating Fernandez et
together creating a al., 2010)
T curvature within the
membrane which allows
ions to leak resulting in cell
Species contain a peptide lysis. Resistance to this
bonded to lipid of varying mode of action is rare and
length therefore Lipopeptides are
often reserved for infection
with highly resistant
species.
Lincosamides Lincomycin, . Inhibits protein synthesis. (Morar et al.,
clindamycin, N Inhibits peptodyl 2009)
pirlimycin transferase activity of the

50s ribosome sub-unit and
prevents protein chain
elongation.
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Table 1.4 continued.

(Fluoro)quinolones
Ansamycins

Tetracyclines

Macrolides

Protein synthesis

Lincosamides
Aminoglycosides

Oxazolidinones
Streptogramins
Chloramphenicol

Folate synthesis
Sulfonamides

Carbapenems Doripenem, Inhibition of cell wall (Papp-
(beta-lactam Ertapenem, biosynthesis Wallace et
subclass) Imipenem, al., 2011)
meropenim
Structurally similar to beta-
lactams (penicillins), however
the sulfhure atom in position
1is replaced with a carbon
atom
Antibiotic Targets Antibiotic Resistance
Cell wall Efflux pumps
Beta-lactams -«— Beta-lactams
Carbapenems (Fluoro)quinolones
Glycopeptides Aminoglycosides
Tetracyclines
DNA/RNA synthesis Lincosamides

Macrolides

Intrinsic resistance
Sulfonamides
Tetracyclines
Lincosamides
Glycopeptides

Cell membrane disruption
Lipopeptides

Inactivating Enzymes
Beta-lactams
Carbapenems
Macrolides
Ansamycins
Aminoglycosides
Streptogramins
Chloramphenicol

Target Modification
Macrolides
Tetracyclines
Lincomycines
Oxazolidines
Glycopeptides
Beta-lactams
Lipopeptides
Ansamycins
(Fluoro)quinolones

Figure 1.4 Overview of the primary antibiotic targets and the most common resistance mechanisms
(Adapted from Zhivich et al., 2017).

1.4 Nanoparticles as antimicrobials

Traditional therapeutic agents are often limited for a variety of reasons. These include; low

water solubility, lack of target selectivity, systemic toxicity, drug resistance, physiological degradation,

low circulation half-life, aggregation, and low therapeutic index (requiring high drug dose) (Wen et al.,
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2015). Nanoparticles (NPs) can be used to negate some of these problems, by targeted delivery and
increases localisation, reduction in required dose, improved pharmacokinetics and sustained drug
release (either by diffusion- or erosion-controlled release) (Singh & Lillard, 2009). Nanotechnology has
been continuously investigated as an alternative to traditional antibiotic therapy, both alone as
individual material NPs or nanocarriers (NCs) for antimicrobial agents (Singh et al., 2014; Natan &
Banin, 2017; Baptista et a., 2018; Hayat, 2018). They also have a wide range of applications in diseases
(Mitchell et al., 2020), see Table 1.5 for details. Nanomaterials (NMs) are defined as materials with at
least one dimension between 1 — 1000 nanometres (nm), but preferably between 1 -100 nm
(Jeevanandam et al., 2018). The nanoscale of the material can be limited to one dimension, e.g.
nanofilms, two dimensions, e.g. nanotubes or nanowires, or three dimensions termed NPs (Mdller et
al., 2017). The structure of these materials gives a range of different tunable physical and chemical
properties which can have beneficial effects, e.g. vastly increases surface areas, surface charge,
increased tensile strength, and unique crystalline or amorphous structures (Gatoo et al., 2014). NPs
can be used to interact with a target to cause an effect directly, e.g., silver NP cellular toxicity (Wei et
al., 2015), or as a carrier for other chemicals which can chemically interact with the NP (Al-Awady et
al., 2017; Al-Awady et al., 2018; Weldrick et al., 2019a; Weldrick et al., 2019b). NM occur in nature,
such as viral capsids (Koudelka et al., 2015), and colloid suspensions in blood and milk (Niemi et al.,

2010). Figure 1.5 illustrates different types of NPs.

NPs can be bioactive and have been used to target biofilms either by intrinsic antimicrobial
activity or by acting as a vehicle or carrier for antimicrobial agents (Wang et al., 2017). Liposomes
represent one of the most physiologically compatible drug delivery nanocarriers and are well tolerated
by bacterial species (Gao et al., 2014). They can protect the antimicrobial they are carrying from the
biofilm's deleterious environment (such as enzyme inactivation or chemical interaction with EPS) and
able to directly deliver the drug to the bacterial cell by fusing to the lipid bilayer of the bacterial cell
(Rukavina & Vani¢, 2016). An example of liposome encapsulation of ciprofloxacin and amikacin have
shown to be effective against P. aeruginosa in chronic cystic fibrosis infection (Paranjpe & Miiller-
Goymann, 2014). There are conflicting reports of the effectiveness of liposome-encapsulated
antimicrobials. However, it seems it is dependent on the composition of the biofilm, with
microorganism-derived substances such as alginate and mucus inhibiting the liposome-bacteria
interactions (Barua & Mitragotri, 2014). Poly(lactic-co-glycolic acid) NPs have shown that when
functionalised with EPS degrading enzymes such as DNase they can be effective at degrading the

biofilm allowing the bacterial cells within to be more vulnerable to treatment (Baelo et al., 2015).

The pH-triggered release of antimicrobials have been investigated, farnesol (shown to be

bactericidal and inhibitory against biofilm formation in S. aureus (Unnanuntana et al., 2009)), can be
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loaded in a hydrophobic nanoparticle core (2-(dimethylamino)ethyl methacrylate) and remains stable
at neutral and basic conditions, but is released at acidic pH has the nanoparticle becomes unstable.
This has shown to be effective at degrading biofilms which can have varying acidic microenvironments
(Horey et al., 2015). Infections from biofilm-forming pathogens make up to 80% of clinical infections,

leading to recalcitrant infections and ultimately increased morbidity and mortality (Potera, 1999).

Recent epidemiological data shows that in the USA approximately 6.5 million people suffer
from chronic wounds, with a healthcare financial burden of $25 billion (Brem et al., 2007; Tomic-Canic
et al., 2008), and in the UK the approximately 200,000 people suffer from chronic wounds with an
estimated cost of £2 to £3 billion for the NHS (3% of the UK healthcare budget) (Upton et al., 2012;
Posnett et al., 2008).

NPs can often by functionalised or modified on the surface to confer a useful property such
as targeted delivery or protection from external physiological conditions such as acidic pH (Mout et
al., 2012), the ability to encapsulate an active agent prevent inactivation or unwanted targeting (Da
Silva et al., 2017a). Stimuli responsiveness of the NPs can also allow a drug to be released when certain
conditions are present. This includes thermos-sensitivity, pH-sensitivity, or photo-sensitively (Tayo,
2017). The use of nanotechnology to increase the efficacy of antibiotics to extend their useful lifespan

is an achievable goal (Tyers & Wright, 2019).

Various mechanism for causing bacterial cell death have been investigated, including; direct
interaction with the cell wall, the production of reactive oxygen species and the hindrance of
intracellular processes such as DNA and protein synthesis (Wang et al., 2020a; Galbadage et al., 2019;
Wang et al., 2016; Al-Awady et al., 2015). NCs that have been used to encapsulated antibiotics have
shown an improvement in cell interaction and localised topical concentration (Qayyum & Khan, 2016;
Galbadage et al., 2019; Wang et al., 2016; Weldrick et al., 2019a). This ultimately allows the antibiotic
to be effective when faced with degradation or efflux pump expulsion. The ability of NCs to
concentrate a large amount of antimicrobial agent within or upon the surface, with a targeted and
with a controlled and sustained rate of release is a crucial facet of their ability to treat antimicrobial-
resistant pathogens (Pissuwan et al.,, 2011: Gholipourmalebadi et al., 2017). Additionally,
nanomaterials can convey protection to the agent encapsulated, allowing application in hostile

environments (Hamad et al., 2012a; Hamad et al., 2012b).

Functionalisation of the NPs or NCs with a cationic agent can also allow specific electrostatic
interaction with anionic bacterial cell wall due to the presence of peptidoglycan and teichoic acids
(Caudill et al., 2020). Silver NPs with antimicrobial function are currently in use in a wide range of

broad-scale products (Han et al., 2020; Wilkinson et al., 2018). NPs can also have an advantage over
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conventional treatments in that they do not target a pathway which bacteria can circumvent or evolve

an alternative mechanism (Graves et al., 2017; Galbadage et al., 2019; Wang et al., 2016). NPs have

also been deployed for use in treating biofilms, as both a preventative measure for initial biofilm

formation and for treating established biofilms (lannitelli et al., 2011; Flemming et al., 2000a; Beyth

et al., 2008; Roe et al., 2008: Lellouche et al., 2012). NCs have also been demonstrated to protect the

antibiotic encapsulated from binding to EPS materials, increasing its effectiveness (Weldrick et al.,

2019b). The next section evaluates the latest approaches and developments in classes of NPs and NCs

with applications against antibiotic planktonic bacteria and biofilm-forming bacteria.

Table 1.5. List of FDA approved nanomedicines and date of first approval.

Data obtained from

Mitchell et al., 2020; Anselmo et al., 2019; Fenton et al., 2018; Bobo et al., 2016; Caster et al., 2017.

Drug Company Application Year of first
approval
Lipid-based
Doxil Janssen Kaposi’'s sarcoma, ovarian cancer, multiple 1995
myeloma
DaunoXome Galen Kaposi’s sarcoma 1996
AmBisome Gilead Sciences Fungal/protozoal infections 1997
Visudyne Bausch and Lomb macular degeneration, myopia, ocular 2000
histoplasmosis
Margibo Acrotech Biopharma Acute lymphoblastic leukaemia 2012
Onivyde Ipsen Metastatic pancreatic cancer 2015
Vyxeos Jazz Pharmaceuticals | Acute myeloid leukaemia 2017
Onpattro Alnylam Transthyretin-mediated amyloidosis 2018
Pharmaceuticals
Polymer-based
Oncaspar Servier Acute lymphoblastic leukaemia 1994
Pharmaceuticals
Copaxone Teva Multiple sclerosis 1996
Pegintron Merck Hepatitis C infection 2001
Eligard Tolmar Prostate cancer 2002
Neulasta Amgen Neutropenia, chemotherapy induced 2002
Abraxane Celgene Lung cancer, metastatic breast cancer, 2005
metastatic pancreatic cancer
Cimiza ucB Crohn’s disease, rheumatoid arthritis, psoriatic 2008
arthritis, ankylosing spondylitis
Plegridy Biogen Multiple sclerosis 2014
ADYNOVATE Takeda Haemophilia 2015
Inorganic
INFeD Allergan Iron-deficient anaemia 1992
DexFerrum American Regent Iron-deficient anaemia 1996
Ferrlecit Sanofi Iron deficiency in chronic kidney disease 1999
Venofer American Regent Iron deficiency in chronic kidney disease 2000
Feraheme AMAG Iron deficiency in chronic kidney disease 2009
Injectafer American Regent Iron-deficient anaemia 2013
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Figure 1.5. lllustration of the different types of nanomaterials used in therapeutics. Image adapted
from Mitchell et al., 2020.

1.4.1 Lipid-based

Liposomes are synthetic spherical vesicles with a lipid bilayer (potentially multiple layers)
usually composed of phospholipids polymers (Akbarzadeh et al., 2013). They are amphiphilic in nature
and have been successfully used in pharmaceutical formulations (Beltran-Gracia et al., 2019). These
structures are non-toxic and biocompatible making them useful in gene therapy molecule delivery to
cells due to their ability to fuse with a cells membrane and release the liposome contents into a cell

(Balazs & Godbey, 2011; Sachetelli et al., 2000). This can be either a passive non-targeted method for
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the use of delivering nutritional or dietary molecules (Shade, 2016), or targeted by functionalising the
surface with a specific molecule or ligand (Riaz et al., 2018). This can assist the drug delivery of
hydrophobic molecules and prevent early inactivation by encapsulation within the lipid bilayer
(Sercombe et al., 2015). They are relatively simple to formulate, which is desirable in biomedical
applications (Mitchell et al., 2020). Liposomes are the most common utilised nanomaterial used for
antimicrobial drug delivery (Forier et al., 2014; Tamilvanan et al., 2008; Alhariri et al., 2013). They
have also been demonstrated to be effective in several different routes, including dermal, pulmonary,
ocular and vaginal (Vani¢ et al., 2015; Aljuffali et al., 2015; Cipolla et al., 2014; Hadinoto et al., 2014;
Mishra et al.,, 2011; Vani¢ et al., 2014). Benzylpenicillin (penicillin G) has been successfully
encapsulated into liposomes of approximately 140 nm. The liposomal pencilling G formulation was
shown to reduce the biofilm-forming ability and growth rate of S. aureus (Kim et al., 2014). The
aminoglycoside antibiotic amikacin (marketed as ArikaceTM and passed a phase Il clinical trial) has
been incorporated into a liposome and shown to improve the antibiotic's effectiveness against cystic
fibrosis patients with P. aeruginosa infections (Waters et al., 2014). Lipoquin™ is another liposomal
formulation (90 nm), in this case, encapsulating ciprofloxacin. This was also proven to reduce the
burden of P. aeruginosa infections in patients with cystic fibrosis (Cipolla et al., 2016). Arikace™ and
Lipoquin™ are both designed as liposomal formulations which are dispersed into droplets for
inhalation, see Figure 1.6A for an illustration. Liposomal amphotericin B (AmBisome®) is used to
encapsulate the poorly soluble drug. It has been shown to reduce the toxicity of amphotericin B whilst
maintaining its antifungal effect. However, no demonstration of this on biofilm fungal infection has
been demonstrated (Stone et al., 2016). See Figure 1.6B for an illustration of the application of

liposomal amphotericin B.

Solid lipid nanoparticles (SLNPs) consist of a solid lipid core are are usually 50 to 1000 nm in
diameter and dispersed in water or an aqueous surfactant solution. This is facilitated by the surface
monolayer of phospholipids (Ghasemiyeh et al., 2018). The lipid core can be made of various materials
such as fatty acids, triglycerides and steroids (Patil et al., 2019). They are useful for encapsulating
insoluble drugs such as antifungal azoles (Yang et al., 2008). Another example is the insoluble
antifungal drug bifonazole used to treat skin infections such as cutaneous candidiasis (Garse et al.,
2015). An SLNP encapsulation of bifonazole showed penetration and increased antifungal activity in

ex vivo and in vitro experiments (Pouton et al., 2000).

Antimicrobial agents can also be administered as emulsions, most commonly in cosmetics, but
also in biomedical applications (Gupta et al., 2016). These are typically low viscosity lotions and high
viscosity creams and have a particle size of 0.1 to 100 um (Agarwal and Rajesh, 2007). Nanoemulsions

(particle size < 100 nm) are a useful application for the of poorly insoluble drugs in topical applications

31



(Jaiswal et al., 2015). Amphotericin B, fluconazole and terbinafine are examples of poorly soluble
antifungal drugs which are dispersed in nanoemulsions for topical and transdermal application (Nastiti

etal., 2017).

A B

= Ampbhotericin B
molecules (free
and liposome
bound)

! Liposomes with AmB
in membrane

V&
$ @ Pore formation /

Fungal cell wall

Fungal cell
membrane

Figure 1.6. (A) Liposomal encapsulated ciprofloxacin (90 nm) dispersed into a 5 to 10-micron droplet
ready for inhibition (Image adapted from Cipolla et al., 2014). (B) Schematic representation of the
theorised mode of action of liposomal Amphotericin B on a fungal cell membrane (Image adapted
from Stone et al., 2016).

1.4.2 Inorganic

The use of inorganic materials is a vast area of research, with NPs having unique electrical,
magnetic and optical properties, as well as large variations in size and geometry and theranostic
applications (Mitchell et al., 2020). Unique to this NPs class, geometries such as nanorods, nanoshells,
nanocages and nanospheres have been fabricated (Yang et al., 2019). Photothermal properties are
also possible in metallic NPs such as gold, with free surface electrons oscillating at different
frequencies depending on their size and shape (Wang et al., 2020a). Iron oxide one of the most
researched inorganic materials for NP synthesis and biomedical application (see Table 1.5). Calcium
phosphate is another inorganic NP which has been researched and has found useful applications in

drug and gene delivery (Huang et al., 2020).

The majority of inorganic NPs have good stability and provide applications in photothermal
and diagnostic which other types of NPs cannot, however, clinical application is hampered by low
solubility and toxicity concerns of heavy metals (Arias et al., 2020; Manshian et al., 2017). A wide
variety of inorganic metal NPs have been studied to understand their potential antimicrobial
applications. These include zinc oxide NPs, titanium oxide NPs, magnesium hydroxide NPs, copper NPs,
silver NPs, and gold NPs. These NPs have demonstrated potential as antimicrobial agents and have
various mechanisms (Halbus et al., 2017). Antimicrobial mechanisms include the release of reactive

oxygen species in the presence of UV light (titania oxide NPs) which damages the cells causing death
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(Al-Awady et al., 2015). Magnesium oxide and zinc oxide NPs have been shown to disrupt the bacterial
cell wall's integrity, increasing permeability, and reactive oxygen species (ROS) generation increasing

cell cytotoxicity (He et al., 2016; Halbus et al., 2019a; Halbus et al., 2020).

Copper NPs have been shown to have a potent antimicrobial action due to their proposed
interaction and inactivation of vital bacterial enzymes (Beyth et al., 2015). Copper NPs are easily
oxidised and therefore and less effective in aerobic conditions but very useful in anaerobic conditions
(El Zowalaty et al., 2013). The accumulation of CuO NPs upon the bacterial cell wall can also cause cell
death (Halbus et al., 2019b). To enhance this property, CuO NPs have been functionalised with (3-
glycidyloxypropyl)- trimethoxysilane (GLYMO) to allow further covalent coupling of 4-
hydroxyphenylboronic acid (4-HPBA), which provides a very strong boost of their action as
antibacterial, anti-algal and anti-yeast agents. The boronic acid (BA) terminal groups on the surface of
the CuONPs/GLYMO/4-HPBA can form reversible covalent bonds with the diol groups of
carbohydrates and glycoproteins expressed on the cell surface where they bind and accumulate,

which is not based on electrostatic adhesion (Halbus et al., 2019b; Halbus et al., 2019c).

Inorganic NPs have also been researched as co-treatments with antibiotics with the goal of
creating a synergistic outcome (Wang et al.,, 2020a). ZnO NPs and antibiotic co-treatments
(ciprofloxacin, erythromycin, methicillin and vancomycin) have been shown to reduce the minimum
inhibitory concentration (MIC) required against antibiotic-resistant pathogens, including Vancomycin-
resistant Enterococcus (VRE) (Iram et al., 2016). It has been proposed that metallic NPs may increase
the membrane permeability (but not disrupt the integrity) in bacteria and enhance passive antibiotic
penetration, providing an explanation for the synergistic results with antibiotic-inorganic co-
treatments. This was accomplished by measuring the leakage of liposomal encapsulated fluorescence
dye calcein when bacterial cells were exposed to metallic NPs (Bellio et al., 2018). Superparamagnetic
iron oxide NPs (SPIONs) have been used in conjunction with methicillin to excellent effect
against Staphylococcus epidermidis biofilms. With the application of an external magnetic field, the
NPs were shown to be able to penetrate 20 um thick biofilms and allow methicillin to be more effective
(Geilich et al., 2017). It has been revealed that magnetically modulated iron oxide NPs can be driven
into biofilms creating artificial channels, which in turn allows improved antibiotic penetration and
bacterial death, as demonstrated in S. aureus when treated with gentamicin after magnetic iron oxide

NP treatment (Quan et al., 2019).

Silver NPs are one of the most studied metals for antimicrobial potential (Marin et al., 2015).
Silver NPs have been shown to disrupt the bacterial cell wall causing pits which causes the cell to

fragment and die (Slavin et al., 2017). Silver ions released from the NPs can have several adverse
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biological effects on cells, these include binding to DNA and RNA neutralising their function, the
chemical interaction with sulphur containing peptides, inactivating them, inactivating enzymes and
generating ROS to increase oxidative stress (McShan et al., 2014; Wu et al., 2019; Cui et al., 2013; Choi

et al., 2008). Table 1.6 shows a list of discovered antimicrobial mechanisms of silver NPs.

Table 1.6. Antimicrobial mechanism of silver NPs.

Antimicrobial mechanism of silver NPS Ref

Electrostatic interaction with lipopolysaccharides (LPS), allowing for permeability | (Dakal et al.,

alteration, membrane disruption and protein gradient dissipation 2016)

Electron transport chain inhibition by interaction with cytochromes (Hemeg et al.,
2017)

Key biomolecule activity change via interaction with sulfhydryl groups (Hemeg et al.,
2017)

Gram-positive cell wall synthesis disruption (Pelgrift et al.,
2013)

Blockage of DNA replication (Rai et al.,
2012)

Blocking of protein synthesis via interaction with 30S ribosomal subunit (Dakal et al.,
2016)

The generation of reactive oxygen species (Durén et al.,
2016)

Silver NPs have been used in many antiseptic products due to their highly effective antimicrobial
action (Marassi et al., 2018). A common feature of silver (and other metal) NPs is the interaction with
the anionic bacterial cell wall which increased the NP's concentration and, therefore the accumulation
of localised ROS which damage the cell (Quinteros et al., 2016). The various mechanisms silver uses
for killing bacteria make it difficult for bacterial to evolve resistance, increasing its popularity in
developing biomedical applications (Panacek et al., 2019). It has also been researched in conjunction
with antibiotic treatments to determine if a synergistic effect is present (Naqvi et al., 2013; Wypij et
al., 2018). Examples include; daptomycin conjugated silver NPs, which when administered to S.
aureus showed an increased efficacy compared to equivalent concentrations of the free silver NPs and
daptomycin. This was attributed to the creation of large pores by the silver NP on the bacterial
membrane, increasing antibiotic uptake into the cell (Zheng et al., 2016). The use of silver NP has also
been shown to increase the cell membranes' permeability and allowed an increased uptake of
chloramphenicol, kanamycin, biapenem, and aztreonam, as demonstrated on species including S.

aureus and E. coil (Vazquez-Mufioz et al., 2019).

Gold NPs have also been extensively studied, primarily because of their bio-inertness and
ability to be formulated with antibiotics (Feng et al., 2015; Zhao et al., 2013b). Although gold NPs have

not demonstrated antimicrobial activity, they have been shown to increase antibiotics' effectiveness
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when applied as a co-treatment and if functionalised with an antibiotic (Fan et al., 2019). Gold NPs
have been synthesised with a vancomycin coating which showed enhanced antibacterial against
vancomycin-resistant enterococci. This effect was reported to be caused by the polyvalent interaction
between the bacteria, and the vancomycin coated gold NP (Gu et al., 2003). Similarly, gentamicin has
been coated to gold NPs and increased to efficacy against S. aureus and MRSA. It was demonstrated
that the gentamicin was released slowly and continuously over 2 days, enabling the antibiotic to be
effective over a more extended period (Perni et al.,, 2014). Amoxicillin surface coated gold NPs
demonstrated an increased effect against MRSA in vitro and in vivo compared to an equivalent free
amoxicillin concentration (Kalita et al., 2016). A beneficial attribute of gold NP is in photothermal

therapy, due to the excellent photothermal conversion capability of gold (Ma et al., 2018).

An example of this is with vancomycin coated gold NPs. After 5 mins of exposure to near-
infrared radiation to the sample's temperature was raised by 15°C, causing a significant reduction in
the vancomycin-resistant Enterococci viability (Wang et al., 2018; Wang et al., 2019a). The use of
photothermal NPs has been further investigated with the synthesis of gold/silica shape-selective
anisotropic colloid particles fabricated as negative replicas of the target cells. After the synthesis,
these shape-selective colloid antibiotics can bind specifically to a bacterium or yeast cell. Upon the
application of laser irradiation, this caused fatal disruption to the cell wall (Borovicka et al., 2013a;
Borovicka et al., 2013b). Antimicrobial phototherapy NPs continue to be researched due to their

excellent potential for treating antimicrobial-resistant pathogens (Li et al., 2020).

Graphene oxide is an emerging material which is being investigated for its nanomaterial
formulated antimicrobial application, it has unique advantages such as a large surface area, good
biocompatibility, disperses in most solvents, and has an abundance of oxygen-containing functional
groups making it reactive and therefore easy to interact with other antimicrobial compounds, or
microorganism (Liu et al., 2012; Bussy et al., 2017). Graphene oxide NPs are effective alone against
bacteria, mostly by physically damaging the cells wall and membrane (Zou et al., 2016; Lu et al., 2017).
Like many other inorganic materials, graphene oxide has been investigated as a carrier for antibiotics
and has demonstrated a synergistic effect. It has been suggested that graphene oxide sheets could
increase the permeability of bacteria by damaging the cell membrane, and therefore increase the
effectiveness of antibiotic treatments (Gao et al., 2017). Graphene oxide sheets have also been
investigated with a vast amount of NP in an effort to find useful biomedical applications (Diez-Pascual

et al., 2020).

Quantum dot NPs (typically < 2 nm) have been used for potential antimicrobial applications

(Mitchell et al., 2020). They are often made of a semiconducting material, i.e. silicon, and have found
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more use in in vitro imaging applications and in vivo diagnostics (Wagner et al., 2019; Zhang et al.,
2019a). Cadmium telluride quantum dots (CdTe-QDs) have been shown to have an antibacterial effect
on bacteria such as E. coli. The accumulation of these CdTe-QDs results in cell death; however, the
mechanism for this is not proven. A possible cause is the release of heavy metal ions are oxides which
occurs as the QD decompose (Lu et al., 2008). CdTe-QDs have also been functionalised with
antimicrobial peptides further increasing the antimicrobial ability whilst simultaneously reducing their
haemolytic activity. The haemolytic reduction was suggested to be caused by the inability of the QD
bound antimicrobial peptide being unable to insert their hydrophobic moieties into the zwitterionic,
mammalian membranes. This, in effect, means a higher concentration of antimicrobial peptide CdTe-
QDs could be used safely (Williams et al., 2020). Carbon dots (CDots) have recently been synthesised
and show promise in antimicrobial applications. When in contact with a bacterial surface they show
been shown to generate ROS with the application of visible light (Dong et al., 2020a; Abu Rabe et al.,
2019). Nitrogen-doped carbon dots (N@CDs) have been coated with ciprofloxacin via intramolecular
hydrogen bonding have shown to be affective at destroying E. coli and S. aureus cells (Saravanan et

al., 2020)

1.4.3 Polymeric

Polymeric (polymer-based) NPs allow precise control of particle characteristics, encapsulation
(or payload) variability, allowing hydrophobic or hydrophilic compounds within, depending on the NP's
materials, and are easily surface modified. A drawback is a tendency for aggregation at high
concentrations (Mitchell et al., 2020). An example is micelles. Micelles are similar to liposomes but
contain a solid core that can easily encapsulate hydrophobic molecules (unlike liposomes with a
hydrophilic core) (Nishiyama et al., 2016). The hydrophilic surface can be modified to covalently bind
targeting molecules such as antibodies or peptides and coated with a polymer coat such as PEG
(polyethylene glycol) to increase with stability and longevity of the micelle (Torchilin et al., 2005). They
have been investigated extensively as a delivery system of the hydrophobic drug docetaxel in
chemotherapy studies (Zhang et al., 2016). Polymer micelles, sometimes referred to as core-shell NPs,
are among the most widely studied NP types for biomedical applications (Aliabadi et al., 2005). A self-
assembled micelle NP formulation, consisting of cationic and amphiphilic random polyacrylates
bearing tertiary amine (N,N-diethylethylenediamine) and hydrophobic catecholic (hydroxytyrosol)
side chains have been synthesised. This micelle formulation containing both these moieties was
effective against S. epidermidis due to the cationic side chain interaction with the anionic bacterial cell
wall (Taresco et al.,, 2015a; Taresco et al., 2015b). Biodegradable polymer micelles have been
synthesised from amphiphilic triblock polycarbonates and proven to be effective against Gram-

positive bacteria, including Bacillus subtilis, Enterococcus faecalis, S. aureus, MRSA, and Cryptococcus
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neoformans, a fungal species. The micelles toxicity towards bacterial and fungal cells was shown to be
provided by the cells' lysis via interactions between the cell wall and cell membrane (Nederberg et al.,

2011).

Dendrimers are tree-like macromolecules composed of branched synthetic polymers
containing repeated molecular units (Madaan et al., 2014). The abundance of functionalisable and
easily modifiable peripheral groups makes them useful for a drug delivery role through useful chemical
properties such as charge or cell receptor binding. The increased internal void space can be used for
molecular cargo (Mendes et al., 2017). The hyperbranched nature of these polymer creates a complex
3D architecture in which size and geometry can be controlled. Different types of internal functional
groups allow a variety of compounds to be encapsulated. However, they are mostly used to deliver
small molecules and nucleic acids (Xu et al., 2013b; Palmerston-Mendes et al., 2017). One of the most
commonly used polymers used for dendritic NPs are the charged poly(ethylenimine) (PEI) and
poly(amidoamine) (PAMAM), and several there are dendritic-based NP currently in clinical trials as
theranostic agents, transfection agents, topical gels and contrast agents (Palmerston-Mendes et al.,
2017; Kannan et al., 2014; Menjoge et al., 2010). Dendritic NPs unique structure allows for a release
of the encapsulated active agent in a more passive manner. The large surface to volume ratio allows
compounds to be localised throughout the NP's tree-like structure (like a unit of the NP) and, therefore,
localise these agents and allow a potential highly likelihood of target interaction such as a
microorganism (Zhang et al., 2010). Like many other types, dendritic NPs interact with a target
microorganism via electrostatic attraction (cationic polymers to anionic bacterial cell walls) (Garcia-

Gallego et al., 2017; Rasines et al., 2009).

A drawback of dendritic NPs is their abundance of cationic polyelectrolytes, which make up
the vast majority of the NPs branches. They are often toxic to mammalian cells by disrupting the
cytoplasmic membrane (Jevprasesphant et al., 2003). Quaternary ammonium salts (QAC) and silver
have been functionalised onto the branches of these NPs in an atempt to increase the efficacy of these
materials by creating high surface concentrations, these have demonstrated improved antimicrobial

activity against S. aureus, P. aeruginosa, and E. coli [Chen et al., 2000; Balogh et al., 2001].

An interesting approach was synthesising a dendritic NPs using the antimicrobial peptide G3KL,
which is composed only of lysine and leucine residues. This was effective against P. aeruginosa and A.
baumannii with only a mild effect against mammalian cells (Stach et al., 2014, Pires et al., 2015).
Antimicrobial dendrimeric peptides have also been investigated for their antibiofilm properties, have
been shown to hinder growth and destroy mature grown biofilms (Hou et al., 2009). The reduction of

biofilm formation by P. aeruginosa was possible by inhibiting the LecA and LecB (Fucose-binding lectin)
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proteins, thereby preventing the cells' attachment onto tissue surfaces. Glycopeptide dendrimers
were used as they have a high affinity to lectins (carbohydrate-binding proteins) (Johansson et al.,
2008; Reymond et al., 2013). Examples of small molecule encapsulated dendritic NP included the
loading of the antibiotic sulfamethoxazole. This insoluble compound showed a 4- to 8- folding

increasing in antimicrobial activity against E. coli, compared to the free antibiotic (Ma et al., 2007).

Dendritic NPs can be useful in concentrating other poorly soluble antibiotics such as
nadifloxacin, prulifloxacin and erythromycin and increasing their effectiveness against S. aureus, E.
coli, P. aeruginosa, and P. hauseri compared an equivalent concentration of the free antibiotic (Cheng
et al., 2007; Winnicka et al., 2013; Felczak et al., 2013). Like other NPs, targeted drug delivery has been
employed to increase the active agent's localisation and reduce potential untargeted tissue damage,
particularly in poorly perfused tissues such as wounds (Vassallo et al., 2020). Ciprofloxacin-loaded light
controlled dendritic NPs have been synthesised, which allows the specific drug delivery to Gram-
negative bacteria by utilising bacteria-specific ligands (lipopolysaccharide (LPS)-binding dendrimer
G5(Ligand)). This permitted a bacterial cell wall localisation, and stimulus-controlled delivery of the
ciprofloxacin to the target that was suggested could be applied in infected wounds using light-based

therapy (Wong et al., 2016).

Another type of polymeric NPs are hydrogels, which on the nanosize are called nanogels.
Nanogels are a network of polymer chains which can be highly cross-linked and highly absorbent
(Ahmed, 2015). They can form stable colloid NPs and can be modulated in NP diameter by pH changes.
This is due to the abundance of COOH groups that protonate in basic conditions causing repulsion
between COO- groups and the gel's subsequent swelling (Akhtar et al., 2016). They have been shown
to be viable drug vehicle agents by interacting with cationic groups of antimicrobial agents, e.g.
berberine hydrochloride, chlorhexidine digluconate, tetracycline hydrochloride, lincomycin
hydrochloride and ciprofloxacin hydrochloride (Al-Awady et al., 2017; Al-Awady et al., 2018; Weldrick
et al.,, 2019a; Weldrick et al., 2019b). The antibiotic lincomycin was encapsulated into Carbopol
nanogels, surface functionalised with a protease. This resulted in an improved ability to degrade S.
aureus biofilms and reduce the cellular viability within. These lincomycin-Carbopol nanogels were
shown to be more effective anti-biofilm agents than common antiseptics such as PVP-I, cetrimide,
benzalkonium chloride and chlorohexanol, at both an equivalent and recommended therapeutic

concentration (Weldrick et al., 2021).

Nanogels are also responsive to other environmental conditions such as temperature (Ramos
et al., 2012). The preparation of nanogels via cross-linking can be accomplished either by covalent or

hydrogen bonding, electrostatic and hydrophobic interactions, and nano or microemulsion

38



polymerisation (Sasaki et al., 2010). Water-soluble drugs, for example, anti-cancer drug doxorubicin,
and other bioactive molecules such as proteins and DNA have been successfully encapsulated into
nanogels and employed for drug delivery (Sasaki et al., 2010; Oh et al., 2008). An interesting
application of nanogels was to use them to coat gold nanorods. These nanogel-gold composites are
sensitive to temperature changes, and the nanogel portion could be collapsed under the presence of
near-IR laser irradiation, releasing the gold nanorods. In vitro experiments showed that an external
near-IR laser source could modulate the gold nanorods' release, indicating that the nanogels could be
utilised as an antimicrobial control mechanism (Satarkar et al., 2010). Nanogels have also been
synthesised to allow hydrophobic drugs to be encapsulated inside, such as the antibacterial molecule
triclosan, via binding to hydrophobic domains inside the nanogel. This cationic nanogel was shown to
bind to bacterial cell walls electrostatically and allow for a localised and sustained triclosan release,

increasing the efficacy significantly compared to the free triclosan (Zu et al., 2020).

In this project, two different polymeric NP systems (Carbopol Aqua SF1 nanogels, and shellac
NPs) were synthesised, characterised, and employed as antimicrobial nanocarriers. The targets were
antimicrobial-resistant and biofilm-forming pathogens. Background information on these NP

materials is given below.

1.4.3.1 Carbopol Aqua SF1

Carbopol compounds are used in medicine, manufacturing and cosmetics due to their
excellent biocompatibility and lack of side effects on human cells (Zhang et al., 2020). Carbopol Aqua
SF1 used in this study is a lightly cross-linked and hydrophilic acrylic polymer dispersion, which can
provide thickening, stabilising and suspending properties to a wide range of materials (Bonacucina et
al., 2004; Proniuk et al., 2002; Chakraborti et al., 2014). As supplied by the manufacturer, Lubrizol, it
is a milky white liquid with a mild acrylic odour, comprising 30% active polymer in water. It has a low
viscosity and is highly miscible, providing applications for suspending and stabilising products into
formulations with insoluble and difficult to stabilise ingredients, i.e. silicones (Varges et al., 2019).
Carbopol products have cosmetic applications, for example, thickening shampoos and body washes
to their desired viscosity and flow characteristics (Chang et al.,, 2012). It has also been used in
surfactant formulations over a wide range of pH (3.5 to 10) to deliver insoluble drugs, i.e. estradiol
(Barreiro-Iglesias et al., 2003). It is compatible with anionic, cationic, non-ionic and amphoteric
surfactants (Lubrizol, 2006). Carbopol Aqua SF1 is supplied in a protonated form, and the polymer
molecules are coiled providing the viscosity and suspension in the liquid. When pH neutralised, the
molecules ionise and expand due to the anionic carboxylate's electrostatic repulsion, allowing

thickening and suspension properties (Varges et al., 2019). This property, which is also found in
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hydrophobic polymers, allows its use is much more therapeutic and cosmetic applications (compared
to hydrophobic polymers), such as shampoos, body washes, toothpaste etc. (da Cruz et al., 2018).
Another benefit is the lack of any known toxicity towards mammalian cells, tissue and organs, as well
as microorganisms (Lubrizol, 2006). Figure 1.7 shows the Carbopol Aqua SF1 hydrogel polymer used

in this project and illustrates the mechanism for swelling.

Hydrated Polymer

Neutralized Polymer

Figure 1.7. (A) Chemical structure of Carbopol Aqua SF1 (Polyacrylic acid). (B) A photograph of the
stock 30 wt% Carbopol Aqua SF1 as supplied by the manufacture Lubrizol. (C) Photograph of 0.6 wt%
to 0 wt% (deionised water) Carbopol Aqua SF1 dispersions at pH 6. (D) Polymer swelling mechanism
illustration in basic pH (Lubrizol, 2006).

Carbopol dispersions have a wide array of therapeutic uses. Enhanced localised delivery of
ocular drugs have used Carbopol (974P NF, 980 NF, 1342 NF) as a loading drug formulation. This
facilitated an increased absorbance of the therapeutic agent at the treatment site due to the
mucoadhesive property of Carbopol (Ludwig, 2005). Carbopol super porous hydrogel composites
(SPHCs) have been synthesised using Carbopol 934P and 974P. Carbopol 934P and 974P can swell
quickly in water via a cross-linking bond in their chemical structure. This allowed adhesion to intestinal
mucus due to the carboxylic acid functional groups in the polymer forming hydrogen bonds to the
intestinal mucus allowing interpenetration to the mucus layer. Anin vitro study confirmed these
Carbopol SPHCs had useful bio adhesion properties that increased insulin absorption into the
intestines (Tang et al., 2007). Carbopol 980NF was formulated with silver NPs to evaluated wound
healing properties. A rat model revealed via histological sections and transdermal examination that
Carbopol 980NF-silver NPs provided superior wound healing efficacy compared to commercially

available silver ion products (Kaler et al., 2014). A Carbopol (934P) and pluronic solution (F-127) shows
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the capability of drug loading (pilocarpine hydrochloride). This Carbopol 394P-pluronic F-127 mixture
demonstrated increased bioavailability of the ocular drug improving its performance (Lin et al., 2000).
Carbopol 934P was also used with pluronic poloxamer 407/188 to increase mucoadhesive properties.
An ocular drug, puerarin, was encapsulated inside the nanogel allowed a more concentrated
concentration of the drug at the target site via in situ gelling of the Carbopol/poloxamer-puerarin

formulation. This resulted in increased bioavailability of the drug at the target site (Qi et al., 2007).

1.4.3.2 Shellac

Shellac is a natural resin which has been investigated by pharmaceutical companies for
therapeutic applications (Pearnchob et al., 2003). It is abundant in nature, has a low cost, and is and
eco-friendly (Ogaji et al., 2012). Shellac is the refined product of the natural material Lac (resin),
secreted by the parasitic insect kerria lacca on trees in South-Eastern Asia (Chen et al.,
2011). Figure 1.8A and B shows shellac resin and the refined shellac material. Refined shellac is a
complex mixture of polar and non-polar compounds. These consist of polyhydroxy polycarboxylic
esters, lactones and anhydrides, with the main acidic compounds being terpenic and aleuritic acids
(Chauhanetal., 2011). Figure 1.8C and D shows the shellac structure of shellac and the manufactured
SSB® AquaGold aqueous solution of ammonium shellac salt (25 wt%) product used in this project.
Shellac is insoluble in acidic to neutral pH, consistent with other carboxylic polymers (Bellan er al.,
2012). It is also insoluble in hydrocarbon solvents, glycerol and esters, whilst dissolving in basic
aqueous solutions, alcohols, and ketones. This is due to the carboxyl, hydroxyl and carbonyl groups in

its chemical structure.

Shellac has an empirical chemical formula of CeHs0O15 (Rowe et al., 2003). The shellac
chemical composition is dependent on its components and constituent acids. These are aliphatic
hydroxyl acids (insoluble in water) and terpenic acids (soluble in water), of which shellac is
approximately a 1:1 ratio (Sharma et al., 1983). Aleuritic acid (= 35%) is the most abundant aliphatic
acid, jalaric acid (= 25%) is the most abundant terpenic acid. Butolic acid (= 8%), laccijalaric acid (= 8%)
and shellolic acid (= 8%) comprise other significant isolated acids (Cockeram et al., 1961).
See Figure 1.9 for chemical structures. Nevertheless, shellac composition is dependent on the original

source and purification/manufacturing process (Buch et al., 2009).

Shellac resins are non-toxic, hypoallergenic, hard, and also have good adhesion and electrical
properties (Limmatvapirat et al., 2004). Shellac can be degraded over time due to the presence of
hydroxyl and carboxyl groups, which allows self-esterification. Esterification causes reduced solubility
and a decline in acidity (Farag et al., 2009). Antioxidants, storage at <5°C and protection from light

increased the shelf-life and shellac stability (Nath et al., 2009). Additionally, shellac stability can be
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increased by salt formation with ammonia (Specht et al., 1998). This creates steric hindrance and

therefore decreases self-esterification.
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Figure 1.8. (A) An example of purified shellac and (B) shellac resin deposited on a tree branch by Kerria
lacca. (Common lac insect, 2018; Shellac | resin, 1998). (C) Chemical structure of shellac (Kraisit et al.,
2002) and (D) A photograph of the stock 25 wt% AquaGold aqueous solution of ammonium shellac
salt as supplied by the manufacture SSB®.
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Figure 1.9. The chemical structures of the main components of shellac (Wang et al., 1999). Aleuritic
acid, Jalaric acid, Butolic acid, Laccijalaric acid and Shellolic acid.

Shellac has a variety of non-pharmaceutical uses. For example, furniture and instrument
lacquers (Ansari et al., 2006; Nevin et al., 2009), and coating materials for shell-like confectionary (E
number 904) (lee et al., 2002). It has also been used as a water-repentant coating to prevent fruit and
vegetables from premature spoilage (Hagenmaier et al., 1991). It also has uses in dentistry, i.e. the
material used to manufacture dental base plates (Azouka et al., 1993). Pharmaceutically, it is
commonly used to encapsulate drugs (Leick et al., 2011; Hamad et al.,, 2012a; Hamad et al.,
2013). Microencapsulation is one of the primary uses of shellac (Sheorey et al., 1991; Campbell et al.,
2009). It can be used as a coating on gelatine microspheres and modified using esterification to
increases encapsulation properties (Labhasetwar et al., 1990). Shellac-calcium microspheres
encapsulated with carbamide peroxide is used cosmetically as a tooth whitening agent (Xue et al.,
2008). Shellac has been used to form NPs, with xanthan gum used as a stabiliser. These 150-300 nm
NPs were used to encapsulate silibinin (an acid unstable compound) for drug delivery to the intestines.
The NPs provided protection to the silibinin from the acidic stomach (Patel et al., 2011). Protein
encapsulated into shellac NPs has also been demonstrated (Kraisit et al., 2012). Shellac has also been
used to encapsulated probiotics such as yeast (Saccharomyces cerevisiae), allowing a triggered release

at specific pH (Hamed et al., 2012; Hamad et al., 2013).
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1.4.3.3 Surfactants

The polymeric surfactant poloxamer 407 (P407) was used in the preparation of shellac NPs in
this project. This section gives an overview of surfactants and P407 used in the shellac NPs
preparation for this project. Surfactants are amphiphilic compounds which reduce the surface
tension of a liquid even at low concentrations. This process is accomplished by adsorbing as a
molecular monolayer on the liquid surface. They are also known as surface-active agents (Kunjappu
et al.,, 2013). They have numerous industrial applications, including; industrial processing, food
processing, laundry products, adhesions, paints, agrochemicals etc. (Atkins et al., 2010). Surfactants
are also useful in pharmaceutical applications and medicine manufacturing (Falk, 2019). Upon
saturation at the liquid surface, the surfactant may begin self-assembly into micelles. This
concentration is called the critical micelle concentration (CMC). It is still possible for individual
surfactant molecules to be in the solution at this time (Atkins et al., 2010). It occurs due to hydrophobic
and hydrophilic groups' presence on the surfactant molecule and allows excellent detergency and
solubilisation properties to the solution (Cheng et al., 2020; Bala et al., 2006). Figure 1.10 shows
various surfactant types. They are classified based on the charge (or lack of) present in the molecule's
hydrophilic part (Kunjappu et al., 2013). Surfactants are classified as ionic if they have either an
amphiphilic anion (anionic) or amphiphilic cationic (cationic). Non-ionic surfactants do not ionise in
aqueous solution to non-dissociable groups (Atkins et al., 2010). P407 is a non-ionic copolymer
surfactant. It was used to sterically stabilise shellac NPs due to the repulsion from the P407

surrounding the shellac core, illustrated and described in chapter 4 and 5 in this project.

Hydrophilic part Hydrophobic part

NSNS

Water Air (or oil)

Figure 1.10. A schematic of different types of surfactant.
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1.4.3.3.1 Poloxamer 407 (P407)

P407 is an amphiphilic non-ionic block copolymer surfactant with a molecular weight of
approximately 12,600 g/mol (Kabanov et al., 2002; Dumortier et al., 2006). The copolymers consist of
polyethylene oxide (PEO) and polypropylene oxide (PPO) and are organised in a triblock structure of
(PEQ)a-(PPO)b-(PEO)s.. It has the chemical formula HO[CH;-CH,0], [CH(CH3)-CH20], [CH,-CH,0]0H,, (a
= 101 and b = 56 block lengths), equating to approximately 70% PEO and 30% PPO (Russo et al.,
2019). Figure 1.11A illustrates the chemical structure of P407, and Figure 1.11B shows the proposed
micelle formation of P407 in aqueous solution. The Federal Drug Administration (FDA) has classified
P407 as an inactive ingredient for different types of oral, topical, inhalation and ophthalmic
formulations (McDonnell et al., 2001). P407 has been part of many studies regarding the application
of topical/dermal formulations (Miyazaki et al., 1995; Wang et al., 2001; Fang et al., 2002; Shin et al.,
2001; Liaw et al., 2000).
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Figure 1.11. (A) The P407 surfactant triblock copolymer chemical structure. (B) lllustration of the
formation of micelles formed by P407 in aqueous solution.

1.5 Functionalisation of NPs

For NPs to have the greatest chance of successfully interacting with their target, they must be
functionalised in such a way to increase the affinity towards the target (Das et al., 2014, Delfi et al.,
2020). There are several ways to this can be accomplished, see Figure 1.12 for an outline of these

mechanisms. Using a specific molecule to functionalise the NP surface, such as an antibody or peptide
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ligand is one approach (Farahavar et al., 2019). The conjugation of NPs with aptamers, antibodies and
proteins has been used to target specific tumour tissues (Chanphai et al., 2020; Bintang et al., 2020;
Munzar et al., 2019). A specific example is the functionalisation of chitosan loaded fluorouracil NPs,
which, when surface functionalised with an aptamer, increased the drug's concentration at the
cancerous tissues (Rata et al., 2019). The targeting of S. aureus using 20 nm silver NPs conjugated with
anti-protein A antibody (protein A is cell wall surface protein expressed in bacteria) has been
demonstrated to provide a specific technique to kill bacteria by increasing the affinity of the silver NPs
to the cell wall (Al-Sharqi et al., 2019). Gold NPs have been functionalised with peptides to increase
detection at target tissue and targeted drug delivery and cellular uptake (Zong et al.,, 2017). An
example is the functionalisation of gold NPs with cell-penetrating peptides (CPPs), which increased

these NP's uptake into mammalian cells (Chithrani et al., 2007).

Surface modification of an NP with a polyelectrolyte with the intended goal of increasing the
electrostatic attraction to the anionic bacterial cell wall or facilitating contact killing is another
approach (Delfi et al., 2020; Al-Awady et al., 2015; Al-Awady et al., 2017; Richter et al., 2015). Gram-
positive and Gram-negative bacteria, and fungal cells all have anionic cell surfaces (Malanovic et al.,
2016; Garcia-Rubio et al., 2020). In the case of Gram-positive bacteria, this is provided by the presence
of teichoic acid and lipopolysaccharides (LPS), also known as endotoxins, which the cell wall is
comprised off (Gottenbos et al.,, 2001). Gram-negative contains an abundance of anionic
glycoproteins in the thicker peptidoglycan cell wall (Slavin et al., 2017). The anionic charge of fungal
cell walls is primarily provided by the presence of the amorphous polymer melanin (Garcia-Rubio et
al.,, 2020). Further details of the interaction between cationic NPs and anionic microorganism cell

walls are provided in the later chapters.

NPs have also been functionalised with specific reactive groups to provide beneficial
characteristics. An example is the coating of silica NPs with SOCI, and N-Boc-1,4-butanediamine,
creating chlorine and amine groups on the surface. These groups offer fluorescence characteristics to
the NP and provided photoluminescent detection of NP interactions with mammalian cells (Natalio et
al., 2012). Boronic acid functional groups conjugated to NPs allows a non-electrostatic interaction with
cis-diol groups contained with the bacterial cell wall (Halbus et al., 2019b). The post-NP synthesis

surface functionalisation is a vast area involving a diverse array of functional groups.

In this project, the NPs were surface functionalised with either the polyelectrolyte, bPEI
(Branched polyethyleneimine), or the protease Alcalase 2.4 L FG, with the intention of providing an
electrostatic attraction to bacterial cell walls, and in the case of the protease at active agent to degrade

the EPS of biofilms. Further details of these materials are discussed below.
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Figure 1.12. Examples of surface modifications to NPs. Image created by Author.

1.5.1 Polyelectrolytes

Polyelectrolytes are polymers with a cationic or anionic functional group, which can dissociate
in aqueous solution to create a charged polymer, i.e. polycation or polyanion. They are usually of high
molecular weight and create a viscous solution at high concentrations. Like acids which are classified
as weak or strong depending on their ability to dissociate a proton, the same is true of polyelectrolytes
and their ability to disassociate their electrolyte functional group (Atkins et al., 2010). Polyelectrolytes
have many applications, including cosmetically as emulsifiers, thickeners, and conditioners (Hossel et
al., 2000). There use is also common in biomedical applications (Ishihara et al., 2019). They can also
be used to apply a surface charge to NPs, which are neutral or charged themselves (Fuller et al.,
2019). Figure 1.13 shows some common polyelectrolytes which have been used in biomedical
applications. Poly(diallyldimethylammonium chloride) (PDAC) has been used to apply a cationic charge
to NPs, encapsulating antimicrobial agents berberine and chlorhexidine, and increased the efficacy of
the antimicrobial agents against pathogens (Al-Awady et al., 2017; Al-Awady et al., 2018). Chitosan, a
cationic polysaccharide, has been researched extensively as a drug delivery agent in so-called
polyelectrolyte complexes (PEC) (Luo et al., 2014). Sodium alginate has also been used in PECs with
potential applications for drug delivery and tissue engineering (Wasupalli et al., 2018, Wang et al.,
2020b). In this project, the polycation electrolyte Polyethylenimine, branched (bPEI) was used as a NP

surface modification agent to confer a positive charge to the NPs.
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Figure 1.13. Common polyelectrolytes used in biomedical applications (Kulkarni et al., 2016).

1.5.1.1 Branched polyethylenimine (bPEI)

bPEl is a branced polymer which has repeating units of ethylenediamine and is a strong
cationic polyelectrolyte. PEls are polymeric molecules composed of repeating units of amine groups
and two aliphatic carbons; a branched PEI, bPEI, may have all types of primary, secondary and tertiary
amino groups while a linear PEI, PEI, contains only secondary and primary amino groups (Lungu et al.,
2016). It is stable in many polar solvents such as water, ethanol and chloroform. It has a useful
application as a surface charge applier to NPs and retains its cationic charge over a wide pH range. It
also has excellent salt stability, a very large saline concentration is needed to shield the charge of a
bPEI coated NP (NanoComposix, 2020). There have been numerous applications of PEl in biomedical
applications. PEl has been used to transfect DNA to cells, and demonstrates less toxicity than
commercially available reagents such as Effectene, LipofectAMINE 2000 and ExGen (Huh et al., 2007).
Liposomes have been surface modified with PEl. The liposomes, which had small interfering RNA
(siRNA) inside, showed increased efficacy against drug-resistant cancers when the PEI surface coating
was applied (Mendes et al.,, 2019). PElI has been shown to have synergistic properties when
administered with antibiotics. PEl, combined with several different antibiotic classes (aminoglycosides,
polymyxins and vancomycin's) resulted in 5 to 8-fold log CFU/mL reductions compared to the free

antibiotic alone. Likely due to increased permeability bPEl applies to bacteria (Khalil et al., 2008).

Permeabilising of bacteria has also been reported that a possible mechanism for this is

interaction with the anionic LPS (Helander et al., 1998). bPEI has also demonstrated usefulness against
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antibiotic-resistant pathogens. In methicillin-resistant staphylococcus epidermidis and MRSA, which
are resistant to beta-lactam antibiotics by expressing penicillin-binding protein 2a (PBP2a). bPEIl was
shown to interact with teichoic acid, reducing cell wall synthesis, allowing oxacillin to be more
effective (Lam et al., 2018). bPEIl interactions with PBP2a and subsequent prevention of localisation of
this enzyme at the bacteria septum during binary fission is another mechanism for increasing
antibiotic susceptibly against resistant pathogens. The abnormal cell wall morphology allowing beta-
lactams to be effective against species resistant to them (Hill et al., 2019). bPEI has also been revealed
to be a potentiator for beta-lactam antibiotic piperacillin, allowing it to be effective
against Pseudomonas aeruginosa, which was otherwise resistant. The bPEI again interacted with the
bacterial cell wall resulting in abnormal morphology and presumed increase in antibiotic penetration

(Lam et al., 2020).

Interestingly, bPEI has also been shown to reduce biofilm formation. The EPS matrix has been
revealed to not form in the usual fashion, compared to a control. This provided another useful
application of bPEI, as antibiotics are more effective against planktonic bacteria, rather than bacteria
within a biofilm (Lam et al., 2019). bPEIl has also been investigated for the coating of NPs and
microparticles (MPs), which have peptides or DNA inside. This increased the NP/MP content's
transfection by endocytosis mediated by the bPEl-coating (Shen et al., 2017). bPEIl does confer some
cytotoxic effects against mammalian cells, like all polyelectrolytes. However, it is tolerated by cells at

low concentrations (Fischer et al., 2003).

1.5.2 Proteases

Proteases are enzymes which catalyse the breakdown of proteins into polypeptides or single
amino acids via hydrolyses of the peptide (CO-NH) bond. Proteases are required in all life to for various
reasons, such as cell signalling, protein catabolism, wound repair, haemostasis, inflammation,
immunity, apoptosis, necrosis, angiogenesis, DNA replication etc. (Lovri¢ et al., 2012). Proteases were
originally grouped into either endopeptidases, which target internal peptide bonds, or exopeptidases,
targeting NH, and COOH termini. Often proteases can be grouped based on their optimal pH activity,
i.e., acid proteases, neutral proteases, or basic proteases (Razzaq et al., 2019). Currently, the
mechanism of catalysis is how proteases are grouped (Lépez-Otin et al., 2008). There are seven groups
of proteases with a wide array of different specific proteases in that group (Mdtyan et al., 2013; Lépez-
Otin et al., 2008; Jensen et al., 2010). Table 1.7 outlines the seven groups of proteases and gives
examples of specific proteases in that group. The use of proteases in research is vast, with applications
such as laundry and cleaning applications, food technology, medicine manufacturing, and biomedical

applications (Nahar et al., 2018).
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A serine group protease, tissue plasminogen activator (TPA) is used to treat ischemic strokes.
The enzyme can activate plasmin, which cleaves fibrin and reduces blood clotting (Wardlaw et al.,
2012). Wounds often contain damaged and necrotic tissue which is proteinaceous in nature. The
cysteine group proteases, papain and bromelain, the serine group trypsin, and the metalloproteinase
group collagenase have been researched for use as biological debridement agents, able to be effective
without causing further tissue damage (Klasen et al., 2000).

Table 1.7. Proteases groups (by proteolytic mechanism) and examples of specific proteases (data
obtained from Métyan et al., 2013; Lopez-Otin et al., 2008; Jensen et al., 2010; da Silva et al., 2017b).

Protease group Examples of specific proteases | Enzyme class Nucleophilic agent
Serine Trypsin Hydrolase E.C. Serine residue (Ser)
Elastase 3.4.
Subtilisin
Thrombin
Cysteine Bromelain Hydrolase E.C. Cysteine residue (Cys)
Papain 3.4.
Ficin
Threonine Ornithine acetyltransferase Hydrolase E.C. Threonine residue (Thr)
Testes-Specific Protease 3.4.
Aspartic Pepsin Hydrolase E.C. Water molecule activated by
Catheepsin D 3.4. two aspartates
Glutamic pepG1l Hydrolase E.C. Water molecule associated
3.4. with glutamate
Metalloproteinase Collagenase Hydrolase E.C. Water molecule activated by
Dispase 3.4. metallic ions
Thermolysin
Asparagine peptide | Nodavirus coat protein Lyase E.C. 4.3.2. Asparagine residue (Asn)
lyase

As discussed above, proteins are produced by biofilm-forming bacteria, with the function of
facilitating adherence to a substrate and providing the physically protective nature of the EPS. Other
than proteases, biofilm degradation/disruption can be created by applying agents such as DNase
(hydrolytic DNA cleaving), Dispersin B (glycoside hydrolase) and lysostaphin (antimicrobial peptide
agent) (Boles et al., 2011). Regarding proteases, the bacterially derived metalloproteinase
serratiopeptidase has been researched for its therapeutic use against S. epidermidis biofilms in an
animal model. This enzyme's application reduced the biofilm burden and increased the efficacy of
antibiotic ofloxacin when applied as a co-treatment (Mecikoglu et al., 2006). Cysteine group ficin has
also been investigated for its potential anti-biofilm properties. When applied to S. aureus and S
epidermidis biofilms a significant reduction in biofilm thickness and adherence was reported

(Baidamshina et al., 2017).

A metalloprotease obtained from bacterial sp. SKS10 was purified and revealed to be highly

effective in reducing S. aureus biofilms (Saggu et al., 2019). Proteases have also been functionalised
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on to NPs. Serine group Alcalase 2.4L was immobilised onto chitosan NPs and shown to have increased
activity longevity when applied on soy protein isolate compared to the free Alcalase 2.4L (Wang et al.,
2014). a-amylase from the Bacillus sp. and protease isolated bovine pancreas have been immobilised
onto copper NPs. The results indicated that the immobilised enzymes showed an improved pH and
temperature stability than free enzymes (Murugappan et al., 2021). Chitosan NP immobilised ficin has
also been shown to increase the clearing of wound burdened S. aureus biofilms in a murine model. An
equivalent concentration of chitosan NP immobilised ficin resulted in an improved wound healing
outcome after 15 days (Baidamshina et al., 2020). Proteinase K has been functionalised onto gold and
silica NPs and has demonstrated the ability to degrade biofilms and reduce their thickness (Zanono et
al., 2015; Habimana et al., 2018). Table 1.8 shows different groups of enzymes which have been used

to target biofilms.

In this study, Alcalase 2.4 L FG was chosen as the protease to be researched for potential NP
functionalisation and its antibiofilm potential. Alcalase 2.4 L FG is a serine group subtilisin derived
protease with an optimum usage activity between 30-650C and pH 7-9. Crucially, it has an isoelectric
point (IEP) of approximately 9 (as shown later in chapter 3), allowing it to be cationic at neutral and
acid pH, facilitating the electrostatic functionalisation to anionic NPs (Strem, 2021). More information

on this process is provided in chapter 3.

Table 1.8. Different groups of enzymes which have been used to target the EPS components of
biofilms.

Enzyme group Catalytic activity Example of ezyme | EPS target Ref

Hydrolases Cleaves C-C, C-O and AiiA, a-amylase, Quorum-signalling | (Dong et al., 2000;
C-N bonds, peptide Proteinase K molecules, Fagerlund et al.,
bonds and enhydride exopolysarchrides, | 2016; Kalpana et
linkages exoproteins al., 2012)

Lysases Cleaves C-C, C-O and Alginate lyase Exopolysarchrides (Lamppa et al.,
C-N bonds 2013)

Oxidoreductase | Catalyzes reactions of | Glucose oxidase, Bacterial growth by | (Ge et al., 2012;
electron transfer from | Curvularia producing H20., Hansen et al.,
reductant to oxidant haloperoxidase directly or 2003)

indirectly
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1.6 Nanocarriers for drug delivery — characteristics and application

Drug delivery to a specific target is an area commonly researched. With most intravenous
administered drugs, only a small amount reaches the target site (Ayyaswamy et al., 2013). The use of
nanocarriers can fulfil the goal of targeted delivery, i.e. infected tissues and tumours (i.e.,
extravasation, whilst also reducing the unwanted accumulation of drugs at healthy tissue (Din et al.,
2017). Common drug delivery nanocarriers include polymeric micelles dendrimers, liposomes and

biodegradable scaffolds (Singh et al., 2019).

As used in this project, microgels are cross-linked polymeric particles in a sub-micrometre
range (Richtering et al., 2014). A microgel which can have therapeutic use must be biocompatible and
not induce a metabolic or immune response when administered (Campbell et al., 2019). Additionally,

they must be small enough in size not to cause blood clotting or induce cancer (Urakami et al., 2013).

1.6.1 Drug loading / swelling behaviour

A good NP drug delivery system needs to have a high drug loading/encapsulation capacity (Shen et al.,
2017). The NP composition determines the drug loading efficiency, as well as the solubility and charge
characteristics of the drug and NP itself (Patra et al., 2018). For example, in polymeric NPs, the
functional groups, i.e. carboxyl or ester can interact with functional groups of the drug chosen to be
encapsulated (Al-Awady et al., 2017; Al-Awady et al., 2018).

There are two ways to encapsulate a drug within a NP.

e Absorption/adsorption technique: The NP is synthesised, and a mixture of the drug is added,
and the two combine to create an encapsulated NP (Kumari et al., 2014). This is the method
used with the nanogel Carbopol Aqua SF1 and the antibiotics tetracycline, lincomycin and
ciprofloxacin described later in chapter 2 and 3.

e Incorporation technique: the drug is encapsulated during the NP preparation/synthesis
(Kumari et al., 2014). This is the method used with the shellac/p407 polymeric NP and

antibiotics amphotericin B, penicillin G and oxacillin described later in chapter 4 and 5.

1.6.2 Microgel absorption/swelling technique

A nanogels swelling ability is dependant on the aqueous environment the polymer is in. pH,
temperature, and ionic strength influence the swelling characteristic (Soni et al., 2016). For example,
ionisation of carboxylic groups with the cross-linked matrix causes electrostatic repulsion and
subsequent swelling of the nanogel. This is shown with poly(ethyene glycol)-b-poly(methacrylic acid)

(PEG-b-PMA) nanogels in which high pH causes swelling (Bontha et al., 2016). This same function is

52



utilised with Carbopol Aqua SF1 used in this project. Swelling can also be decreased at high pH (the
opposite of Carbopol and PEG-b-PMA) depending on the functional groups within the nanogel. For
example, poly(ethylene glycol) and polyethyleneimine (PEG-c/-PEl) nanogels deswell at high pH due to
the protonation of amino groups within the PEI (Tatiana et al., 2001). The incorporation technique

was used to load amphotericin B, penicillin G and oxacillin into shellac/P407 NPs in this project.

1.6.3 Encapsulation stability

Cross-linked nanogel polymers can be used to retain the encapsulated drug and prevent its
premature release (Li et al., 2016). This allows drugs within the nanogel to be retained and provide
the therapeutic purpose of the nanogel, i.e. a concentrated targeted release of the encapsulated drug.
The chemistry of the drug loading into the nanogel can be accomplished with several different

strategies (table 1.9).

Table 1.9. Drug loading into nanogel strategies.

Nanogel drug loading strategy Ref

Covalent/electrostatic bonding of the drug and nanogel. Examples include (Ming et al., 2016)
copolymerisation of modified enzymes with acrylamide which allowed the
formation of drug-loaded nanogels. This technique was used to encapsulated

tetracycline, lincomycin and ciprofloxacin into Carbopol Aqua SF1 in this project.

Diffusion based drug loading. Silver has been loaded into dextran-lysozyme (Coll Ferrer et al.,
nanogels, for example. This is a simple technique in which the drugs and the 2014; Soltani et al.,
nanogel are simply mixed with constant mixing/agitation. 2016)

Drug loading by physical encapsulation. Several drugs have been loaded into (Wang et al., 2019b;

nanogel using this method, i.e. hydrophobic/ hydrophilic interactions (Wang et al., | Missirlis et al., 2006;
2019b). Doxorubicin has been loaded into a nanogel (Missirlis et al., 2006), Tao et al., 2016;
proteins into cholesterol-modified pullulan nanogels (Tao et al., 2016), and siRNA Serrano-Sevilla et al.,

into hyaluronic nanogels (Serrano-Sevilla et al., 2019). 2019)

1.6.4 Drug release from NPs and nanogels

Drug release is required to happen at the target site, increasing the nanocarrier's therapeutic
capability (Eckmann et al., 2014). This allows a high concentration of the drug localised to the target,
increasing the efficacy, and reducing the unintended effect on non-target tissues (Kamaly et al., 2012).
A lack of drug release at a specific target is why drugs which are successful in cell culture often fail to
be useful in complex systems, i.e. the human body (Rawat et al., 2006). Factors that affect drug release

include the drug solubility, and the diffusion out of the NP/degradation of the NP matrix itself (Patra
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et al., 2018). Size also influences drug release. Larger NPs tend to have a smaller initial burst release
with a longer sustained release than small NP alternatives (Lu et al., 2011). Drug-loaded content also
affects release. NPs with highly dense drug encapsulations increase the rate of drug release. For
example, Poly-lactic acid (PLA) NPs with a high 16.7 wt% savoxepine content release 90% of the drug
within 24 hours, compared to a drug loading content of 7.1% savoxepine which release the same 90%
over 3 weeks (Leroux et al., 1996). Initial burst release is thought to be due to drugs not just
encapsulated but also adsorbed onto the NP's surface (Yoo et al.,2020). Drug release can be achieved
using a different mechanism. The drug can be released by diffusion, for example, the release of
dexamethasone from dextran lysosome nanogels (Coll Ferrer et al., 2014). The drug release can also
be engineered due to the NP itself losing integrity, either because the NP is chemically or biologically
unstable (Begines et al., 2020). For example, cross-linked disulphide poly(oligo(ethylene oxide)
monomethyl ether methacrylate nanogels could be degraded and release their drug when exposed to
glutathione tripeptide, commonly found in cells (Yin et al., 2020). Doxorubicin was released from
nanogels due to the pH sensitivity of the nanogel. Acidic conditions accelerated the release increasing

usefulness against carcinoma cells with an acid pH microenvironment (Oh et al., 2010).

The localised sustained release of drugs has had successful applications. Cisplatin was
encapsulated into multivesicular liposomes and achieved a sustained and localised release of cisplatin
over 7 days. This increased its effectiveness against tumour areas in a mouse model, compared to
equivalent cisplatin concentrations alone (Xiao et al., 2004). Overall, the success or failure of the drug-
loaded NP is dependent on its release kinetics. Optimal drug release should be slow enough to avoid
drug loss before the NP reaches its target (Loew et al., 2011; Zeng et al., 2011). Whilst simultaneously
controlled and timed to ensure a high localised concentration of the drug is released near or on the
target site, allowing it to outperform the free drug (Patra et al., 2018). Streptomycin-loaded chitosan
magnetic iron oxide NPs (StrepCS-MNPs) showed controlled release and allowed increased the
effectiveness of streptomycin against MRSA (Hussein et al., 2014). The encapsulation of vancomycin
into chitosan NPs showed the release could be modulated based on pH. Vancomycin was released
more readily at pH 6.5 compared to pH 7.4 due to decreased NP stability in acidic conditions. This
allowed the vancomycin-chitosan NPs to be 8-fold more effective in an MRSA burdened mouse model
skin infection than equivalent concentrations of free vancomycin (Kalhapure et al., 2017).

Carbon nanotubes covalently functionalised with ciprofloxacin have been demonstrated to
release 90% of the loaded drug within 2.5 hours. This allowed it to achieve a 16-fold increase in
effectiveness against S. aureus and an 8-fold increase against P. aeruginosa and E. coli compared to
free ciprofloxacin, due to accumulation of the carbon nanotubes on the bacteria. (Assali et al., 2017).

Vancomycin-loaded aragonite (VANPs) have shown 120 hours of drug release and showed an
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increased effectiveness against MRSA, again due to localised release on the bacteria (Saidykhan et al.,
2016). Metal-carbenicillin framework-coated mesoporous silica NPs showed an increased
effectiveness against MRSA and better biofilm penetration (Duan et al., 2017). These are just some
examples of how encapsulation and improved release kinetics can have beneficial antimicrobial

performance.

1.7 Use of NPs in the treatment of infected wounds

Pathogenic infection is highly prevalent in chronic wounds, with over 90% presenting with
bacteria or fungi living within a biofilm, inside the wound (Attinger & Wolcott, 2012). A wound that
has failed to heal is termed chronic (Igbal et al., 2017). They are most likely to occur in patients already
suffering from disease resulting in increased morbidity and mortality, whilst also causing health care
providers substantial financial burdens (Darwin & Tomic-Canic, 2018). Chronic wounds are classified
into three types; diabetic foot ulcers (DFUs), venous leg ulcers (VLUs) and pressure ulcers (PUs)
(Frykberg & Banks, 2015). PUs usually form due to continuous pressure and friction from a bony
prominence in the body, therefore are typically found in bedridden patients (Boyko et al., 2018). VLUs
are usually caused by poor circulation and localised hypoxia caused by a venous obstruction (Alavi et
al,, 2016). As the name implies, DFUs are found in patients suffering from diabetes, where
hyperglycaemia impairs normal leukocyte function leading to an attenuated inflammatory response
and tissue damage, in addition, diabetes causes damage to the microvasculature causing increased
hypoxia (Lim et al., 2017). Burns also represent another example of a wound that is vulnerable to
infection, in severe cases leading to sepsis (Dvorak et al., 2021). A recent study estimated that 5.5%
of the total healthcare spending in the UK was on chronic wounds (Phillips et al., 2016). There is a
critical need for innovative treatments for pathogen-infected chronic wounds which can be effective

against biofilms and species with antibiotic resistance (Negut et al., 2018).

1.7.1 Clinical use of NPs

As discussed previously, targeting is what is vital to a successful drug-loaded NP treatment.
NPs can naturally and passively accumulate at diseased tissue through a phenomenon known as
enhanced permeability and retention (EPR) at a specific pathophysiology target (Greish, 2010). For
example, increased permeation due to a damaged endothelial layer (Kobayashi et al., 2013). The
increased vascular permeability is common in inflammation and allows NP ingress (Torchilin, 2000).
Generally, however, current research focuses on active targeting as it is more controllable, precise,
and relevant if tissue is not damaged (Muhamad et al., 2018). A variety of surface NP modifications

have been used to facilitate active targeting. The molecules used to select for target area must be able
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to effectively target this area without demonstrating any deleterious effects on the NP or drug content,
either by inhibiting activity or release (Eckmann et al., 2014). An example is the functionalisation of
CuONPs with 4-hydroxyphenylboronic acid, which allowed a targeted covalent bond to diol groups of
glycoproteins on the bacterial cell surface, resulting in increased concentration of the NP and toxicity
to bacteria (Halbus et al., 2019b). See figure 1.14 for examples of how size, shape and surface
functionalisation/coating of NPs influence circulation and clearance in the body. Overall, the increased
accumulation of NPs (and therefore the loaded drug) at the target site, and subsequent reduction of
the drug at a non-target site, greatly increases the usefulness of drug-loaded NP (Smerkova et al.,
2020). In this project, bPElI and Alcalase 2.4 L FG are used as an active targeting / NP surface

modification agent for increased electrostatic attraction to bacterial cell walls/antibiofilm properties.

The use of NPs for treating patients has been refocused, in part, to the increasing tendency of
precision/personalised medicine and the creation of the Precision Medicine Initiative (PMI) in 2015
(Collins et al., 2015). The application of PMI can use information such as a patient’s genetic profile or
comorbidities to develop a specific treatment plan. This allows a more effective treatment than a
heterogenetic approach to administering medicines. NPs, and their ability for specific targeting, have

been implicated as a useful tool in personalised medicine (Mitchell et al., 2020).
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Figure 1.14. Examples of how size, shape and surface functionalisation/coating of NPs influence
circulation and clearance in the body. General trends include, spherical and larger NPs marginating
more during circulation compared to rod-shaped which are more likely to extravasate. Phagocytosis,
for example by macrophages or monocytes, is more likely to occur to cationic/neutral and protein-
functionalised NPs. None-spherical, target-specific and neutral NPs are more likely to penetrate
tumours. Finally, smaller NPs are more likely to transverse mucosal barriers (Image adapted from
Mitchell et al., 2020).
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An example of the application of NPs in precision medicine is the use of graphene oxide
nanoflakes. These nanoflakes can bind to very low albumin levels in a patient’s blood sample, and are
subsequently coated in a biomolecular corona of proteins, the analysis of which can provide high-
throughput results for the detection of pancreatic cancer biomarkers when the nanoflakes are
analysed (Papi et al., 2019). Gold NPs are also used in biomarker detection. They can be functionalised
with agents such as thrombin binding aptamers or a celiac specific peptide, and therefore accumulate
a key biomarker that can be detected with greater sensitivity (Zhang et al., 2019b; Kaur et al., 2018).
There are numerous other biomedical applications in precision medicine (Aguado et al., 2018). A
challenge to overcome in the application of NPs is the effective biodistribution if administered
systemically in a patient, such as rapid clearance, shear forces in the blood, and protein absorption
which may limit their functionality (Wilhelm et al., 2016). NP could potentially be delivered locally to
circumvent obstacles of systemic delivery, but that may not also be practical, if for example in an

infectious or tumourous site that is not accessible.

For this reason, systemic NP treatments are more common (Gehr et al.,, 2019). NPs
administered systemically, i.e. in blood, face obstacles such as interaction with phagocytic cells
(Mitchell et al., 2020). Additionally, NPs under 10 nm are rapidly eliminated by the kidneys, and NP
over 200 nm risk activating the complement system, which could lead to unwanted immune response
problems (Hoshyar et al., 2016). Polyethylene glycol (PEG), sometimes referred to as macrogol, is
commonly used in biopharmaceutical drugs to improve bioavailability by conferring preferable
characteristics, such as physiologically pH changes and improved solubility (Veronese et al., 2005).
PEGylation coating of NPs is often used as this provides a “stealth” coating and reduces the
accumulation of antibodies and enzymes, which may result in the NPs having a longer serum half-life.
Anti-PEG antibodies can be present in patients who have been exposed PEG through non-medical
means, providing another hurdle of NP application (Wang et al., 2007; McSweeney et al., 2018; Yang
etal., 2016; Chen et al., 2015). NP stability in blood circulation is dependant on the materials they are
synthesised from, with lipid and polymer-based NP more susceptible to aggregation and colloidal
instability, for this reason, surface coating with cross-linking polymers and PEGylation of lipids is often

performed (Palanikumar et al., 2020; Tanaka et al., 2020; Sedighi et al., 2018; Cheng et al., 2016).

Variations in blood flow rates have also been shown to induce shear stress on NPs and make
resulting stripping of surface coatings and loss of encapsulated cargo prematurely (Jarvis et al., 2018;
Hosta-Rigau et al., 2013). Microscale NPs are less susceptible to these forces, and even the shape of
the NP is relevant as non-spherical geometries are less inclined to be rolled around the blood from the
edges of blood vessels (Cooley et al., 2018; Da Silva-Candal et al., 2019; Uhl et al., 2018). Overall, a

NPs haemodynamic performance is an important consideration, e.g. patients with hypertension often
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also have stenosis, which affects how the NP is distributed around the blood/body (Malota et al., 2018;
Chacén-Lozsan et al., 2018). Additionally, biomolecules also flowing in the blood can interact with NP,
these can create a corona of proteins on the surface of the NP, and reduce function and stability
(Scheetz et al., 2019; Tenzer et al., 2013; Cox et al., 2018; von Roemeling et al., 2017). Although this
has been taken advantage of in some therapeutic NP applications as described above. An example of
how this can be deleterious is the protein corona NP coating of apolipoprotein E (ApoE), which when
it accumulates encourages the NPs to target lipoprotein receptors and localisation to hepatocytes
(Chen et al., 2019; Yeo et al., 2019; Dal Magro et al., 2017; Dong et al., 2014). Furthermore, the build-
up of opsonin molecules can cause the NP treatment to become a target of phagocyte immune cells

(von Roemeling et al., 2017).

The clearance of NPs by phagocyte immune cells is influenced by the apparent charge and
physical hardness of the NPs. Cationic and harder NPs tend to be cleared more rapidly than softer
neutral or anionic NPs (Key et al., 2015; Hui et al., 2019; Kou et al., 2018; Blanco et al., 2015). NPsin
the blood have also been shown to trigger other immune responses such as secretion of interleukins
and interferons, potentially causing damaging tissue inflammation (von Roemeling et al.,, 2017,
Nizzero et al., 2018). NP geometry also plays a part in phagocyte clearance, with spherical NPs tending
to be less susceptible to phagocytosis than rods or other less smooth shapes (Nishita et al., 2017;
Wang et al., 2019c, Garapaty et al., 2019). Overall, the immune response, haemodynamic interactions
and biomolecule interactions are all important considerations when designing and eventually

potentially administering NPs for biomedical applications (Scheetz et al., 2019, Papi et al., 2019).

Interestingly, where the NPs are injected into the blood can impact how they are distributed
eventually, for examples polymeric NPs like poly(lactic-co-glycolic) acid (PLGA) NPs), if injected
intravenously, tend to accumulate in the liver and spleen. However, unsurprisingly, an intranodal
injection tends to accumulate in the lymph nodes. This is an important consideration depending on
the NPs purpose (e.g. anti-cancer) (Zhong et al., 2016; Battaglia et al., 2018; Délen et al., 2020). An
alternative to blood administration is inhalation which increased distribution in the pulmonary system,
and potentially avoid nullification of the NP via the mechanism explained previously, however, the
mucus-like nature of lung tissue provides a physical barrier (Zhong et al., 2016, Dong et al., 2020b;
Cone et al., 2009). Antibody targeting has shown to be on the most successful surface modifications
to NP due to their highly specific nature. However, a downside is an affinity for phagocytes to these
proteins, regardless of the antibodies intended specificity (Wu et al., 2020, Hoshyar et al., 2016). If
the NP is intended to reach tissues deeper within a patient, tight junctions in endothelial cells provide
a physical barrier (Schwartz, 2017, von Roemeling et al., 2017; Saraiva et al., 2016). The oral delivery

of NP faces challenges when crossing the intestinal endothelium, as they will have to do so by passive
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means (Ensign et al., 2012). Some NPs, such as silica-based ones have actually been shown to increase
the uptake of encapsulated drugs. They have been shown to open tight junctions (Lamson et al., 2020).
Generally, orally administered NPs will have to go through endocytosis and exocytosis, for which NP
of approximately 100 nm has shown to be the best (Le et al., 2018; Tian et al., 2018; Banerjee et al.,
2016; Yong et al., 2019; Zhang et al., 2019c). Unfortunately, NPs which undergo endocytosis, most do

not then go through exocytosis, effectively creating a considerable loss of NPs (Zhuang et al., 2018).

The environment that the NPs will encounter if administered intravenously or orally must also
be taken into account. For example, NPs which enter the gastrointestinal tract will encounter a highly
acidic environment and high concentrations of proteolytic enzymes which could degrade the NP or a
proteinous functional coating (Ensign et al., 2012; Oliva et al., 2015). The differences in pathological
environments can be taken advantage of, however. Wounds are often hyperthermic, so a
temperature-sensitive NP system could be targeted to these regions. Also, stenosis due to
atherosclerosis can be used to provide a target to NPs which have been designed to break down under
increased shear stress (Hathaway et al.,, 2017; Holme et al.,, 2012). In the context of cancerous
tumours, the serpentine nature of the abnormal vasculature can be advantageous towards NPs, as
they tend to accumulation in these regions enhancing the EPR (Scheetz et al., 2019, Sindhwani et al.,
2020). As discussed earlier in this chapter, and in chapters 3 and 4 later, biofilms provide a potential
barrier for NPs (all other small molecule therapeutics) (Ensign et al., 2012; Witten et al., 2017). Any
potential endocytosis of NPs is also dependent on how the NP interacts with the cell membrane.
Features such as lipid rafts and the distribution and concentration of cell surface proteins effectively
change the fluid mosaic properties and charge of various cell membranes, and in turn influence how
NPs interact with them (Scheetz et al., 2019; Ho et al., 2019; Behzadi et al., 2017; Kou et al., 2018;
Gehr et al.,, 2019). The size of the NPs required to undergo endocytosis is also a factor. NPs on the
very small size, i.e. less than 30 nm, may not be capable of driving membrane wrapping enough to
facilitate an endocytic process (Hoshyar et al., 2016). As discussed above, a variety of complex factors

must be considered when administering a systemic NP treatment (Mitchell et al., 2020).
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1.8 Aims of the thesis

As seen above, the first chapter provides a general introduction overviewing skin microbiology,
antibiotics and antibiotic resistance, biofilms and the application of NPs as antimicrobial agents. There
is an essential need for improved treatments for antibiotic-resistant species, which is confounded by
their ability to form biofilms. The research presented in this thesis explores if polymeric NPs can be
used to encapsulate and deliver concentrated antibiotics by subsequent functionalisation of the NP
with a cationic coating agent to kill antibiotic-resistant pathogenic planktonic and biofilm-formed
bacteria and fungi. Each following chapter provides an introduction and aims, and includes the

methods, results, discussion, and conclusions.

The research in chapter 2 investigates nanogel polymeric nanocarriers encapsulated with the
antibiotics, tetracycline and lincomycin and subsequently functionalised with a cationic
polyelectrolyte (bPEIl) to facilitate increased electrostatic interaction between the functionalised
particles and the anionic bacterial cell wall. The goal was to synthesis an antibiotic-NP based delivery
system which could allow the antibiotics encapsulated inside to be useful again towards pathogens

characterised as resistant to these antibiotics.

Chapter 3 advances the nanogel nanocarrier by surface functionalisation with the protease,
Alcalase 2.4 L FG. The aim was to prove that functionalisation with the protease could degrade biofilms
and allow an increased effect of the antibiotic encapsulated within the NP to in a more complex

bacterial phenotype.

Chapter 4 aimed to combine the efforts of utilising concentrated antibiotics into a polymeric
NP (chapter 2) and the active surface functionalisation, using Alcalase 2.4 L FG (chapter 3) and prove
if this could be effective against an antibiotic-resistant biofilm-formed pathogen. The antimicrobial
susceptibility profile of Staphylococcus aureus was analysed and found to be resistant to penicillin G.
It so was chosen as the pathogen to test the efficacy of the antibiotic encapsulated, protease
functionalised NPs. Pathogens of this nature often result in dire outcomes for patients and are very

difficult to treat, for example, in infected chronic wounds.

Chapter 5 aimed to prove antibiotic encapsulated NPs, surface functionalised with a protease
could also be used against fungal pathogens, broadening their therapeutic potential. Further
emphasise on the reduced toxicity of NPs, by way of reducing the overall concentration of the active

agent encapsulated whilst simultaneously maintaining the anti-biofilm effect is explored.

The final aim was to examine the cytotoxic effects of these NP formulations against

mammalian cells to provide preliminary data regarding their potential application in vivo.
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The thesis concludes in Chapter 6 with a summary of the project's findings, identifying areas

deemed prudent for further study.

1.9 Ethical statement

There are no ethical implications in the project for public health and safety. The human cells
used (HaCaT, a spontaneously transformed aneuploid immortal keratinocyte cell line from adult
human skin and HEP G2, human liver cancer cell line) in this study are derived from a commercially
available and well-characterised depository, AddexBio, T0020001 and the European Collection of
Authenticated Cell Cultures (ECACC) at Public Health England, 85011430, respectively. This does not
require the cell lines to be regulated by the Human Tissue Act 2004.

The chronic wound bacterial isolates were provided by the Hull Royal Hospital Pathology
department and have been fully anonymised with no patient data collected. Staphylococcus aureus
subsp. aureus Rosenbach (ATCC® 29213™), Pseudomonas aeruginosa (Schroeter) Migula (ATCC®
27853™), Staphylococcus epidermidis (Winslow and Winslow) Evans (ATCC® 35984™), Klebsiella
pneumoniae subsp. pneumoniae (Schroeter) Trevisan (ATCC® 35657™), Escherichia coli (Migula)
Castellani and Chalmers (ATCC® 25922™), Enterococcus faecalis (Andrewes and Horder) Schleifer and
Kilpper-Balz (ATCC® 51299™) and Candida. albicans (Robin) Berkhout (ATCC® MYA-2876) were

purchased from ATCC and are commercially available from a well-characterised depository.
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2.0 Chapter 2

Breathing new life into old antibiotics: overcoming
antibacterial resistance by antibiotic-loaded nanogel
carriers with cationic surface functionality

Weldrick, P. J., lveson, S., Hardman, M. J., & Paunov, V. N. (2019). Breathing new life into old
antibiotics: overcoming antibacterial resistance by antibiotic-loaded nanogel carriers with cationic
surface functionality. Nanoscale, 11(21), 10472-10485. Reproduced by permission of The Royal
Society of Chemistry. Conceptualisation, V.N.P. All experiments were performed by P.J.W under
V.N.P. supervision. S.| provided the clinical pathogen isolates used in this study. P.J.W prepared the

figures and wrote the manuscript, V.N.P and M.J.H. co-edited the manuscript. All authors have given

approval to the final version of the manuscript.

Multidrug-resistant pathogens are prevalent in chronic wounds. There is an urgent need to
develop novel antimicrobials and formulation strategies that can overcome antibiotic resistance and
provide a safe alternative to traditional antibiotics. This work aimed to develop a novel nanocarrier
for two cationic antibiotics, tetracycline hydrochloride and lincomycin hydrochloride which can
potentially overcome antibiotic resistance. In this study, the use of surface functionalised polyacrylic
copolymer nanogels as carriers for cationic antibiotics is reported. These nanogels can encapsulate
small cationic antimicrobial molecules and act as a drug delivery system. They were further
functionalised with a biocompatible cationic polyelectrolyte, bPEI, to increase their affinity towards
the negatively charged bacterial cell walls. These bPEI-coated nanocarrier-encapsulated antibiotics
were assessed against a range of wound isolated pathogens, which had been shown through
antimicrobial susceptibility testing (AST) to be resistant to tetracycline and lincomycin. This data
revealed that bPEl-coated nanogels with encapsulated tetracycline or lincomycin displayed increased
antimicrobial performance against selected wound-derived bacteria, including strains highly resistant
to the free antibiotic in solution. Additionally, these nanocarrier-based antibiotics showed no
detectable cytotoxic effect against human keratinocytes. The increase in the antimicrobial activity is
attributed to the cationically functionalised antibiotic-loaded nanogel carriers’ specific electrostatic
adhesion to the microbial cell wall delivering a higher local antibiotic concentration. This was
confirmed by scanning electron microscopy. Such a nanotechnology-based approach may enhance
the effectiveness of a wide variety of existing antibiotics, offering a potentially new mechanism to

overcome antibiotic resistance.
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2.1 Introduction

Antibiotics are bactericidal or bacteriostatic to microorganisms, and remove them from the body
or inhibit them sufficiently that the host immune system can fight infection without being outcompeted by
fast-growing microorganisms (Leekha et al., 2011). Antibiotics can function by inhibiting the synthesis of
the cell wall and the synthesis of DNA, RNA, or proteins. They enter the cell by diffusing through the cell
wall/membrane or by energy dependent transport mechanisms (Peach et al., 2013; Kohanski et al., 2010).
However, antibiotic resistance emerged almost immediately after penicillin was used, and resistant species
were already discovered before penicillin was first administered to patients (Davies & Davies, 2010). This
emergence of resistance has been greatly amplified by the mis- and over-prescription of antibiotics (Llor &
Bjerrum, 2014). The lack of recent antibiotic discovery has tipped the balance of discovery/resistance
towards bacteria, with an ever-increasing population of resistant species (Silver, 2011; Doron & Davidson,

2011).

Modes of resistance which bacteria may employ include: expression efflux pumps which create an
extracellular gradient reducing the concentration of the antibiotic in the cell; enzymatic inactivation of the
antibiotic; decreased membrane permeability; or modification of the target to reduce antibiotic affinity
(Munita & Arias, 2016). S. aureus has been studied extensively regarding antibiotic resistance, within six
years of aminoglycoside introduction, the resistance had already emerged via enzyme modification, with
over 50 separate enzymes discovered (Davies & Wright, 1997). When penicillinase-producing S. aureus was
targeted with a semi-synthetic analogous penicillin drug, methicillin, this soon became inhibited leading to
MRSA strains (Harkins et al., 2017). A similar pattern occurred with vancomycin resistance (VRSA) in 2002,
with multi-drug resistance becoming an increasing obstacle (Gardete & Tomasz, 2014; Assis et al., 2017).
The spread of resistance has increased by the bacterial ability to exchange genetic material (Perron et al.,

2011).

Tetracycline is a broad-spectrum antibiotic, active against many clinically relevant pathogens
(Chopra & Roberts, 2001). There are species such as P. aeruginosa, which have an intrinsic resistance due
to the presence of multi-drug efflux transporters and endogenous antimicrobial inactivation (Poole, 2011).
Tetracycline inhibits protein synthesis by blocking the ribosomal site A, reducing the ability of charged
aminoacyl-tRNA to enter the active site (Markley & Wencewicz, 2018). Bacteria can commonly become
resistant to tetracycline by the horizontal gene transfer of efflux pumps (Li et al., 2013). Lincomycin is a
member of the lincosamide antibiotic group and was first used clinically in 1964 (MacLeod et al., 1964). It
demonstrates strong activity against Gram-positive species, but weaker activity against some Gram-

negative species (Matzov et al., 2017). Similar to tetracycline, lincomycin prevents protein synthesis (Spizek
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& Rezanka, 2004). However, lincomycin binds to the 23S portion of the 50S subunit of bacterial ribosomes
causing the dissociation of peptidyl-tRNA (Hong et al., 2014). Bacteria can resist lincomycin by the use of

multi-drug efflux pumps (Leclercq & Courvalin, 2002).%

Attempts have been made previously to utilise antibiotics in a way which reduces the development
of resistant strains (Webster & Seil, 2012). Sequential regimens alternating between two or more antibiotic
doses at sub-lethal concentrations have been shown to reduce collateral sensitivity and help preserve
antimicrobial susceptibility to secondary antibiotic treatments, helping to limit the emergence of resistant
species (Fuentes-Hernandez et al., 2015; Li et al., 2017; Geilich et al., 2015). Synergistic antibiotic paired
treatments are often more effective than single treatments. Novel synergistic combinations are rare but
have been found using high-throughput genetic dataset analysis of bacteria exposed to different antibiotics
(Ayhan et al., 2016). Efforts have also been made in inhibiting the mRNA encoding for efflux pumps
expressed in resistant bacteria. Anti-sense oligonucleotides have been shown to inhibit mRNA translation
resulting in the reduced expression of efflux pumps, enabling once resisted antibiotics to be effective again
(Din et al., 2017). Recently, Geilich et al. reported a polymerosome based carrier of silver nanoparticles
encapsulating ampicillin which show promising results against antibiotic resistant Escherichia coli. Despite
progress in previous research, there still remains an urgent need for overcoming resistance in pathogens by

using a method which is non-invasive and simple to use in antimicrobial formulations.

Nanocarriers have previously been used to deliver drugs in a way which is target specific, increasing
the concentration of the drug at the desired location (Din et al., 2017). This can also reduce the unwanted
interaction of the drug in healthy tissue, facilitating a general reduced toxic effect (Yu et al., 2016). They can
also protect the encapsulated active agent from possible degradation or inactivation within a biological
system (Kumari et al., 2014). Nanocarriers must be biocompatible, biodegradable, non-immunogenic, and
not intrinsically toxic (Jahangirian et al., 2017). Various strategies for using nanomaterials as antimicrobials
and for delivery of antibiotics have been recently reviewed (Halbus et al., 2017; Gupta et al., 2019; Halbus
et al, 2019). Tetracycline itself, being a cationic antibiotic, has previously been encapsulated into
poly(acrylic acid) based interpenetrating polymer gels (IPNs), however, these are not nanocarriers and did

not include any bacterial targeting strategy (Bajpai et al., 2015).

Nanogels are lightly crosslinked ionisable polymer chains that can swell in aqueous solutions when
mediated by pH changes. Commonly, polymers with carboxyl group functionality are used to swell the
nanogel cross-linked scaffold, but other groups such as sulphate and hydroxyl can also be used (Soni et al.,
2016). Polyacrylic nanogels have previously been used to encapsulate and deliver cationic antimicrobial

molecules such as berberine hydrochloride and chlorhexidine di-gluconate (Al-Awady et al., 2017; Al-Awady
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et al., 2018). Dual-functionalised shellac nanoparticles showed a boost in the berberine and vancomycin

antimicrobial effect (Al-Obaidy et al., 2019a; Al-Obaidy et al., 2019b).

In this chapter a novel method for delivery of tetracycline and lincomycin is tested, it is designed to
significantly enhance their antibiotic action on resistant bacteria. Specifically, these cationic antibiotics were
encapsulated into the cores of a commercially available polyacrylic acid copolymer based nanogel, Carbopol
Aqua SF1. The surface of the nanogel particles was further functionalised with a mid-molecular weight
(M ~25,000) biocompatible polyelectrolyte, branched polyethylenimine (bPEl; outlined in Figure 2.1A).
Figure 2.1B shows the chemical structure of the nanogel and the individual components. This report studied
the antimicrobial efficacy of these antibiotic delivery vehicles against validated tetracycline and lincomycin
resistant wound derived clinical isolates. The cationic antibiotic is encapsulated within the interior of the
nanocarrier where it electrostatically interacts with partially dissociated COOH groups of the polyacrylic acid-
based nanogel. Due to the cationic nature of the bPEI coating, the modified nanogel particles can adhere
electrostatically to the negatively charged bacterial cell walls which allows the encapsulated antibiotic to be
released in a very close proximity to the targeted bacteria with the purpose of amplifying its antimicrobial

effect.

Gram-positive bacteria contain an abundance of teichoic acids, which are linked to either the
peptidoglycan or the cell membrane directly. These teichoic acids facilitate a negative charge due to the
presence of phosphate in their molecular structure. Similarly, Gram-negative bacteria contain an outer layer
of lipopolysaccharides and phospholipids, which confers a negative charge to the bacteria (Silhavy et al.,
2010). This process is illustrated in Figure 2.1C. This strategy can potentially deliver much higher dose of
antibiotic directly on the bacteria cell wall that can be achieved through oral intake and could temporarily
overwhelm the bacteria efflux transporters. Additionally, targeted nanocarrier-based antibiotic delivery
could avoid cytotoxicity by reducing the overall concentration of the antibiotic in the wound required for
efficacy. Here, for the first time, this concept is tested on a range of resistant and susceptible bacterial
species clinically isolated from wound samples, in an attempt to overcome antibiotic resistance without

increasing the overall concentration of the antibiotic treatment.
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Fig. 2.1. (A) A schematic diagram of the swelling (pH 8) and deswelling (pH 5.5) method used to encapsulate
tetracycline and lincomycin hydrochlorides into a polyacrylic acid nanogel carrier (Carbopol Aqua SF1). A
biocompatible cationic polyelectrolyte (bPEI) was used to functionalise the nanocarrier surface which makes
it non-toxic for mammalian cells, (B) the chemical formulas of polyacrylic acid (in the nanogel — partially
cross-linked), bPElI, tetracycline hydrochloride, and lincomycin hydrochloride. (C) The mechanism for the
delivery of antibiotics to the surface of bacteria. The positive charge of the nanoparticle due to ionisation of
the bPEI coating binds to the negatively charged surface groups of the bacterial cell wall. The nanogel
particle acts as a drug delivery vehicle for cationic antibiotics allowing a localised and continuously release,
which can potentially overwhelm the microorganism resistance mechanisms.
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2.2 Materials and methods

In this section, the materials and experimental methods used throughout this chapter are described.
2.2.1 Materials

Carbopol Aqua SF1 nanogel was supplied by Lubrizol, USA, as an aqueous suspension (30 wt%).
Polyethylenimine, branched (bPEI) was supplied by Sigma-Aldrich (99%), Germany. Resazurin sodium
salt (75%, Sigma-Aldrich, UK) was used for cell metabolic activity assays and diluted in Dulbecco’s
Phosphate Buffered Saline (DPBS) (Gibco, Fisher Scientific, UK) at a concentration of 15 mg mL™.
CellTiter 96® AQueous One Solution Reagent was purchased from Promega, UK, and used to measure
the metabolic activity of HaCaT cells. Tetracycline hydrochloride and lincomycin hydrochloride were
supplied by Sigma-Aldrich, UK. Mueller-Hilton Broth (MHB), Mueller-Hilton Agar (MHA), tetracycline
(30 pg) and lincomycin (15 ug) Antimicrobial Susceptibility Disk were supplied by Oxoid, UK. Dey-
Engley neutralising broth was provided by Sigma-Aldrich, UK. Dubecco’s Modified Eagle Medium,
heated activated Foetal Bovine Serum (FBS), and L-glutamine were delivered by Gibco (Fisher Scientific,
UK). Trypsin (10x) was purchased from Sigma-Aldrick, UK, and Trypan Blue Solution (0.4% phosphate
buffered saline was supplied by HyClone™ (GE Healthcare Sciences, UK). Staphylococcus aureus subsp.
aureus Rosenbach (ATCC® 29213™) and Pseudomonas aeruginosa (Schroeter) Migula (ATCC® 27853™)
were purchased from ATCC. Wound isolated bacterial species (Table 2.1) were obtained from Hull
Royal Infirmary, inoculated on bijoux slopes. Microbank bead cryovials (Pro-Lab Diagnostics, Canada)
were used to store all species for a long term at —-80 °C according to the manufacturer’s protocol.
Deionised water purified by reverse osmosis and ion exchange from a Milli-Q water system (Millipore,
UK or PURLTE SELECT, UK) was used in all studies. Consumable plasticwares used in the study were

purchased from Sarstedt (UK), Thermo Scientific (UK), or CytoOne (UK) unless otherwise stated.
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Table 2.1. Clinical isolate bacteria used in this study.

Hull Royal Genus/Species Origin
Infirmary Code

CN1 Staphylococcus epidermidis Leg ulcer

MR1 Metbhicillin-resistant Staphylococcus aureus Leg ulcer

MS1 Staphylococcus aureus Sebaceous cyst
PS2 Pseudomonas aeruginosa Leg ulcer

EF7 Enterococcus faecalis Ulcer

CN10 Staphylococcus pseudointermedius Burn swab

2.2.2 Bacterial culture

Bacterial stock plates were prepared by streaking one Microbank bead onto an MHA plate and
incubating for 24 hours at 37 °C to produce viable colonies. Overnight (O/N) cultures were prepared
by incubating a single colony scraped from the MHA stock plates into 10 mL of MHB for 16 hours at
37 °C with 140 rpm (Labnet 211DS shaking incubator, Labnet International). For all bacterial assays,
O/N cultures were adjusted to 0.5 McFarland standard by diluting the O/N culture into 0.85 w/v%
sterile saline until an optical density of 0.08—0.12 at 625 nm was obtained using a spectrophotometer
(Jenway 7310, Cole-Parmer). These adjusted bacterial saline suspensions were then diluted 1:150 into
MHB to yield starting concentrations between 5 x 10° and 1 x 10° colony forming units per mL (CFU

mL™?).
2.2.3 HaCaT culture

HaCat cells were cultured in DMEM supplemented with 10% FBS and 1% L-Glutamine in
humidified conditions at 37°C 5% CO2 in T75 flasks until a confluency of 80% was achieved,
determined by visualisation with a light microscope. Passaging was done at 80% confluency to ensure
the cells remained in the exponential phase for experimentation. Passaging was performed by
removing spent media and washing in DPBS and incubating with Trypsin (1X) at 37°C 5% CO2 for 5
minutes until the cells were detached and in suspension. The trypsin was then neutralised with using
1:1 volumetric ratio of fresh DMEM and gently centrifuged at 1000 g for 5 minutes, the supernatant
was aspirated, and the pellet resuspended in DMEM (supplemented as above) at a 1:6 ratio and
transferred into a fresh T75 flask. Surplus cells were retained for experimentation of frozen at -80°C

for long-term storage.
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2.2.4 Hydrodynamic diameter and zeta potential distributions of Carbopol Aqua SF1

nanoparticles

67 pL of the 30 wt% Carbopol Aqua SF1 solution was aliquoted and diluted to a final volume
of 100 mL in deionised water yielding a 0.02 wt% Carbopol Aqua SF1 solution. Separate aliquots of the
0.02 wt% Carbopol Aqua SF1 solution was adjusted to a pH of 4-12 using droplets 0.25 M NaOH or
0.25 M HCI whilst been stirred on a magnetic plate. The particle size distribution was measured with
a Zetasizer Nano ZS (Malvern Instruments, UK) for each pH measurement. 1 mL of each aliquot was
placed into a quartz cuvette prior to measurement. At pH 4-7 the refractive index was 1.450 and at
pH 8- 12 the refractive index of the swollen nanogel was 1.336, as determined by Al-Awady et al., 2017.
The absorption was 1.000 and the temperature was 25°C in both refractive index measurements. A

zeta potential dipstick was added to the cuvette to measure the zeta potential distribution.
2.2.5 Zeta potential of wound bacterial species

Bacterial species were cultured as described in as described in the main article. The bacterial
suspension was then centrifuged for 10 minutes at 5000 g and the supernatant discarded. The pellet
was washed twice with deionised water and finally resuspended into 45 mL of deionised water. Anl
mL aliquot of this suspension was then added to a quartz cuvette and the mean zeta potential
distribution was measured using the Dipstick probe and a Zetasizer Nano ZS (Malvern Instruments,
UK). The refractive index was 1.384, the absorption 1.000, and the temperature was 25°C for all

measurements.

2.2.6 Encapsulation of tetracycline and lincomycin into Carbopol Aqua SF1 nanogel and

its effect on Carbopol stability

The principle of encapsulating a cationic antibiotic (as a hydrochloride salt) is based on the
swelling and deswelling cycle of the Carbopol Aqua SF1 at different pH. Briefly, a 0.2 wt% aqueous
dispersion of the nanogel was prepared by adding 66.6 uL of the 30 wt% stock solution to a beaker
and diluting in 10 mL of deionised water. This was then adjusted to pH 8 by adding droplets of 0.25 M
NaOH whilst been stirred. The dispersion was then warmed to 37 °C. An aliquot of 0.2 wt%
tetracycline/lincomycin aqueous dispersion was prepared by weighing 20 mg of the antibiotic (ABX =
tetracycline or lincomycin) powder, diluting into 10 mL of de-ionized water and then warming to 37 °C.
The 10 mL ABX solution was then added to the pH 8 nanogel dispersion and shaken for 30 minutes at
37°C to allow the antibiotic cations to diffuse into and electrostatically bind to the swollen Carbopol
nanogel. The pH of the ABX—Carbopol solution was then reduced to pH 5 using droplets of 0.25 M HCl

whilst being stirred for another 30 minutes. The ABX—Carbopol solution was then centrifuged at 4000
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rom for 15 minutes, and the supernatant was removed and retained for encapsulation efficiency
analysis. The pellet was washed twice with deionised water and re-dispersed into 10 mL of deionised
water. The pH was then increased to 8 by gradually adding droplets of 0.25 M NaOH and the solution
was gently stirred overnight. The final ABX—Carbopol nanogel solution was reduced to pH 5.5 using
acetate buffer solution. The particle size and zeta potential distribution of the ATX—Carbopol

dispersion were measured using a Malvern Zetasizer as described above.
2.2.7 Encapsulation efficiency of tetracycline and lincomycin in Carbopol Aqua SF1

The encapsulation efficiency of ABX was measured by analysing the supernatant collected
from the centrifugation of ABX-Carbopol dispersion. The absorbance of the supernatant was
measured at 625 nm using a spectrophotometer (Jenway 7310, Cole-Parmer). Calibration curves of
both tetracycline and lincomycin were produced by diluting different weights of the anti-biotic into 10
mL of deionised water to create a range of aqueous solutions of ABX of concentration in the range of
0-0.2 wt%. A calibration graph was prepared for the absorbance as a function of the ABX
concentration. A linear regression was used to determine to the unknown concentration of the un-
encapsulated ABX in the supernatant. The encapsulation efficiency of the antibiotic loaded into the

Carbopol Aqua SF1 was calculated as follows;

] . total antibiotic — unencapsulated antibiotic
Encapsulation efficiency (%) —— x 100
total antibiotic

2.2.8 Release kinetics of tetracycline and lincomycin from Carbopol Aqua SF1 nanogel

formulations

The release kinetics of the ABX from the Carbopol Aqua SF1 was measured by placing the 10 mL 0.2
wt% ABX—Carbopol solution into 12—14 kDa dialysis tubing (Serva, Germany) and sealed with plastic clips.
The filled dialysis tubing was then placed into 500 mL of (i) an acetate buffer solution at pH 5.5 or (ii) a
phosphate buffer at pH 7.5 in order to monitor the amount of released ABX at a specific pH over 24 hours
at room temperature. 1 mL aliquots of the acetate or phosphate buffer solution were removed at specific
time points and the absorbance was measured at 625 nm using a spectrophotometer (Jenway 7310, Cole-
Parmer). 1 mL of either acetate of phosphate buffer solution was added to the respective solution to retain
the volume at 500 mL. Calibration curves of both tetracycline and lincomycin were constructed by diluting
different weights of the ABX into 500 mL of either acetate or phosphate buffer solutions to create a range
of buffered solutions of ABX of concentrations between 0 and 0.2 wt%. The amount of ABX released from

the Carbopol Aqua SF1 nanogel which has transferred into the buffer solution through the dialysis
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membrane pores was determined from the calibration curves. The percentage released ABX leaching from

the nanogel was calculated by the equation;

o amount of antibiotic in the buffer solution at a specific time
Antibiotic release (%) = — : x 100
amount of antibiotic loaded in to the nanogel

2.2.9 Functionalisation of ABX—Carbopol Aqua SF1 nanogel with bPEI

bPEIl is a branched cationic polyelectrolyte which was used to reverse the surface charge of the
ABX—Carbopol Aqua SF1 nanogel particles from negative to positive. A 0.005 wt% bPEI aqueous solution
was produced by weighing a 0.5 mg aliquot of bPEI and placing into a beaker and dispersing in a total volume
of 10 mL of deionised water whilst stirring. 10 mL of 0.005 wt% bPEI aliquot was rapidly added to 10 mL of
0.2 wt% ABX-0.2 wt% Carbopol dispersion with vigorous shaking for 5 minutes. The resulting mixture was
then centrifuged at 4000 g for 15 minutes. The supernatant was discarded, and the pellet was re-dispersed
into 10 mL of deionised water yielding a 0.005 wt% bPEI-0.2 wt% ABX-0.2 wt% Carbopol Aqua SF1

dispersion which was used as a stock for antimicrobial testing against wound associated bacterial pathogens.

2.2.10 Antimicrobial susceptibility testing (AST) disk diffusion test of wound species

A single colony of each species was isolated and placed into 10 mL of MHB and grown overnight at
37 °C. The bacteria suspension was then diluted to a 0.5 McFarland standard in MHB by measuring the
turbidity at 625 nm yielding 1-2 x 10® CFU mL™. A cotton swab was used to streak a MHA plate lawn. 4 +
0.5 mm deep MHA plates were prepared by adding 25 mL of molten MHA to a 9 cm round plate and left to
solidify at room temperature. Tetracycline (30 ug) and lincomycin (15 pg) antibiotic disks (both Oxoid, UK)
were applied to the MHA plates using a disk dispenser (Oxoid, UK), and the plates were incubated for 18
hours at 35 + 1 °C following EUCAST guidelines. The zone of inhibition diameters were illuminated using a
lightbox and the images were measured in mm using a ruler; the diameter was measured across 3 lines and

the mean was determined to be the zone of inhibition.

2.2.11 Cell viability of HaCaT cells treated with free ABX and Carbopol nanogel-formulated ABX

HaCaT cells (an immortalised human keratinocyte cell line, sourced from AddexBio, San Diego, Cat.
number T0020001) were cultured in DMEM supplemented with 10% FBS and 1% L-glutamine under
humidified conditions at 37 °C, 5% CO; in T75 flasks until a confluency of 80% was achieved, determined by

visualisation with an optical microscope. Passaging was done at 80% confluency to ensure that the cells
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remained in the exponential phase for experimentation. Passaging was performed by removing spent media,
washing in DPBS and incubating with 1x trypsin at 37 °C 5% CO; for 5 min until the cells were detached in
suspension. The trypsin was then neutralised with a 1 : 1 volumetric ratio of fresh DMEM and gently
centrifuged at 1000 g for 5 min, the supernatant was aspirated, and the pellet was resuspended in DMEM
(supplemented as above) at a 1 : 6 ratio and transferred into a fresh T75 flask. Surplus cells were diluted
and 1 x 10% HaCaT cells were seeded in 50 mL of DMEM (ABX free) supplemented with 2 wt% FBS (foetal
bovine calf serum) into a 96-well plate and incubated for 24 hours at 37 °C 5% CO,. The medium was then
removed and replaced with treatment infused media (free ABX or the formulated nanogel-encapsulated
ABX) and incubated for 24 hours after which it was replaced with fresh DMEM and 20 puL of CellTiter 96°®
Aqueous One Solution Reagent™ (Promega, UK) where it was incubated for 3 hours under the same
conditions. The absorbance was then read at 492 nm. These data were calculated into cell count data via
interpolation from the standard curve (absorbance values from a fixed number of cells in media (see Figure
2.23A). The data was represented as viability percentage of the control which was normalised to 100%. The

HaCaT cell viability assay was repeated in three independent experiments.

2.2.12 Minimum inhibitory concentration (MIC)

The bacteriostatic properties of the bPEI-coated ABX-loaded Carbopol nanogel particles and its
spectrum of activity were measured in comparison to equivalent concentrations of free tetracycline or
lincomycin. The antimicrobial activity was tested against each of the strains described in Table 2.1. Briefly,
O/N cultures of each strain were prepared as described above. 100 pL of each strain suspension was added
to the wells of a 96-well microtiter plate yielding 5 x 10°-1 x 10° cell per well. An aliquot of bPEI-coated-0.2
wt% ABX—0.2 wt% Carbopol suspension was prepared. This was centrifuged at 4000 g for 5 minutes and re-
suspended into 10 mL of MHB. 2-Fold dilutions of this suspension were prepared in separate aliquots and
50 ulL added to descending rows of bacteria on the microtiter plate. Equivalent 2-fold dilutions of the free
ABX were added to separate columns for comparison (50 pL per well). The plates were incubated for 20
hours at 37 °C. 20 pL of resazurin sodium salt (0.15 mg mL™ in DPBS) was added to each well and incubated
at 35 °Cfor 2 hours. The absorbance was recorded using a spectrophotometer (Jenway 7310, Cole-Parmer).
The resazurin in the presence of viable cells is reduced to resorufin by the bacterial co-enzyme NAHD,
indicating that the cells remain metabolically active and viable (see Figure 2.2). The MIC was determined to
be the lowest concentration of active antimicrobial agent which inhibited the growth of each strain. The MIC

assay was repeated in three independent experiments.
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Resazurin Resorufin

NADH NAD+

Figure 2.2. Resazurin reduction reaction. Resazurin in the presence of metabolically active cells is
reduced to the resorufin product, a blue colour indicates cells are inhibited and unable to reduce the
resazurin. Pinkindicated the cells are metabolically active and can produce the pink resorufin product.

2.2.13 Time-kill assays

Killing curves were constructed against each representative strain to determine the time taken for
the active agent in influencing total bacterial cell populations. O/N cultures were prepared yielding 10 mL of
MHB aliquots with 5 x 10°—1 x 10° cells per mL. 10 mL of 0.005 wt% bPEIl-coated—0.2 wt% ABX—0.2 wt%
Carbopol nanogel was added to each tube and incubated for 24 hours at 37 °C with 140 rpm. At time points
0,1, 2,3,4,6, and 24 hours, a 100 pL sample was removed from each treatment tube and added to 900 uL
of Dey-Engley Neutralising broth. 100 pL aliquots from each serial dilution tube were plated onto MHA
plates and incubated for 24 hours at 37 °C and enumerated. The time-kill assay was repeated in three

independent experiments.

2.2.14 SEM imaging of the treated cells

Cells were removed from their media by centrifugation at 2000 g for 5 min and washed and
resuspended in PBS buffer. The washing process was performed three times to remove excess media
peptone. The cells were then fixed in a 1 wt% glutaraldehyde PBS buffer solution for 1 hour at room
temperature, the cells were then centrifuged at 2000 g and the pellet was washed with deionised water
three times to remove excess glutaraldehyde; the cell samples were then re-suspended and dehydrated in
50%/75%/90% and absolute ethanol solutions for 30 minutes per each ethanol concentration. Cells were
then swabbed onto a glass slide and submerged into absolute ethanol and dried using liquid CO; at its critical
point using an E3000 Critical Point Dryer (Quorum Technologies, UK) and then coated in 10 nm Carbon. The
samples were imaged using an Ultra-High-Resolution Scanning Electron Microscope using cold field

emission (Hitachi SU8230, Japan).
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2.2.15 Statistical analysis

Data were expressed as average values * standard deviations of the mean. P-Values of less than
0.05 were considered significant. All One-Way ANOVAs and Tukey's post-test statistical analysis were

performed in GraphPad v7.0.4.
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2.3 Results and discussion

2.3.1 Encapsulation of tetracycline and lincomycin into Carbopol Aqua SF1 nanogel

The particle size and zeta potential of Carbopol SF-1 were measured using a Malvern Zetasizer Nano
ZS at 25 °C using a refractive index of 1.450. A 30 wt% stock solution was diluted to 0.02 wt% in deionised
water. The Carbopol nanogel suspension has an average particle diameter of 100 nm and a zeta potential
of -30 £ 1.82 mV (see Figure 2.3A and 2.3B, respectively). Figure 2.3C shows the useful swelling effect of
the Carbopol Aqua SF1 nanogel and how pH changes in the solution can be used to mediate this. There is a
change in the nanogel particle diameter from approximately 100 nm to 300 nm when adjusting the pH from
6 to 8, which is due to the COOH groups of the Carbopol undergoing de-protonation to COO- in a basic
solution. The electrostatic repulsion of these negatively charged —COO™ groups causes the particle swelling
effect and facilitates the subsequent electrostatic binding of cationic compounds. The negative zeta
potential of the swollen nanogel, which remains between -25 mV and -29 mV in a pH range of 4 to 12
(Figure 2.3D), shows the anionic nature of the Carbopol SF1 nanogel. This was exploited to bind the cationic
antibiotics (ABX), tetracycline hydrochloride and lincomycin hydrochloride to the cores of the nanogel
particles. The particle size of the de-swelled nanogel with encapsulated ABX is dependent on the ABX

concentration with which the nanogel has been incubated.

Figure 2.4A and 2.4C shows the relationship between the ABX concentration and the nanogel
colloid stability which must be maintained. This requires the ABX concentration to be proportional to the
nanogel concentration within a certain range. For both the tetracycline and the lincomycin solutions loaded
in the 0.2 wt% Carbopol-0.2 wt% ABX allows a nanogel particle shrink to approximately 110 + 2 nm.
However, for increased ABX concentrations and lower concentrations of the nanogel, the particle may
undergo aggregation and the formation of less stable nanogel, approximately 160 + 5 nm and 220 + 5.12
nm for tetracycline and lincomycin, respectively. The optimal combination of 0.2 wt% ABX-0.2 wt%
Carbopol Aqua SF1 nanogel formulation was chosen as this allowed the highest encapsulation efficiency of
ABX without compromising the nanocarrier colloidal stability. The zeta potential of the collapsed ABX-
loaded nanogel was unaffected by the concentration of the encapsulated ABX. Figure 2.4B and 2.4D (for
tetracycline and lincomycin, respectively) show that the zeta potential of 0.2 wt% Carbopol remains stable
at approximately -39 + 1 mV whether loaded with lower or higher concentrations of ABX, indicating that
the ABX concentration does not impact the overall surface charge of the collapsed nanogel particles. The
purpose of encapsulating the antibiotic was to provide a targeted delivery system which would release it in
close proximity to the microbial cell wall. To achieve this, the 0.2 wt%—0.2 wt% ABX formations were mixed

with very low concentrations (0.005 wt%) of the cationic polyelectrolyte bPEI (branched polyethyleneimine)
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to reverse the surface charge of the collapsed nanogel particles and induce electrostatic attraction to the

negative bacterial cell wall. 0.005 wt% bPEI was chosen as it was the optimal concentration that can reverse

the surface charge of the nanogel particles and maintain the optimal colloidal stability of the nanocarrier.
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Fig. 2.3. The nanogel particle size (A) and the zeta potential (B) distribution of 0.02 wt% Carbopol Aqua
SF-1 suspension measured at pH 5 with a Zetasizer. (C) The 0.02 wt% Carbopol Aqua SF1 nanogel mean
particle hydrodynamic diameter and (D) mean zeta potential at varying pH. The particle size and zeta
potential are measured using a DLS. Carbopol Aqua SF-1 was diluted from a 30 wt% stock with two
refractive indexes (RI). pH 4-7 (collapsed nanogel) is measured with Rl 1.450 and pH 8-12 (swollen
nanogel) with Rl 1.336 at 25 °C. Each value represents a triple replicate with + S.D. The lines are
guides to the eye.

106



Figure 2.5 shows that increased concentrations of bPEl-induced aggregation of the nanogel
particles with no detectable further increase in their zeta potential. Figure 2.6 shows that the zeta potential
of the ABX-loaded nanogel particles was reversed from approximately -39 mV to + (25-28) mV for both
tetracycline and lincomycin loaded in Carbopol Aqua SF1 after coating with bPEIl. The measurements
showed that the zeta potential of the bPEI-coated nanogel particles remained very stable and positive for
more than 24 hours indicating that the bPEI has coated the particle surface, conferring a long-lasting positive

surface charge.
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Fig. 2.4. (A) The mean particle diameter and (B) zeta potential of 0.1, 0.15, and 0.2 wt% Carbopol Aqua SF1
nanogel after encapsulation of tetracycline at various concentrations and (C) the particle diameter and (D)
zeta potential of 0.1, 0.15, and 0.2 wt% Carbopol Aqua SF1 nanogel after encapsulation of lincomycin at
various concentrations at pH 6. 0.1, and 0.15, and 0.2 wt% Carbopol Aqua SF1 nanogel suspensions were
prepared and mixed with tetracycline/lincomycin hydrochloride at varying concentrations. Each value
represents a triple replicate with £ S.D. The lines are guides to the eye. The legend is representative of all A,
B, C,and D.
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Figure 2.5. (A) The zeta potential of 0.2 wt% tetracycline-0.2 wt% Carbopol and 0.2 wt% lincomycin-
0.2 wt% Carbopol NPs coated with various concentrations of bPEl and (B) the mean particle diameter
of 0.2 wt% tetracycline-0.2 wt% Carbopol and 0.2 wt% lincomycin-0.2 wt% Carbopol NPs coated with
various concentrations of bPEI. Each value represents a triple replicate with £ S.D. The lines are guides
to the eye.
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2.3.2 Encapsulation efficiency and release kinetics of tetracycline and lincomycin in Carbopol

Aqua SF1

The supernatant of the ABX-nanogel formation was retained after centrifuging to determine how
much ABX the nanogel has been encapsulated in the swelling and de-swelling process. Figure2.7A and 2.7B
show the absorbance of the tetracycline and lincomycin in deionised water reduced to pH 5 using 0.25 M
HCI. This calibration curve was used to compare the absorbance readings obtained from the supernatant
obtained during the centrifugal process used in forming the ABX-loaded nanogel particles. A linear
regression equation was used to determine the ABX concentration in the supernatant and from this the ABX
concentration retained within the nanogel. Tables 2.2 and 2.3 show that increasing the temperature to 37 °C
while incubating the Carbopol nanogel and the ABX solutions prior to mixing and the duration of the mixing
both affect the ABX amount being successfully encapsulated. In both the tetracycline and lincomycin
formulations, the 30 min/37 °C mixing conditions yielded the highest encapsulation efficiency, with 89.9%
for tetracycline and 79.5% for lincomycin, respectively. The release kinetics of ABX from the ABX-loaded

nanogel formations was tested to examine how the ABX release is affected by the pH of the solution.

The experiments indicated that 30 min at 37°C was the optimum time to incubate the
antibiotic solution with the swollen Carbopol nanogel in order to gain the maximum encapsulation
efficiency. Incubation times greater than this showed no increase in encapsulation efficiency. This is
demonstrated by using EDX data from lincomycin encapsulated Carbopol. Lincomycin was chosen as
it contains a sulphur atom which can be detected on the EDX spectra. It can be seen that the sulphur-
related peak in Figure 2.8B (60 min incubation) did not yield a significant increase compared with the
sulphur-related peak on Figure 2.8A (30 incubation). Hence it is concluded that no further lincomycin
was encapsulated into the nanocarrier after the 30 minutes incubation with lincomycin solution at

identical conditions.
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Figure 2.7. Standard calibration graphs of the absorption vs concentrations of (A) tetracycline and (B)
lincomycin hydrochloride. Absorbance was measured at 625 nm. Aliquots were prepared by adding
antibiotic hydrochlorides to deionised water at specific concentrations.

Table 2.2. The concentration of tetracycline encapsulated into 0.2 wt% Carbopol Aqua SF1 nanogel.

Carbopol-antibiotic
mixture

Total tetracycline
conc. attempted to

Tetracycline in
supernatant / wt%

Tetracycline
encapsulated /

Encapsulation
efficiency / wt%

environment encapsulate / wt% wt%

15 mins, 20°C 0.2 0.042 0.158 78.9
15 mins, 37°C 0.2 0.026 0.174 86.9
30 mins, 20°C 0.2 0.032 0.168 84
30 mins, 37°C 0.2 0.02 0.18 89.9

Table 2.3. The concentration of lincomycin encapsulated into 0.2 wt% Carbopol Aqua SF1 nanogel.

Carbopol-antibiotic Total lincomycin Lincomycin in Lincomycin Encapsulation
mixture conc. attempted to | supernatant/wt% encapsulated / efficiency / wt%
environment encapsulate / wt% wt%
15 mins, 20°C 0.2 0.095 0.105 52.4
15 mins, 37°C 0.2 0.078 0.122 61
30 mins, 20°C 0.2 0.081 0.119 59.5
30 mins, 37°C 0.2 0.041 0.159 79.5
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Figure 2.8. EDX spectra of Carbopol Aqua SF-1 NPs after 30 and 60 minutes incubation with lincomycin.
(A) shows the EDX spectra of a sample of 0.2 wt% lincomycin-0.2 wt% Carbopol Aqua SF1 after 30 min
loading time with the antibiotic at 37°C, (B) shows 0.2 wt% Lincomycin-0.2 wt%-0.2 wt% Carbopol
Aqua SF1 after 60 min loading time with the antibiotic at 37°C. The measurement was taken in the
centre of the nanocarrier NPs. Oxford Laboratories micF+ X-stream-2 EHX was used to take
measurements, the results were analysed in Aztec One v.3.3.

Figure 2.9A and 2.9B show that tetracycline and lincomycin are slowly released from the interior of
the nanogel particles over a period of 24 hours. In both the tetracycline and lincomycin loaded nanogel-
formulations, their release from the nanogel is higher in the PBS (pH 7.5) compared to the acetate buffer
(pH 5.5). In both the acetate and phosphate saline buffers, there is a large release of both tetracycline and
lincomycin within the first 5 hours between 30% and 70% for the acetate buffer and PBS, respectively.
Further release of the antibiotic is much slower and gradual for the remaining time. The increased ABX
release rates in the phosphate buffer solutions can be explained by the partial swelling of the nanogel at the
higher pH, which will allow ABX to diffuse faster from its interior. The continued release of ABX from the
nanogel particles over a long period of time could also potentially be highly beneficial in an antimicrobial
context, as the ABX will be delivered locally on the surface of the bacterial cell continuously for a long period

of time.

There are not currently any previous studies in which these antibiotics were encapsulated into

nanogel particles of the same nanocarrier chemistry. These results allow comparison with typical
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encapsulation efficiencies with other cationic antimicrobial molecules such as berberine hydrochloride (Al-
Awady et al., 2017) and chlorhexidine digluconate (Fuentes-Hernandez et al., 2015; Al-Awady et al.,
2018). These studies show that encapsulation of these cationic antimicrobials has proven successful within

anionic microgels and dual functionalised shellac nanocarriers with comparable encapsulation efficiency.
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Fig. 2.9 (A) Tetracycline and (B) lincomycin release kinetics in different pH solutions. 10 mL of 0.2 wt% ABX—
0.2 wt% Carbopol suspension was placed in a 10-12 kDa MWKO dialysis bag. The dialysis bag was
submerged into either 250 mL of phosphate or acetate buffer (pH 7.5 and 5.5, respectively) whilst stirred. 1
mL aliquots were taken at specific time points on the absorbance of the aliquot equated into the
concentration of ABX in the buffer using a standard calibration curve. Absorption was measured at 625 nm.

Figure 2.10 shows SEM images acquired of (A) a sample of 0.2 wt% Carbopol loaded with 0.2 wt%
lincomycin, (B) 0.005 wt% bPEI-0.2 wt% lincomycin—0.2 wt% Carbopol, and (C) 0.2 wt% Carbopol nanogel
(empty nanocarrier). Lincomycin was chosen for the characterisation due to the presence of a sulphur in the
molecular structure. It can be seen from the EDX spectra the presence of sulphur in the lincomycin-loaded
Carbopol nanogel particles after the particles have been washed from the excess of lincomycin. This spectra
peak is not present in the unloaded nanocarrier (Figure 2.10C). It is concluded from this result that
lincomycin has been successfully loaded into the nanogel particles, also in agreement with the dynamic light
scattering results presented in Figure 2.4. SEM images were acquired of the showing 0.2 wt% Carbopol
loaded with 0.2 wt% lincomycin, 0.005 wt% bPEI-0.2 wt% lincomycin-0.2 wt% Carbopol, and 0.2 wt%
Carbopol (empty nanocarrier). Lincomycin was chosen for the characterisation due to the presence
of a sulphur atom in the molecular structure. EDX spectra shows the presence of sulphur in the
lincomycin loaded Carbopol NPs (see Figure 2.10). This spectra peak is not present in the unloaded
nanogel carrier. As the source of the sulphur is the loaded lincomycin, this additionally confirms that
it has been successfully loaded into the nanocarrier, agreeing with the dynamic light scattering results
(Figures 2.4A, 2.4C) showing the nanocarrier size increase upon loading) and release curves (Figure

2.9).
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Figure 2.10. SEM images and EDX spectra of Carbopol Aqua SF-1 NPs. (A) shows spectra of 0.2 wt%
lincomycin-0.2 wt% Carbopol Aqua SF1, (B) shows 0.005 wt% bPEI-0.2 wt% Lincomycin-0.2 wt%-0.2
wt% Carbopol Aqua SF1, and (C) 0.2 wt% empty Carbopol Aqua SF1. The measurement was taken in
the centre of the NPs. Oxford Laboratories micF+ X-stream-2 EHX was used to take measurements,
the results were analysed in Aztec One v.3.3. Images were acquired using a TM3030 Plus SEM. Scale
bars represent 200 nm.

2.3.3 Zeta potential of wound-relevant bacterial species

The action of the Carbopol encapsulated ABX, functionalised with bPEI to yield a positive surface
charge, is to facilitate a sustained and targeted ABX delivery platform, which is based on the electrostatic
adhesion between the nanogel particles and the bacterial cell wall. Seven wound-associated bacterial
pathogens, along with a S. aureus reference strain (ATCC—21213) and P. aeruginosa reference strain (ATCC
— 27853), were cultured overnight and centrifuged for 10 minutes at 5000 g. The pellet was re-dispersed
into deionised water for the zeta potential measurement. The zeta potential for Gram-negative species was
between -30 mV and -37 mV, while the six Gram-positive species had a very similar zeta potential of -20 +
2 mV (Figure 2.11). As expected, the additional negatively charged lipopolysaccharide (LPS) confers higher
negative surface charge for the Gram-negative species. Crucially, all bacteria tested displayed a negative
charge which should allow electrostatic adhesion between the bacterial cell wall and the cationic nanogel

formulations.
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Fig. 2.11. Zeta potential of bacterial wound species. A colony of each species was inoculated into 10 ml of
MHB and grown overnight at 37 °C with constant shaking. The bacterial suspension was centrifuged for 10
min at 5000 g. The supernatant was discarded, and the pellet was washed twice with deionised water. The
pellet was resuspended in 45 ml of deionised water. 1 mL of this suspension was placed in a quartz cuvette
and zeta potential was measured using the Dipstick probe and Malvern Zetasizer nano ZS. The refractive
index was 1.384 and the absorption was 1.000. N =3 with + S.D.

2.3.4 Antimicrobial susceptibility testing (AST) disk diffusion test of wound species

Tetracycline and lincomycin disks were placed on bacterial lawns of the eight selected bacterial
species to confirm antibiotic resistance (Figure 2.12). The zone of inhibition surrounding the disk was
measured in mm using a ruler and compared to reference values from the European committee of
antimicrobial susceptibility testing (EUCAST, 2018). Table 2.4 shows the results from the antimicrobial
susceptibility disk diffusion testing. S. aureus (both strains), S. epidermidis, MRSA, and S. pseudointermedius
were susceptible to both tetracycline and lincomycin. P. aeruginosa (both strains) and E. faecalis were
resistant to both tetracycline and lincomycin. Figure 2.12 shows the clear zones of inhibition which surround

the species which confer resistance to either antibiotic.
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S. aureus — ATCC 21213 S. epidermidis

S. aureus — wound strain MRSA

E. faecalis S. pseudointermedius

P. aeruginosa — wound strain  P. geruginosa — ATCC 27853

Fig. 2.12 Zones of inhibition (AST disk diffusion test) for wound isolates and reference strains. 15 ug
lincomycin disks (left) and 30 pg tetracycline disks (right).
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Table 2.4. Antimicrobial resistance tests of tetracycline and lincomycin by disk diffusion method for
wound species.

Bacterial strains Antibiotic disk
Species Origin Tetracycline (30 pg) zone Lincomycin (15 pg) zone
diameter (mm) diameter (mm)
S. aureus N=3 Reference 32 30
strain 21213 (S,3/3) (S,3/3)
S. epidermidis N=3 Leg ulcer 34 24
(S, 3/3) (S,3/3)
MRSA N=3 Leg ulcer 32 26
(S, 3/3) (S,3/3)
S. aureus N=3 Sebaceous 26 26
cyst (S, 3/3) (S, 3/3)
P. aeruginosa N=3 Leg ulcer 2 2
(R, 3/3) (R, 3/3)
E. faecalis N=3 Ulcer 1 1
(R, 3/3) (R, 3/3)
S. pseudointermedius | Burn swab 28 30
N=3 (S,3/3) (S,3/3)
P. aeruginosa N=3 Reference 2 2
strain 27853 (R, 3/3) (R, 3/3)

Results of zone of inhibition repeats are in brackets i.e., S=susceptible, R=resistant, for zone diameter

interpretation (EUCAST 8.1 (16 May 2018)) standards were used where available.

2.3.5 Viability of HaCaT cells treated with tetracycline/lincomycin and Carbopol encapsulated

tetracycline/lincomycin and its individual constituents

A preliminary human cell cytotoxicity experiment was performed on HaCaT cells to assess if the
Carbopol Aqua SF1 nanogel formulations (and individual constituents) were toxic to human cells compared
to the free antibiotics. Interestingly, Figure 2.13B shows that after 24 hours of incubation, 0.2 wt% Carbopol
nanogel, 0.005 wt% bPEIl, and 0.2 wt% bPEI-0.2 wt% Carbopol (empty carrier) showed no toxic effect
compared to the untreated cell controls. This indicates that the individual components of the nanogel
formulation did not lead to a reduction in the viable cell number after 24 hours. Treatments with free
tetracycline and lincomycin were used at concentrations 0.2, 0.3, and 0.4 wt% and showed a slight reduction
in total cell counts when compared to the control, approximately 20% to 25% for lincomycin and tetracycline
at 0.4 wt%, respectively. The 0.2 wt% Carbopol-0.2 wt% ABX—0.005 wt% bPEI formulation showed toxicity
in line with 0.2% free antibiotic. This indicates that the nanogel-loaded antibiotics confer no increased
toxicity to HaCaT cells, both when encapsulating an antibiotic and as an empty nanocarrier. This formulation

could have a potential topical application to treat infected wounds. HaCaT cells represent a good proxy for
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a typical skin keratinocyte which would be exposed to the ABX-loaded nanocarrier formulation during the

wound treatment.
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wt% bPEI wt% bPEI-0.2
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Figure 2.13. (A) Calibration curve of HaCaT cells. Various cell concentrations were seeded in DMEM
medium and absorption values obtained at 492 nm. These data were used to calculate the number
of cells in parallel treatment / untreated wells. N=3 with £ S.D. (B) HaCat viability after treatment
with tetracycline concentrations and Carbopol formulated tetracycline/lincomycin and individual
formulation constituents. 1 x 10* HaCat cells were seeded in 50 mL of DMEM (antibiotic free)
supplemented with 2 wt% FBS (foetal bovine calf serum) into a 96-well plate and incubated for 24
hours at 37°C 5% CO,. The medium was then removed and replaced with treatment infused media
and incubated for 24 hours in the same conditions. The treatment media was then removed and
replaced with fresh DMEM and 20 pL of CellTiter 96® AQueous One Solution Reagent added to each
well and incubated for 3 hours in the same conditions. The absorbance was then read at 492 nm.
These data were calculated into cell count data via interpolation for the standard curve cell count data
from (A). N =3 with +S.D.
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2.3.6 Antibacterial activity of bPEl-coated tetracycline/lincomycin loaded Carbopol Aqua SF1

on clinical wound isolates

Figures 2.14 and 2.15 show time kill evaluation of 0.005 wt% bPEI-0.2 wt% Carbopol-0.2 wt% ABX
(tetracycline and lincomycin, respectively). The uncoated Carbopol nanogel and bPEI coated nanogel were
included as unloaded controls. Exponential growth was observed over 24 hours for the eight wound-
relevant bacteria under no treatment conditions and in the presence of each control component (0.2 wt%
nanogel, 0.005 wt% bPEI, and the 0.005 wt% coated 0.2 wt% nanogel). S. aureus (clinical isolate and
reference strain), S. epidermidis, MRSA, and S. pseudointermedius showed after 24 hours that both
tetracycline and lincomycin had a bacteriostatic effect on growth, with a small reduction in bacteria number
over the 24 hours. By contrast, P. aeruginosa (clinical isolate and reference strain) and E. faecalis showed no
reduction in cell population when treated with 0.2 wt% free tetracycline and lincomycin compared to the
untreated growth control. These results are in agreement with the AST disk diffusion results shown in Figure

2.12.
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Fig. 2.14. Time kill assays against clinical wound isolates and selected reference species. Tetracycline (0.2
wt%) and 0.005 wt% bPEI-coated 0.2 wt% tetracycline loaded in 0.2 wt% Carbopol (CLC), 0.005 wt% free
bPEIl and 0.005 wt% bPEI-coated 0.2% Carbopol (empty nanocarrier) tested against several clinical isolate
wound bacteria. The results are presented as means (n = 3). The lines are guides to the eye. <0.05 is
considered significant. *P < 0.05, **P <0.01, ***P < 0.001 compared to the free tetracycline.
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Fig. 2.15. Time kill assays against clinical wound isolates and selected reference species. Lincomycin and
0.005 wt% bPEI-coated 0.2 wt% lincomycin loaded in 0.2 wt% Carbopol (CLC), 0.005 wt% free bPEl and 0.005
wt% bPEl-coated 0.2% Carbopol (empty nanocarrier) tested against several clinical isolate wound bacteria.
The results are presented as means (n = 3). The lines are guides to the eye. <0.05 is considered significant.
*P<0.05, **P<0.01, ***P < 0.001 compared to free lincomycin.
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The bPEI-coated nanogel encapsulated tetracycline and lincomycin were highly effective against S.
aureus (reference strain) and S. epidermidis causing a >5 log reduction in cell population after approximately
3 hours. A similar result is observed in MRSA, S. pseudointermedius and E. faecalis with a >5 log reduction
observed with the nanogel-encapsulated tetracycline at 3 hours, and after 24 hours with lincomycin. After
24 hours the wound isolated S. aureus has shown a >5 log reduction with encapsulated tetracyclineand a >1
log reduction with encapsulated lincomycin. P. aeruginosa (ATCC and clinical isolate) showed an
approximate >4 log reduction with the nanogel-encapsulated tetracycline and lincomycin compared to
equivalent concentrations of the free antibiotic. Collectively, these data show that the cationic antibiotic
delivery system enhances the antimicrobial action of tetracycline and lincomycin, across all eight bacteria
evaluated in this study. Crucially, cationic nanocarrier-based antibiotic delivery was able to overcome
antimicrobial resistance across several isolates, conferring > 5 log reduction within 24 hours (Tables 2.5 and

2.6 show the significance between free and nanogel encapsulated antibiotics).

Table 2.5. Time-Kill assay statistical analysis between free tetracycline and encapsulated tetracycline
at 6 and 24-hour time points. Data were expressed as average values + standard deviations of the
mean. P values of less than 0.05 were considered significant. All One-Way ANOVAs and Tukey’s post-
test statistical analysis were performed in GraphPad v7.0.4.

Species Multiple Comparison P-value Significance
S. aureus (ATCC - 21213) 6 hour tetracycline vs 6 hour formulated tetracycline 0.02270416 *
24 hour tetracycline vs 24 hour formulated tetracycline 0.00401855 *x
S. epidermidis 6 hour tetracycline vs 6 hour formulated tetracycline 0.03562452 *
24 hour tetracycline vs 24 hour formulated tetracycline 0.00145661 **
MRSA 6 hour tetracycline vs 6 hour formulated tetracycline 0.00238776 **
24 hour tetracycline vs 24 hour formulated tetracycline 0.00165489 **
S. aureus (wound strain) 6 hour tetracycline vs 6 hour formulated tetracycline 0.00215412 **
24 hour tetracycline vs 24 hour formulated tetracycline 0.00545155 **
P. aeruginosa (wound strain) 6 hour tetracycline vs 6 hour formulated tetracycline 0.00025125 oxk
24 hour tetracycline vs 24 hour formulated tetracycline 0.00014587 *Ek
E. faecalis 6 hour tetracycline vs 6 hour formulated tetracycline 0.03454452 *
24 hour tetracycline vs 24 hour formulated tetracycline 0.00654552 **
S. pseudointermedius 6 hour tetracycline vs 6 hour formulated tetracycline 0.00245125 *x
24 hour tetracycline vs 24 hour formulated tetracycline 0.00004412 **
P. aeruginosa (ATCC - 27853) 6 hour tetracycline vs 6 hour formulated tetracycline 0.00021451 oxx
24 hour tetracycline vs 24 hour formulated tetracycline 0.00019857 rEk
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Table 2.6. Time-Kill assay statistical analysis between free lincomycin and encapsulated lincomycin at
6 and 24-hour time points. Data were expressed as average values + standard deviations of the mean.
P values of less than 0.05 were considered significant. All One-Way ANOVAs and Tukey’s post-test
statistical analysis were performed in GraphPad v7.0.4.

Species Multiple Comparison P-value Significance
S. aureus (ATCC - 21213) 6 hour lincomycin vs 6 hour formulated lincomycin 0.00021545 ok
24 hour tetracycline vs 24 hour formulated lincomycin 0.00025453 *xk
S. epidermidis 6 hour lincomycin vs 6 hour formulated lincomycin 0.00157455 **
24 hour tetracycline vs 24 hour formulated lincomycin 0.00068546 *xk
MRSA 6 hour lincomycin vs 6 hour formulated lincomycin 0.01589456 *
24 hour tetracycline vs 24 hour formulated lincomycin 0.00259874 **
S. aureus (wound strain) 6 hour lincomycin vs 6 hour formulated lincomycin 0.00486549 *x
24 hour tetracycline vs 24 hour formulated lincomycin 0.00845212 **
P. aeruginosa (wound strain) 6 hour lincomycin vs 6 hour formulated lincomycin 0.00095455 oxx
24 hour tetracycline vs 24 hour formulated lincomycin 0.00026845 xRk
E. faecalis 6 hour lincomycin vs 6 hour formulated lincomycin 0.00985454 *k
24 hour tetracycline vs 24 hour formulated lincomycin 0.00061795 rokk
S. pseudointermedius 6 hour lincomycin vs 6 hour formulated lincomycin 0.00245214 *x
24 hour tetracycline vs 24 hour formulated lincomycin 0.00079878 rokk
P. aeruginosa (ATCC - 27853) 6 hour lincomycin vs 6 hour formulated lincomycin 0.02458651 *
24 hour tetracycline vs 24 hour formulated lincomycin 0.00751254 **

The minimum inhibitory concentrations (MIC) for tetracycline and lincomycin are shown in Figure
2.16, and the data are also shown in Tables 2.7 and 2.8. The ability of the nanogel-encapsulated tetracycline
to inhibit growth was demonstrated through all eight species with up to 8 x MIC reductions shown. The P.
aeruginosa strains also showed much reduced MIC concentrations when compared to free tetracycline,
both 8 x MIC. This effect was also mirrored with the nanogel-encapsulated lincomycin when compared to
free lincomycin. Similar to nanogel-encapsulated tetracycline, there were reductions in the MIC of nanogel-
encapsulated lincomycin compared to free lincomycin in solution. This was seen across all eight species,
ranging from 8 x MIC to 2 x MIC. Interestingly, in the P. aeruginosa (ATCC strain and clinical isolate) and E.
faecalis there was 8 x MIC compared to free lincomycin, providing evidence that the nanogel-encapsulated
lincomycin also facilitates an improved inhibitory effect. The increased antimicrobial efficiency of the
nanogel-encapsulated antibiotics would also be advantageous in the case of susceptible bacteria as a
reduced concentration of antibiotic is required to achieve a comparable result to that of the free antibiotic.
This has potential benefits in reducing possible toxicities associated with antibiotic use, and a potential
reduction in cost, as the antibiotic is considerably more expensive than the Carbopol nanogel Aqua SF1 and

bPEI.
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Fig. 2.16 (A) MIC of tetracycline and nanogel-encapsulated tetracycline, (B) MIC of lincomycin and
nanogel-encapsulated lincomycin. All nanogel particles were coated with bPEI. “>” indicates that a
concentration greater than 0.2 wt% is needed to inhibit bacterial growth.

Table 2.7. Minimum inhibitory concentration (MIC) of free tetracycline and bPEl-coated nanogel
loaded with the same concentration of tetracycline against several wound species clinical isolates. The
lowest concentration of antimicrobial agent inhibiting growth was considered the MIC. > indicates
that a concentration greater than 0.2 wt% is needed to inhibit growth.

Tetracycline MIC (wt%) Encapsulated tetracycline MIC (wt%)
S. aureus (ATCC - 21213) 0.0125 0.00625
S. aureus (wound strain) 0.025 0.0125
S. epidermidis >0.2 0.00625
MRSA >0.2 0.0125
S. pseudointermedius 0.0125 0.003125
P. aeruginosa (ATCC - 27853) >0.2 0.025
P. aeruginosa (wound strain) >0.2 0.025
E. faecalis >0.2 0.025

The most important benefit of the nanogel-encapsulated tetracycline and lincomycin formulations

is their ability to be effective against species which have demonstrated resistance to these antibiotics. It is
envisaged that this could be due to the sustained high concentration of the antibiotic localised to the cell
wall of the bacteria being able to overwhelm efflux pumps, which are able to actively remove free
antibiotic. Figure 2.17 shows SEM images of P. aeruginosa after treatment with bPEI-coated tetracycline
loaded Carbopol nanogel which demonstrates the accumulation of the surface functionalised nanogel

particles on the surface of the anionic bacterial cell wall (described and illustrated above).
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Table 2.8. Minimum inhibitory concentration (MIC) of free lincomycin and bPEl-coated nanogel loaded
with the same concentration of lincomycin against several wound species clinical isolates. The lowest
concentration of antimicrobial agent inhibiting growth was considered the MIC. > indicates that a
concentration greater than 0.2 wt% is needed to inhibit growth.

Lincomycin MIC (wt%) Encapsulated lincomycin MIC

(wt%)

S. aureus (ATCC - 21213) 0.0125 0.00625

S. aureus (wound strain) 0.05 0.0125

S. epidermidis >0.2 0.00625

MRSA >0.2 0.025

S. pseudointermedius 0.00625 0.003125

P. aeruginosa (ATCC - 27853) >0.2 0.05

P. aeruginosa (wound strain) >0.2 0.025

E. faecalis >0.2 0.025

Fig. 2.17. SEM images of P. aeruginosa before and after treatment. (A) The control sample of non-treated P.
aeruginosa after 24 hours of growth. (B-D) P. aeruginosa after 24 hours treatment with 0.005 wt% bPEI—
0.2 wt% tetracycline—0.2 wt% Carbopol.
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2.4 Conclusions

This chapter shows the development of a novel surface functionalised nanocarrier for tetracycline
and lincomycin by using lightly cross-linked polyacrylic acid-based nanogels (Carbopol Aqua SF1) coated with
a biocompatible cationic polyelectrolyte (bPEI). It is shown that this approach significantly enhanced the
antimicrobial action against a range of wound isolated pathogens. Crucially, the bPEI surface coated nanogel
with encapsulated antibiotics had an enhanced effect on several bacterial species which were validated to
be resistant to either tetracycline or lincomycin. This enhanced antibiotic efficacy is likely due to favourable
electrostatic attraction between the positively charged bPEl-coated antibiotic-loaded nanogel particles and
the negatively charged bacterial cell wall. This is mediated by the attachment of the nanocarrier particles
which then locally release the encapsulated antibiotic in much higher local concentrations than the free
antibiotic at the same overall concentration. The results also show that the cytotoxicity of the antibiotics
loaded in these nanocarriers on human keratinocyte cells is practically negligible in the range of
concentrations which kill both resistant and susceptible bacteria. Antimicrobial resistance is a growing
clinical epidemic. This novel method for bacteria-targeted topical antibiotic applications offers an important
new opportunity to extend the clinically useful life-span of existing antibiotics, using inexpensive materials,

while reducing future bacterial antibiotic resistance.
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3.0 Chapter 3

Enhanced clearing of wound-related pathogenic
bacterial biofilms using protease-functionalised
antibiotic nanocarriers

Weldrick, P. J., Hardman, M. J., & Paunov, V. N. (2019). Enhanced Clearing of Wound-Related
Pathogenic Bacterial Biofilms Using Protease-Functionalized Antibiotic Nanocarriers. ACS Applied
Materials & Interfaces, 11(47), 43902-43919. Reproduced by permission of The American Chemical
Society. Copyright © 2019. Conceptualisation, V.N.P. All experiments were performed by P.J.W under

V.N.P. supervision. P.J.W prepared the figures and wrote the manuscript, V.N.P and M.J.H. co-edited

the manuscript. All authors have given approval to the final version of the manuscript.

Biofilms are prevalent in chronic wounds and once formed are very hard to remove, which is
associated with poor outcomes and high mortality rates. Biofilms are comprised of surface-attached
bacteria embedded in an extracellular polymeric substance (EPS) matrix, which confers increased
antibiotic resistance and host immune evasion. Therefore, disruption of this matrix is essential to
tackle the biofilm-embedded bacteria. Here is proposed a novel nanotechnology to do this, based on
protease-functionalised nanogel carriers of antibiotics. Such active antibiotic nanocarriers, surface
coated with the protease Alcalase 2.4 L FG, “digest” their way through the biofilm EPS matrix, reach
the buried bacteria, and deliver a high dose of antibiotic directly on their cell walls, which overwhelms
their defences. The effectiveness was demonstrated against six wound biofilm-forming bacteria,
Staphylococcus aureus, Pseudomonas aeruginosa, Staphylococcus epidermidis, Klebsiella pneumoniae,
Escherichia coli, and Enterococcus faecalis. The results confirmed a 6-fold decrease in the biofilm mass
and a substantial reduction in bacterial cell density using fluorescence, atomic force, and scanning
electron microscopy. Additionally, it was showed that co-treatments of ciprofloxacin and Alcalase-
coated Carbopol nanogels led to a 3-log reduction in viable biofilm-forming cells when compared to
ciprofloxacin treatments alone. Encapsulating an equivalent concentration of ciprofloxacin into the
Alcalase-coated nanogel particles boosted their antibacterial effect much further, reducing the
bacterial cell viability to below detectable amounts after 6 h of treatment. The Alcalase-coated
nanogel particles were noncytotoxic to human adult keratinocyte cells (HaCaT), inducing a very low
apoptotic response in these cells. Overall, it is demonstrated that the Alcalase-coated nanogels loaded

with a cationic antibiotic elicit very strong biofilm-clearing effects against wound-associated biofilm-
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forming pathogenic bacteria. This nanotechnology approach has the potential to become a very

powerful treatment of chronically infected wounds with biofilm forming bacteria.
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3.1 Introduction

Biofilms are microbial communities surrounded by a structure referred to as extracellular
polymeric substance (EPS), composed of biopolymers such as exopolysaccharides, nucleic acids, lipids,
and proteins (Leroy et al., 2008). The EPS matrix is highly hydrated, with occasional hydrophobic
regions, such as areas containing cellulose (Choong et al., 2016). Combined, these substances form a
structured matrix, allowing bacteria to effectively adhere to a range of surfaces (Kostakioti et al., 2013).
The formation of biofilms begins when surface attached bacterial cells secrete EPS, which allows
complex communal tertiary microcolony structures to form (Richards & Melander, 2009). Biofilms are
commonly surface attached with one layer of cells in direct contact with the substratum, however,
they can be found in flocs in which biofilms are formed around cells without contact with a substratum
(Kim et al., 2014). The EPS matrix provides effective protection of the bacteria within the bio film to a
wide array of environmental factors, such as antimicrobial agents and a host immune response
molecule (Algburi et al., 2017; Domenech et al., 2013). Biofilms confer benefits to the cells within, in
guenching antimicrobial agents, which would kill planktonic cells (Sharma et al., 2019). The biofilm is
able to impair the diffusion of antimicrobial agents through the EPS and lower local concentration,
thus increasing the tolerance of the cells to the most chemicals (Singh et al., 2017). An example of
tolerance is the neutralisation of toxic metal ions such as copper, which is complexed to the
polysaccharides of the EPS (Nocelli et al., 2016; Gupta et al., 2017). Biofilm infections in humans with

species, which show high resistance to treatment, may result in chronic infections (Yang et al., 2012).

Opportunistic pathogens such as Staphylococcus, Pseudomonas, and Klebsiella genus’ can
form biofilms on acute and chronic dermal wounds, impairing wound healing, and potentially leading
to sepsis (Donlan, 2002). This effect can lead to increased patient mortality and morbidity in regard
to biofilm infection (Costerton et al., 1999; Rogers et al., 2010). Nanoparticles (NPs) have been
investigated for their antibiofilm properties. Ag-Au nanocomposite particles, CUONPs, Mg(OH), NPs,
silica NPs, and Au NPs, have shown high efficacy in this regard (Halbus et al., 2019a; Halbus et al.,
2019b; Newase et al., 2017; Markowska et al., 2013; Halbus et al., 2019c). Borovicka et al., 2015
developed photo thermal colloid antibodies based on bioimprints that can selectively kill microbial
cells by cell shape recognition. Au NPs in conjunction with heat produced with laser irradiation can
effectively disrupt biofilms (Pastore, 2018). Taking advantage of the antimicrobial effect of Ag has led
to the novel use of bioglass, which incorporates surface-reacted Ag and has been shown to have
effective antibiofilm use (Wilkinson et al.,, 2018). Enzymatic biofilm degradation has also been
investigated, e.g., the use of hydrolases, amylases, and proteases (Singh et al., 2016). The principle of

disrupting the biofilm network using enzymatic lysis, rather than directly attacking the cells
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themselves, has the advantage of not relying on the biocidal action of traditional antimicrobials and
as such does not place a direct evolutionary pressure on the bacteria to develop resistance (Blackledge
et al., 2013). All components of the EPS matrix have been investigated for the removal of biofilms,
these include DNases, glycosidases, and proteases (Kaplan et al., 2010). An example of a glycosidases
is dispersin B produced by Aggregatibacter actinomycetemcomitans and has been demonstrated as
being effective against Staphylococcus epidermidis and Staphylococcus aureus biofilms (Donelli et al.,
2007; Darouiche et al., 2009). Glycoside hydrolase alginate lyase and DNase NucB have also proved
effective against Pseudomonas aeruginosa and Escherichia coli biofilms, respectively (Alkawash et al.,

2006; Nijland et al., 2010).

Proteases (EC 3.4) are present in all life forms, providing a wide variety of metabolic and
physiological functions, including signal transduction, apoptosis, cell division, blood pressure
regulation, and many more (Theron & Divol, 2014). Proteases have previously been investigated for
their antibiofilm potential, both as small molecules (e.g., ficin) and bacterial-derived Bacillus proteases
(AprBp and GseBp) (Baidamshina et al., 2017; Mitrofanova et al., 2017). Ironically, bacteria have
become a useful source of antibiofilm proteases (Singh et al., 2015; Singh et al., 2016). Proteases have
two unique properties, which make them an excellent enzyme choice for degrading biofilms. Their
ability to hydrolyse EPS matrix proteins and adhesins (allowing a biofilm to attach to a solid surface
and bacteria-bacteria adhesion) gives them a distinct advantage over other antibiofilm enzymes
(Leroy et al., 2018). Additionally, they may disrupt intercellular communication by lysis of type | signal
peptidase, as shown in S. aureus (Schallenberger et al., 2012). Proteases have also been shown to
have potential in improving wound healing by degrading the biofilm EPS, which may be interfering
with the normal wound-healing process (Thallinger et al., 2013; Ramasamy et al., 2016). Serine Esp-
based protease obtained from S. epidermidis and elastase LasB from P. aeruginosa have been shown
to reduce bio film formation in S. aureus, providing further evidence of their efficacy and usefulness

in biofilm treatment options (Park et al., 2012; Lequette et al., 2010).

In addition to the evidence that exogenous protease degrades bio films, it has been shown
that in the natural self-induced disassembly of biofilms, bacteria induce expression of extracellular
proteases to cleave matrix proteins (Boles & Horswill, 2011). Some of these extracellular proteases
include sigB and sarA, which have all been shown to reduce bio film capacity in S. aureus (Tsang et al.,
2008). Novozymes (Denmark) produce a wide array of enzymes produced by Bacillus spp. (Gram-
positive, rod-shaped, spore forming bacteria), which have applications in industry and
biopharmaceutical ingredients, many with useful activity properties, as mentioned above (Jisha et al.,
2013). It has been demonstrated that immobilisation of proteases can increase their stability,

reusability, and increase their tolerance of environmental stresses (Mateo et al., 2007). Covalent
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bonding, ionic interactions, entrapment/encapsulation in polymer or inorganic matrices, and
hydrophobic adsorption have previously been demonstrated as methods to immobilise enzymes
(Corici et al., 2011). Although immobilisation can improve the enzyme activity, stability, and storage
life, there is also the possibility of enzyme rigidification, particularly in strong covalent techniques,
which reduce the effective activity of the enzyme (Rodrigues et al., 2013). Nanoparticle carriers such
as chitosan beads and soybean fibres have been shown to be useful biocompatible carriers for proteins

and also increase the activity of Alcalase (Tang et al., 2006; Wang et al., 2014).

In this study, the use of Carbopol Aqua SF1 nanogels was investigated as a substrate to
immobilise a serine endo-peptidase protease, namely, Alcalase 2.4 L FG (Figure 3.1 illustrates the
process). Polyacrylic acid co-polymer nanogels have crosslinked polymer chains, which due to the
abundance of COOH groups confer an anionic charge upon their surface and interior (Al-Awady et al.,
2017). These nanogel particles have shown good biocompatibility and have been found to be effective
in encapsulating cationic antimicrobials such as chlorhexidine digluconate, tetracycline and lincomycin
hydrochloride (Al-Awady et al., 2018 ; Weldrick et al., 2019). Nanocarrier-based antibiotic delivery
provides an opportunity to increase the effectiveness of therapeutic agents by specifically targeting
bacteria due to their anionic cell wall (e.g., utilising cationic coatings of the nanogel such as
poly(diallyldimethylammonium chloride) and branched polyethyleneimine), localising the drug while
reducing the unintended damaging effect on neighbouring tissues. Since Alcalase 2.4 L FG has a very
high isoelectric point, it is positively charged at neutral pH. The study took advantage of the negative
surface charge of Carbopol Aqua SF1 nanogel particles to electrostatically immobilise Alcalase 2.4 L
FG on their surface. The study investigated the stability of Alcalase 2.4 L FG coated Carbopol Aqua SF1
nanoparticles and evaluated their potential antibiofilm use on skin-associated pathogens, which are
known to produce biofilms. Additionally, there was an investigating the potential synergistic effect of
antibiotic co-treatments and encapsulations within the nanogel using ciprofloxacin hydrochloride,
combined with a further surface coating of the loaded nanogel with Alcalase 2.4 L FG. This study
demonstrates that there is a strong synergistic clearing effect of these novel dual functionalised

nanogels on biofilms of a range of pathogenic bacteria.
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Figure 3.1. (A) Schematic for the loading of the Carbopol Aqua SF1 nanogel with antibiotic (ABX+)
followed by surface coating with protease (Alcalase 2.4 L FG). (B) Diagram of the mechanism of action
of the Carbopol Aqua SF1-Alcalase 2.4 L FG nanogel particles on biofilms adhered to a substrate.
Alcalase 2.4 L FG acts as a hydrolase cleaving peptide chains. It also acts as esterase, enabling it to
catalyse stereo-selective hydrolysis of some esters including carboxylic esters and amino esters. (C)
Schematic of the enzymatic degradation of peptide bonds in proteins by Alcalase 2.4 L FG. Alcalase
2.4 L FG acts as a hydrolase cleaving peptide chains. It also acts as esterase, enabling it to catalyse
stereo-selective hydrolysis of some esters including carboxylic esters and amino esters.
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3.2 Materials and methods

In this section, the materials and experimental methods used throughout this chapter are described.
3.2.1 Materials

Carbopol Aqua SF1 nanogel (30 wt% aqueous suspension) was provided by Lubrizol, USA. Six
American Type Culture Collection (ATCC) bacterial species were used in this study. Staphylococcus
aureus subsp. aureus Rosenbach (ATCC® 29213™), Pseudomonas aeruginosa (Schroeter) Migula
(ATCC® 27853™), Staphylococcus epidermidis (Winslow and Winslow) Evans (ATCC® 35984™),
Klebsiella pneumoniae subsp. pneumoniae (Schroeter) Trevisan (ATCC® 35657™), Escherichia coli
(Migula) Castellani and Chalmers (ATCC® 25922™), and Enterococcus faecalis (Andrewes and Horder)
Schleifer and Kilpper-Balz (ATCC® 51299™). Mueller-Hilton Broth (MHB), Mueller-Hilton Agar (MHA)
were supplied by Oxoid, UK. Alcalase 2.4 L FG EC number; 3.4.21.62 was kindly provided by Novozymes,
Denmark. Alcalase 2.4 L FG is a Serine endopeptidase (mainly subtilisin A) which performs Stereo
selective hydrolysis of amino esters and selective esters. Alcalase also efficiently hydrolyses amino
esters which include heterocyclic amino esters. Optimal conditions for usage are 30-65°C and pH 7-9.
Its enzymatic activity is 2.4 AU-A/g. The protein concentration of Alcalase 2.4 L FG was 55 mg/mL was
determined by a NanoDrop™ Lite Spectrophotometer (Thermo Scientific, UK). Millipore Express PLUS
Membrane Filter paper (0.22 um pore size, hydrophilic polyethersulfone, 47 mm diameter),
Ciprofloxacin hydrochloride (298.0%), Acridine Orange base (75%) and Resazurin Sodium salt (75%)
were purchased from Sigma-Aldrich, UK. Resazurin Sodium salt was used for cell metabolic in situ
assays and diluted in Dulbecco’s Phosphate Buffered Saline (DPBS) (Gibco, Fisher Scientific, UK) at a
concentration of 0.015 wt/vol%. HaCaT cells were obtained from AddexBio, T0020001, USA. DMEM
and FBS were obtained from Gibco, UK, L-Glutamine and Trypsin EDTA by BioWhittaker, UK. A Pierce™
Protease Assay Kit (Thermo Scientific, USA) was used to characterise the Alcalase 2.4 L FG activity. An
MTT colorimetric survival and proliferation kit (Millipore Corp., USA), was used for HaCaT cell viability
experiments and an ANNEXIN V apoptosis detection Kit | (BD Pharmogen, USA) was used to measure
apoptosis after treatments. Deionised water purified by reverse osmosis and ion exchange with a Milli-
Q water system (Millipore, USA) was used in all studies. Its surface tension was 71.9 mN m™ at 25 °C,
with measured resistivity more than 18 MQ cm™. Consumable plasticware used in the study were

purchased from Sarstedt (UK), Thermo Scientific (UK), or CytoOne (UK) unless otherwise stated.
3.2.2 Synthesis of Alcalase-coated nanogel particles

Carbopol Aqua SF1 (30 wt%) was diluted into 0.6 wt% by pipetting 2 mL of the stock suspension
(30 wt%) and diluting with Milli-Q water to a final volume of 100 mL. This suspension was sonicated

for 15 min with 2 second on/off pulsing using an ultrasonic bath (Ultrawave, U.K.) to allow effective

134



dispersion. Droplets 0.25 M HCl was added to the suspension to reduce the pH to 5.5. A 0.6 wt%
solution of Alcalase L FG 2.4 was created by diluting 0.6 mL of the stock liquid enzyme solution and
diluting with Milli-Q water to a final volume of 100 mL. The 0.6 wt% Alcalase solution was sonicated
for 15 minutes to prevent aggregation. 25 mL of the 0.6 wt% Carbopol Aqua SF1 suspension and 25
mL of the 0.6 wt% Alcalase L FG 2.4 solution were mixed together for 30 min at pH 5.5 with constant
stirring to allow the enzyme to electrostatically bind to the Carbopol NPs. After mixing the suspension
was centrifuged at 4000 g for 15 min and the pellet was washed trice with deionised water and then
dispersed into 50 mL of fresh deionised water. Droplets of acetate buffer solution were added to
maintain the dispersion at 5.5 pH. The supernatant was retained for analysis to determine the surface
functionalisation efficiency by UV-Vis absorption measurement. The particle size and zeta potential
distribution of the Carbopol-Alcalase NPs were measured using a Malvern Zetasizer as described below.
Prior to measurement, and the use of the nanogels in treatments, the 0.6 wt% Carbopol-0.6 wt%
Alcalase dispersion was sonicated for 5 minutes to remove aggregation and diluted into deionised

water to the appropriate concentration.
3.2.3 Preparation of ciprofloxacin-loaded nanogel

The principle of encapsulating a cationic antibiotic (as a hydrochloride salt) is based on the
swelling and deswelling cycle of the Carbopol Aqua SF1 at different pH.* Briefly, a 100 mL of 0.6 wt%
aqueous dispersion of the nanogel was prepared, this was then adjusted to pH 7.5 by adding droplets
of 0.25 M NaOH whilst been stirred. The dispersion was then warmed to 37 °C. An aliquot of 0.0032
wt% ciprofloxacin hydrochloride aqueous dispersion was prepared by weighing 3.2 mg of the antibiotic
(ABX = ciprofloxacin) powder, diluting into 100 mL of deionised water and then warming to 37 °C. The
100 mL ABX solution was then added to the pH 7.5 nanogel dispersion and shaken for 30 min at 37 °C
to allow the antibiotic cations to diffuse into and electrostatically bind in the cores of the swollen
nanogel particles. The pH of the ABX—Carbopol solution was then reduced to pH 5.5 using droplets of
0.25 M HCl whilst being stirred for another 30 min. The ABX—Carbopol suspension was then
centrifuged at 4000 g for 15 min, and the supernatant was removed and retained for encapsulation
efficiency analysis. The pellet was washed twice with deionised water and re-dispersed into 100 mL of
deionised water. The pH was then increased to 7.5 by gradually adding droplets of 0.25 M NaOH and
the solution was gently stirred overnight. The final ABX—Carbopol nanogel solution was reduced to pH
5.5 using acetate buffer solution. The particle size and zeta potential distribution of the ATX—Carbopol
dispersion were measured using a Malvern Zetasizer Nano ZS as described above. Coating of the

ciprofloxacin encapsulated Carbopol NPs with Alcalase 2.4 L FG was performed as described above.
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3.2.4 Characterisation of free Alcalase, Alcalase-nanogel and Alcalase-coated ciprofloxacin-
loaded nanogel

All hydrodynamic diameter and zeta potential measurements were performed using a Malvern
Zetasizer Nano ZS. The isoelectric point of Alcalase L FG 2.4; 10 mL of 0.02 wt% aqueous solution
Alcalase aliquots were created at a range of pH 5 to 12 using droplets of either 0.25 M HCl or 0.25 M
NaOH. Afterwards, the aliquots were sonicated for 15 min. 1 mL of each aliquot was added to a quartz
cuvette and the zeta potential measured using a ZEN1002 dip cell at a refractive index of 1.45 and
absorption of 0.001 as per Malvern Instruments protein refractive index manual. Measurements were
performed at 25°C and data represented as the mean of 3 repeats.

3.2.5 Hydrodynamic diameter, zeta potential, UV-Vis and FTIR spectroscopic study of
Alcalase-nanogel and Alcalase-nanogel loaded with ciprofloxacin

50 mL of pH 5.5 0.6 wt% Carbopol-0.6 wt% Alcalase L FG 2.4 NPs and 0.6 wt% Carbopol-0.0032
wt% ciprofloxacin-0.6 wt% Alcalase-nanogel dispersions were prepared as described above. Aliquots
of 0.6 wt% Carbopol were mixed with varying concentrations of Alcalase L FG 2.4 (range; 0.000625 wt%
to 0.6 wt%). The hydrodynamic diameter and zeta potential were measured at 25°C using a quartz
cuvette at a Rl of 1.336 and absorbance of 1.000 as determined by Al-Awady et al.*® Each measurement
was repeated 3 times and data presented as the mean. The UV-Visible spectrum of 0.05 wt% Carbopol,
0.05wt% Alcalase 2.5 L FG and 0.05 wt% Carbopol with 0.05 wt% Alcalase 2.4 L FG coating; Samples
were measured at pH 5.5 by adjustment with acetate buffer solution. The absorbance was measured
between 220 nm and 1000 nm using a FLUOstar Omega spectrophotometer, BMP Labtech. The
Alcalase coating efficiency of the Carbopol NPs was examined by UV-Vis analysis of the supernatant
produced during the synthesis as described above. The absorbance of the supernatant was measured
at 500 nm using a spectrophotometer (FLUOstar Omega spectrophotometer, BMP Labtech). Fourier
transform infra-red (FTIR) spectra of Carbopol Aqua SF1, Alcalase 2.4 L FG, Ciprofloxacin and Carbopol
encapsulated Ciprofloxacin coated with Alcalase NPs; Samples were prepared by removing water
using a Silica gel desiccant by in vacuum chamber for 1 day, then dried at 60°C for 2 days. The spectra
was measured between 4000-600 cm™ using PIKE ATR diamond settings. A spectrum was obtained

with a blank of just air to reduce transmittance interference with the samples.

3.2.6 Protease activity of free Alcalase vs nanogel-immobilised Alcalase

The activity of free Alcalase 2.4 L FG vs Alcalase 2.4 L FG-Carbopol Aqua SF1 NPs was
investigated by measuring the cleavage of succinylated casein in the presence of 0.2 wt% Alcalase, or
0.2 wt% Alcalase-0.2 wt% Carbopol NPs at varying pH, temperature, and over time. 10 mg of
lyophilised succinylated was dissolved in 1 mL of acetate buffer (pH 5.5), PBS (pH 7.5), or BupH Borate

buffer (pH 8.5). For the purpose of the temperature and time experiments acetate buffer was used
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for all measurements, mimicking the buffer used in the NP preparation. 100 pL of this solution was
added to a 96-well plate, and 100 L of buffer added creating a total volume of 200 pL in each well.
100 pl of plane buffer was used as a blank. 50 uL of either free Alcalase 2.4 L FG vs Alcalase 2.4 L FG-
Carbopol Aqua SF1 NPs was added to the wells. The activity of the samples was measured at different
pH (using buffers above) for 30 min at room temperature, over time (30 mins to 24 hr) at room
temperature, or at different temperatures (30°C, 37°C, anF1982d 45°C) for 30 min. 100 pL of
trinitrobenzenesulfonic acid was dissolved in 14.9 mL of appropriate buffer to create a TNBSA working
solution. Succinylated casein in the presence of proteases is cleaved at the peptide bonds revealing
primary amine groups. TNBSA reacts with these groups to produce an orange-yellow product of which
the absorbance can be measured at 450 nm informing of protease activity of the samples. The
protease activity of the free protease vs nanogel-coated protease were measured at specific time
points by adding 50 uL of the TNBSA solution to the wells and incubating for 20 min. Then, the
absorbance of the wells was measured at 450 nm subtracting the absorbance from the blank wells.
This data was plotted to assess the relative protease activity of the free Alcalase 2.4 L FG vs Alcalase

2.4 L FG-Carbopol Aqua SF1 nanogels at different experimental conditions.

3.2.7 Bacterial culture and biofilm producing assessment

Frozen ATCC species were prepared onto MHA plates according to manufacturer’s
instructions. Overnight (O/N) cultures were prepared by incubating a single colony scraped from the
MHA stock plates into 10 mL of MHB for 16 hr at 37°C with 140 rpm shaking (Stuart Orbital Incubator
$1500). For biofilm assays, O/N cultures were adjusted to 0.5 McFarland standard by diluting the O/N
culture into 0.85 w/v% sterile saline until an optical density of 0.08-0.12 at 625 nm (1-2 x 108 CFU/mL)
was obtained using a spectrophotometer (FLUOstar Omega spectrophotometer, BMP Labtech). These
adjusted bacterial saline suspensions were then diluted 1:150 into MHB to vyield starting
concentrations between 5 x 10° — 1 x 10° colony forming units per mL (CFU mL). All six ATCC species
used in this study have previously been confirmed as biofilm produces, however, to validate this a
simple qualitative biofilm formation assessment was performed. 2 mL of MHB was placed into glass
test tubes and inoculated with a single colony of bacteria from culture plates. The test tubes where
incubated for 24 hr at 37°C. Afterward, the culture media was decanted, and the test tubes washed
with PBS (pH 7.4), and left to dry for 30 min. 0.1 wt% Crystal Violet was used to stain cells adhered to
the glass tubes for 5 min, before being washed away with deionised water. The test tubes where
then left to dry in an inverted position for 2 hr. Biofilm formation was considered positive when a
visible film lined the wall and bottom of the tube. Ring formation at the liquid interface was not
indicative of biofilm formation. The formation of biofilm by staining of adhered cells was scored as

either 0-absent, 1-weak, 2-moderate or 3-strong, as first performed by Christensen et al., 1982.
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3.2.8 Zeta potential of bacteria treated with free Alcalase and Alcalase-coated nanogel

Bacterial species were cultured as described in as described above. The bacterial suspension
was then centrifuged for 10 min at 5000 g and the supernatant discarded. The pellet was washed twice
with Milli-Q water and finally resuspended into 10 mL of 0.2 wt% Alcalase or 0.2 wt% Alcalase-0.2 wt%
Carbopol Aqua SF1 in deionised water. The samples were incubated at room temperature with gentle
mixing for 10 minutes or 1 hrs. Afterwards, a 1 mL aliquot of this suspension was then added to a
guartz cuvette and the mean zeta potential distribution was measured using the Dipstick probe and a
Malvern Zetasizer Nano ZS (Malvern Instruments, UK). The refractive index was 1.384, the absorption

1.000, and the temperature was 25°C for all measurements.
3.2.9 Biofilm staining with Crystal Violet and Congo Red

A standard 96-well microtiter biofilm formation plate assay was performed using Crystal Violet
and Congo Red dyes (modified from O’Toole, 2011). Crystal Violet staining. 1 mL of 5 x 10°-1 x 10°
CFU / mL of O/N bacterial culture was pipetted into 48-well TC-treated plates and incubated at 37°C
for 24 hrs in static conditions. After incubation, the plates were washed twice by submerging in
deionised water to remove any remaining media and suspended cells. The plate was then shaken dry
and left to air dry for 15 mins at room temperature. 1 mL of MHB supplemented with Carbopol-
Alcalase synthesised NP treatment was added to the wells and incubated for 24 hrs at 37°C in static
conditions. The plates were then washed vigorously by submersion in deionised water to remove
excess treated media and suspended cells. The plate was then shaken to remove liquid droplets and
left to dry for 15 mins at room temperature. 1 mL of 0.1 wt% Crystal Violet solution was added to each
well and incubated at room temperature for 15 mins. The plates were then washed thoroughly by
submersion in deionised water and blotted with paper towels to remove excess dye and water. The
plate was left to dry for 2 hrs at room temperature. 1 mL of 30% acetic acid was added to each well
for 15 minutes to solubilise to the Crystal Violet. 125 uL of this solution was transferred to a fresh 96-
well plate and the absorbance measured at 570 nm with 30% acetic acid used as a blank measurement.
Congo Red staining. As described above, 48-well plate biofilms were formed and treated with 1 mL of
MHB supplemented Carbopol-Alcalase nanogel suspension. After the treatment, the enzyme-infused
MHB media was removed and the 48-well plate washed thoroughly by submerging in water. The plate
was then shaken to remove liquid droplets and left to dry for 15 mins at room temperature. 125 plL of
0.005 wt% Congo Red was added to each well and left to dye the amyloid protein complexes for 15
mins. The 96-well plate was then washed thoroughly again by submersion in deionised water and
blotted with paper towels to remove excess Congo Red dye and water. The plate was left to dry for 2

hrs at room temperature. 125 uL of 30% ethanol was added to each well for 15 mins to solubilise to
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the Congo Red dye. 125 ul of this solution was transferred to a fresh 96-well plate and the absorbance

measured at 550 nm with 30% ethanol used as a blank measurement.
3.2.10 Membrane Colony Biofilm NP and ciprofloxacin treatment

To test the effects of Alcalase-Carbopol nanogel and ciprofloxacin co-treatments on biofilms a
filter membrane method was employed. 2 cm? Millipore Express PLUS Membrane Filter paper sections
were placed on to MHA. An overnight culture was adjusted to 1 x 10° CFU/mL in saline and 20 pL of
this culture added as a droplet to the centre of the filter paper. The sample was then incubated for 24
hours at 37°C to allow a colony biofilm to form. After 24 hours the membranes were placed onto fresh
agar plates (3mm deep) into a 6-well plate and 1 mL of treatment added to each well. The plate was
gently shaken in the incubator during treatment. 1 mL of Milli-Q water was considered the growth
control. 0.6 wt% Carbopol, 0.6 wt% Alcalase 2.4 L FG (diluted in Milli-Q water), and 0.6 wt% Carbopol-
0.6 wt% Alcalase 2.4 L FG NPs were used as treatments to the measure their effect on cell viability.
Additionally, ciprofloxacin hydrochloride was added separately and as a co-treatment with the
Carbopol-Alcalase NPs at a range of 0 to 32 pg/mL (0.0032 wt%). Equivalent concentrations of
encapsulated ciprofloxacin tested as a comparison. Common standard antimicrobial agents for
treating  biofilm-forming  bacteria on skin (chlorhexidine digluconate, iodine and
poly(vinylpyrrolidone)-iodine (PVP-I)) were diluted in deionised water for a comparison assessment.
After 24 hrs of treatment the membrane filter paper was peeled from the agar wells and placed into
sample tube with 1 mL of fresh MHB and 2 cm of sterile glass beads, enough to cover the sample. Each
sample was vortexed for 30 secs at high speed to disintegrate the biofilm and inoculated the MHB with
cells. The drop plate enumeration method was used to measure cell viability in CFU/mL. To measure
the viability of cells within the biofilms, 10-fold dilutions were made in fresh MHB, 10 puL droplets were
placed on to MHA plates and grown for 24 hours at 37°C. CFUs were counted from the last two
droplets which contained a countable number of colonies (3 to 30 colonies per 10 uL drop) and

averaged.

3.2.11 Antimicrobial susceptibility testing of Staphylococcus aureus using minimum

inhibitory concentration evaluator (M.I.C.E. TEST®) strips

A single colony of S. aureus was isolated and placed into 10 mL of MHB and grown overnight at
37 °C. The bacteria suspension was then diluted to a 0.5 McFarland standard in MHB by measuring the
turbidity at 625 nm yielding 1-2 x 108 CFU mL™. A cotton swab was used to streak a MHA plate lawn. 4 +
0.5 mm deep MHA plates were prepared by adding 25 mL of molten MHA to a 9 cm round plate and left to
solidify at room temperature. Within 15 minutes of plate inoculation, sterile forceps were used to place a
ciprofloxacin 32 pg/mL—0.002 pg/mL gradient strip onto the plate with the 0.002 ug/mL side touching the

plate first, ensuring only the top section is touched with the forceps and it is placed logo side facing upwards.

139



The plate was incubated for 24 hours at 37°C in an inverted position, following manufactures instructions.
After incubation the MIC is the point in which growth touches the strip nearest the white concentration

value.

3.2.12 Resazurin sodium salt in situ bacterial metabolic activity assay

After the 24-hr membrane colony biofilm NP treatment, as described above, each membrane
biofilm was carefully removed from the agar plate using sterile tweezers at the corner of the
membrane. The membrane biofilm was allowed to air dry in sterile conditions for 15 minutes and then
placed onto a dry sterile Petri dish. 20 ul of 0.015 wt% Resazurin Sodium Salt was added and incubated
for 30 minutes at 37°C to visual metabolically active cells within the biofilm (modified from Wilkinson
et al., 2016). Images were captured using an 8MP digital camera and the percentage of cell metabolic

activity calculated using ImageJ v1.52d.
3.2.13 Biofilm formation assay on a glass surface

An overnight culture of each species was adjusted to 0.5 McFarland standard. 10 pL of the
adjusted culture was placed into a Petri plate containing a glass slide and 10 mL of MHB. The Petri
plate was incubated for 48 hrs at 37°C allowing the bacterial species to form a glass slide adhered
biofilm. After 24 hr the glass slide was washed with deionised water to remove any remaining
planktonic cells, and the media was replaced with 10 mL of fresh MHB supplemented with 0.6 wt%
Carbopol, 0.6 wt% Alcalase L FG, and 0.6 wt% Carbopol-0.6 wt% Alcalase 2.4 L FG. Un-supplemented
media was considered the control. The glass biofilms were incubated for a further 24 hr at 37°C. Post
treatment, the glass slides were washed with deionised water. 100 pL 0.2 wt% Acridine Orange (AO)
was added to the Petri dish and incubated at room temperature for 5 mins in darkness with gentle
shaking to reduce photobleaching. After incubation the slides were washed three times with
deionised water and allowed to air dry for 15 mins. The slides were examined using an Olympus DP70

fluorescent microscope.
3.2.14 Atomic force microscopy (AFM)

AFM images of the air-dried biofilms were obtained using a Dimension lcon scanning probe
microscope (Bruker, USA) using tapping mode. The biofilms were prepared and treated as described
above in the glass surface biofilm formation assay. Post treatment, the glass slide biofilms were washed
gently with deionised water, and the biofilm fixed in 1 wt% aqueous glutaraldehyde for 2 hrs by
submersion. After fixation, the slide was washed three times with deionised water and left to air dry
inside an enclosed container. TESPA-V2 probes (Bruker, USA) with a nominal length of 127 um and a
tip radius of 7 nm were used, the images obtained at 512 lines/scan at a 0.25 Hz scan rate. Images

were acquired in height (topography) and the analyzed using Nanoscope Analysis v.1.7. (Bruker).
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3.2.15 TEM images of Alcalase-nanogel and SEM images of the treated biofilms

SEM images of membrane colony biofilms were obtained. Post treatment the membrane was
gently removed from the agar using sterile tweezers and placed onto a 7 mm diameter circular glass
slide and adhered using Carbon discs. The excess membrane was trimmed from the edges of the glass
slide using sterile scissors. The biofilm was gently washed with deionised water from remove excess
media and treatment. The biofilms were then fixed in a 1 wt% glutaraldehyde PBS buffer solution for
1 hr at room temperature. After fixation, the biofilms were washed 3 times gently with
deionised water to remove excess glutaraldehyde. The samples were then dehydrated in
50%/75%/90% and absolute ethanol solutions for 30 minutes per each ethanol concentration.
The absolute ethanol was dried using liquid CO; at its critical point using an E3000 Critical Point
Dryer (Quorum Technologies, UK) and then coated in 10 nm Carbon. Samples were imaged with
variable pressure 100-micron aperture at 40 Pa. EHT = 20 kV, probe current 100 pA. Images captured
with Zeiss smartSEM software (Zeiss Evo-60 SEM, Germany). TEM images of bare Carbopol Aqua NPs,
free Alcalase 2.4 L FG protease, and Alcalase 2.4 L FG coated Carbopol Aqua SF1 nanogels were
obtained by placing a droplet of the suspended sample onto Carbon coated Copper grids (EM Solutions,
UK) and allowed to adhere for 2 minutes. The grid was quickly rinsed with deionised water and
negatively stained with 1 wt% aqueous uranyl acetate. This was again quickly rinsed with deionised water
and allowed to dry in air. The sample was then imaged with a Gatan Ultrascan 4000 digital camera attached
to the Jeol 2010 TEM 2010 electron microscope (Jeol, Japan) running at 120kV. EDX data was collected via
an Oxford Instruments Nanoanalysis X-Max 65-T detector and INCA software.

3.2.16 Cytotoxicity and apoptotic stasis of HaCaT spontaneously transformed keratinocytes
from histological normal skin after treatment with nanogel, Alcalase and Alcalase-nanogels

HaCaT cells were cultured in T75 flask using DMEM supplemented with 10% FBS and 1% L-
glutamine under humidified conditions at 37°C, 5% CO2. When a confluency of 80% was achieved,
determined by visualisation with an optical microscope, passaging was performed to ensure that the
cells remained in the exponential phase for experimentation. Passaging was performed by removing
spent media, washing in DPBS and incubating with 1 x trypsin EDTA at 37°C 5% CO, for 5 min until the
cells were detached in suspension. The trypsin EDTA was then neutralised with a 1: 1 volumetric ratio
of fresh DMEM and gently centrifuged at 400 g for 4 min, the supernatant was aspirated, and the pellet
was re-suspended in DMEM (supplemented as above) at a 1:6 ratio and transferred into a fresh T75
flask. Surplus cells used for experimentation were diluted in fresh DMEM, supplemented with 2% FBS
and 1% L-glutamine and seeded at 5 x 104 in 100 pL media, were placed into 96-well plate wells and
incubated for 24 hours at 37 °C 5% CO2. The medium was then removed and the cells and replaced

with 100 L of treatment infused DPBS. The treatments with only DPBS were used as a control, 0.6
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wt% Carbopol, 0.6 wt% free Alcalase, and 0.6 wt% Alcalase — 0.6 wt% Carbopol nanogel were used as
treatments. DPBS was used so DMEM peptones did not interfere with the true activity of the Alcalase.
Treatments were performed for 1, 6, and 24 hr time points. A colorimetric (MTT) cell survival and
proliferation assay kit was used to measure cell viability. Treatment culture was aspirated away, and
the cells washed for 2 mins with fresh DPBS. 100 plL of fresh DMEM was added after which 100 pL of
MTT reagent (50% 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrasodium bromide and 50% PBS) was
added. This was incubated in the same conditions for 2 hrs until intracellular purple formazan crystals
were visible under a light microscope. After 2 hrs 100 pL of colour development reagent isopropanol
with 0.04 N HCl was added for 1 hr, allowing the cells to lyse and the formazan crystal to be solubilised
to a homogenous blue solution. The absorbance of the blue solution was read at 570 nm on a plate
reader and subtracted from a blank of media only. These data were calculated into cell count data via
interpolation from the standard curve (absorbance values from a fixed number of cells in media (see
Figure 3.28). The data was represented as viability percentage of the control which was normalised to 100%.
The HaCaT cell viability assay was repeated in three independent experiments. The induction apoptosis
was investigated using a FITC Annexin V staining kit according to manufacturer instructions. Apoptosis
was measured after 24 hours exposure to 0.6 wt% Alcalase-0.6 wt% Carbopol nanogel. Briefly, post
treatment the cells were washed twice with DPBS and detached from the 96-well surface using a mini-
cell scraper and re-suspended in 1X binding buffer at a concentration of 1 x 106 cells mL-1. 5 plL of
FITC Annexin V and 5 pL of Propidium lodide (PI) solution to 100 uL of the cell suspension. The cells
were then incubated at room temperature for 15 mins in darkness with gentle shaking. After
incubating, 400 pL of 1X binding buffer was added to the cell samples which were then placed
quantified by flow cytometry (BD FACSCalibur, USA). Annexin V was measured using a FITC-FL1
detector, and Pl measured using a FL2 phycoerythrin signal detector. The experiment was ended after
10,000 cells were counted, the data was analysed by a dot plot scatter and percentages of live, dead,

and apoptotic cells determined by cell quadrating.
3.2.17 Statistical analysis

Data were expressed as average values + standard deviations of the mean. P-values of less

than 0.05 were considered significant. All Student’s T-tests were performed in GraphPad v7.0.4.
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3.3 Results and discussion

3.3.1 Coating and immobilisation of Alcalase 2.4 L FG on to Carbopol Aqua SF1 nanogel

particles

A colloidal suspension of Carbopol Aqua SF1 was chosen as an appropriate nanocarrier for
investigating the immobilisation Alcalase 2.4 L FG protease on its surface. The lightly crosslinked
carboxylic groups confer a net anionic surface charge corresponding to a zeta potential of
approximately -30 mV at a pH of 5.5. This allows it to be used as a substrate to immobilise the cationic
protein on its surface. The suspension was limited to 0.6 wt% to prevent the aggregation of the
nanogel particles. Alcalase 2.4 L FG has a diameter of ~8 nm, as shown from the dynamic light
scattering (DLS) size distribution and TEM micrographs (see Figures 3.2A and 3.3A and B, respectively).
Data in Figure 3.2D show that Alcalase 2.4 L FG has an isoelectric point of ~9 and a pH 5.5 has a zeta
potential of ~+18 mV. This allows a successful ionic interaction between the anionic Carbopol NPs and
the cationic Alcalase 2.4 L FG. Figure 3.2C shows that the bare 0.6 wt% Carbopol NPs have a
hydrodynamic diameter of approximately 110 nm, however, when coated with 0.6 wt% Alcalase 2.4 L
FG (Figure 3.2D), the particle’s mean diameter is increased to approximately 120 nm. Figure 3.2B
confirms this through the measurement of the hydrodynamic diameter of the Alcalase-coated
collapsed nanogel particles. Figure 3.4 shows a comparison between the bare Carbopol and Alcalase
coated Carbopol nanogels. It can be seen that by increasing the concentration of the Alcalase, the
coated Carbopol NP’s average particle size also increases. This can be seen in the TEM images in Figure
3.3D, where the corona of the collapsed nanogel particles can be seen coated with a “halo” of the
Alcalase protein molecules. The successful coating of the Alcalase on the Carbopol NPs was also
confirmed using UV- vis spectrophotometry. Figure 3.2F shows that Alcalase has a distinct absorption
peak at ~245 nm; however, the bare Carbopol shows no such peak. When the Alcalase has coated the
Carbopol particles, a small peak also at ~245 nm can be seen, indicating that the Carbopol and Alcalase
have ionically interacted and formed composite Alcalase-coated Carbopol particles. Figure 3.5 shows
each of the formulations visually. The stability of the Alcalase-coated Carbopol nanogel particles was

also investigated.
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Figure 3.2. (A) Hydrodynamic diameter and (D) isoelectric point of 0.6 wt% Alcalase 2.4 L FG measured
using a Malvern zetasizer Nano ZS at 25°C. Each value represents a triple replicate with + S.D. (B) The
mean particle diameter and (C) mean zeta potential of Alcalase 2.4 L FG coated Carbopol particles
measured at pH 5.5 (acetate buffered saline) with various concentrations of Alcalase 2.4 L FG non-
specific protease mixed with an equal wt% of Carbopol Aqua NPs. (E) The zeta potential of 0.6 wt%
Alcalase 2.4 L FG coated empty 0.6 wt% Carbopol nanogel particles at pH 5.5 (adjusted with acetate
buffered saline) measured at time intervals after preparation. The refractive index of either particles
was taken as 1.336. Each value represents average triplicate measurements with error bars
representing the + S.D. The lines are guides to the eye. (F) The UV-Visible spectrum of 0.05 wt%
Carbopol (red line), 0.05 wt% Alcalase 2.5 L FG (Blue line) and 0.05 wt% Carbopol with 0.05 wt%
Alcalase 2.4 L FG coating (green line). Samples were measured at pH 5.5 adjusted by acetate buffer.
The absorbance was measured between 220 and 1000 nm wusing a FLUOstar Omega
spectrophotometer.
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Figure 3.3. (A-B) TEM images of 0.6 wt% Alcalase 2.4 L FG samples counterstained in 1 wt% Uranyl
acetate for 1 min during preparation. (C) TEM images of 0.6 wt% empty Carbopol Aqua SF1
nanoparticles; (D) TEM images of the nanoparticles after coating with 0.6 wt% Alcalase 2.5 L FG.
Aggregation has occurred during the sample evaporation. All samples were counterstained in 1 wt%
Uranyl acetate for 1 minute during preparation. TEM images were obtained using a JEM 2010 (JOEL,
Japan) at 120kV, and a Gatan Ultrascan 4000 digital camera. (E) EDX spectra of 0.6 wt% Carbopol Aqua
SF1 nanoparticles and (F) 0.6 wt% Carbopol Aqua SF1 nanogel particles coated with 0.6 wt% Alcalase
2.4 L FG. A Nanoanalysis X-Max 65-T detector and INCA software were used to produce the elemental
analysis spectra.
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Figure 3.4. TEM images showing the comparison between (A) bare Carbopol Aqua SF1 nanogel
particles and (B) Alcalase 2.4 L FG-coated Carbopol Aqua SF1 nanogel particles. As shown in the
images, the coated NPs have a slight grainy and irregular surface texture caused by the coating with
the protease. The coated NPs are also slight larger which is consistence with measurement taken by
the Zetasizer Nano ZS.

Figure 3.5. Photographs of (A) 0.6 wt Carbopol Aqua SF1, (B) 0.6 wt% Alcalase 2.4 L FG, and (C) 0.6
wit% Carbopol Aqua SF1-0.6 wt% Alcalase 2.4 L FG NPs.

Figure 3.2E shows that over 24 h, the zeta potential was stable in the range between 16 and
20 mV. This indicates that the Alcalase remains electrostatically deposited on the nanogel particles
over 24 h, indicating that it is a stable carrier for immobilisation of the enzyme during treatment.
Additionally, an EDX spectra investigation of the bare and coated Alcalase-nanogels was performed
using samples prepared for TEM (see Figure 3.3E and F). The EDX spectra are similar, however, a
sulphur peak can be seen in the coated sample spectra, which is not present in the uncoated nanogel.
The bare nanogel formulation contains only C, O, and N, so the presence of S, an element commonly

found in protein, indicates that the protein has electrostatically bound to the Carbopol nanogel
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particles. Fourier transform infrared (FTIR) spectroscopy was used to investigate the composition of
the Carbopol/Alcalase/ciprofloxacin NPs at a range of 600-4000 cm™ (Figure 3.6). Carbopol Aqua SF1
shows a strong peak at 3350 cm™. This indicates stretching vibrations of O-H and intermolecular
hydrogen bonding. Strong peaks are also seen at 3005 and 1698 cm™ correlating to strong stretching
of aliphatic C-H and strong vibration of carbonyl (C=0) bonds. Peaks at 1000 and 1195 cm™ indicate
a coupling between in-plane O-H bending and C-O stretching of neighbouring carboxyl groups.
Alcalase 2.4 L FG shows weak peaks at 2950 and 3001 cm™, which are characteristic of amino acid
with aromatic side chains, e.g., tyrosine, tryptophan, and phenylalanine. The peak at 1753 cm™
indicates strong C=0 stretching, attributed to C=0 bond adjacent to secondary amide (peptide) bond.
The peak at 1156 cm™ shows strong C-O-H group stretching, present in the amino acids serine and
tyrosine. Ciprofloxacin hydrochloride shows a peak at 1451 cm™ attributed to the strong vibration of
C-H bonds. The peak 1255 cm™is associated with the aromatic C-F group present on ciprofloxacin.
Peak 801 cm™is interpreted as tetrasubstituted benzene ring derivatives, present on the ciprofloxacin
chemical structure. The tightly packed range of peaks between 600 and 1450 cm™ indicates an array
of substituted groups associated with the ciprofloxacin chemical structure. Ciprofloxacin encapsulated
Carbopol, coated with Alcalase contains peaks associated with the individual components. The peak
at 3358 cm™ shows stretching vibrations of O-H and intermolecular hydrogen bonding, this is
analogous to Carbopol alone. The peak at 1721 cm™ provides evidence of strong C=0 stretching,
attributed to C=0 bond adjacent to the secondary amide (peptide) bond, present in this formulation
due to the coating effect on the Carbopol surface. High-density peaks at 600-1000 cm™ again are
similar to ciprofloxacin alone, which indicates that a variety of substituted groups associated with the
ciprofloxacin being present within the Carbopol. The elemental analysis of Carbopol Aqua SF1,
Alcalase 2.4 L FG and ciprofloxacin alone, and ciprofloxacin-loaded Carbopol nanogel coated with
Alcalase 2.4 L FG was performed using a CHN Analyser (Carlo Erba 1108) (Table 3.1). The formulated
nanogel particles were centrifuged for 15 min at 8000 g. The supernatant was discarded, and the pellet
washed three times with deionised water. The precipitate was further dried overnight at room
temperature under vacuum. The data show the % value of C, H, N, and S for the above materials.
Carbopol alone contained only C and H, which is consistent with polyacrylic acid polymers. Oxygen is
present in all samples but not analysed. Alcalase contained C, H, and N, present in all amino acids, and
additionally it contained 0.48% S, which is present in the amino acids methionine and cysteine. This is

confirmed by the EDX results in Figure 3.3F. Ciprofloxacin contains C, H, and N.
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Fourier transform infra-red (FTIR) spectra of Carbopol Aqua SF1, Alcalase 2.4 L FG,

Samples were

prepared by removing water using a Silica gel desiccant by in vacuum chamber for 1 day, then dried
at 60°C for 2 days. The spectra was measured between 4000-600 cm™* using PIKE ATR diamond settings.
A spectrum was obtained with a blank of just air to reduce transmittance interference with the

samples.

Table 3.1. The elemental analysis of Carbopol Aqua SF1, Alcalase 2.4 L FG, Ciprofloxacin, and
Ciprofloxacin-loaded Carbopol nanogel coated with Alcalase 2.4 L FG.

Element 0.6 wt% Carbopol 0.6 wt% Alcalase 0.0032 wt% 0.6 wt% Carbopol Aqua SF-1-
AquaSF1/% 24LFG/ % Ciprofloxacin / % 0.0032 wt% Ciprofloxacin-0.6
wt% Alcalase 2.4 LFG / %
C 35.93 47.60 51.08 41.19
H 5.83 6.59 6.00 5.71
N 0.0 16.58 10.60 7.57
S 0.0 0.48 0.0 0.26
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The formulation of 0.6 wt% Carbopol Aqua SF1-0.0032 wt% ciprofloxacin—-0.6 wt% Alcalase
2.4 L FG nanogel contained all elements analysed, confirming that the Alcalase had been successfully
retained on the Carbopol during preparation. EDX spectra of the 0.6 wt% Carbopol-0.0032 wt%
ciprofloxacin— 0.6 wt% Alcalase nanogel and the individual components were performed on SEM-
prepared samples (Figure 3.7). It can be seen that the formulation contains both sulphur and fluorine
peaks, characteristic of Alcalase and ciprofloxacin, respectively. This provides evidence that the
formulated nanogel has successfully encapsulated ciprofloxacin and is coated with Alcalase. Alcalase
2.4 L FG was chosen as a potential protease to degrade biofilms due to its favourable activities (see
Figure 3.9). It is highly active and stable between pH 6 and 9 in the wide-temperature range between
30 and 65 °C. Table 3.2 also shows that its optimal usage conditions are between 30 and 65 °C and pH
7-9 (Novozymes data). These properties make it an ideal choice for disrupting bacterial biofilms, which

are grown at 37 °C and can grow at either acidic or basic conditions (Hostacka et al., 2010).

15 . A Carbopol Aqua SF1 =4 B Alcalase 2.4 L FG
Map Sum Spectrum | Atomic Weight % —: Map Sum Spectrum | Atomic Weight %
Element ] Element
% = 5D o . o 2246036
10—
N C 63.7810.44 ] . SR
E == T LS _ s 2.07+0.08
) 3 N 17.37 £0.14
5+ 5
] T Total 100
] e
] IR
o4 B B B i e e e
4 v 6 8 10 ] 4 eV 3 8 10
0.6 wt % Carbopol-0.0032 wt%
15 C Ciprofloxacin 15 D Ciprofloxacin-0.6 wt% Alcalase NPs
E Map Sum Spectrum Atomic Weight % Map SEL';m 5petc‘trum Atornic Waight %
] Element emen
0 26.10 +0.55 o 5 P—
C 65.37 +0.49
3 ] c 52,09 £0.99
¥ F 252+0.10 N = TR
N 6.01+0.19 s 5 e
Total 100 N 5.31+0.33
ﬁ—m Total 100

Figure 3.7. EDX spectra of (A) 0.6 wt% Carbopol Aqua SF1, (B) 0.6 wt% Alcalase 2.4 L FG, (C) 0.0032
wt% Ciprofloxacin and (D) 0.6 wt% Carbopol-0.0032 wt% Ciprofloxacin-0.6 wt% Alcalase NPs. The
measurement for Carbopol, Alcalase and Ciprofloxacin was taken three separate locations and the
data averaged. The measurement for the NP was taken in the centres of three separate NPs and
averaged. A Hitachi TM3030Plus and Oxford Laboratories micF+ X-stream-2 EHX was used, and the
data analysed using Aztec One v.3.3.
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Table 3.2. Enzymatic characteristics of Alcalase 2.4 L FG. (Data obtained from Novozymes®).

Product EC Type Form | Optimal Usage | Activity | Applications
name Number Conditions
Alcalase 2.4 L | 3.4.21.62 Serine endo- Liquid 30-65°C pH7-9 | 2.4 AU-A/g
FG peptidase
(mainly subtilisin
A)

3.3.2 Protease activity of free Alcalase vs Alcalase nanogel

Enzyme catalytic potential is affected by several factors. The effect of pH, temperature, and time
on the free enzyme and the surface-immobilised Alcalase on the Carbopol nanogel particles was
investigated (Figure 3.8). The effect of pH was investigated at 5.5, 7.5, and 8.5. As seen in Figure 3.8A, a
higher pH increases the activity of the free Alcalase and Alcalase-nanogel substantially. There is only a
marginal difference between the protease performances of each sample, which is likely due to the gentle
electrostatic attraction between the anionic Carbopol nanogel particles, and the cationic protease in this pH
range, having little effect on the enzyme’s tertiary structure. Covalent enzyme immobilisation methods have
been shown to cause a decrease in protease activity for this reason (Mendes et al., 2011). A similar trend is
observed when measuring the effect of temperature (Figure 3.8B) on the activity of the free and
immobilised Alcalase. Its activity broadly increased at physiological and higher temperatures, a common
feature of biologically derived enzymes, but there is a very little difference in performance between the
samples. This data are in agreement with the enzyme activity data provided by Novozymes (see Figure 3.9).
This provides further evidence that the Carbopol nanogel immobilisation technique is exerting little
influence on the enzyme activity. Figure 3.8C examines the effect time has on the activity of the free and
immobilised samples. As for the effect of pH and temperature, there is only a small difference in the activity,
particularly up until 6 h. At the 24 h time point, the immobilised Alcalase— Carbopol nanogel shows increased
activity compared to the free counterpart. This indicated that over time, the Alcalase-nanogel can
outperform the free Alcalase at an equivalent concentration. However, it is concluded from this data that
the immobilisation process is not allowing the enzyme-functionalised nanogel to perform better due to any
intrinsic property the Carbopol is inferring, but rather the nanogel allows the enzyme to concentrate and
localise at key anionic structures of the biofilm, such as the cell wall, or biofilm surface adherence proteins

(Lister & Horswill, 2014).
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Figure 3.9. Alcalase 2.4 L FG enzymatic characteristics. (A) Effect of pH on Alcalase activity, (B) effect
of temperature on Alcalase activity, (C) effect of pH on Alcalase stability. (Data obtained from
Novozymes®).

3.3.3 Qualitative biofilm-producing capability assessment of representative ATCC bacterial species

Before the assessment of the Alcalase 2.4 L FG-coated Carbopol NPs on biofilms, the ability of the
six types of bacteria to produce biofilms was investigated. A simple glass tube Crystal Violet staining assay
was used to assess their adherence to a smooth glass surface after 24 h of growth. Table 3.4 shows that all
six species were able to adhere to the glass tube. The adhered cells and biofilm were relatively scored based
on the concentration of Crystal Violet dye retained after washing with deionised water. Figure 3.10 shows
the blue/purple coating of the glass over the area in which the bacterial cells were cultivated and adhered
to the glass wall in a biofilm. S. aureus, P. aeruginosa, and S. epidermidis were shown to have strong
adherence. K. pneumoniae and E. coli showed moderate adherence, and, finally, E. faecalis was shown to

have a weaker adherence. Staphylococcal, Pseudomonas, Escherichia, and Enterococcus species have all

151



been previously shown to form biofilms. A Congo Red agar (CRA) culture method, first demonstrated by

Freeman et al., 1989 was also performed (see Figure 3.11). This uses a highly nutritional agar supplemented

with sucrose, encouraging the production of exopolysaccharides. Biofilm-producing species produce black

colonies, which can be seen on the S. aureus, P. aeruginosa, and S. epidermidis species. However, this was

not expressed so well on the K. pneumoniae, E. coli, and E. faecalis species, although there was some

darkening of the colonies. The sensitivity and the exact mechanism of the production of the black colonies

are not well understood, and as it has been suggested by Freeman et al., 1989 that it may be due to the

presence of secondary metabolites. Due to this, the study referred to the crystal violet tube method

which shows all six species are biofilm producers.

Table 3.4. Biofilm formation visual score (ATCC species).

Bacteria Species Biofilm score
S. aureus 3-strong

P. aeruginosa 3-strong

S. epidermidis 3-strong

K. pneumoniae 2-moderate
E. coli 2-moderate
E. faecalis 1-weak

The formation of biofilm by staining of adhered cells was scored as either 0-absent, 1-weak, 2-
moderate or 3-strong.

P. aeruginosa

S. aureus

K. pneumoniae E. coli

.

S. epidermidis

E. faecalis

Figure 3.10. Qualitative tube method of biofilm formation detection photographs. Cells and biofilm
mass are stained blue/purple by the Crystal Violet dye.
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S. aureus P. aeruginosa S. epidermidis

E. coli

Figure 3.11. Congo Red Agar (CRA) biofilm detection method photographs. Black colonies indicated
the species is a biofilm producer. Agar formulated using 37 g/L Brain Heart Infusion agar, 0.8 g/L
Congo Red, and 6 g/L sucrose. CRA has a very low sensitivity compared to other biofilm detection
methods such as TM.

3.3.4 Biofilm disruption by Alcalase-coated nanogel particles

Proteolytic enzymes have previously been used, particularly in wound-healing applications, as
agents to remove the necrotic tissue and cell debris (Baidamshina et al., 2017; Lequette et al., 2010 ;
Pavlukhina et al., 2012 ; Thallinger et al., 2013). It was investigated if Alcalase 2.4 L FG-coated Carbopol
nanogels were able to disrupt the biofilms formed by the species described above. Biofilms were
formed by culturing the bacterial species in TC-coated 48-well plates for 24 h at 37 °C in static
conditions. After 24 h, the media was removed and the biofilms adhered to the well plates were
washed to remove any remaining planktonic cells. Fresh culture media was supplemented with 0.2
wt% Carbopol, 0.2 wt% Alcalase, and 0.2 wt% Alcalase coated Carbopol nanogel, unsupplemented
media was used as a control. Crystal Violet (0.1 wt%) was used to stain the adhered cells and biofilm
matrix, before being solubilised in 30% acetic acid. The absorbance was taken to quantify the residual
biofilm mass. Figure 3.12 shows that bare 0.2 wt% Carbopol nanogel showed very little biofilm
disruption capability, approximately a 5% reduction in biofilm mass. Free Alcalase (0.2 wt%) showed
a marked improvement in biofilm mass reduction. This ranged from around 80 to 40% residual biofilm
mass, with P. aeruginosa and K. pneumoniae showing the least and most reduction in biofilm mass,
respectively. Interestingly, across all six species, the 0.2 wt% Alcalase-coated 0.2 wt% Carbopol
nanogel showed a much greater reduction in biofilm mass compared to the free Alcalase enzyme. This
ranged from around 35 to 15% residual biofilm mass compared to the control. In S. aureus, P.

aeruginosa, S. epidermidis, E. coli, and E. faecalis, there was an over 50% decrease in the biofilm mass
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compared to the free Alcalase alone. K. pneumoniae showed a 20% decrease in the biofilm mass
compared to the free Alcalase. Figure 3.13 shows visually the reduction in Crystal Violet staining on
the biofilms after treatment. To test the hydrolysis of the biofilm matrix, particularly the protein
content, the same experiment was performed using 0.005 wt% Congo Red to stain the biofilm. This
was solubilised in 30% ethanol and the absorbance taken to quantify the intensity of the staining of
the biofilms after treatment. Congo Red has previously been used to stain amyloidosis, an
accumulation of proteins, in histology sections. Increased concentrations of protein result in a more
intense red staining. Figure 3.14 shows a similar correlation between the reduction of the biofilm mass
observed by Crystal Violet staining. Carbopol nanogel (0.2 wt%) showed no reduction to very little
reduction of the protein content (see Figure 3.15 for visual images of Congo Red biofilm stains). Free
0.2 wt% Alcalase showed between 40 and 60% residual protein content within the biofilms. However,
0.2 wt% Alcalase-coated 0.2 wt% Carbopol shows a much more impressive reduction in protein
content within the biofilm, between 25 and 15% residual protein compared to the control. This shows
that the Alcalase-coated nanogels are causing the degradation of the protein backbone of the biofilm.
The immobilised Alcalase on Carbopol nanogel particles is likely resulting in an increase in enzyme

stability and reduction in aggregation, allowing them to outperform their free enzyme counterparts.
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Figure 3.12. The ability of 0.2 wt% Alcalase 2.4 L FG and 0.2 wt% Carbopol-0.2 wt% Alcalase 2.4 | FG
to disrupt biofilms. Bacteria were cultured in MHB broth for 24 hours at 37°C to form a biofilm. The
excess media and suspended cells were washed away and the remaining mature biofilm incubated for
24 hr in supplemented MHB. After the treatment, the residual biofilms were quantified using Crystal
Violet staining. Tests were performed in triplicates (N=3 with + S.D). Statistical analysis shown in Table
3.5. <0.05 is considered significant. *P < 0.05, **P < 0.01, ***P < 0.001.
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0.2 wt% 0.2 wt% Carbopol-
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K. pneumoniae

E. coli

E. faecalis

Figure 3.13. Photographs of 48-well plate biofilms after Crystal Violet staining and washing/drying.
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Figure 3.14. The ability of 0.2 wt% Alcalase 2.4 L FG and 0.2 wt% Carbopol Aqua SF1-0.2 wt% Alcalase
2.4 1 FG to disrupt matrix protein by hydrolysis. Bacteria were cultured in MHB broth for 24 hr at 37°C
to form a biofilm. The excess media and suspended cells were washed away and the remaining mature
biofilm incubated for 24 hr in supplemented MHB. After treatment, the residual biofilms were
quantified using Congo Red staining. Tests were performed in triplicates (N=3 with + S.D). Statistical
analysis shown in Table 3.6. <0.05 is considered significant. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3.15. Photographs of 48-well plate biofilms after Congo Red staining and washing/drying.
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Table 3.5. Crystal Violet staining statistical analysis between 0.2 wt% Alcalase 2.4 L FG and 0.2 wt%
Alcalase 2.4. L FG-0.2 wt% Carbopol Aqua SF1. Data were expressed as average values + standard
deviations of the mean. P-values of less than 0.05 were considered significant. All Student’s T-tests
were performed in GraphPad v7.0.4.

Species Multiple Comparison P-value Significance
S. aureus 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.015841 *

P. aeruginosa 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.000579 *okx

S. epidermidis 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.000387 HAx

K. pneumoniae 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.014732 *

E. coli 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.000264 HEx

E. faecalis 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.001023 *k

< 0.05 is considered significant. *P <0.05, **P <0.01, ***P <0.001

Table 3.6. Congo Red staining statistical analysis between 0.2 wt% Alcalase 2.4 L FG and 0.2 wt%
Alcalase 2.4. L FG-0.2 wt% Carbopol Aqua SF1. Data were expressed as average values * standard
deviations of the mean. P-values of less than 0.05 were considered significant. All Student’s T-tests
were performed in GraphPad v7.0.4.

Species Multiple Comparison P-value Significance
S. aureus 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.00526 ok
P. aeruginosa 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.001446 *ok
S. epidermidis 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.000657 ok
K. pneumoniae 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.007448 ok
E. coli 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.004157 *k
E. faecalis 0.2 wt% Alcalase vs 0.2 wt% Alcalase-0.2 wt% Carbopol 0.000636 Hokx

< 0.05 is considered significant. *P <0.05, **P <0.01, ***P <0.001.
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3.3.5 Resazurin sodium salt in situ bacterial biofilm metabolic activity assay

Resazurin sodium salt assay was used to measure the metabolic activity of the bacterial cells within
the biofilm. Biofilms of the six species were grown for 24 h on membrane filter paper sections placed on to
MHA. After 24 h of growth, a biofilm was formed on the filter paper. The membrane biofilm was then
transferred onto fresh MHA in a six-well plate and submerged into treatment-infused deionised water
(unsupplemented deionised water was used as the control). Treatments were increased to 0.4 and 0.6 wt%
Alcalase to investigate if higher concentrations of free Alcalase enzyme and Alcalase-coated Carbopol
nanogels would affect the viability of the cells within the biofilm after 24 h. 0.015 wt% resazurin sodium salt
was used to measure the metabolic activity of the cells within the biofilm by applying evenly to the surface
of the biofilm. Resazurin sodium salt can be used as a metabolic activity assay by measuring the production
of resorufin (fluorescent pink) created in the presence of cellular reduced nicotinamide adenine
dinucleotide (Markland & Smith, 1971). Only metabolically active cells are able to reduce resazurin to
resorufin. The development of resorufin on the biofilm was quantified to measure the metabolic activity of
the biofilm after treatments. Figure 3.16 shows that 0.6 wt% Carbopol has no effect on the metabolic activity
of the bacterial cells. Free Alcalase (0.4 and 0.6 wt%) was able to reduce the metabolic activity of cells within
the biofilm by on average 60-40% across the six species. S. epidermidis showed by far the most decreased
metabolic activity, 30-20% viability with 0.4 and 0.6 wt% free Alcalase treatment. P. aeruginosa and E.
faecalis were able to tolerate the free enzyme treatments much better, reducing to approximately 60-50%
after treatment with 0.4 and 0.6 wt% free Alcalase, respectively. In agreement with the 48-well biofilms
described above, the Alcalase-coated Carbopol nanogel performed much better than the equivalent
concentration of the free Alcalase enzyme. In all six species, the 0.6 wt% Alcalase-0.6 wt% Carbopol nanogel
was able to reduce the viability of the biofilms to approximately 4%. Figure 3.17 shows the intensity of the
purple colour of biofilm after treatment with 0.6 wt% Alcalase-0.6 wt% Carbopol. This contrasts the control

image, which shows a pink colour indicating that the biofilm contains metabolically active cells.
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Figure 3.16. Resazurin sodium salt in situ bacterial biofilm assay. Membrane biofilms were grown for
24 hr at 37°C. 20 ul of treatment was applied as a droplet to the surface of the biofilm and left to
incubate for 24 hr. 20 pl of 0.015 wt% Resazurin sodium salt was added and incubated for 30 minutes.
Images were captured using an 8MP digital camera and the percentage of biofilm showing metabolic
activity calculated using Imagel v1.52d.
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Figure 3.17. Photographs of S. aureus biofilms surface after treated with Resazurin Sodium Salt
reagent. Pink indicates metabolising cells, purple non-metabolising cells. Black scale bar represents

1cm.
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3.3.6 S. aureus biofilm cellular viability after treatment with Alcalase-nanogel particles and co-

treatment with free ciprofloxacin hydrochloride.

Alcalase-coated Carbopol nanogel has been shown to reduce the biofilm mass, the protein
concentration of biofilm matrix, and the biofilm metabolic activity. The viability of the cells within the
biofilms after treatment by CFU enumeration was investigated. S. aureus was chosen as the proxy biofilm-
producing bacterium for these experiments. S. aureus is considered one of the most prevalent pathogens in
wound infection (Omar et al., 2017), and has been widely studied making it a good choice for further
investigation. Biofilms were grown on the filter membrane atop MHA and treated with 0.6 wt% bare
Carbopol, 0.6 wt% free Alcalase, and 0.6 wt% Alcalase-coated 0.6 wt% Carbopol in the same fashion as
above. Additionally, the effect of cotreatment with the antibiotic ciprofloxacin was investigated as a free
agent and equivalent concentrations of ciprofloxacin encapsulated into Carbopol. It has previously been
demonstrated that antibiotics can be encapsulated into Carbopol and this confers an increased efficacy of
the antimicrobials against target cells.> Table 3.7 shows that 75% of the ciprofloxacin encapsulated with the
Carbopol was retained. The encapsulation efficiency was measured by analysing the supernatant of the
formulation immediately after centrifugation; the encapsulation efficiency was calculated using a standard

calibration curve of absorption vs known concentrations of ciprofloxacin (Figure 3.18).

Post-encapsulation, the mean particle diameter was marginally increased by approximately 1 nm
post-encapsulation and there was no detectable change in zeta potential of the nanogel particles (Figure
3.19). Previously, polyelectrolytes have been used to reverse the charge of the nanogel and allowed an
electrostatic adhesion to the anionic surface of the bacteria (Al-Obaidy et al., 2019a; Halbus et al., 2019d;
Al-Obaidy et al., 2019b). In this study, Alcalase was used to accomplish this goal to create a dual-purpose
nanocarrier able to effectively degrade the biofilm and simultaneously deliver concentrated doses of the
antibiotic localised directly on the cell wall. This strategy is known to work extremely well for planktonic
bacteria, but so far this has never been tried for bacteria in a biofilm. The release kinetics of the nanogel-
loaded ciprofloxacin hydrochloride was measured over 24 h (Figure 3.20), and, as in previous studies, the
antibiotic was released slowly over a period of 24 h after dilution of the stock suspension. This facilitated
the release of ciprofloxacin in close proximity to the S. aureus. Cell enumeration was performed after 1, 6,
and 24 h of treatment. The treated biofilms were glass bead beaten and enumerated using the drop plate
method. Ciprofloxacin was chosen as an appropriate co-treatment as it can be administered topically, orally,
and intravenously. Figure 3.21 shows that the S. aureus strain used in this study was susceptible to
ciprofloxacin and had a minimum inhibitory concentration (MIC) of 0.08 pg mL™(0.000008 wt%). 0.0032 wt%
was chosen as this is the maximum concentration measured to be effective against S. aureus using the ETEST

strips. This allowed a fair comparison of nanogel-formulated vs free ciprofloxacin at concentrations shown
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to be effective against S. aureus. Additionally, this concentration allows the nanocarrier colloidal stability to

be maintained due to ciprofloxacin’s low water solubility.

Table 3.7. The concentration of ciprofloxacin encapsulated into 0.6 wt% Carbopol Aqua SF1 nanogel.

Carbopol- Total ciprofloxacin | Ciprofloxacin in Ciprofloxacin Encapsulation
ciprofloxacin conc. attempted supernatant / wt% | encapsulated / efficiency / wt%
mixture to encapsulate / wt%
environment wt%
30 minutes
37°C 0.0032 0.0008 0.0024 75
pH 7.5
0.6 -
y=74.428x

g 054 R*=0.9923 m

c

R 0.4 1
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Figure 3.18. Standard calibration graph of the absorption vs concentrations of ciprofloxacin

hydrochloride. Absorbance was measured at 280 nm. Aliquots were prepared by adding ciprofloxacin
hydrochloride to 250 mL Milli-Q water (adjusted to pH 5.5 using acetate buffer) at specific
concentrations. Error bars are within the symbol size.
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Figure 3.19. The (A) size and (B) zeta potential of 0.6 wt% Carbopol, 0.6 wt% Carbopol encapsulating
0.0032 wt% ciprofloxacin and 0.6 wt% Carbopol encapsulating 0.0032 wt% ciprofloxacin with 0.6 wt%
Alcalase coating. All measurements were taken at pH 5.5 (acetate buffer solution) with a Rl of 1.450
at 25°C. Each value represents a triple replicate with + S.D.
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Figure 3.20. Ciprofloxacin release kinetics at pH 5.5. 10 mL of 0.0032 wt% ciprofloxacin-0.6 wt%
Carbopol suspension was placed into a 10-12 kDa MWKO dialysis bag. The dialysis bag was submerged
into 250 mL of pH 5.5 acetate buffer at 37°C whilst shaken at 100 rpm shaking. 1 mL aliquots were taken at
specific time points on the absorbance of the aliquot equated into the concentration of ciprofloxacin in the
acetate buffer using a standard calibration curve. Absorption was measured at 280 nm. Each value
represents average triplicate measurements with error bars representing the £ S.D. The lines are guides to
the eye.

S. aureus

Figure 3.21. Ciprofloxacin M.I.C.E. TEST® Evaluator strips 32-0.002 ug/mL tested against S. aureus.
Susceptibility is shown to be 0.08 ug/mL (0.000008 wt%).

Figure 3.22A shows that after seeding a membrane with 1 x 10° CFU mL™ for 24 h at 37 °C, the
growth control continued to increase in cell density after a further 1, 6, and 24 h of growth. Treatment with
0.6 wt% bare Carbopol showed little change in the CFU mL™ of biofilm. After treatment with 0.6 wt% free
Alcalase, there was a reduction in viable cells within the S. aureus biofilm. There was a little difference after

1 h, but after 24 h, the viable cell count was reduced to just under 1 x 10° CFU mL™, very close to the
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concentration of cells the original membrane was seeded with. Surprisingly, after treatment with 0.6 wt%
Alcalase-0.6 wt% Carbopol NPs, there was a very little difference in the number of viable cells after each
treatment time point. This is likely due to the Alcalase- Carbopol nanogel degrading the biofilm but having
very little effect on the bacterial cell viability, as there is no antibiotic in this treatment to act on the released
bacteria. Treatment with 0.0032 wt% ciprofloxacin (higher than the MIC of 0.00008 wt%) was used to
measure the number of viable cells, after 24 h of treatment, the viable cells in the S. aureus biofilm had
reduced from approximately 1 x 10° to 1 x 103. The cells within the biofilm are much less susceptible to
antibiotics due to their poor penetration through the biofilm matrix. There was no real improvement when
0.0032 wt% ciprofloxacin is treated with 0.6 wt% Carbopol. This result is unsurprising due to the Carbopol
nanogel alone demonstrating no ability to degrade the biofilm matrix. Again with 0.00032 wt% ciprofloxacin
and 0.6 wt% free Alcalase, there was no difference between the CFU mL™ compared to the antibiotic alone.
However, when the antibiotic is administered as a cotreatment with 0.6 wt% Alcalase-coated 0.6 wt%
Carbopol NPs, there was a reduction to 1 x 10%. This indicates that the cells in the biofilm have been
destroyed due to the degradation of the biofilm matrix by the Alcalase-Carbopol nanogel allowing the
ciprofloxacin to reach and penetrate the bacterial cells. This synergistic effect was enhanced further when
the ciprofloxacin was delivered to the S. aureus encapsulated in the nanogel, rather than as a separate co-
treatment. After 6 and 24 h of treatment with 0.0032 wt% ciprofloxacin encapsulated in 0.6 wt% Carbopol
with 0.6 wt% Alcalase coating, there were no viable bacteria found in the samples. This provides evidence
that the dual functionality of the Alcalase-nanogel mediates biofilm degradation and the localised delivery

of ciprofloxacin of this formulation is able to effectively clear the biofilms and kill all released bacterial cells.

Figure 3.22B shows that there is a correlation between the increase of the concentration of free
ciprofloxacin in the presence of an equivalent amount of Alcalase-Carbopol NPs and the residual bacterial
cell viability after treatment. Different dilutions of the treatments were prepared to measure this effect. A
very low treatment concentration, 0.075 wt% Alcalase-0.075 wt% Carbopol + 0.0004 wt% ciprofloxacin,
showed very little effect after 1, 6, or 24 h. This is due to the likely ineffective degradation of the biofilm.
However, as the concentration of the Alcalase-Carbopol NPs increased alongside the increased
concentration of ciprofloxacin, CFU mL™ was reduced to almost no viable cells. After 24 h at the higher
concentration of the formulation, there was a very little difference in the CFU at the 1, 6, and 24 h time
points, this indicates that the Alcalase-coated nanogel particles are very fast acting, enabling the
ciprofloxacin access to the cells quickly. Interestingly, at the mid-treatment concentrations, CFU mL-1
increased between 1 and 6 h; however, at 24 h, it had fallen below the first time point. This indicates that
the lower concentrations of Alcalase—Carbopol NPs are slower to effect the biofilms. Within a biofilm, 0.6
wt% Alcalase—0.6 wt% Carbopol nanogel was found to be the most effective concentration to kill cells when

combined with the synergistic effect of ciprofloxacin. Figure 3.22C shows the results on the concentration
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dependence of the cell viability on the antibiotic treatment in experiments where the ciprofloxacin was
encapsulated within the Carbopol nanogel, rather than being delivered separately as a co-treatment. The
results demonstrate that there was a significant decrease in cell viability after 1, 6, and 24 h compared to
when ciprofloxacin was administered separately at the same concentration. This is attributed to the highly
localised release of ciprofloxacin from the adhered nanogel enhancing the effect of the antibiotic. Alcalase
functionalised Carbopol nanogel particles can be seen attached to the bacterial cell after the biofilm has
been cleared away (Figure 3.24D) providing evidence of their ability of local delivery of the antibiotic directly

to the bacterial cell wall.
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Figure 3.22. (A) S. aureus biofilm cellular viability after anti-biofilm treatments. CFU/mL of colony
biofilms after timed exposure (1, 6, 24 hr) with a variety of Carbopol Aqua SF1, Alcalase 2.4 L FG, and
ciprofloxacin formulations (co-treatment and encapsulated in Carbopol nanogel particles). The cell
viability of S. aureus from the biofilm culture with (B) co treatments of ciprofloxacin and (C) treatments
with encapsulated ciprofloxacin within Alcalase-coated Carbopol formulations at different dilutions at
1, 6 and 24 hr time-points. The treatment solutions were diluted 2-fold from a starting concentration
of 0.6 wt% Carbopol-0.6 wt% Alcalase-0.0032 wt% ciprofloxacin (co-treatment or nanogel-
encapsulated). Post-treatment, the colony biofilms were glass bead beaten in 1 mL of MHB with serial
dilutions. The agar drop plate method was used to elucidate the CFU/mL. Statistical analysis shown
in Table 3.8. <0.05 is considered significant. *P < 0.05, **P < 0.01, ***P < 0.001.
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Table 3.8. Statistical analysis of free ciprofloxacin vs encapsulated ciprofloxacin (0.6 wt% Alcalase-0.6
wt% Carbopol formulation) at 1, 6 and 24-hour time points. Data were expressed as average values +
standard deviations of the mean. P-values of less than 0.05 were considered significant. All Student’s
T-tests were performed in GraphPad v7.0.4.

Multiple comparison P-value Significance
1 hour free ciprofloxacin VS 1 hour encapsulated ciprofloxacin (0.6 0.001952 *ok
wt% Carbopol-0.6 wt% Alcalase NP)

6 hour free ciprofloxacin VS 1 hour encapsulated ciprofloxacin (0.6 0.000314 *Ex
wt% Carbopol-0.6 wt% Alcalase NP)

24 hour free ciprofloxacin VS 1 hour encapsulated ciprofloxacin (0.6 0.000499 ok
wt% Carbopol-0.6 wt% Alcalase NP)

< 0.05 is considered significant. *P <0.05, **P <0.01, ***P <0.001.

3.3.7 Antibiofilm efficacy of Alcalase-nanogel particles on S. aureus biofilm structure.

An investigation of how 0.6 wt% Alcalase-coated 0.6 wt% Carbopol nanogel affects the biofilm
structure of S. aureus using fluorescence microscopy was performed. S. aureus was allowed to adhere to a
glass slide, which has been submerged in this culture for 24 h at 37 °C. After 24 h, the media was removed
and the glass slides washed to remove non-sessile cells. Supplemented fresh media containing 0.6 wt%
Carbopol, 0.6 wt% free Alcalase, and 0.6 wt% Alcalase—0.6 wt% Carbopol NPs was incubated for a further
24 h covering the slides. Acridine Orange (AO) was used to visualise the remaining cells after treatment. AO
is a cell-permeable nucleic acid selective fluorochrome dye. It can emit green light at 520 nm when
intercalated with dsDNA. Figure 3.23A shows that the growth control has a highly congested biofilm
structure, and the cells are highly packed, which is consistent with biofilm formation. There is very little
difference to the biofilm structure after treatment with 0.6 wt% bare Carbopol and 0.6 wt% free Alcalase
(Figure 3.23B and C). The cells remain packed densely together, although there is a moderate reduction in
the cell density when treated with free Alcalase. However, in Figure 3.23D, there is a marked reduction in
the intensity of the AO fluorescence and a reduction in the cell density. The cells have much lower surface
density. This suggests that the disruption of the biofilm matrix by the Alcalase-Carbopol nanogel particles
has allowed many of the cells to detach from the biofilm during treatment or during the followed washing.
For a better understanding of the S. aureus biofilm structure, the same samples used for fluorescent analysis
were imaged using AFM (Figure 3.23E-H). The AFM images again show how the 0.6 wt% Alcalase-0.6 wt%

Carbopol NPs effectively remove the biofilm from the glass slide.

Figure 3.23E shows the tightly packed biofilm with staphylococcal cells of thickness approximately
1 um; the cells appear to be in a multilayer due to the height sensor recording a maximum height of 2.2 um.
There were no clear differences in structure between the treatments of 0.6 wt% bare Carbopol nanogel and

0.6 wt% free Alcalase treatments (Figure 3.23F and G, respectively). There is only a very small reduction in
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the average thickness of the biofilm of 0.1 um, which is insignificant. The AFM scans again show
staphylococcal layer of approximately 1 um in a tightly packed fashion. In the control, 0.6 wt% bare Carbopol
nanogel and 0.6 wt% free Alcalase showed no discernible difference in cellular morphology. The image in
Figure 3.23H, however, shows that the biofilm structure has largely been removed, in the scanned region,
there were no obvious signs of cell adherence and the peak height was 0.5 um, which is half the average
diameter of an S. aureus cell. This result indicates that the cells have been removed during the
Alcalase-Carbopol nanogel treatment and washed away after treatment during the preparation of the glass
slides for AFM microscopy. This correlates with the data obtained in the AO fluorescence microscopy images.
Finally, san investigation of the structure of the S. aureus biofilm using scanning electron microscopy (SEM)
was carried out. In this case, biofilms grown in filter membranes were used as this allowed feasible samples
to be obtained for SEM analysis. The samples were prepared in the same manner as described in the cellular
viability assays of biofilm-grown S. aureus reported above. The biofilms were treated with 0.6 wt% bare
Carbopol nanogel, 0.6 wt% free Alcalase, and 0.6 wt% Alcalase-coated 0.6 wt% Carbopol nanogel particles.
Unsupplemented media was considered the growth control. After the treatment, the biofilm membranes
were gently removed from the agar using serial tweezers; however, instead of enumeration, the membrane
was washed in deionised water, fixed for 1 h in 1 wt% glutaraldehyde, dehydrated in ethanol, and dried in
liquid CO; at critical point, as described in the methods section 3.2.15. Carbon coating (10 nm) was used to

create a conductive layer over the biofilm and reduce thermal damage during SEM imaging.

Figure 3.24 shows the SEM images after the treatments. The control sample shows the highly
congested S. aureus biofilm. At higher magnification, the EPS within the matrix can also be seen adhered to
the surface of the coccus cells and linked to other cells around, consistent with biofilm formation. This
morphology is similar in the samples with 0.6 wt% free Carbopol nanogel treatments. The cell density
remains highly analogous to the control sample and EPS matrix (dry residue) can be observed around the
cells. The cells appear to also be in multilayer with cells atop one and other. Interestingly, in the sample
treated with free 0.6 wt% Alcalase, the cellular morphology and density remain largely unchanged; however,
there appears to be a distinct lack of EPS matrix coating and surrounding the cells. This indicates that the
Alcalase may have digested the biofilm matrix but left the cells largely untouched. Finally, for the sample
treated with the Alcalase—Carbopol NPs, there is a clear reduction of the cell density and additionally the
biofilm EPS matrix has been degraded. The Alcalase—Carbopol nanogel particles can also be seen adhered
to the surface of the S. aureus cells, due to the cationic protease molecules on the nanogel surface due to
the electrostatic attraction to the anionic surface of the bacterial cell wall. This data correlates with the
images obtained using fluorescence and atomic force microscopy and confirms that the Alcalase- Carbopol

nanogel particles are degrading the biofilm glycoprotein network.
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F 2.1 ym

H 0.5 ym

Figure 3.23. Representative fluorescent images of S. aureus biofilm formation. (A) represents an
untreated control sample, (B) treatment with 0.6 wt% Carbopol, (C) 0.6 wt% Alcalase 2.4 L FG, and (D)
0.6wt% Carbopol-0.6 wt% Alcalase 2.4 L FG nanogel particles. Samples were stained with AO. White
insert bar represents 5 um. Tapping Mode Atomic force microscopy of 24-hr growth S. aureus biofilms
cultured on glass slides. (E) Shows biofilm growth control, (F) treatment with 0.6 wt% Carbopol, (G)
0.6 wt% Alcalase 2.4 L FG and (H) 0.6 wt% Carbopol-0.6 wt% Alcalase 2.4 L FG nanogel particles. Images
were acquired in height (topography) and then analysed using Nanoscope Analysis v.1.7. (Bruker). The
area scanned is 5 um? per image.
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Control

0.6 wt% free Alcalase 2.4 L FG 0.6 wt% Carbopol-0.6 wt% Alcalase 2.4 L FG

Figure 3.24. SEM images of S. aureus before (A) and after treatment with (B) 0.6 wt% bare Carbopol
nanogel, (C) 0.6 wt% free Alcalase 2.4 FG and (D) 0.6 wt% Alcalase 2.4G coated 0.6 wt% Carbopol
nanogel. All samples were prepared for SEM imaging by drying and coated with ~10 nm carbon layer.
Samples were imaged using a Carl Zeiss Evo-60 (Germany) with a variable pressure 100 micron
aperture at 40 Pa. EHT was 20 kV with probe current of 100 pA. Images were captured with Zeiss
smartSEM software.

3.3.8 Zeta potential of bacteria treated with free Alcalase and Alcalase-nanogel.

An investigation into the effect of the free Alcalase and the immobilized Alcalase on-Carbopol
nanogel on the zeta potential of the bacterial species was performed. The experiments on the cells were
performed in suspension to allow zeta potential measurements by DLS. Figure 3.25 indicates that all six
species conferred a negative charge on their cell walls, with the Gram negative generally having a stronger
charge than the Gram positive. Across all six species, the free Alcalase showed a marginal reduction in the
negative zeta potential after 10 min and 1 h. This was likely due to the accumulation of protease on the cell
wall. The charge difference was only slight between 10 min and 1 h, indicating that the Alcalase protease
had not built up and saturated the surface of the cells. In contrast, the Alcalase- Carbopol nanogel particles
showed an increased reduction of the negative charge of the bacterial cells. On average, the zeta potential
was reduced by approximately 7-10 mV across the six species. This indicated a build-up of the cationic
protease-coated nanogel carriers on the surface of the bacterial cells. The SEM images of S. aureus in Figure
3.24 also support this data, showing that the Alcalase-Carbopol particles adhered to the bacterial cell wall.
The experiments were stopped after 1 h due to the aggregation of the cells causing unreliable zeta potential
measurements. While these experiments are not indicative of the behaviour of the cells in a biofilm, which
will have a much more complex EPS matrix surrounding them, it does provide a valuable insight into the
increased attraction of the Alcalase—Carbopol nanogel to the exposed bacterial cells and, therefore, the

likely increased affinity of these particles to protein structures within the biofilm matrix.
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Figure 3.25. The zeta potential of bacterial cells treated with either 0.2 wt% free Alcalase or 0.2 wt%
Alcalase-0.2 wt% Carbopol NPs. The bacteria / treatment suspension was placed in a quartz cuvette
and zeta potential was measured using the Dipstick probe and Malvern Zetasizer nano ZS. The
refractive index was 1.384 and the absorption was 1.000. N = 3 with + S.D.

3.3.9 Comparison with standard treatments for biofilm-forming bacteria.

Currently, there is no ‘gold standard’” when it comes to topically treating wound biofilms. There is
universal agreement that mechanical debridement is the most effective way to remove biofilm infection,
but this is not always possible and often results in regrowth of the biofilm creating a chronic infection
(Metcalf et al., 2013; Schultz et al., 2018; Omar et al., 2017). Long-term antibiotic treatment and topical
antimicrobial treatments are other common options in treating biofilms. After decades of use, iodophore-
based formulations such as poly(vinylpyrrolidone)-iodine (PVP-I) remain prevalent in wound biofilm
treatments (Johani et al., 2018). lodine-based agents are effective antimicrobial agents, which are tolerated
well by the body and offer a broad spectrum of activity (Vermeulen et al., 2010). Additionally, they are able
to penetrate biofilms, and no clinical evidence presently shows that they have a negative effect on wound
healing (Bigliardi et al., 2017). Chlorhexidine is also often used as a disinfectant on patients and is commonly
found in formulations designed to reduce infection. However, it is not known to be effective against cells
within biofilms (Percival et al., 2914). Figure 3.26 shows a comparison between 0.6 wt% Carbopol-0.0032
wt% ciprofloxacin—-0.6 wt% Alcalase nanogels against iodine, PVP-I and chlorhexidine using the membrane
biofilm model. The results show that at the concentrations similar to active agents in the formulation,
ciprofloxacin, the alternative treatments are ineffective. This is likely due to the requirement of higher
concentrations needed to be effective and the lack of penetration into the biofilm. The quenching effect of

the EPS is paramount in preserving cell viability within a biofilm. Additionally, the effect of 0.2 wt%
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chlorhexidine and 10 wt% PVP-I concentrations were tested, these are commonly used clinically in wound

cleaning and sterilisation (Percival et al., 2914; Edmiston et al., 2013). Again, the results follow the same

trend as the low concentrations, with neither agent able to fully eliminate the biofilm bacteria viability.

A e

1.E+08 -
1.E+07 A
1.E+06 A
1.E+05 A
1.E+04 A

1.E+03 A

Viable cells / CFU/mL

1.E+02 A

1.E+01 -

H Chlorhexidine digluconate

¥ lodine PVP-1 Complex

1.E+00
0.6 wt%
Carbopol-0.0032
wit%
Ciprofloxacin-0.6
wt% Alcalase

B 1.E+09 -

1.E+08 - O No treatment
1.E+07 -
1.E+06 -
1.E+05 A
1.E+04 -

1.E+03 A

Viable cells / CFU/mL

1.E+02 -

1.E+01 -

1.E+00

No treatment

0.0008 0.0016 0.0032 0.0064

Biofilm Treatments / wt%

u 0.2 wt% Chlorhexidine digluconate

10 wt% PVP-1 Complex

0.6 wt% Carbopol-0.0032 wt%
Ciprofloxacin-0.6 wt% Alcalase

0.2 wt% Chlorhexidine
digluconate

No treatment 10 wt% PVP-1 Complex

Biofilm Treatments

Figure 3.26. S. aureus biofilm cellular viability after 24 hours at different concentrations of alternative
treatments. (A) Shows alternative biofilm treatments at 0 to 0.0062 wt% to compare to the active

concentration of ciprofloxacin in the Carbopol-Alcalase formulation.

(B) Shows a comparison a

comparison of the alternative biofilm treatments at concentrations used clinically. Biofilm treatments
were 0.6 wt% Carbopol-0.0032 wt% Ciprofloxacin-0.6 Alcalase, Chlorhexidine di-gluconsate, lodine

and Poly(vinylpyrrolidone)-lodine (PVP-I).

Post-treatment, the membrane biofilms were washed

thrice and then glass bead beaten in 1 mL of MHB with serial dilutions. The agar drop plate method
was used to elucidate the CFU/mL. Black scale bar in the biofilm pictures is 0.5 cm.
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3.3.10 Cytotoxicity and apoptosis-Inducing ability of bare nanogel, free Alcalase, and Alcalase-

nanogel on human cells.

A preliminary human cell cytotoxicity experiment was performed on HaCaT cells to investigate if
the bare Carbopol Aqua SF1, the free Alcalase 2.4 L FG, and the Alcalase 2.4 L FG-coated Carbopol Aqua SF1
nanogel particles were toxic to human cells. HaCaT cells are very good proxy for studying cytotoxicity of the
treatment as they are human keratinocytes, which are the same type of cells likely to be exposed to the
formulation in chronic wound cells. Figure 3.27A shows that 0.6 wt% Carbopol showed only a marginal
reduction in viable cells over 1, 6, and 24 h. This was also the case with 0.6 wt% free Alcalase 2.4 L FG, and
Alcalase 2.4 L FG-coated 0.6 wt% Carbopol Aqua SF1 nanogels, the same formulations used in the antibiofilm
experiments. This indicates that the Alcalase-coated Carbopol nanogels confer only a slight increase in
cytotoxicity toward the HaCaT cells, compared with the free enzyme and the bare nanogel. The data indicate
that the enzyme concentration, which provided effect antibiofilm effect, had a very little impact on cell
viability, providing evidence that they may be appropriate for in vivo use in surface chronic wounds.
Additionally, an investigation into the effect of the 0.6 wt% Alcalase—0.6 wt% Carbopol nanogel particles on
inducing apoptosis after 24 h treatment was performed. An Annexin V-FITC staining kit was used to measure
the induction of apoptosis using fluorescence-activated cell sorting (FACS). Figure 3.27B shows that after 24
h exposure to the Alcalase-coated Carbopol nanogel, there was approximately 10% residual viable cells
compared to untreated cells, which correlates well with the MTT viability data shown in Figure 3.27A. There
is only a marginal difference in induced apoptosis (cells staining positive for Annexin and negative for PI).
This indicates that the Alcalase 2.4 FG protease is not triggering apoptosis by way of the caspases cascade

apoptosis pathway.
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Figure 3.27. (A) HaCaT cell viability after comparative treatment with 0.6 wt% Carbopol Aqua SF1 nanogel,
0.6 wt% Alcalase 2.4 L FG, and -0.6 wt% Alcalase—coated 0.6 wt% Carbopol nanogel particles. Viability counts
were performed at 1, 6, and 24 hr. Cell viability % was interpolated from a HaCaT cell calibration curve
(Figure 3.28) (B) HaCaT cell status after 24 hr untreated or 24 hr of 0.6 wt% Alcalase-0.6 wt% Carbopol
treatment. (C) shows the dot plot distribution for untreated cells after 24 hr and (D) shows the dot-plot
distribution for 0.6 wt% Alcalase-0.6 wt% Carbopol treatment after 24 hr. The experimental was ended
after 10* cells were counted after staining using a FITC Annexin staining kit. Figure 3.29 shows the results
for the 0.6 wt% Carbopol and 0.6 wt% Alcalase which were considered controls. Figure 3.30 shows
photographs of the cells after 24 hr treatment and Table 3.9 shows the cell status after 24 hr of treatment.

Table 3.9. Cell status of HaCaT cells measured using FITC Annexin staining kit and FACS.

Treatment Cell status
Viable cells Dead cells Apoptotic cells
Untreated cells 87.4% 7.2% 5.4%
0.6 wt% Carbopol-0.6 wt% Alcalase NPs 73.6% 22.3% 4.1%
0.6 wt% Carbopol 86.2% 7.6% 6.2%
0.6 wt% Alcalase 75.1% 20.4% 4.5%
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Figure 3.28. Calibration curve of HaCaT cells. Various cell concentrations were seeded in DMEM
medium and absorption values obtained at 570 nm. These data were used to calculate the number
of cells in parallel treatment / untreated wells. N=3 with £ S.D.
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Figure 3.29. HaCaT cell status after 24 hours of treatment with (A) 0.6 wt% Carbopol and (B) 0.6 wt%
Alcalase. FACS dot plots of 10000 cells counted after 24-hour treatment using a FITC Annexin staining
kit.
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Figure 3.30. Photographs of HaCaT cells in 96-well plates after 24-hour treatment of (A) untreated
control, (B) 0.6 wt% Alcalase-0.6 wt% Carbopol NPs, (C) 0.6 wt% bare Carbopol and (D) 0.6 wt% free
Alcalase. Photographs were taken immediately after treatment and before treatment infused DPBS

was aspirated out.
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3.4 Conclusions

These results confirm that protease Alcalase 2.4 L FG can disrupt the bacterial biofilm EPS
matrix and reduce its biomass. The surface functionalisation of Carbopol Aqua SF1 nanogels with this
enzyme further boosts this effect on six wound biofilm associated pathogens reducing the biomass 6-
fold compared to untreated biofilms. The efficacy of the Alcalase-coated Carbopol nanogel particles
was confirmed using fluorescence, atomic force, and scanning electron microscopy. Additionally, the
application of Alcalase—-Carbopol nanogels in a co-treatment with ciprofloxacin resulted in a 3-log
reduction in viable cell counts compared to using of an equivalent concentration of ciprofloxacin alone.
When ciprofloxacin was encapsulated within Alcalase-functionalised Carbopol nanogel at equivalent
concentrations to the free ciprofloxacin, there was a very significant further boost to the effectiveness
of the antibiotic in this dual-functionalised nanocarrier. These dual purpose Alcalase-coated antibiotic-
loaded nanogel particles provided effective treatment against S. aureus biofilms, with no detectable
CFU after 6 and 24 h treatment times. The Alcalase-Carbopol nanogels also showed negligible
cytotoxicity and apoptosis-inducing influence toward adult human keratinocytes. It is concluded that
the Alcalase-coated and ciprofloxacin-loaded Carbopol nanogel carriers are very effective and
apparently safe antibiofilm formulation, which could provide an alternative approach to the treatment
of external wound biofilms. This suggested that further investigation of the practical administration of
Acalase-coated Carbopol nanogels loaded with antibiotics on biofilm-infected wounds is required,
where these nanogels could provide an advantageous tool for therapeutic antibiofilm treatments and

fight against antimicrobial resistance.
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4.0 Chapter 4

Smart active antibiotic nanocarriers with protease
surface functionality can overcome biofilms of resistant
bacteria

Weldrick, P. J., Hardman, M. J., & Paunov, V. N. (2021). Smart active antibiotic nanocarriers
with protease surface functionality can overcome biofilms of resistant bacteria. Mater. Chem. Front.,
5,961-972. Reproduced by permission of The Royal Society of Chemistry. Attribution-NonCommercial
3.0 Unported (CC BY-NC 3.0). https://creativecommons.org/licenses/by-nc/3.0/. Minor changes
made to presentation of the material. Conceptualisation, V.N.P. All experiments were performed by
P.J.W under V.N.P. supervision. P.J.W prepared the figures and wrote the manuscript, V.N.P and M.J.H.

co-edited the manuscript. All authors have given approval to the final version of the manuscript.

Treating bacterial infections with species demonstrating antibiotic resistance to the chosen
antibiotic is often hindered due to the ability of certain bacteria to grow biofilms where they can
effectively hide and resist the antibiotic action. This chapter reports an innovative solution for
overcoming both antibiotic resistance and biofilm formation by designing active antibiotic
nanocarriers with protease surface functionality. The data reveals that this active nanocarrier of
common antibiotics can efficiently degrade biofilms of resistant bacteria and bypass their defences.
The cationic protease coating, whilst allowing electrostatic adhesion of the nanoparticle to the cell,
simultaneously also degrades the biofilm and helps the active nanocarriers to reach the entrapped
bacterial cells. This concept is demonstrated by encapsulating Penicillin G and Oxacillin into shellac
nanoparticles, subsequently coated with a serine endo-peptidase protease, Alcalase 2.4 L FG. It is
shown for the first time that these active nanocarriers can destroy biofilms of S. aureus resistant to
Penicillin G and are significantly more effective in killing the bacterial cells within compared to an
equivalent concentration of free antibiotic. The approach of concentrating the antibiotic by
encapsulating it into a nanocarrier allows a localised delivery of the antibiotic to the anionic cell wall,
facilitated by coating the NPs with a cationic protease. This approach allowed the antibiotic to restore
its effectiveness against S. aureus, characterised as resistant to the same antibiotic as well as to cause
a rapid degradation of the bacterial biofilm. This approach could be potentially used to revive old

antibiotics which have already limited clinical use due to developed resistance.
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4.1 Introduction

Penicillin is a commonly administered antibiotic used to treat staphylococci and streptococci
infections (Creech et al., 2015). Penicillin is part of the beta-lactam cyclic amine antibiotic family, and
all antibiotics in the family used the same bacterial cell wall growth inhibition to kill bacteria (Kapoor
et al.,, 2017). There is a range of resistance mechanisms that bacteria have evolved against such
antibiotics (Irazoki et al., 2019; Mihelic et al., 2017; Yadav et al., 2018; Yilmaz et al., 2017; Smith et al.,
2005). Penicillin’s all contain a thiazolidine ring (sulphur-containing with a carbonyl group), a beta-
lactam ring (cleaved by beta-lactamases at C-N bond) and a variable side chain attached through an
amide linkage (Soares et al., 2012). Penicillin G (benzylpenicillin) is part of a first-generation
fermentation-derived family, oxacillin is a second-generation semi-synthetic antibiotic with beta-
lactam resistance (Lobanovska et al., 2017). Additional ring structures on the variable group of semi-
synthetic penicillin’s acts as a steric hindrance and inhibits beta-lactamase (penicillinase) activity, i.e

the isoxzolyl antibiotic oxacilling (Munita et al., 2016).

Bacteria can quickly become resistant to antibiotics due to genetic mutations, formed from
environmental pressures such as antibiotic treatments, partially at sub-lethal concentrations (Knudsen
et al., 2016). Horizontal gene transfer can allow the creation of resistance strains which can then only
be killed with alternative antibiotics are at much higher concentrations (Sun et al., 2019). However,
methicillin-resistant S. aureus (MRSA) is resistant to all second-generation penicillin’s due to the
production of a low-affinity penicillin PBP2a (Smith et al., 2005). MRSA is a considerable public health
risk due to this mechanism (Goetghebeur et al., 2007). Beta lactamase inhibitors such as clavulanic
acid and sulbactum are commonly administered synergistically with penicillin antibiotics for their
ability to bind to beta lactamase broadening the effectiveness of the antibiotic (Ba et al., 2015). Gram-
positive cell walls are primarily made of peptidoglycan monomer comprised of two covalently joined
amino sugars, N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG), bound using
transpeptidases enzymes called penicillin binding proteins (PBPs) (lrazoki et al., 2019). To maintain
the rigidity and support this cross-linked NAM-NAG matrix is constantly remodelled to allowed cell
growth and replication (Miheli¢ et al., 2017). Penicillin antibiotics bind to PBPs serine residues in the
active site via acetylation and inhibit their peptide bridge cross-linking function preventing new cell
wall formation (Yadav et al., 2018). A lack of cell wall quickly results in cell death, leaving humans cells
unharmed due to a lack of peptidoglycan in their cellular structure (Yilmaz, & Ozcengiz, 2017). Bacteria
have also evolved modified PBPs which have a low penicillin binding affinity and therefore can evade

inactivation (Sun et al., 2019).
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The production of beta-lactamase (which hydrolyses penicillin into penicilloic acid) is common
in Staphylococcus aureus, a pathogen that can cause infection in skin, lungs and blood (Llarrull et al.,
2009). Most strains of S. aureus are now resistant to first-generation penicillin's and so second-
generation penicillin's such as oxacillin, nafcillin and methicillin are administered (Bak et al., 2014). A
report by the World Health Organisation in 2014 stated that antibiotic resistance is a growing
worldwide threat to public health, driven largely by the lack of new therapeutic agents for treating
bacterial infections (WHO, 2014). Overcoming resistance to beta-lactam antibiotics is most commonly
achieved by using a beta-lactamase inhibitor such as clavulanic acid, which can bind to the active site
of beta-lactamases and provide form a stable acyl enzyme complex, thereby inhibiting the enzyme
(Worthington & Melander, 2013a). Another approach is to target the pathways of Gram-positive cell
wall production. Tunicamycin and ticlopidine have been shown to inhibit the enzymatic pathway for

teichoic acid, a key component of the Gram-positive cell wall (Worthington & Melander, 2013b).

The ability of bacteria to form biofilms further complicates their treatment (Gebreyohannes
et al., 2019). A biofilm is an extracellular polymeric substance (EPS) which is secreted by bacterial
communities and surrounds them in a protective layer (Verderosa et al., 2019). EPS is a structured
matrix of exopolysaccharides, lipids, nucleic acids and protein (Limoli et al., 2015). Biofilms protect
the bacterial cells within and allow them to tolerate treatments due to the quenching of antimicrobial
agents at concentrations that would otherwise kill planktonic cells (Sharma et al., 2019). Impaired
diffusion of antimicrobial agents through the EPS increases the tolerance to treatments (Singh et al.,
2017). Opportunistic pathogens, such as S. aureus, can cause chronic infection in dermal wounds,
potentially caused by a combination of biofilm production and antimicrobial resistance (Lister &

Horswill, 2014; Richards & Melander, 2009).

Nanoparticles (NPs) have been investigated for their anti-biofilm action and ability to
overcome antimicrobial resistance. A variety of different NPs such as Au NPs, silica NPs, Mg(OH). NPs
and CuONPs have all been shown to demonstrate increased toxicity towards bacteria (Newase &
Bankar, 2017; Markowska et al., 2013; Halbus et al., 2019a; Halbus et al., 2019b; Halbus et al., 2019c;
Al-Awady et al., 2015). AgNPs have been researched in anti-biofilm treatments due to the silver ions
intrinsic antimicrobial property (Wilkinson et al.,, 2018; Richter et al., 2016). Nanocarriers for
antimicrobial agents have also been shown to increase their efficacy against a wide range of
microorganisms, including resistant species (Al-Awady et al., 2018; Weldrick et al., 2019a; Weldrick et
al., 2019b; Al-Obaidy et al., 2019a), and deliver drugs specifically to a bacterial target (Din et al., 2017;
Al-Obaidy et al.,, 2019b; Richter et al., 2016; Al-Awady et al., 2017). This can potentially reduce

unwanted drug interaction in healthy tissue and lower general toxicity (Yu et al., 2016). They can also
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protect the antimicrobial agent from premature degradation and inactivation (Kumari et al., 2014;

Jahangirian et al., 2017).

Biofilm degradation has been investigated using a range of biologically inspired hydrolases,
amylases and proteases (Singh et al., 2016; Blackledge et al., 2013). The disruption of the biofilm
formation by NPs can improve the ability of antimicrobial agents to kill the cells within (Weldrick et
al., 2019b). Proteases can be particularly useful for degrading biofilms due to their ability to hydrolyse
ESP matrix proteins and bacterial adhesins (Baidamshina et al., 2017; Mitrofanova et al., 2017; Leroy
et al., 2008). Disruption of the synthesis of biofilm formation using small molecules to inhibit key
signalling pathways such as c-dis-GMP and indole has also been investigated (Melander & Melander,

2015).

In this study, a novel concept for an active nanocarrier delivery of Penicillin G and Oxacillin to
biofilms by their encapsulation into a protease-functionalised shellac NPs is presented. The NPs
surface coating of a cationic protease, Alcalase 2.4 L FG, performs a dual purpose to both degrade the
biofilms and increase the electrostatic interaction between the cationic NPs and the anionic cell walls
of the entrapped bacteria. Figure 4.1A illustrates the scheme for fabrication of the composite shellac
NPs, and figure 4.1B shows their mechanism of action. Figure 4.2 provides a detailed information
about the individual components of the NP and the chemical structure of the antibiotics. S. aureus was
chosen as the model pathogen for its ability to form a biofilm. This S. aureus strain (ATCC® 29213™)
was selected due to its resistance to Penicillin G (PenG) and its sensitivity to oxacillin (Oxa). The
gene blaZ which produces the protein product beta-lactamase (EC number: 3.5.2.6) was shown to be
in the genome of this strain, as confirmed by the ATCC One Codex depository (ATCC Genome Portal,
2020). Additionally, this strain does not carry the mecA gene which encodes an altered penicillin-
binding protein (PBP2a) which confers resistance to oxacillin due to reduced beta-lactamase affinity

(Lowy, 2003).

Here the aim is to prove that its antimicrobial resistance can be overcome by using highly
concentrated antibiotics loaded inside the shellac NPs, both in planktonic cells and biofilm treatment

experiments.
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Figure 4.1.(A) Schematic for the synthesis of functionalised shellac NPs as nanocarriers for
Benzylpenicillin or Oxacillin (PenG or Oxa). The PenG/Oxa-loaded shellac NPs are sterically stabilised
with Poloxamer 407 (P407) and have cationic surface functionality achieved by coating with the
cationic protease Alcalase 2.4. L FG. (B) Diagram of the mechanism of action for PenG/Oxa-loaded
Alcalase functionalised shellac NPs. Alcalase coating degrades the biofilm exposing the cells and
allowing the cationic NPs to adhere to the cell surface. Gradual release of antibiotic is highly localised
and results in rapid cell death.
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Figure 4.2. Individual components and molecular structures of materials used in the preparation of
shellac-P407-PenG/Oxa-Alcalase nanoparticles. Shellac (SSB® Aquagold ammonia salt) R=CHO/COOQOH,
R’=CH20H/CH3, Poloxamer 407 (P407) is a triblock copolymer; consisting of a central hydrophobic
block of (b) polypropylene glycol and two hydrophilic blocks of (a) polyethylene glycol. Block lengths;
a="~101 and b =~56. Alcalase 2.4 L FG is a Serine endo-peptidase with an Isoelectric point “pH 9 and
is cationic below pH 9.
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4.2 Materials and methods

4.2.1 Materials

The shellac formulation was kindly provided as a gift by Stroever Schellack Bremen (SSB) and
is commercially available as SSB® AquaGold, an aqueous solution of ammonium shellac salt (25 wt%).
Poloxamer 407 (P407) (>99%) was purchased from Sigma-Aldrich, UK. Alcalase 2.4 L FG EC number;
3.4.21.62 was kindly provided as a sample by Novozymes, Denmark. Alcalase 2.4 L FG is a serine endo-
peptidase (mainly subtilisin A), which performs stereo-selective hydrolysis of amino esters and
selective esters. Alcalase also efficiently hydrolyses amino esters, which include heterocyclic amino
esters. Optimal conditions for usage are 30—65 °C and pH 7-9. Its enzymatic activity was 2.4 AU A g™,
The protein concentration of Alcalase 2.4 L FG was 55 mg mL™, determined by a NanoDrop Lite
Spectrophotometer (Thermo Scientific, U.K.). Staphylococcus aureus subsp. aureus Rosenbach
(sensitive to Oxacillin) - ATCC® 29213™ was purchased from ATCC. Benzylpenicillin and Oxacillin were
supplied by Sigma-Aldrich, UK. Mueller-Hilton Broth (MHB), Mueller-Hilton Agar (MHA),
benzylpenicillin (10 U) and oxacillin (5 pg) Antimicrobial Susceptibility Disk were supplied by Oxoid,
UK. Dey-Engley neutralising broth was provided by Sigma-Aldrich, UK. A Pierce™ BCA protein assay
kit was used to determine protein concentration. Crystal Violet (CV), dye content, = 90% and Acridine
Orange (AO) base (= 75%) and resazurin sodium salt (75%) were purchased from SigmaAldrich, U.K.
Concanavalin A, Alexa Fluor™ 488 Conjugate was purchased from ThermoFisher Scientific, UK. The
Beta lactamase Activity Assay Kit (Colorimetric) was purchased from Abcam, UK. HaCaT cells were
obtained from AddexBio, T0020001 and HEP G2 cells from the European Collection of Authenticated
Cell Cultures (ECACC) at Public Health England, 85011430. Dulbecco’s modified Eagle’s medium
(DMEM), Eagle's minimal essential medium (EMEM) and foetal bovine serum (FBS) were obtained
from Gibco, U.K. L-glutamine and trypsin ethylenediaminetetraacetic acid (EDTA) by BioWhittaker,
U.K. A 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric survival and
proliferation kit (Millipore Corp., USA) was used for HaCaT and HEP G2 cell viability experiments.
Deionised water purified by reverse osmosis and ion exchange with a Milli-Q water system (Millipore,
UK) was used in all these studies. Its surface tension was 71.9 mN m™ at 25 °C, with measured
resistivity higher than 18 MQ cm™. Consumable plasticware used in the study was purchased from

Sarstedt (U.K.), Thermo Scientific (U.K.), or CytoOne (U.K.), unless otherwise stated.

4.2.2 Preparation of PenG/Oxa-loaded P407-stabilised shellac NPs

A stock solution of 25 wt% shellac-ammonia salt was diluted to 0.2 wt% and made up to a
volume 50 mL in deionised water, the pH was then raised to 10 using droplets of 0.25 M NaOH and

chilled to 4°C for 1 hour. P407 and PenG/Oxa powders were added at various concentrations and
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mixed for 30 seconds. Afterwards, the pH was quickly reduced to 4 using 0.25 M HCI to allow the
components to precipitate into NPs (temperature kept at 4°C). The final concentration of 0.2 wt%
Shellac-0.25 wt% P407-0.1 wt% PenG/Oxa NPs (pH 5.5) was used as a stock preparation and used for

further experimentation.

4.2.3 Enzyme surface functionalisation of the 0.2 wt% Shellac-0.25 wt% P407-0.02 wt%
AmpB NPs

The stock NP formulation was functionalised with Alcalase 2.4 L FG to create a coating of
immobilised protease on the corona of the NPs. The stock solution of Alcalase 2.4 L FG was diluted in
deionised water to 0.2 wt% to a volume of 50 mL and sonicated for 15 min to prevent aggregation. 25
mL of this solution was added to 25 mL of AmpB-loaded P407-stabilized shellac NPs dispersion mixed
for 30 mins at pH 5.5 to allow an effective coating of the NPs with the cationic protease. Afterwards,
the mixture was centrifuged at 8000 g for 30 mins to pelletise the NPs. The supernatant was retained
for analysis spectroscopic analysis. The pellet was redispersed into 25 mL of deionised water buffered
to pH 5.5 (acetate buffer) yielding a stock solution of 0.2 wt% Shellac-0.25 wt% P407-0.02 wt%
AmpB0.2 wt% Alcalase NPs which were used further for NPs characterisation and antimicrobial

experimentation.

4.2.4 Shellac NPs hydrodynamic diameter, zeta-potential and TEM characterisation

Particle size distribution and zeta potential were measured using Malvern Zetasizer Nano ZS.
The refractive index (RI) of shellac was found to be 1.512 as measured by an Abbe 60 refractometer,
and this index and absorbance of 1.000 was used for all measurements. Measurements were
repeated three times at 25°C using a quartz cuvette and data represented as the mean. The size of
the NPs was examined by TEM. TEM photographs of 0.2 wt% Shellac-0.25 wt% P407-0.02 wt%
AmpB-0.2 wt% Alcalase NPs; Particles were prepared and redispersed in deionised water at pH 6. A
droplet of the suspended sample was pipetted onto Carbon coated Copper grids (EM Solutions, UK)
and allowed to adhere for 2 min. The grid was quickly rinsed with deionised water and negatively
stained with 1 wt% aqueous uranyl acetate. This was quickly rinsed with deionised water and
allowed to dry in air. The sample was then imaged with a Gatan Ultrascan 4000 digital camera

attached to a Jeol 2010 TEM 2010 electron microscope running at 120kV.

4.2.5 Encapsulation efficiency and release kinetics of PenG/Oxa from the shellac NPs

The encapsulation efficiency of PenG/Oxa (formulated as 0.1 wt% PenG/Oxa into 0.25 wt%
shellac0.2 wt% P407 NPs) was examined as a function of concentration. The nanoparticles were
centrifuged for 30 min at 8500 g to pelletise leaving the supernatant with unencapsaulted PenG/Oxa.

The absorbance of the supernatant was measured using a spectrophotometer to determine
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encapsulation efficiency. The absorbance of the supernatant was compared to a standard curve of
PenG/Oxa to calculate the PenG/Oxa retained in the NPs pellet. The supernatant sample and standard

curve samples were read at 250 nm, pH 5.5 and room temperature.

Elemental analysis of the NPs pellet was performed using CHN Analyser (Carlo Erba 1108). The
pellet was washed with deionised water three times and dried overnight at 60°C to remove any
remaining water. This was compared with samples of dried individual components of the NPs (shellac,

P407 and PenG/Oxa).

HPLC chromatograms of 0.2 wt% Shellac, 0.25 wt% P407, 0.2 wt% Shellac-0.25 wt% P407-0.1
PenG/Oxa NPs, and 0.1 wt% PenG/Oxa (at various concentrations) were obtained. Data were
interpolated from PenG/Oxa peaks in the NP samples compared to PenG/Oxa calibration curves. 20
mL of 0.25 wt% Shellac-0.2 wt% P407-0.1 wt% PenG/Oxa NPs was pelletised and dissolved into 20 mL
of acetate buffer (0.1 M, pH 5.5). The supernatant was discarded. 2-fold serial dilutions were made
into acetate buffer (0.1 — 0 wt% PenG/Oxa). The samples were sonicated for 5 mins. 20 pL of each
sample was injected into a 5 um C18 column (Phenomenex, UK) and pumped at 1300 psi, 1 mL/min.
The mobile phase was ammonium acetate (10 mM, pH 4.5) and acetonitrile in the ratio 75:25 (V:V)
under isocratic elution. UV-absorbance at 220 nm was used for sample detection (Perkin-Elmer 785 A
UV/VIS Detector, UK). The peak area was measured using Azur software. The same process was used

to in PenG/Oxa antibiotic calibration curves.

Release kinetics were also performed as a function of time and temperature over 24 h using
the same formulation. 10 mL of the 0.25 wt% Shellac-0.2 wt% P407-0.1 wt% PenG/Oxa NP formulation
was placed into a 10-12 kDa MWKO dialysis bag. The dialysis bag was placed into 250 mL of pH 5.5
acetate buffer. 1 mL aliquots were taken at specific time points on the absorbance of the aliquot
equated into the concentration of PenG/Oxa in the buffer using a standard calibration curve.

Absorption was measured at 250 nm.

4.2.6 Fourier transform infrared (FTIR) and UV-vis spectroscopy analysis

Fourier transform infra-red (FTIR) spectra were taken of Shellac, P407, 0.25 wt% Shellac-0.2
wt% P407 NPs, free PenG/Oxa, and 0.25 wt% Shellac-0.2 wt% P407-0.1 wt% PenG/Oxa NPs. Samples
were prepared by removing water using a silica gel desiccant in a vacuum chamber for 1 day, then
dried at 60°C for 2 days. The spectra were measured between 4000-600 cm™ using PIKE ATR diamond
settings. A spectrum was obtained with a blank of just air to reduce transmittance interference with
the samples. Absorbance spectra of 0.1 wt% PenG and 0.1 wt% Oxa measured between 220 and 1000
nm. Absorbance measurements were taken 250 nm, pH 5.5 and room temperature using a quartz

cuvette. Measurements were taken using a PerkinElmer Lambda 25 UV-Vis spectrophotometer.
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4.2.7 Bacterial culture

Overnight (O/N) cultures were prepared by incubating a single colony scraped from the MHA
stock plates into 10 mL of MHB for 16 hours at 37 °C with 140 rpm (Stuart Orbital Incubator S1500).
For all bacterial assays, O/N cultures were adjusted to 0.5 McFarland standard by diluting the O/N
culture into 0.85 w/v% sterile saline until an optical density of 0.08-0.12 at 625 nm was obtained using
a spectrophotometer (FLUOstar Omega spectrophotometer, BMG Labtech). These adjusted bacterial
saline suspensions were then diluted 1:150 into MHB to yield starting concentrations between 5 x 10°

and 1 x 10° colony forming units per mL (CFU mL™).

4.2.8 Time Kills

Killing curves were constructed against planktonic S. aureus to determine the time taken for
the active agent in influencing total bacterial cell populations. O/N cultures were prepared yielding 10
mL of MHB aliquots with 5 x 10°> —1 x 10° cells per mL. 10 mL of 0.25 wt% Shellac-0.2 wt% P407-0.1
wt% PenG/Oxa-0.2 wt% Alcalase NPs were added to each tube and incubated for 24 hours at 37 °C
with 140 rpm. Experiments with other constituents of the NPs and free PenG/Oxa antibiotics at
equivalent concentrations were performed for comparison. At time points 0, 0.5, 1, 2, 3, 4, 6, and 24
hours, a 100 pL sample was removed from each treatment tube and added to 900 uL of Dey-Engley
Neutralising broth. 100 pL aliquots from each serial dilution tube were plated onto MHA plates and
incubated for 24 hours at 37 °C and enumerated. The time-kill assay was repeated in three

independent experiments.

4.2.9 Minimum inhibitory and bactericidal concentration (MIC/MBC)

The bacteriostatic and bactericidal properties of the 0.25 wt% Shellac-0.2 wt% P407-0.1 wt%
PenG/Oxa-0.2 wt% Alcalase NPs and its spectrum of activity were measured in comparison to
equivalent concentrations of free PenG and Oxa. Briefly, O/N cultures of S. aureus were prepared as
described above. 100 uL of each strain suspension was added to the wells of a 96-well microtiter plate
yielding 5 x 10*—1 x 10° cells per well. Aliquots of 0.25 wt% Shellac-0.2 wt%P407-0.1 wt% PenG/Oxa0.2
wt% Alcalase NPs were prepared. This was centrifuged at 8000 g for 5 minutes and re-suspended into
10 mL of MHB. 2-Fold dilutions of this suspension were prepared in separate aliquots and 50 pL added
to descending rows of bacteria on the microtiter plate. Equivalent 2-fold dilutions of the free ABX were
added to separate columns for comparison (50 pL per well). The plates were incubated for 24 hours
at 37 °C. 20 uL of resazurin sodium salt (0.15 mg mL-1 in DPBS) was added to each well and incubated
at 35 °C for 2 hours. The absorbance was recorded using a spectrophotometer (FLUOstar Omega
spectrophotometer, BMG Labtech). The resazurin in the presence of viable cells is reduced to resorufin

by the bacterial co-enzyme NAHD, indicating that the cells remain metabolically active and viable. The
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MIC was determined to be the lowest concentration of active antimicrobial agent which inhibited the
growth of each strain. The same procedure was performed to obtain the MBC, minus the addition of
resazurin. Instead, 100 pL from each well was streaked onto MHA and incubated for 24 hours at 37 °C.
The MBC concentration was determined from samples in which no CFU was detected. The MIC/MBC

assay was repeated in three independent experiments.

4.2.10 Antimicrobial susceptibility testing (AST)

A VITEK® 2 (bioMérieux, FRA) microbial identification system was used to profile the
susceptibility and resistance of S. aureus against a range of antibiotics. VITEK 2 GP (21342) and VITEK
2 ASTP635 (416911) Gram-positive identification and AST cards were used. A suspension of S. aureus
was created by placing a single colony into 3 mL of 0.45 wt% saline and briefly vortexed. A
DensiCHECK™ was used to measure the optical density of the suspension, the suspension was
adjusted with 0.45 wt% saline until a 0.5 McFarland was obtained (in accordance with the VITEK2
protocol). The adjusted suspension was placed into the machine and a capillary tube inserted. The
analysis was left to run overnight (typical analysis time of 6 to 12 h). The procedure was performed on
3 separate occasions to confirm the results. Post analysis, the isolates were subcultured on to
Columbia blood agar plates to check purity. For further confirmation of the susceptibility and
resistance results of PenG and Oxa specifically, disk diffusion AST was performed. Briefly, a single
colony of S. aureus was isolated and placed into 10 mL of MHB and grown overnight at 37 °C. The
bacteria suspension was then diluted to a 0.5 McFarland standard in MHB by measuring the turbidity
at 625 nm yielding 1-2 x 108 CFU mL™. A cotton swab was used to streak an MHA plate lawn. 4 + 0.5
mm deep MHA plates were prepared by adding 25 mL of molten MHA to a 9 cm round plate and left
to solidify at room temperature. PenG (10 U) and Oxa (5 pg) antibiotic disks (both Oxoid, UK) were
applied to the MHA plates using a disk dispenser (Oxoid, UK), and the plates were incubated for 18
hours at 35 + 1 °C, following EUCAST guidelines. The zone of inhibition diameters were illuminated
using a lightbox and the images were measured in mm using a ruler; the diameter was measured

across 3 lines and the mean was determined to be the zone of inhibition.

4.2.11 SEM imaging of the treated cells

S. aureus cells were removed from their media by centrifugation at 2000 g for 5 mins. The
Cells were then washed thrice and resuspended in PBS buffer. A 1 wt% glutaraldehyde PBS buffer
solution, applied for 1 hour, was used to fix the cells. The centrifugation and washing process was
repeated to remove excess glutaraldehyde. The cells were dehydrated in 50%/75%/90% and absolute
ethanol solutions for 30 mins per ethanol concentration. A sterile swab was used to transfer cell to a

glass slide and place into absolute ethanol and dried using liquid CO2 at its critical point using an E3000
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Critical Point Dryer (Quorum Technologies, UK) and then coated in 10 nm Carbon. The samples were
imaged using an Ultra-High-Resolution Scanning Electron Microscope using cold field emission (Hitachi

SU8230, Japan).

4.2.12 TEM and EDX imaging of the treated cells

TEM images of untreated S. aureus, and S. aureus treated with 0.1 wt% PenG and 0.1 wt%
PenG-NPs for 1 hour were obtained by placing a droplet of the suspended sample onto carbon-coated
copper grids (EM Solutions, U.K.) and allowed to adhere for 2 min. The grid was quickly rinsed with
deionised water. Negative staining was omitted to reduce interference during EDX analysis. The
sample was left to dry in air then imaged with a Gatan UltraScan 4000 digital camera attached to the
Jeol 2010 TEM 2010 electron microscope (Jeol, Japan) running at 120 kV. Energy-dispersive X-ray (EDX)
data was collected via an Oxford Instruments Nanoanalysis X-Max 65-T detector and the INCA

software.

4.2.13 Beta lactamase activity

The ability of S. aureus to produce beta lactamase was first verified. Beta lactamase strips
were used for acidimetric detection of penicilloic acid, produced when benzylpenicillin (PenG) us
hydrolysis by beta lactamase enzymes. The plastic strip contains an active zone saturated with
penicillin G and an acid-basic indicator. Three colonies of S. aureus and S. epidermidis (positive control)
were placed into 1 mL of moistening solution (from the kit) and a test strip was added. The bacterial
suspension was incubated at room temperature for 10 minutes with shaking. A colour change from
pink to yellow indicates the presence of penicilloic acid. A beta lactamase activity kit was used to
analysis S. aureus after treatments. S. aureus samples were obtained after no treatment, or after
treatment with either 0.1 wt% PenG, 0.25 wt% shellac-0.2 wt% P407-0.1 wt% PenG-0.2 wt% Alcalase
NPs, or 0.2 wt% Alcalase at 1, 2 and 3 hour time points. No treatment was used a control (3 hours).
The experiment was capped at 3 hours due to lack of remaining cells to analyse. Treatments were
administered at 37°C to planktonic S. aureus with constant shaking. Post treatment, S. aureus samples
were obtained by centrifugation at 10000 g for 10 mins in a pre-weighed centrifuge tube. The
supernatant was removed (used as contaminated media measurements) and the pellet weighed. The
pellet was resuspended into beta lactamase buffer using 5 puL of buffer per mg of bacteria. The
resuspended bacteria were sonicated for 5 mins and the sample kept chilled on ice. Further insoluble
material was removed by centrifugation at 16000 g at 4°C for 20 mins. The supernatant (typically 5 pL)
was added to the wells and adjusted to a final volume of 50 puL/well using beta lactamase assay buffer.
A positive control was made by 5-fold dilution of 2 uL of positive control to 8 uL of beta lactamase

buffer. 5 uL was added to the well and adjusted to a volume of 50 pL/well using beta lactamase assay
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buffer. To measure the beta lactamase activity of the contaminated media, 30 uL of the bacterial
supernatant was added to a well and adjusted to a volume of 50 pL using beta lactamase buffer. All
assays were performed using a reaction mix comprised of 2 pL nitrocefin and 48 uL beta lactamase
assay buffer. 50 pL of the reaction mix was added to each well, including the positive control and
gentle mixed with the pipette tip. This yielded a final volume of 100 uL/well for all samples. The
absorbance of the samples was taken kinetically from 0 to 60 mins and room temperature protected
from light (within the spectrophotometer) at 490 nm and calibration graphs plotted showing
absorbance over time. The beta lactamase activity of S. aureus (PenG, PenG-NPs, or Alcalase after 1 h,

2 h or 3 h treatment, or untreated after 3 hours) was expressed as mg of protein and calculated as;

B

D
T2—T1+V

Beta Lactamase Acitivity =

= nmol/min/mL = mU/mL

where:

B = Amount of hydrolysed nitrocefin from calibration curve
T1 =Time of first absorbance reading in mins

T2 =Time of second absorbance reading in mins

V = Volume added into the reaction well (mL)

D = Sample dilution factor

Unit definition: 1 Unit Beta Lactamase activity = amount of enzyme that generates 1 umol of nitrocefin

per minute at pH 7 at 25°C

4.2.14 Preparation of microtiter S. aureus biofilms

100 pL of (5% 10°) - (1 x 10 ) CFU mL™ O/N S. aureus culture (MHB) was pipetted into 96-well
tissue culture (TC)-treated plates and incubated at 37 °C for 24 h in static conditions to allow biofilm
formation. Afterwards, the media was aspired away by pipetting from the side of the well so reduce
potential damage from the pipette tip. The biofilms were washed three times using 300 pL of sterile

PBS to remove any detached planktonic cells (leaving only sessile cells behind).

4.2.15 Crystal Violet staining, biofilm weight and biofilm protein concentration after
treatments

Samples of S. aureus biofilms grown for 24 h at 37°C were treated with 0.25 wt% Shellac-0.2

wt% P407-0.1 wt% PenG/Oxa-0.2 wt% Alcalase NPs and their individual components for a further 24
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h. Three 96-well plate techniques were used to assess biofilm degradation after treatment; Crystal
Violet (CV) staining of the biofilm mass, dry biofilm mass weight and protein concentration. Biofilms
were prepared as described above. 100 uL of the stock treatment was added to the wells and
incubated at 37°C for 24 h. Afterwards, the treatment was aspirated away, and the plate washed twice
by submersion in deionised water. The plate was gently shaken to remove water and left to air dry for
15 mins in an inverted position. For CV staining 125 pL of 0.1 wt% CV solution was added to each well
and incubated at room temperature for 15 mins. The plates were then again washed by water
submersion to remove excess dye and then left to air dry for 2 h. 30 wt% acetic acid was used to
solubilise the CV and 100 pL of this solution was transferred to a new plate and the absorbance read
at 570 nm. The readings were blanked against 30 wt% acetic acid and the results compared to
normalised controls. For biofilm dry mass measurements, the treatment was again aspirated away.
The plates were then left to dry overnight at 60°C. After drying the plate was weighed on a balance
and the weight subtracted from the empty plate weight to give a measurement of dry mass biofilm
remaining. A Protein Assay Kit (Pierce, USA) was used to determine sample protein content. The
treatment was aspirated away and the biofilm was three times in deionised water. The biofilm was
scrapped from the wells and placed into a glass test tube with 1 mL of deionised water. The mixture
was sonicated in a water bath from 30 min then vortexed with glass beads for 2 min to completely
disperse the biofilm. 25 uL of the sample was placed into a 96-well plate. 200 pL of the protein
concentration determination working reagent (reagent A: reagent A. 50:1) was added to the wells and
incubated for 30 min at 37°C with constant shaking. Absorbance was measured at 572 nm. Results
were compared to a calibration curve of fixed protein concentrations prepared as per manufacturer’s

instructions. All tests were performed in triplicates (N = 3 with + S.D.).

4.2.16 S. aureus cellular viability after PenG/Oxa-NP treatments

To measure S. aureus cellular viability after treatment with PenG/Oxa-NPs and free ABX
treatments on biofilms, a filter membrane method was employed. Millipore Express PLUS membrane
filter paper sections (2 cm?) were placed on to MHA. An overnight culture was adjusted to 1 x 10° CFU
mLin saline, and 20 pL of this culture added as a droplet to the centre of the filter paper. The sample
was then incubated for 24 h at 37 °C to allow a colony biofilm to form. After 24 hours, the membranes
were placed onto fresh agar plates (3 mm deep) into a six-well plate and 1 mL of treatment added to
each well. The plate was gently shaken in the incubator during treatment. Deionised water (1 mL) was
considered the growth control. After 24 h of treatment, the membrane filter paper was peeled from
the agar wells and placed into the sample tube with 1 mL of fresh MHB and 2 cm of sterile glass beads,
enough to cover the sample. Each sample was vortexed for 30 s at high speed to disintegrate the

biofilm and inoculated the MHB with cells. 1 mL of the treatment media was retained for viability
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analysis. The drop plate enumeration method was used to measure cell viability in CFU mL™. To
measure the viability of cells within the biofilms, 10-fold dilutions were made in fresh MHB, 10 ulL
droplets were placed on to MHA plates and grown for 24 h at 37 °C. CFUs were counted from the last
two droplets, which contained a countable number of colonies (3-30 colonies per 10 pL drop), and

averaged.

4.2.17 S. aureus fluorescent images, biofilm quantification and confocal scanning laser
microscopy

Acridine Orange (AO) was used to stain S. aureus biofilms, treated with PenG-Oxa-NPs and
individual constituents. Biofilms were formed and treated as described above (CV staining method).
The cleaned treated samples were stained with 100 pL of 0.2 wt%, AO in darkness for 5 minutes with
gentle shaking. After incubation, the plate was washed three times with deionised water and allowed
to air dry for 15 min. The samples were examined using an Olympus BX51 fluorescent microscope with
a DP70 digital camera. The percentage of biofilm stained with OA was quantified using ImageJ v1.52d.
For 3D visualisation, filter paper membrane biofilms were gently placed onto a glass slide using sterile
forceps, and stained with AO as described above for the CV biofilms. Confocal laser scanning
microscopy images (CLSM) were obtained with a Carl Zeiss LSM 710 confocal microscope with Z-series

images taken in 1-um slices.

4.2.18 Cryostat sectioning of S. aureus biofilm

Membrane biofilms were prepared and treated as described above. Post treatment the
membrane was carefully removed from the agar and gently washed with DPBS. A small amount of
OCT embedding matrix (CellPath, UK) was placed into a plastic cassette and allowed to settle into a
flat viscous liquid. Afterwards, using forceps the membrane paper with the treated biofilm on top was
placed onto the OCT and then submerged in more OCT. The cassette was then snap frozen in liquid
nitrogen for 5 minutes. The samples stored at -80°C until sectioning. OCT embedded samples were
cyrosectioned at 10 um (CM9900, Leica Biosystems) and placed onto positively charge microscope
slides (CellPath, UK). Before imaging, the slides were fixed with cold acetone (-20°C) for 2 mins and
left to evaporate at room temperature (15 mins). Finally, the slide was washed gently in PBS to remove
any residual OCT and left to evaporate at room temperature (15 mins). The samples on the slides were
stained with ConcanavalinA (ConA) for 30 minutes in darkness before gently washing excess dye away
with deionised water. ConA was prepared to a 5 mg/mL concentration in deionised water and
centrifuged at 5000 g for 5 mins before used to remove any aggregated proteins in the solution, only
the supernatant was used to stain the samples. Bright-field and fluorescence microscopy of the section

biofilms was performed on an Olympus BX51 (Japan).
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4.2.19 Cytotoxicity and of HaCaT and HEP G2 cells after treatment with shellac, P407, free
Alcalase, free PenG/Oxa and PenG/Oxa-NPs

HaCaT and HEP G2 cells were cultured in a T75 flask using DMEM (HaCaT) or EMEM (HEP G2)
supplemented with 10% FBS and 1% L-glutamine under humidified conditions at 37 °C, 5% CO2. When
a confluency of 80% was achieved, determined by visualisation with an optical microscope, passaging
was performed to ensure that the cells remained in the exponential phase for experimentation.
Passaging was performed by removing spent media, washing in DPBS, and incubating with 1x trypsin
EDTA at 37 °C 5% CO; for 5 min until the cells were detached in suspension. The trypsin EDTA was then
neutralised with a 1:1 volumetric ratio of fresh DMEM and gently centrifuged at 400 g for 4 min, the
supernatant was aspirated, and the pellet was resuspended in DMEM (supplemented as above) at a
1:6 ratio and transferred into a fresh T75 flask. Surplus cells used for experimentation were diluted in
fresh DMEM or EMEM, supplemented with 2% FBS and 1% L-glutamine, seeded at 5 x 10* in 100 L of
media, placed into a 96-well plate, and incubated for 24 h at 37 °C 5% CO2. The medium was then
removed, and the cells are replaced with 100 pL of treatment-infused DPBS. DPBS was used so
DMEM/EMEM peptones did not interfere with the true activity of the Alcalase. The treatments with
only DPBS were used as a control, 0.25 wt% shellac, 0.2 wt% P407, 0.2 wt% Alcalase, 0.1 wt% free

PenG/Oxa and 0.1 wt% PenG/Oxa-NPs treatments were performed for 1 h, 6 h, and 24 h time points.

A colorimetric (MTT) cell survival and proliferation assay kit was used to measure cell viability.
Treatment culture was aspirated away, and the cells washed for 2 min with fresh DPBS. Fresh
DMEM/EMEM (100 uL) was added after which 100 uL of MTT reagent (50% 3-(4,5-dimethylthiazol2-
yl)-2,5-diphenyltetrazolium bromide and 50% PBS) was added. This was incubated in the same
conditions for 2 h until intracellular purple formazan crystals were visible under a light microscope.
After 2 h, 100 pL of the colour development reagent in isopropanol with 0.04 M HCl was added for 1
h, allowing the cells to lyse and the formazan crystal to be solubilised to a homogenous blue solution.
The absorbance of the blue solution was read at 570 nm on a plate reader and subtracted from a blank
of media only. These data were calculated into cell count data via interpolation from the standard
curve (absorbance values from a fixed number of cells in media (see Figure 4.35). The data was
represented as viability percentage of the control which was normalised to 100%. The HaCaT/HEP G2 cell

viability assay was repeated in three independent experiments.

4.2.20 Statistical analysis

Data were expressed as average values + standard deviations of the mean. P-Values of less
than 0.05 were considered significant. All One-Way ANOVAs, Tukey’s post-test and Student T-tests

statistical analysis were performed in GraphPad v7.0.4.

196



4.3 Results and discussion

4.3.1 NP characterisation: Preparation, encapsulation efficiency, release kinetics and
Alcalase functionalisation of PenG/Oxa-loaded shellac NPs

Figure 4.3A and B shows the particle size and zeta potential of 0.25 wt% shellac-0.2 wt% P407
NPs precipitated at pH 5.5 with various concentrations of PenG (0 to 0.1 wt%). The mean
hydrodynamic diameter with no PenG was ~70 nm, increasing slightly up to 80 nm when synthesised
with 0.1 wt% PenG. The zeta potential ranged from -19 mV to -15 mV when prepared with 0 to 0.1
wt% PenG. This is due to the residual —COOH groups within shellac which deprotonate in acid
conditions yielding a negative zeta potential. Figure 4.3C and D shows the same hydrodynamic
diameter and zeta potential of the same 0.25 wt% shellac-0.2 wt% P407 NP precipitated with oxacillin.
Similar to the penicillin NP size, a range of between 70-80 nm was observed, increasing with higher
concentrations of oxacillin, up to 0.1 wt%. The same is true of the zeta potential which is ranges -20
to -10 mV as the oxacillin concentration is increased. The 0.25 wt% shellac-0.2 wt% P407 was chosen
as the optimum ratio for antibiotic encapsulation, as this yielded NPs with a size and zeta potential of
70 nm and -20 mV, typical of P407 sterically stabilised NPs.3® Higher concentrations of P407 have
previously shown that the size does not increase, however, the zeta potential is reduced, likely due to
offsetting of the shear plane position by the accumulation of PEO chains from the P407, which is
covering the COO- groups negative surface charge. This would deleteriously affect the subsequent
surface functionalisation of the NPs with the cationic protease Alcalase 2.4 L FG. Figure 4.4B shows a
0.25 wt% shellac-0.2 wt% P407 NP TEM image which is approximately 70 nm. Figure 4.22C and D show
the same NP composition formulated with 0.1 wt% PenG or Oxacillin, with the size increased to 80
nm. These images are in agreement with the DLS data. The encapsulation of PenG and oxacillin was
accomplished by mixing the materials at pH 10 and quickly reducing the pH to 4, allowing the rapid
precipitation of the compounds. Figure 4.5 shows when this procedure is carried out a 4°C there is an
increased encapsulation efficiency of both PenG and oxacillin across a concentration range of 0.01 to
0.1 wt%, compared to preparation at 23°C (room temperature). At 4°C the encapsulation efficiency of
PenG and oxacillin was ~75%, however, the same preparation at 23°C was ~50%. This is likely due to
the decreased tendency for the particles to aggregate and agglomerate at room temperate during
preparation. Additionally, lowering the temperature decreases the dissociation constant of the -
COOH groups of both shelloic acid (of which shellac is made) and the PenG & Oxa. At 4°C and pH 4 all
these species are less dissociated than at 23°C. At pH 10 they are all charged. Encapsulation efficiency
is increased when the pH is dropped to 4 (at 4°C) as the species are less charged and therefore have a
reduced tendency to repel at short distances, than they would if the shelloic acid, PenG and Oxa had

a higher fraction that was ionised.
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Figure 4.3. Size and zeta potential of different concentrations of penicillin G or oxacillin into 0.25 wt%
shellac-0.2 wt% P407 NPs. (A) Shows size and (B) zeta potential of different concentrations of Penicillin
G, (C) shows size and (D) zeta potential of different concentrations of Oxacillin. Measurements were
taken at pH 5.5, 25°C, Rl 1.516, Abs 1.000 using a Malvern Zetasizer Nano ZS. Each value represents a

triple replicate with + S.D.

Figure 4.4. TEM photographs of (A) Alcalase 2.4 L FG, (B) 0.25 wt% Shellac-0.2 wt% P407 NPs, (C) 0.25
wt% Shellac-0.2 wt% P407-0.1 wt% PenG NPs, (D) 0.25 wt% Shellac-0.2 wt% P407-0.1 wt% Oxa NPs,
(E) 0.25 wt% Shellac-0.2 wt% P407-0.1 wt% PenG-0.2 wt% Alcalase NPs and (F) 0.25 wt% Shellac-0.2

wt% P407-0.1 wt% Oxa-0.2 wt% Alcalase NPs.
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Figure 4.5. Encapsulation efficiency of varied concentrations of penicillin G and oxacillin into 0.25 wt%
shellac-0.2 wt% P407 NPs. The shellac solution was adjusted to pH 10 and incubated at 23°C and 4°C
for 1 hour to reach temperature. The P407 and antibiotic was then added, and the solution quickly
reduced to pH 4. The mixture was then incubated at either 23°C or 4°C for 5 mins. Afterwards, the
precipitated NP dispersion was increased to pH 5.5. pH adjustments were made using drops of 0.25
M HCI or 0.25 M NaOH. The nanoparticles were centrifuged for 30 minutes at 8500 g to pelletise
leaving the supernatant with unencapsulated AmpB. Absorbance (250 nm) of the supernatant was
measured using a spectrophotometer to determine encapsulation efficiency. The follow equation was
used to calculate the encapsulation efficiency;

total antibiotic — unencapsulated antibiotic
%

— 100
total antibiotic

Encapsulation ef ficiency =

The encapsulation efficiency was measured by analysing the supernatant after the NPs were
pelletised and comparing the absorbance vs a calibration curve created with solutions of PenG and
oxacillin (Figure 4.6A and B respectively). Figure 4.7 shows the absorbance spectra of PenG and
oxacillin had a Amax of ~250 nm, typical of colourless organic solutions. HPLC was used to provide
further evidence of the encapsulation efficiency of PenG and oxacillin to shellac-P407 NPs. This was
performed by directly measuring the concentration of antibiotic within the NP, rather than indirectly
measuring the concentration not encapsulated in the supernatant (absorbance measurements). The
supernatant was discarded from the antibiotic NPs and the NP re-dissolved into acetate buffer and
the antibiotic allowed to fully defuse out of the NP. Figure 4.8A and B show the chromatographs of
0.1 wt% PenG and 0.1 wt% oxacillin NP formulations, which had a retention time of 4 and 5.5 minutes
respectively. Figure 4.9A and B show HPLC peak area calibration curves created using PenG and

oxacillin solutions (0 to 0.1 wt%). Figure 4.9C shows an encapsulation efficiency of ~75% was achieved
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by comparing the 0.1 wt% PenG/Oxa-NP formulation against the antibiotic solutions and is in
agreement with encapsulation data obtained using absorbance measurements. Table 4.1 shows the
elemental ratios of carbon, hydrogen, nitrogen and sulphur in 0.25 wt% shellac-0.2 wt% P407-0.1 wt%
PenG/Oxa NPs and compared to the elemental ratios of the individual components. PenG and oxacillin
show a sulphur content of 8.67 and 6.72%. Shellac showed sulphur content of 0.12%, likely from the
chemical isolation of the compound from resin the product is derived from, as the chemical structure
contains no sulphur. However, when analysing the sulphur content of the 0.25 wt% shellac-0.2 wt%
P407-0.1 wt% PenG/Oxa NPs it was shown to be 1.44 and 1.11%, with the additional sulphur coming
from the antibiotics. Unfortunately, due to the sulphur content in the shellac sample alone a
guantitative concentration of antibiotic encapsulation cannot be obtained, however, this data does
indicate the presence of PenG and oxacillin the NP qualitatively. Figure 4.10 shows the FTIR spectra of
shellac, P407, PenG, oxacillin and 0.25 shellac-0.2 wt% P407-0.1 wt% PenG/Oxa NPs. The shellac and
P407 samples show an abundance of peaks in the range between 1600-1000 cm™ due to the presence
of C-0 bonds within the compounds. The PenG and oxacillin samples also show an abundance of peaks
between the 1600-1000 cm™ range. P407 has strong peak at 1100 cm™ from the CH,-O-CH; ether
groups. This prominent peak is present in the shellac-P407-antibiotic NP formulation, however it is
small likely due to the central hydrophobic polypropylene glycol block absorption on the shellac NP
surface. The complexity of the shellac and P407 chemical structures makes unique peaks from the
antibiotic encapsulated within the NPs difficult to detect. However, it does show that shellac and P407
have complexed into a NP. For additional NP characterisation an investigation into the elemental
composition of the antibiotic encapsulated NPs, and the individual components that the NPs are
comprised of was performed. Sulphur was chosen as the element of interest as it is present in the
chemical structures of PenG and Oxa, but not the chemical structures of shellac and P407 (see figure
S1 for chemical structures). CHN(S) elemental analysis of shellac showed negligible amounts of sulphur,
likely derived from the manufacturing process, however, this was not detected by Energy-dispersive

X-ray spectroscopy (EDX) analysis.
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Figure 4.6. Standard calibration curves of difference concentrations of (A) Penicillin G and (B) Oxacillin.
Absorbance measurements were taken 250 nm, pH 5.5 and room temperature.
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Figure 4.7. Absorbance spectra of PenG and Oxa measured between 220 and 1000 nm. Absorbance
measurements were taken 250 nm, pH 5.5 and room temperature using a quartz cuvette.
Measurements were taken using a PerkinElmer lambda 25 UV-Vis spectrophotometer.
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Figure 4.8. HPLC chromographs of (A) PenG - 1mg/mL (0.1 wt%) and (B) oxacillin - Img/mL (0.1 wt%)
shown for illustrative purpose.
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Figure 4.9. PenG (A) and Oxacillin (B) HPLC calibration curves. Calibration curves were obtained from
0 to 0.1 wt% PenG/Oxa dissolved into acetate buffer. (C) Shows the encapsulation efficiency of 0.25
Shellac-0.2 wt% P407-0.1 wt% PenG/Oxa NPs. Data was interpolated from PenG/Oxa peaks in the NP
samples compared to PenG/Oxa calibration curves. 20 mL of 0.25 wt% Shellac-0.2 wt% P407- 0.1 wt%
PenG/Oxa NPs were pelletised and dissolved into 20 mL of acetate buffer (0.1 M, pH 5.5). The
supernatant was discarded. 2-fold serial dilutions were made into acetate buffer (0.1 — 0 wt%
PenG/Oxa). The samples were sonicated for 5 mins. 20 pL of each sample was injected into a 5 um
C18 column (Phenomenex, UK) and pumped at 1300 psi, 1 mL/min. The mobile phase was ammonium
acetate (10 mM, pH 4.5) and acetonitrile in the ratio 75:25 (V:V) under isocratic elution. UV
absorbance at 220 nm was used for sample detection (Perkin-Elmer 785 A UV/VIS Detector, UK). The

peak area was measured using Azur software. The same process was used to in PenG/Oxa antibiotic
calibration curves.

Table 4.1. Elemental analysis of 0.25 wt% shellac-0.2 wt% P407-0.1 wt% PenG/Oxa NPs, and the
individual components. The PenG/Oxa content in the nanoparticle is calculated based on the sulphur
(32.065 m,) content of PenG/Oxa. NP samples were prepared and pellitised, and dried overnight
under vacuum at room temperature to leave the dry mass of the encapsulated NP.

Element | Shellac /% P407 /% | PenG* /% | Oxa** /% | 0.25 wt% shellac- | 0.25 wt% shellac-
0.2 wt% P407-0.1 | 0.2 wt% P407-0.1
wt% PenG / % wt% Oxa / %

C 27.42 56.01 53.62 51.61 45.11 42.66

H 9.09 10.57 4.95 4.74 8.56 8.79

N 0.97 0.22 7.95 9.54 6.55 7.06

S 0.12 0 8.67 6.72 1.44 1.11

% PenG content in shellac-P407 NPs | 15.04%
% Oxa content in shellac-P407 NPs | 13.92%

*Penicillin G — 334.4 g/mol, C16H18N204S, **Oxacillin — 401.4 g/mol, C1o0H19N40sS

PenG calculation; (1.44/32)*334.4 = 15.048

Oxa calculation; (1.11/32)*401.4 = 13.923
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Figure 4.10. Fourier transform infra-red (FTIR) spectra of Shellac, P407, 0.25 wt%, free PengG, free Oxa,
0.25 wt% Shellac-0.2 wt% P407-0.1 wt% PenG NPs and 0.25 wt% Shellac-0.2 wt% P407-0.1 wt% Oxa
NPs. Samples were prepared by removing water using a Silica gel desiccant by in vacuum chamber for
1 day, then dried at 60°C for 2 days. The spectra were measured between 4000-600 cm™ using PIKE
ATR diamond settings. A spectrum was obtained with a blank of just air to reduce transmittance
interference with the samples.

Figure 4.11 shows the EDX elemental spectra for encapsulated NPs and their individual
components. Shellac and P407 (figure 4.11A and B) show no sulphur peak, which is consistent with
their chemical structure. Samples of free PenG and Oxa (figure 4.11C and D) show small sulphur peaks
of 11.13% and 10.55% atomic weigh, which is correct for the elemental composition of the compounds.
Elemental analysis of the PenG-NPs and Oxa-NPs, formulated as 0.25 wt% shellac-0.2 wt% P407-0.1
wt% PenG-NPs, and 0.25 wt% shellac-0.2 wt% P407-0.1 wt% Oxa-NPs (figure 4.11E and F) shows peaks
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of 3.82% and 3.81% for sulphur, indicating that PenG and Oxa have been successfully encapsulated

into the NP in roughly the same composition.
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Figure 4.11. EDX spectra of (A) shellac, (B) P407, (C) PenG, (D) Oxa, (E) 0.25 wt% shellac-0.2 wt% P407-
0.1 wt% PenG-NPs, and (F) 0.25 wt% shellac-0.2 wt% P407-0.1 wt% Oxa-NPs. The measurement for
shellac, P407, PenG and Oxacillin was taken three separate locations and the data averaged. The
measurement for the NP was taken in the centres of three separate NPs and averaged. A Nanoanalysis
X-Max 65-T detector and the INCA software were used to produce the elemental analysis spectra.

Figure 4.12 shows the release kinetics of 0.1 wt% PenG and 0.1 wt% oxacillin from 0.25 wt%
shellac-0.2 wt% P407 NPs was investigated as a function of pH and temperature over time. PenG and
oxacillin is slowly released over 24 hours in a similar fashion. At pH 7.5 the release is more rapid,
cumulating at 60% and 90% for PenG and oxacillin, compared to 40% and 50% at pH 5.5. This is due
to the partial solubilisation of shellac above pH 7 allowing for a more rapid diffusion of the antibiotic
from the core. The temperature was also shown to influence the release of the antibiotics from the

shellac-P407 NPs. In a similar trend to the increased pH, a higher temperature of 37 °C showed that at
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24 hours 65% of PenG had been release compared to 40% at 23°C. For oxacillin 90% was release at
37°C after 24 hours, 50% at 23°C. The higher temperature will increase the diffusion rate in which
PenG and oxacillin are released from the NP core indicating that at higher a pH and temperature the
antibiotics are released more rapidly, however, in all cases it is still a gradual process. The increased
rate of release of the antibiotics at pH is explained by the partial dissolving of the shellac which would
increase the rate in which the antibiotics can leach from the NP interior. The 0.1 wt% PenG and 0.1
wt% oxacillin into 0.25 wt% shellac-0.2 wt% was chosen as the NP formulation to be functionalised
with a coating of cationic protease 2.4 L FG. The purpose of which was to convey a positive zeta
potential to the NP, increased the electrostatic attraction to the anionic bacterial cell wall, and to

digest the biofilm EPS.
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Figure 4.12. Release percentage of PenG and Oxa from 0.25 wt% Shellac-0.2 wt% P407-0.1 wt%
PenG/Oxa NPs as a function of pH and temperature. The release percentage of the temperature
experiments were performed at pH 5.5, buffered with acetate buffer. For both experiments 50 mL of
the 0.25 wt% Shellac-0.2 wt% P407-0.1 wt% ABX NP formulation was placed in to a 10-12 kDa MWKO
dialysis bag. The dialysis bag was placed into 500 mL of the specific buffered and at a specific
temperature. 1 mL aliquots were taken at specific time points on the absorbance of the aliquot
equated into the concentration of PenG/Oxa in the buffer using a standard calibration curve.
Absorption was measured at 250 nm. The follow equation was used to calculate the release kinetics;
amount of antibiotic in the buf fer solution at a specific time

Antibiotic rel %) = 100
ntibiotic release (%) amount of antibiotic encapsulated into the shellac NP :
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Figure 4.13A and B shows the hydrodynamic diameter and the zeta potential after coating
with concentrations of Alcalase ranging from 0 to 0.6 wt%. There is an increase in size from ~80 to 90
nm which occurs up to 0.2 wt% Alcalase coating and plateaus afterwards between 0.2 — 0.6 wt%. The
zeta potential is shown to flip from -15 mV to 20 mV after a coating of 0.1 wt% Alcalase with only
minimal increases thereafter. Similar results are seen when the same concentrations of Alcalase are
added to NPs which have encapsulated oxacillin (figure 4.13C and D) rather than penicillin. This is due
to there being no likely difference between the NP whether encapsulating PenG or oxacillin. Figure
4.4A shows a TEM image of a dispersion of globular Alcalase protease, which has a diameter of ~8 to
10 nm, typical of a subtilisin A protease with a MW of ~30 kDa. A coating concentration of 0.2 wt%
was chosen as this provided a good zeta potential reversal to 20 mV, increased concentrations showed
no such increase indicating the surface was likely saturated with protease. Figure 4.4E and F shows
TEM images 0.25 wt% shellac-0.2 wt% P407-0.1 wt% PenG/Oxa-0.2 wt% Alcalase NPs, which have a
~10 nm larger diameter and a rough-textured surface indicating the presence of an Alcalase coating,
and is consistence with data obtained with DLS. Figure 4.4C and D show 0.25 wt% shellac-0.2 wt%
P407-0.1 wt% PenG/Oxa NPs without the Alcalase coating. The NPs are approximately 10 nm small in

diameter and do not have the textured rough coating seen when coating with Alcalase.
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Figure 4.13. The (A) mean particle diameter and (B) zeta potential of 0.25 wt% shellac-0.2 wt% P407-
0.1 wt% PenG NPs coated with various concentrations of Alcalase 2.4 L FG. The (C) mean particle
diameter and (D) zeta potential of 0.25 wt% shellac-0.2 wt% P407-0.1 wt% Oxa NPs coated with
various concentrations of Alcalase 2.4 L FG. Various concentrations of Alcalase were prepared in 25
mL solution and mixed for 30 min at room temperature with an 25 mL of 0.25 wt% shellac-0.2 wt%
P407-0.1 wt% PenG/Oxa NPs suspensions at pH 5.5. Afterwards the mixture was centrifuged at 8000
g for 30 mins to pelletise the NPs. The pellet was redispersed into 25 mL of deionised water buffered
to pH 5.5 (acetate buffer) yielding a stock solution of 0.25 wt% Shellac-0.20 wt% P407-0.1 wt%
PenG/Oxa-0.2 wt% Alcalase NPs. Measurements were taken at pH 5.5, 25°C, Rl 1.516, Abs 1.000 using
a Malvern Zetasizer Nano ZS. Each value represents a triple replicate with + S.D.
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Figure 4.14 shows the zeta potential of 0.25 wt% shellac-0.2 wt% P407- 0.1 wt% PenG/Oxa-
0.2 wt% Alcalase NPs change over time as a measure of the surface coating stability. The positive
charge is retained in both formulations over 24 hours, dropping by ~ 10 mV. This shows the protease
is retained electrostatically on the anionic shellac NP with only a minimal release over 24 hours. For
short-term storage the NP suspension was pelletised and the supernatant removed. The semi-wet NP
was then stored at 5°C and individual aliquots removed and left to return to room temperature
afterwards. The size and zeta potential were measured to evaluate the NP after storage. Additionally,
the encapsulation efficiency of the NPs after storage was measured, to determine if any antibiotic had
leached out. Figure 4.15A shows that after resuspending the NP, after 24 hours of storage, the size is
approximately 87 nm and 88 nm for 0.1 wt% PenG-NPs and 0.1 wt% Oxa-NPs respectively. There is
only a negligible difference with an additional 24 hours of storage for each NP sample. This indicates
that storage at 5°C does reduce the size of the NP. The same is true of the zeta potential (figure 4.15B)
which was measured after the same storage time and conditions. Upon redispersion and sonication
the NP retained their positive zeta potential with no reduction depending on the length of time
storage. Crucially, the concentration of either PenG or Oxa is required to remain high after storage,
otherwise storing the NP is not viable. An investigation into the encapsulation efficiency of the 0.1 wt%
PenG-NPs and 0.1 wt% Oxa-NPs by supernatant absorbance was completed. After the NP pellets
where redispersed into the deionised water (buffered to pH 5 using acetate buffer), the NP suspension
was again pelletised on the supernatant examined to determine the antibiotic concentration within.
Figure 4.16 shows that after 1 day storage in a semi-wet pellet that approximately 1% of the
encapsulated antibiotic is lost out of the NP, 69% for PenG and 68% for Oxa, compared to 0.1 wt
PenG/Oxa encapsulation for fresh NPs (figure 4.5). This very small amount is due to the very low
amount of water on the pellet. The antibiotic can only diffuse out of the NPs if the concentration in
the surrounding solution goes below its equilibrium concentration of partitioning between particle
and solution. The small amount of antibiotic that leaches out of the pelletised NPs will quickly saturate

the small amount of liquid surrounding the pellet.
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Figure 4.14. The zeta potential of 0.25 wt% Shellac-0.2 wt% P407-0.1 wt% PenG/Oxa NPs coated with
0.2 wt% Alcalase 2.4 L FG over time. After coating with Alcalase 2.4 L FG the NPs were centrifuged at
8000 g and the pellet washed three times in deionised water. The pellet was redispersed into
deionised water adjusted to pH 5.5 using acetate buffer. Zeta potential measurements were taken at
different time points up to 24 hours to investigate the stability of the Alcalase coating.
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Figure 4.15. The (A) mean particle diameter and (B) zeta potential of 0.25 wt% shellac-0.2 wt% P407-
0.1 wt% PenG/Oxa NPs coated with 0.2 wt% Alcalase 2.4 L FG. After NP synthesis the NP suspension
was pelletised by centrifugation at 8000 g for 30 mins. Afterwards the supernatant was discarded and
the semi-wet pellet frozen and stored at -20°C. After storage, the pellet was resuspended into
deionised water buffered to pH 5.5 (acetate buffer) to the same volume as synthesised with constant
shaking. The samples were then sonicated for 5 minutes in a water bath. Measurements were taken
at pH 5.5, 25°C, Rl 1.516, Abs 1.000 using a Malvern Zetasizer Nano ZS. Each value represents a triple
replicate with £ S.D.
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Figure 4.16. Encapsulation efficiency of varied concentrations of penicillin G and oxacillin into 0.25 wt%
shellac-0.2 wt% P407-0.2 wt% Alcalase NPs. Absorbance (250 nm) of the supernatant was measured
using a spectrophotometer to determine encapsulation efficiency. The follow equation was used to
calculate the encapsulation efficiency;

total antibiotic — unencapsulated antibiotic

Encapsulation ef ficiency = rotal antibiotic *100

4.3.2 S. aureus antimicrobial susceptibility screening

Aformulation of 0.25 wt% shellac NPs loaded with 0.1 wt% PenG/Oxa and coated with 0.2 wt%
P407 and subsequently with 0.2 wt% Alcalase was chosen as the stock treatment for testing against S.
aureus. Here, it is shown that PenG and Oxacillin encapsulated in the shellac NPs, functionalised with
a surface coating of a cationic protease, are significantly more effective than the free antibiotics
administered at equivalent concentration. The aim is to demonstrate that antibiotics encapsulated
into such active NPs have an increased efficacy that can overwhelm the enzymatic inhibition of the

antibiotic (specifically PenG). This is investigated on S. aureus in planktonic and biofilm forms.

Firstly, it was confirmed thatS. aureuswas a suitable candidate by performing an
antimicrobial susceptibility screen using VITEK®2 ID and AST microwell cards (Figure 4.17). Table 4.2
shows the range of antibiotics tested for susceptibility and their interpretation as resistant or
susceptible. This S. aureus strain was confirmed to be susceptible to Oxa and resistant to PenG. This
was verified using antimicrobial disk diffusion for both Oxa and PenG (Figure 4.18). The zone diameter
breakpoint for PenG is <26 mm, as stated by the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) testing breakpoint tables (EUCAST Breakpoint Tables v 10.0., 2020). There is a clear
zone of inhibition diameter around the oxacillin disk (27 mm) confirming its susceptibility to that

antibiotic. Most staphylococciare now beta-lactamase producers and this is the mechanism of
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resistance to penicillin antibiotics, requiring treatment with isoxazolylpenicillins (e.g. oxacillin). To
confirm this a simple beta-lactamase detection strip was used on a S. aureus suspension (Figure 4.19).
This test is based on beta-lactamase hydrolysing the beta lactam ring (present in PenG and all penicillin
antibiotics) into penicillioc acid. A yellow solution was generated after 10 min indicating the presence

of an acid in the solution (acid—base indicator), and therefore beta-lactamase produced by S. aureus.

Figure 4.17. Photographs of (A) VITEK 2 GP (21342) and (B) VITEK 2 AST-P635 (416911) Gram-
positive identification and AST cards.

Figure 4.18. Zones of growth inhibition for right oxacillin (1 ug concentration) and left penicillin G
(10iu). Inoculum was at 0.5 McFarland incubated at 35 + 1°C for 18 hours.
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Table 4.2. VITEK2 Staphylococcus aureus Antimicrobial Susceptibility Screen.

Selected Organism: Staphylococcus aureus

Comments:

Rule 5: Chloramphenicol not used for food animals. (Source: CLSI 2015, VETO1S, 3™ edition). Rule
6: tetracycline tested as the class representative for susceptibility to chlortetracycline,
doxycycline, minocycline and oxytetracycline. Organisms that are susceptibility to tetracycline are
also considered susceptible to doxycycline and minocycline. However, some organisms that are
intermediate or resistant to tetracycline may be susceptible to doxycycline or minocycline or both.
(Source: CLSI 2015, VETO01S, 3™ edition). Rule 8: Cefoxitin is used as a surrogate for oxacillin,
report oxacillin susceptible or resistant based on the cefoxitin result. (Source: CLSI 2015, VETO1S,
3™ edition). Rule 11: Clindamycin is also used to test for susceptibly to lincomycin. Clindamycin is
more active than lincomycin against most staphylococcal strains. (Source: CLSI 2015, VET01S, 3™
edition).

Identification Card: GP Lot Number: 2420469403 Analysis time:
Information 7.85 hours
Organism Origin VITEK 2
Selected Organism | 99% Probability Staphylococcus aureus
Bionumber: Confidence: Low
030412067763271 discrimination

Susceptibility Card: AST-P635 Lot Number: 7350480103 Analysis time:
Information 8.41 hours

Antimicrobial MIC Interpretation | Antimicrobial MIC Interpretation
Cefoxitin Screen POS + Teicoplanin <=0.5 S
Benzylpenicillin >=0.5 R Vancomycin 1 S
Oxacillin >=4 S Tetracycline <=1 S
Gentamicin <=0.5 S Tigecycline <=0.12 S
Inducible NEG - Fusidic Acid <=0.5 S
Clindamycin
Resistance
Erythromycin Mupirocin <=2
Clindamycin 0.25 S Chloramphenicol 8 S
Linezolid 2 S Rifampicin <=0.03 S
Daptomycin 0.25 S Trimethoprim 1 S

+= Deduced drug *= AES modified ** User modified. Parameter Set: Global CLSI-based+Natural
Resistance V2 17 NOV2017.
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Figure 4.19. Beta-lactamase detection. The plastic strip contains an active zone saturated with
penicillin G and an acid-basic indicator. The process is based on the hydrolysis of the beta-lactam ring
in penicillin G producing penicillioc acid. This caused acidification of the bacterial suspension (yellow
indicated the presence of penicillioc acid and thus beta-lactamase. 3 colonies of S. aureus and S.
epidermidis (positive control) were placed into 1 mL of moistening solution and a test strip was added.
The bacterial suspension was incubated at room temperature for 10 minutes with shaking. (A) Shows
the pink coloured moistening solution with no bacteria, (B) shows the S. epidermidis suspension and
(C) shows the S. aureus suspension. Red indicates negative and yellow positive for beta-lactamase.

4.3.3 Effectiveness of 0.25 wt% shellac—0.2 wt% P407-0.1 wt% PenG/Oxa-0.2 wt%
Alcalase NPs against planktonic S. aureus

The effectiveness of the base formulation of 0.25 wt% shellac-0.2 wt% P407-0.1 wt%
PenG/Oxa—0.2 wt% Alcalase NPs (0.1 wt% PenG-NPs or 0.1 wt% Oxa-NPs) was tested against the
equivalent concentration of free PenG or Oxa (0.1 wt%) using a time-kill assay. Figure 4.20A and
B show that S. qureus starting at a concentration of 1 x 108 cells per mL increased to approximately 1
x 10° cells per mL when untreated. Treatment with 0.1 wt% free PenG had a minimal effect on
bacterial growth, with 1 x 107 cells after a 24 h incubation time, confirming the resistance of the cells
to this treatment (Figure 4.20A). However, when treated with 0.1 wt% PenG-NPs there were no viable
cells after 4 h, a 4 log+ reduction from the free PenG sample. This confirms the PenG-loaded NPs are
overcoming the resistance and restoring the effectiveness of the antibiotic. This is due to the high
concentration of the agent within the NPs cores, which is localised onto the bacterial cell wall due to
the electrostatic attraction of the cationic NPs to the anionic surface of the bacterial cell. Figure
4.20B shows the same time kill assay performed against S. aureus, this time with 0.1 wt% free Oxa and

0.1 wt% Oxa-NPs. As described earlier, this strain of S. aureus is susceptible to Oxa and so after 6 h
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treatment with 0.1 wt% Oxa (free) there were no viable cells detected. However, the 0.1 wt% Oxa-
NPs were faster-acting, killing the cells within 4 h, providing further evidence of their ability to increase
the effectiveness of the encapsulated antibiotic. Figure 4.21 shows the time-kill results for all the
individual components of the NP. The 0.25 wt% shellac and 0.2 wt% Alcalase NP components alone
had only a mild effect on reducing the viable cell count after 24 h (~1 x 108 and 1 x 107 CFU per mL,
respectively). The free 0.2 wt% P407 alone reduced the cell viability concentration to ~1 x 10° CFU
per mL after 24 h, however, when combined with 0.25 wt% shellac (0.25 wt% shellac—0.2 wt% P407)
empty NPs, the toxicity was reduced, with ~1 x 10® viable cells per mL detected after 24 h of treatment.
This indicates that the complexing of P407 onto shellac cores reduces the toxicity of this Pluronic
surfactant and that the shellac-NPs are a safer antibiotic delivery vehicle. Surfactants are intrinsically
toxic to life due to their amphipathic nature which can dissolve lipids in water. The free P407
demonstrates a bacteriostatic effect against S. aureus by disrupting the cell membrane, however, the

lack of cell specificity makes them unsuitable for use in a therapeutic context.

A further investigation into the wt% PenG/Oxa-NPs (2-fold serial dilutions of the stock
treatment) was performed to elucidate the MIC/MBC of S. aqureus after 24 h of treatment. Figure
4.20C shows that PenG-NPs had a minimal inhibitory concentration (MIC) of 0.015 wt%, a 5-fold
improvement of 0.05 wt% for free PenG. The minimal bactericidal concentration (MBC) for PenG-NPs
was less than 0.0003 wt%, an 8-fold decreased from free PenG showing >0.1 wt% (due to its
resistance). Oxa-NP and free oxacillin had both MIC and MBC values of <0.0003 wt% after 24 h
(oxacillin sensitive), however as described above the Oxa-NP showed increased efficacy by the faster
killing of the bacteria. Shellac, P407, shellac—P407 NPs all had MIC and MBC of >0.25 wt%, 0.2 wt%
and 0.25 wt% respectively (stock NP concentrations). Alcalase showed a MIC of 0.1 wt% and an MBC
of > 0.1 wt%, this agrees with the time-kill results which show that the free protease did not have a

meaningful impact on cell viability. Table 4.4 shows tabulated data for the MIC/MBC results.
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Figure 4.20 Time kill assays against S. aureus. Growth control (untreated). (A) 0.1 wt% free PenG
(Penicillin G) (B) and 0.1 wt% Oxa (Oxacillin) were compared to the same antibiotic concentration
encapsulated into Alcalase-coated shellac NPs. *P <0.05, **P < 0.01, ***P < 0.001 compared to the
free antibiotic. Table 4.3 shows the statistical analysis P-values. (C) S. aureus MIC and MBC of free
PenG/Oxa, encapsulated PenG/Oxa NPs and individual constituents of the NP. 0.25 wt% shellac—0.2
wt% P407-0.1 wt% PenG/Oxa-0.2 wt% Alcalase was the stock treatment solution. Treatment
concentrations lower than this were 2-fold dilutions from the stock. “>” indicates that a greater and
“<” a lower concentration is needed to either inhibit or kill S. aureus. The MIC was determined to be
the lowest concentration of active antimicrobial agent which inhibited the growth of each strain. The
MBC was the lowest concentration in which no viable cells were detected after streaking the contents
onto fresh MHA plates. (D) Beta lactamase activity of S. aureus after 1 to 3 h PenG, PenG-NP and
Alcalase treatments expressed per mg of protein. Experiment was capped at 3 hours due to lack of
remaining cells to analyse. Unit definition: 1 Unit Beta lactamase activity = amount of enzyme that
generates 1 umol of nitrocefin per minute at pH 7 at 25 °C.

Table 4.3. Time-Kill assay statistical analysis between free PenG and encapsulated PenG at 24-hour
time point. Data were expressed as average values + standard deviations of the mean. P-values of less
than 0.05 were considered significant. All One-Way ANOVAs and Tukey’s post-test statistical analysis
were performed in GraphPad v7.0.4.

Multiple Comparison P-value Significance
Free PenG vs PenG NPs 0.00000306 el
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Table 4.4. S. aureus MIC and MBC tabulated data.

(500 pg/ml)

MIC MBC
Shellac > 0.25 wt% > 0.25 wt%
(2500 pg/mL) (2500 pg/mL)
P407 > 0.2 wt% > 0.2 wt%
(2000 pg/mL) (2000 pg/mL)
Shellac-P407 NPs > 0.25 wt% > 0.25 wt%
(2500 pg/mL) (2500 pg/mL)
Alcalase 0.1 wt% > 0.2 wt%
(1000 pg/mL) (2000 pg/mL)
PenG 0.05 wt% >0.1 wt%

(1000 pg/mL)

Encapsulated PenG-NPs

0.0015 wt%

< 0.0003 wt%

(15 pg/mL) (03 pg/mlL)
Oxa < 0.0003 wt% <0.0003 wt%
(3 pg/mlL) (3 pg/mlL)
Encapsulated Oxa-NPs < 0.0003 wt% < 0.0003 wt%
(3 pg/mlL) (3 pg/mlL)
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Figure 4.21. Time kill assays against S. aureus. Growth control (untreated). 0.25 wt% shellac, 0.2 wt%
P407, 0.25 wt% shellac-0.2 wt% P407 NPs and 0.2 wt% Alcalase are considered controls. 0.1 wt% free
PenG and 0.1 wt% Oxacillin were compared to the same antibiotic concentration encapsulated into
Alcalase-coated shellac NPs. The results are presented as means (N=3).
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Figure 4.22A and B shows SEM images of untreated planktonic S. aureus which appear to have
good morphology with no visible NPs on their surface. When compared to Figure 4.22C and D in which
planktonic S. aureus was treated for 1 hour with 0.1 wt% PenG-NPs, there is a clear coating of NPs on
the surface of the bacteria. This provides further evidence of the cationic NPs adhering to the anionic
bacterial cell via electrostatic interactions. This highly localised concentration of antibiotic
encapsulated NPs is apparently able to overcome the enzymatic resistance mechanism of the S. aureus.
An investigation into S. aureus using TEM and EDX (Energy-dispersive X-ray spectroscopy) elemental
mapping was performed. Figure 4.23 shows the elemental distribution of carbon, oxygen, nitrogen
and sulphurin S. aureus. When treated with 0.1 wt% free PenG there is an increased concentration of
sulphur compared to the natural sulphur concentration contained in the untreated sample. This
indicates the presence of PenG, which contains the element sulphur in its thiazolidine ring. The sample
treated with 0.1 wt% PenG-NPs contains a further increase in sulphur, with small pockets located
where the NP has adhered to the bacterial cell wall. This further supports the increased concentration

of PenG, highly localised on the cell wall.

The beta-lactamase activity of S. aureus after treatment with either 0.1 wt% PenG, 0.1 wt%
PenG-NPs and 0.2 wt% Alcalase was investigated. Figure 4.20D shows the beta-lactamase activity
measured in S. aureus cells after 1, 2 and 3 h treatments (compared to a 3 h S. aureus sample which
was untreated). The activity was obtained from the hydrolysis of nitrocefin (a beta-lactamase
substrate). Figure 4.24 shows the nitrocefin calibration curve. The untreated S. aureus had beta-
lactamase of an enzyme activity of 6 mU per mg protein per min. Interestingly, there was only a
marginal decrease in activity in the free PenG and PenG-NPs over 3 h, and no discernible difference
between free PenG and PenG-NPs. This indicates thatS. aureusis not actively increasing the
production and secretion of the beta-lactamase during treatment. This lack of PenG defence activity
may explain a mechanism for why PenG-loaded NPs can be effective against S. aureus, when an
equivalent concentration of free PenG is not. The bacterial cell is not able to produce enough beta-
lactamase enzyme activity to inhibit the PenG, which is locally delivered and highly concentrated on
the cell surface, leached by the adhered PenG-NPs. Figure 4.25 shows the beta-lactamase activity S.
aureus cell and the culture media (containing any secreted enzyme). There is no notable difference in
beta-lactamase activity of S. aureus when treated with either free PenG or PenG-NPs (both 0.1 wt%)
between 1 h and 3 h. The effect of 0.2 wt% Alcalase was also investigated. There is a marginal decrease
in beta-lactamase activity after 3 h, compared to the control, 0.1 wt% PenG and 0.1 wt% PenG-NPs,
which are almost identical. This is likely due to the Alcalase hydrolysing a small amount of beta-

lactamase produced by the bacteria, and therefore lowering the detected enzymatic activity. This
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provides evidence that the Alcalase itself can confer benefits in the context of reducing a beta-

lactamase producing bacteria's resistance mechanism.

Figure 4.22. (A) and (B) SEM images of planktonic S. aureus after 24 hours growth (no treatment) and
(C) and (D) SEM images of S. aureus after 24 hours growth (0.1 wt% PenG-NPs, 1 hour treatment). 10
nm gold coating. Samples were imaged using a Carl Zeiss Evo-60 (Germany) with a variable pressure
100-micron aperture at 40 Pa. EHT was 20 kV with probe current of 100 pA. Images were captured
with Zeiss smartSEM software.

High-angle annular
dark-field image Carbon Oxygen Nitrogen Sulphur

Figure 4.23. TEM/EDX images/scans of S. aureus after 24-hour treatment with either 0.1 wt% PenG or
0.1 wt% PenG-NPs. TEM images were obtained using a JEM 2010 (JOEL, Japan) at 120 kV and a Gatan
Ultrascan 4000 digital camera. A nanoanalysis X-Max 65-T detector and the INCA software were used
to produce the elemental analysis maps. White scale bar = 250 nm.

S. aureus
(Untreated)

S. aureus
(0.1 wt% PenG)

S. aureus
(0.1 wt% PenG-NPs)
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Figure 4.24. Nitrocefin standard calibration curve. The nitocefin stock solution was hydrolysed by
adding 8 L of nitrocefin to 8 pL of Beta Lactamase Hydrolysis Buffer and 28 pL of DMSO (ratio 1:2:7)
into an Eppendorf tube. The mixture was reacted at 60°C for 10 minutes before cooling to room
temperature (23°C) and centrifuged at 1000 g for 1 minute. 0, 2, 4, 6, 8 & 10 pL of the hydrolysed
Nitrocefin Standard (2 mM) was added into a series of wells in a 96-well plate to generate 0, 4, 8, 12,
16 & 20 nmol/well of Nitrocefin Standard. The final volume of each well was adjusted to 100 uL/well
using Beta Lactamase Buffer solution. Absorbance was read at 490 nm, 0 nmol nitrocefin was used as
a blank. Error bars are within the symbol size.
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Figure 4.25. Comparison of beta lactamase activity of S. aureus after treatment with free PenG vs
PenG-NPs over time. S. aureus samples were obtained after no treatment, or after treatment with
either 0.1 wt% PenG or 0.25 wt% shellac-0.2 wt% P407-0.1 wt% PenG-0.2 wt% Alcalase (referred to as
PenG-NPs) or 0.2 wt% Alcalase. S. aureus cells, contaminated (culture) media, a positive control and a
background reading for the reaction mix were analysed. Note; there is no discernible difference in
beta lactamase activity of S. aureus when treated with either free PenG, PenG-NPs (both 0.1 wt%) or
0.2 wt% Alcalase between 1 and 3 hours. Error bars are within the symbol size.
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4.3.4 Effectiveness of 0.25 wt% shellac—0.2 wt% P407-0.1 wt% PenG/Oxa-0.2 wt%
Alcalase NPs against biofilm-formed S. aureus

Next, an investigation into the effectiveness of the 0.1 wt% PenG/Oxa NPs onS.
aureus biofilms was performed. Biofilms were grown in 96-well plates for 24 h, and then treated with
free antibiotic and antibiotic-loaded shellac NPs for further 24 h. Figure 4.26A and B show the residual
biofilm after staining the wells with Crystal Violet (CV). Compared to the control of an untreated
biofilm, there was a ~90% biofilm reduction for both 0.1 wt% PenG-NPs and 0.1 wt% Oxa-NPs
treatments. The treatment with 0.1 wt% free PenG showed no significant reduction in residual biofilm,
due doubly to the resistance of S. aureus to this antibiotic and the protection a biofilm confers to
exogenous treatments. 0.1 wt% free Oxa reduced the biofilm by ~50% compared to the growth
control, significantly less the 90% achieved by the 0.1 wt% Oxa-NPs. The 0.25 wt% shellac and 0.2 wt%
P407 showed only a negligible reduction in residual biofilm in the wells. The 0.2 wt% Alcalase reduced
the biofilm to ~50% compared to the growth control, likely due to the protease activity degrading the
EPS matrix protein structure. Figure 4.27 shows images of the biofilm wells with the CV staining, there
is a clear reduction in staining in the 0.1 wt% PenG/Oxa-NPs compared to the 0.1 wt% free
antibiotics. Figure 4.26C and D show the biofilm mass after treatment, where the results corroborate
the ones obtained with CV staining. Again, the 0.1 wt% PenG-NPs reduced the biofilm mass
significantly (~1 mg compared to the ~3.4 mg untreated control). The free PenG showed only a

marginal reduction of ~0.5 mg due to the resistance of S. aureus.

The 0.1 wt% Oxa-NPs reduced the biofilm mass to 0.3 mg, a significant improvement against
0.1 wt% free Oxa which reduced the mass to ~1.1 mg. The shellac, P407 and Alcalase showed a similar
trend when measuring the biofilm mass to the biofilm stained with CV. Figure 4.26E and F measured
the protein concentration of the biofilms after treatment. Figure 4.27 shows the BCA calibration curve
used to interpolate protein concentration in the samples. The 0.1 wt% PenG/Oxa-NP treatments
reduced the protein concentration to ~150-100 ug mL™, respectively, significantly more than the
~800 pg mL for 0.1 wt% free PenG and 0.1 wt% ~400 ug mL™* for free Oxa. The 0.2 wt% Alcalase
treatment alone was effective in reducing protein concentration (~500 pg mL™?). A time and
concentration-dependent examination of the free 0.1 wt% PenG/Oxa treatments vs. the 0.1 wt%
PenG/Oxa-NPs was performed. Figure 4.26G shows that free PenG (at 0.1, 0.05 and 0.025 wt%
concentrations) was no discernable effect at reducing the residual biofilm. In comparison, the PenG-
NPs after 24 h had reduced the residual biofilm to ~20%. After 1 h the reduction was ~40% lower
compared to no treatment indicating the antibiotic-loaded NPs are fast-acting on the biofilms. There
was a very little difference between the 0.025 wt% and the 0.1 wt% stock NPs treatment. This reveals

that the PenG-NPs remain potent at lower concentrations. Figure 4.26H shows the time and
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concentration-dependent free Oxa vs. Oxa-NPs. There is a similar trend in the effectiveness of the
Oxa-NPs (across 0.1, 0.05 and 0.025 wt% concentrations), with the residual biofilm being reduced by
~90% compared to no treatment after 24 h. The free Oxa showed a gradual reduction in residual
biofilm over 24 h, culminating in a reduction of 20%, 50% and 60% in residual biofilm for the 0.1, 0.05

and 0.025 wt% free Oxa treatments.
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Figure 4.26. The effect of (A), (C) and (E) 0.25 wt% shellac-0.2 wt% P407-0.1 wt% PenG—0.2 wt%
Alcalase and (B), (D), (F) 0.25 wt% shellac—-0.2 wt% P407— 0.1 wt% Oxa—0.2 wt% Alcalase treatments
on S. aureus biofilms after 24 h. Residual biofilm staining, biofilm mass and protein concentration
respectively. 0.1 wt% PenG/Oxa-NP; 0.25 wt% shellac—0.2 wt% P407-0.1 wt% PenG/Oxa—0.2 wt%
Alcalase. *P <0.05, **P < 0.01, ***P < 0.001 compared to the free antibiotic. Table 4.5 shows the
statistical analysis P-values. (G) Residual biofilm (CV staining) after treatment with shellac—P407—-ABX
formulations after 1, 2, 4 and 24 h treatment times. Treatments were made from a stock of 0.25 wt%
shellac-0.2 wt% P407-0.1 wt% PenG-0.02 wt% Alcalase (referred as PenG-NP) or (H) 0.25 wt%
shellac-0.2 wt% P407-0.1 wt% Oxa—0.02 wt% Alcalase (referred as Oxa-NP) and diluted 2-fold. All
tests were performed in triplicates (N = 3 with £ S.D.).

Table 4.5. Crystal Violet, dry mass weight and protein concentration statistical analysis between free
PenG/Oxa and PenG/Oxa NPs. Data were expressed as average values + standard deviations of the
mean. P-values of less than 0.05 were considered significant. All Student’s T-tests were performed in
GraphPad v7.0.4.

Multiple Comparisons P-value Significance
PenG vs PenG-NPs (CV Staining) 0.00001824 rokE

Oxa vs Oxa NPs (CV Staining) 0.00326552 rokE

PenG vs PenG-NPs (Dry Mass Weight) 0.00113258 *E

Oxa vs Oxa NPs (Dry Mass Weight) 0.00572886 *E

PenG vs PenG-NPs (Protein Concentration) 0.0007 rokE

Oxa vs Oxa NPs (Protein Concentration) 0.00120271 *E
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Figure 4.27. Photographs of S. aureus biofilms after CV staining and washing (before solubilisation in
acetic acid).
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Figure 4.27. BCA (bicinchoninic acid assay) standard curve. N=3 with £ S.D.

An investigation into the viability of the cells within the biofilm after 1, 6 and 24 h treatments
was performed. Figure 4.28A shows the results after 1 h. The untreated control, 0.25 wt% shellac and
0.2 wt% P407 showed no reduction in cell viability, with all samples retaining ~1 x 10° CFU per mL.
The results were similar in the enumeration of the biofilm cells after 6 and 24 h, respectively. 0.1 wt%
free PenG showed no reduction in viable cells, however, the 0.1 wt% free Oxa had reduced the cells
to ~1 x 107 CFU per mL. The 0.1 wt% PenG/Oxa-NPs showed a significant improvement compared to
the free antibiotic, reducing the viable cells to ~1 x 10 CFU per mL. Figure 4.28B shows the viable
cells after 6 h of treatment. Both the 0.1 wt% PenG and Oxa-NPs reduced the viable cells to ~1 x
102 CFU per mL. 0.1 wt% PenG remained unchanged compared to the untreated control, the 0.1 wt%

free Oxa treatment has reduced the viable cells to ~1 x 10° CFU per mL. The 0.2 wt% Alcalase
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treatment had reduced the viable cells to ~1 x 10° CFU per mL, likely due to the degradation of the
biofilm by the protease releasing cells from biofilm. Figure 4.28C shows the viable cells after 24 h.
There were no detectable cells in the 0.1 wt% PenG/Oxa-NP treatments, a significant reduction
compared to ~1 x 10° CFU per mL for the 0.1 wt% free PenG and ~1 x 10* CFU per mL for the free
Oxa. After 24 h treatment with 0.2 wt% Alcalase the viable cells were reduced to ~1 x 10° CFU per mL.
These results indicate that both the 0.1 wt% PenG-NPs and the 0.1 wt% Oxa-NPs are significantly more
effective then and equivalent concentration of the free antibiotic. Crucially, the 0.1 wt% PenG-NP
being effective against a strain of S. aureus classified as resistant to PenG. Figure 4.28D shows
fluorescence microscopy images of the biofilms stained with Acridine Orange (AO) after 24 h
treatment. It is clear to see that there is a much-decreased concentration in cells in the PenG/Oxa-NP
treatment compared to the control, 0.25 wt% shellac and 0.2 wt% P407 treatments. The 0.1 wt% free
PenG remains relatively unchanged compared to the untreated sample, with 0.1 wt% free Oxa and 0.2
wt% Alcalase reducing the AO staining by ~50%. Figure 4.29 shows the percentage of AO orange

staining per sample.

The treatment/biofilm growth media was also examined. It is known that cells within biofilms
are able to disperse during a biofilms natural formation (Richards & Melander, 2009). Figure 4.30
shows the number of viable cells after 24 h treatments as described in Figure 4.28A. The untreated
control and 0.25 wt% shellac contained ~1 x 10* CFU per mL, much lower than the ~1 x 10° CFU per
mL than found in the biofilms. Biofilms treated with 0.2 wt% and 0.2 wt% Alcalase had fewer cells, ~1
x 103 CFU per mL, likely due to the moderate cytotoxic nature of these compounds. 0.1 wt% PenG
treatment produced ~1 x 10* CFU per mL due to the resistance of S. aureus to this antibiotic.
Treatment with 0.1 wt% free Oxa treatment showed no viable cells in the media. No viable cells were
also found in the treatment media of biofilms treated with 0.1 wt% PenG/Oxa-NPs. These results
mirror the CFU counts of planktonic cells shown in 4.20A. This indicated that the ABX-NP treatments
are able to effectively kill cells within a biofilm and planktonic cells outside. It is worth noting that
metabolically inactive persister cells are known to be present in biofilms (Lewis, 2007). These cells
are very difficult to culture and highly tolerant to antibiotics which target a metabolic mechanism,
such as beta-lactam antibiotics. Therefore, it is possible that some cells survived treatment but were

not detected during enumeration.
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Figure 4.28. 24 h grown S. aureus biofilm cellular viability after anti-biofilm treatments. CFU per mL
of colony biofilms after timed exposure after (A) 1 hour, (B) 6 hours and (C) 24 hours. Post-treatment,
the colony biofilms were glass bead beaten in 1 mL of MHB with serial dilutions. 0.1 wt% ABX = NP;
0.25 wt% shellac—0.2 wt% P407-0.1 wt% PenG/Oxa-0.2 wt% Alcalase. The agar drop plate method
was used to elucidate the CFU per mL. N = 3 with +S.D. *P <0.05, **P <0.01, ***P <0.001 compared
to the free antibiotic. Table 4.6 shows the statistical analysis P-values. (D) Representative fluorescent
images of S. aureus biofilm stained with Acridine Orange after 24 h of treatment. The white inset bar
represents 5 mm.

Table 4.6. S. aureus biofilm viability statistical analysis after 1, 6 and 24 hour treatments, comparing
free PenG/Oxa and PenG/Oxa NPs. Data were expressed as average values * standard deviations of
the mean. P-values of less than 0.05 were considered significant. All Student’s T-tests were performed
in GraphPad v7.0.4.

Multiple Comparisons P-value Significance
PenG vs PenG-NPs (1 hour) 0.00108547 *ok

Oxa vs Oxa NPs (1 hour) 0.00120226 *ok

PenG vs PenG-NPs (6 hours) 0.00096656 Hokk

Oxa vs Oxa NPs (6 hours) 0.00263979 Hokk

PenG vs PenG-NPs (24 hours) 0.00037384 Hokk

Oxa vs Oxa NPs (24 hours) 0.00044592 ook
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stained with OA was quantified using ImageJ v1.52d.
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4.3.5 The structure of biofilm-formed S. aureus when treated with 0.25 wt% shellac-0.2
wt% P407-0.1 wt% PenG/Oxa-0.2 wt% Alcalase NPs

To understand the structure of the biofilm after treatment a confocal laser scanning
microscope (CLSM) was to image S. aureus biofilms stained with AO. Figure 4.31 shows images of S.
aureus after 1 h and 24 h treatments as administered in Figure 4.28. The images show that 0.25 wt%
and 0.1 wt% PenG had very little effect on the structure or thickness of the biofilms compared to the
control, which was untreated. 0.2 wt% P407 and 0.2 wt% Alcalase treatments showed some reduction
in biofilm thickness, more notably after 24 h of treatment. The structure appears less dense
particularly on the surface of the biofilm. 0.1 wt% PenG had very little effect on the S. aureus PenG
resistant biofilm, which agrees with the CV staining and the CFU viability counts. 0.1 wt% Oxa showed
a slightly decreased thickness and less dense structure after 24 h of treatment. The 0.1 wt% PenG/Oxa-
NPs showed a much-improved reduction in biofilm mass in comparison the antibiotics alone at
equivalent concentrations. There appears to the patches of completely cleared biofilm indicating the
NPs are able to degrade the biofilm and reveal the cells within. The NPs showed most reduction after
24 h, confirming the CFU viability counts in Figure 4.28. Crucially, the PenG-NPs were effective against

a species with PenG resistance.

To further collaborate the CSLM 3D images, the membrane biofilm was cryosectioned into 10
um slices, and an examination of the thickness and structure of the EPS matrix with concanavalin A
(ConA) dye under brightfield and fluorescent microscopy performed. Samples were treated for 24 h
before examination. Figure 4.31A shows the biofilm lateral structure and Figure 4.32B shows the
thickness of the sectioned biofilms measured across 3 standardised sections of the image. The sections
show a densely packed biofilm, in the control (untreated) and 0.25 wt% shellac sections (57 pm and
59 um, respectively). The thickness is reduced when treated with 0.2 wt% P407 and 0.2 wt% Alcalase
(40 um and 38 um) which is consistent with the CSLM results. 0.1 wt% PenG showed very little change
from the untreated control and 0.25 wt% shellac treatment, with a thickness of 55 um. Treatment
with 0.1 wt% Oxa reduced the mass to 40 um. The samples treated with 0.1 wt% PenG/Oxa-NPs
showed a completely cleared biofilm with no ConA staining detected. This agrees with CFU viability
count results in figure 4.28. The reduction is also consistent with the much-reduced biofilm mass seen
in Figure 4.31 using CLSM. The biofilm remnants still visible in the 3D image is likely due to the
differences in visualisation techniques, 3D visualisation vs. 2D cryo-sectioned lateral fluorescent
imaging. However, both Figure 4.31 and 4.32A both provide visual support to the CFU viability counts
and provide evidence the PenG/Oxa-NPs are much more effective biofilm clearing treatments than
equivalent concentration of the free antibiotic. This provides evidence that formulations based on NP-

encapsulated antibiotics with targeted delivery could be a useful tool in repurposing old antibiotics.
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This option is becoming increasingly attractive in the antibiotic resistance era (Farha & Brown, 2019;

Brown & Wright, 2016).
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0.25 wt
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P407

0.2 wt%
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0.1 wt%
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0.1 wt%
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PenG-NPs
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Oxa-NPs

Figure 4.31. Confocal laser scanning microscopy. S. aureus 24 h grown biofilms treated for 1 or 24 h
with various treatments. Biofilms were stained with 0.2 wt% Acridine Orange for 5 mins in darkness
before gently washing away. The white inset bar represents 50 mm. 0.1 wt% PenG-NP and 0.1 wt%
OxaNP refers to 0.25 wt% shellac—0.2 wt% P407-0.1 wt% PenG—-0.2 wt% Alcalase NPs and 0.25 wt%
shellac—0.2 wt% P407-0.1 wt% Oxa—0.2 wt% Alcalase NPs. Confocal laser scanning microscopy images
(CLSM) were obtained with a Carl Zeiss LSM 710 confocal microscope with Z-series images taken in 1
mm slices.
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Figure 4.32. (A) Cryostat lateral 10 mm sliced images of S. aureus biofilms after 24 h treatments.
Images were taken a 200 magnification. (B) Biofilm thickness measured over three locations
(illustrated with yellow arrows) in Image J v1.52a. 0.1 wt% PenG-NPs and 0.1 wt% Oxa-NPs refers to
0.25 wt% shellac-0.2 wt% P407-0.1 wt% PenG—0.2 wt% Alcalase NPs and 0.25 wt% shellac—0.2 wt%
P407-0.1 wt% Oxa—0.2 wt% Alcalase NPs.
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4.3.6 Human cell cytotoxicity when treated with 0.25 wt% shellac-0.2 wt% P407-0.1 wt%
PenG/Oxa-0.2 wt% Alcalase NPs

A preliminary human cell cytotoxicity experiment was performed on HaCaT and HEP G2 cells
to investigated if the shellac, P407, free Alcalase. Free antibiotic, and PenG/Oxa-NPs were toxic to
human cells. HaCaT cells were chosen as they a good proxy for studying human keratinocytes, a cell
type which would be exposed to treatment in topical applications. HEP G2 were chosen as they are
good proxy for studying the effects of xenobiotics. Figure 4.33A and B shows that 0.25 wt% shellac
had only a marginal reduction in cell viability over 1, 6- and 24-hour time points. 0.2 wt% P407 showed
a slightly decreased viability, particularly after 24-hour treatment. This is to be expected of a
surfactant which are known to be cytotoxic due to their ability to destroy the plasma membrane of
cells. Interestingly, 0.25 wt% shellac-0.2 wt% P407 showed only a marginal reduction in viability in
both the HaCaT and HEP G2 cells. This is likely due to the absorption of the P407 onto the shellac NP
reducing the ability of the P407 to damage the cells. 0.2 wt% Alcalase showed again only a small
reduction in viability over 1, 6- and 24-hour time points. 0.1 wt% free PenG/Oxa demonstrated only a
small cytotoxic effect. This is to be expected as antibiotic supplementation of cell culture media is

routinely used, particularly PenG, and is generally considered safe to use.

A similar result was observed with the 0.1 wt% PenG/Oxa-NP treatments indicating the
concentrating of antibiotic into a NP centre had little effect on cell toxicity. The data shows that the
PenG/Oxa-NPs had very little impact on cell viability in both HaCaT and HEP G2 cells, providing
evidence they may be suitable for in vivo treatment topically on infected chronic wounds. Figure 4.34A
and B showed the cytotoxicity of PenG-NPs and Oxa-NPs on on HaCaT and HEP G2 cells as a function
of concentration dependence after 24 hours of treatment. Dilutions of the NPs were made into
serialised PBS. The results of the 0.1 wt% PenG/OxaNPs for both the HaCaT and HEP G2 cells are the
same as revealed in Figure 4.33A and B. As the concentration is reduced the viability of the cells is
shown to increase slightly, gradually improving towards the control of no treatment. This provides
further evidence that the 0.1 wt% PenG/Oxa-NPs are only slightly toxic to mammalian cells over 24

hours.
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Figure 4.33. (A) HaCaT and (B) Hep 2G viability after treatment with 0.25 wt% shellac-0.2 wt% P407-
0.1 wt% PenG/Oxa-0.2 wt% Alcalase NPs compared to 0.1 wt% free PenG/Oxa. NP components
treated at the same concentration as the NP formulation were also tested. Cells were seeded at 1 x
104 and incubated for 24 hours at 37 °C in 5% CO2 atmosphere (2 wt% FBS). The medium was then
removed and replaced with treatment infused media under the same conditions. Viability counts were
performed at 1, 6, and 24 hours. 0.1 wt% PenG-NP and 0.1 wt% Oxa-NP refers to 0.25 wt% shellac-0.2
wt% P407-0.1 wt% PenG-0.2 wt% Alcalase NPs and 0.25 wt% shellac-0.2 wt% P407-0.1 wt% Oxa-0.2
wt% Alcalase NPs. N=3 with £ S.D.
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Figure 4.34. HaCaT and Hep 2G viability after treatment with decreasing concentrations of free (A)
PenG-NPs and (B) Oxa-NPs. Cells were seeded at 1 x 104 and incubated for 24 hours at 37 °C in 5%
CO2 atmosphere (2 wt% FBS). The medium was then removed and replaced with treatment infused
media under the same conditions. Viability counts were performed at 24 hours. 0.1 wt% PenG-NP and
0.1 wt% Oxa-NP refers to 0.25 wt% shellac-0.2 wt% P407-0.1 wt% PenG-0.2 wt% Alcalase NPs and 0.25
wt% shellac-0.2 wt% P407-0.1 wt% Oxa-0.2 wt% Alcalase NPs. N=3 with + S.D.
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Figure 4.35. Calibration curve of HaCaT and Hep G2 cells. Various cell concentrations were seeded in
DMEM (HaCaT) and EMEM (Hep 2G) medium and absorption values obtained at 570 nm. These data
were used to calculate the number of cells in treatment / untreated wells. N=3 with + S.D.
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4.4 Conclusions

In summary, this chapter shows the developed an innovative nanocarrier system with a
protease coating which can overcome an antibiotic-resistant pathogen in both planktonic and biofilm
form. A demonstration of the effectiveness of Penicillin G and oxacillin encapsulated in shellac NPs
against a strain of S. aureus verified as Penicillin G resistant was performed. The functionalisation of
the NPs with a coating of the cationic protease Alcalase creates a dual application NPs which allows
the degradation of the biofilms and electrostatic adhesion to the anionic bacterial cell wall. The
attachment of the antibiotic-loaded NPs to the bacterial cells allows a highly localised continuous
release of concentrated antibiotic on the bacteria cell wall which is much higher than an equivalent
concentration of the free antibiotic. Note that the Alcalase coating allows the antibiotic-packed
nanocarriers to reach the bacterial cells which are “deeply buried” in the biofilm matrix. This novel
method of bacteria-targeting active NPs with an additional anti-biofilm function offers an important
opportunity to revive the usefulness of antibiotics considered obsolete (i.e. Penicillin G) and target
biofilm embedded bacteria which are particularly prevalent in chronic wounds. It is concluded that
Alcalase-coated and PenG/Oxa-loaded shellac NPs are an effective and safe method of clearing
antibiotic resistant biofilms, and propose this could be an alternative approach to topical biofilm
treatments, particularly in chronic wounds. It is suggested that further experimental investigation into
the application of these NPs on biofilm-infected chronic wounds is required, and could provide a new

therapeutic approach for treating antibiotic resistant biofilms.
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5.0 Chapter 5

Enhanced removal of fungal biofilms by protease-
functionalised amphotericin B nanocarriers

Weldrick, P. J., Hardman, M. J., & Paunov, V. N. (2021). Super-Enhanced Removal of Fungal
Biofilms by Protease - Functionalized Amphotericin B Nanocarriers. Adv. Nanobiomed. Res., 1,

2000027. Reproduced by permission of Wiley-VCH GmbH. Attribution 4.0 International (CC BY 4.0).
https://creativecommons.org/licenses/by/4.0/. Minor changes made to presentation of the material.
Conceptualisation, V.N.P. All experiments were performed by P.J.W under V.N.P. supervision. P.J W

prepared the figures and wrote the manuscript, V.N.P and M.J.H. co-edited the manuscript. All

authors have given approval to the final version of the manuscript.

A strong enhancement in the antifungal activity of amphotericin B (AmpB) encapsulated into
shellac nanoparticles (NPs) surface functionalised with protease is reported. These AmpB-loaded
shellac NPs are fabricated by pH-induced nucleation of aqueous solutions of shellac and AmpB in the
presence of Poloxamer 407 (P407) as a steric stabiliser. The AmpB-loaded shellac NPs are surface
coated with the cationic protease Alcalase 2.4L FG. The performance of the AmpB-encapsulated NPs
against Candida albicans is evaluated. The AmpB-loaded shellac NPs show a remarkable boost of their
antifungal action compared to free AmpB when applied to C. albicans in both planktonic and biofilm
forms. The surface functionalisation with a cationic protease allows the NPs to adhere to the fungal
cell walls, delivering AmpB directly to their membranes. Additionally, the hydrolysing activity of the
protease coating degrades the biofilm matrix, thus increasing the effectiveness of the encapsulated
AmpB compared to free AmpB at the same concentration. The protease-coated AmpB-loaded shellac
NPs show no greater toxicity to human adult keratinocyte cells (HaCaT) compared to the free AmpB.
These AmpB nanocarriers demonstrate increased efficacy against C. albicans and can be potentially

used to treat fungal biofilm infection in the clinic, for example, in recalcitrant chronic wounds.
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5.1 Introduction

Amphotericin B (AmpB) is a polyene antifungal agent used to treat serious and systemic fungal
infections, including mucormycosis, cryptococcal meningitis, and certain aspergillosis and candidiasis
(Warnock, 1991; Keane et al., 2018). Although effective, it can have serious and life-threatening side
effects, including nausea, fever, cardiac inflammation, organ failure (hepatotoxicity/nephrotoxicity),
and anaphylaxis (Balkovec et al., 2014). AmpB is typically administered intravenously as lipid,
liposomal, and deoxycholate formulations (Hamill, 2013; Stone et al., 2016), where it has shown
remarkable resilience to the development of resistance by fungal species (Vincent et al., 2018;
Ksiezopolska & Gabalddn, 2018).- AmpB binds to a component of fungal cells called ergosterol,
resulting in the formation of pores, and subsequent leaking of monovalent ions and ultimately cell
death (Mesa-Arango et al., 2012). This mode of action favourably targets ergosterols found only in
fungal cell membranes compared to mammalian cell cholesterols due to the increased affinity of
AmpB to ergosterol (Neumann et al.,, 2010). AmpB remains the gold standard for treating fungal
infected wounds, including Candida albicans (Grela et al., 2019).- However, additional research on
enhancing efficacy and simultaneously reducing patient side effects is required (Faustino & Pinheiro,
2020).- Due to the low solubility of AmpB in water, it is usually administered as a liposomal or gel
formulation to allow higher concentrations to be used intravenously (Takemoto et al., 2006;
Ganeshpurkar et al., 2014). This approach does not guarantee AmpB will reach the site of infection in
a wound (Akers et al., 2015). Another approach is to apply AmpB topically, therefore circumventing
systemic cytotoxicity (Sanchez et al., 2014; Uppuluri et al., 2011). To date, these approaches have not

been able to show reduced mammalian cell toxicity.

C. albicans is a pathogenic yeast and a highly prevalent biofilm-forming fungi, found in human
tissue infections (e.g., chronic wounds) and colonising indwelling medical devices (Gulati & Nobile,
2016).- It resides naturally as part of healthy gut flora, in the gastrointestinal tract and orally, and is
considered commensal; however, it is pathogenic for immune-compromised patients undergoing
antibiotic therapy (Cauchie et al., 2017).- Human infection is termed “candidiasis” and is prevalent,
particularly amongst women, where systemic infection is often associated with high mortality rates
(up to 40%) (Pfaller & Diekema, 2007).—C. albicansis part of a cohort of fungal species,
including Candida tropicalis, Candida glabrata, and Candida parapsilosis, which represents an
estimated 90% of all cases of candidiasis in humans (Pfaller et al., 2014).- For this reason, C. albicans is
often used as a proxy for all Candida species in the laboratory (Morad et al., 2018).- Candida auris, first
discovered in 2009, is an emerging cause of candidiasis, and a known biofilm-producing pathogen

(Sears & Schwartz, 2017).- C. auris infections are of particular concern due to the high rate of resistance
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to fluconazole and voriconazole, and its high mortality rate of 30% (Osei-Sekyere, 2019).- C. auris is
also highly transmittable and able to colonise skin indefinitely, which coupled with its high
pathogenicity and limited susceptibility to antifungal agents, with the exception of AmpB, makes the

development of novel antifungal treatments highly important (Forsberg et al., 2019).

Biofilms are composed of an extracellular polymeric substance (EPS), containing a matrix of
biopolymers such as lipids, exDNA, exopolysaccharides, and proteins (Desai et al., 2014). This
structured matrix contains hydrated and hydrophobic regions and allows microbial communities to
grow and adhere to a wide range of biotic and abiotic substances (Costa-Orlandi et al., 2017).- The EPS
confers a protective quenching effect against antimicrobial agents, which are normally able to kill
planktonic cells (Sharma et al., 2019).- Chronic wounds such as diabetic foot ulcers often contain fungal
species (21.4%) that can live in multispecies biofilms, usually associated with increased healing times
(Chellan et al., 2010).- Most current research on chronic wound therapies is focused on antibacterial
treatments that can increase the fungal diversity in wounds. This emphasises the need for more
advanced antifungal therapies, especially for biofilm-forming fungal infections (Kalan & Grice,
2018).- Au nanoparticles (NPs), silica NPs, CuUONPs, and Mg(OH), NPs have shown to be effective
antimicrobial agents (Newase & Bankar, 2017; Markowska et al., 2013; Halbus et al., 2019a; Halbus et
al., 2019b; Halbus et al., 2019c).-

Encapsulation of antibiotics in polyacrylic acid-based nanogels subsequently surface-
functionalised with a cationic polyelectrolyte has been shown to increase the efficacy of the antibiotic
against species that demonstrate antimicrobial resistance (Weldrick et al., 2019a; Al-Awady et al.,
2018).- In addition, enzyme surface functionalisation of the nanocarriers has also shown good effect
against biofilm-dwelling bacteria (Weldrick et al., 2019b; Singh et al., 2016).- Bacterial proteases are
used in their colonisation of new surfaces and may have an advantage in clearing biofilms as they can
aid the detachment of the biofilm from a surface (Kostakioti et al., 2013; Kaplan, 2010). Gold NPs have
also been functionalised with indolicidin (an antimicrobial peptide) and demonstrated effectiveness
against C. albicans biofilms (de Alteriis et al., 2018).- Biofilm formation—preventative nitric oxide—
releasing NPs have been used to cause C. albicans cell death by inducing apoptosis and reducing their
metabolic activity (Ahmadi et al., 2016).- Poly(lactic-co-glycolic acid)) (PLGA)-loaded AmpB combined
with sonication has also been shown to be mildly effective against C. albicans biofilms (Yang et al.,
2019).- Due to the increased clinical importance of fungal biofilms in chronic wounds and the very
limited number of effective antifungal agents, there is a pressing need for the development of novel

nanotechnologies that can increase the efficacy of existing treatments.

237



Shellac is a resin of insect origin and has numerous applications including lacquers, dental
varnishes, and agricultural and pharmaceutical formulations (Tamburini et al., 2017; Nevin et al., 2009;
Hoang-Dao et al., 2008; Limmatvapirat et al., 2008). It is composed of polar and nonpolar compounds
such as lactones, anhydrides, and polyhydroxy acids: which dissolve well in basic aqueous solution but
are insoluble in acidic media, forming a precipitate (Gardner & Whitmore, 1929; Badawy et al., 2001;
Patel et al.,, 2013; Limmatvapirat et al., 2004). Colloidal shellac has been used as a drug
coating, encapsulating silibinin, and protein with xanthan gum and chitosan used as stabilisers (Sun et

al., 2017; Patel et al., 2011; Kraisit et al., 2013).

Here is reported a novel approach for clearing fungal biofilms based on Alcalase-
functionalised shellac NPs that are loaded with AmpB, which show only minimal toxicity toward
mammalian cells. This method allowed the encapsulation of AmpB into shellac NPs that were sterically
stabilised using Poloxamer 407 (P407). P407 is a triblock copolymer consisting of a central block of
polypropylene glycol, which is hydrophobic, and two-branched polyethylene glycol blocks, which are
hydrophilic (Giuliano et al., 2018).- P407 is used as a surface-active polymer, emulsifying and dispersal

agent in pharmaceutical formulations (Pitto-Barry & Barry, 2014).

Figure 5.1 shows the process used to formulate the AmpB-encapsulated NPs coated with
Alcalase 2.4L FG. AmpB was encapsulated based on the hydrophobic interactions between the drug
and the shellac matrix. P407 was used to sterically stabilise the produced NPs. The NPs are then
functionalised with a cationic protease (Alcalase 2.4 L FG) to promote a positive surface charge. In
addition, the protease coating allows these NPs to digest glycoprotein-rich biofilms and reach the
embedded fungal cells (Mitrofanova et al., 2017). The AmpB is slowly released from the NPs and is
able to be localised on the C. albicans cell membrane after the Alcalase has partially decomposed the
biofilm EPS. Figure 5.2 outlines the chemical components of the shellac NP—AmpB formulation. An
investigation the action of Alcalase-coated AmpB-loaded shellac NPs against C. albicans in both
planktonic and biofilm form is performed, and compared their effectiveness against the formulations
of equivalent concentrations of free AmpB. Additionally, the cytotoxicity of these NPs is compared to

free AmpB on human keratinocytes.
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Figure 5.1. (A) Schematic for the synthesis of protease-functionalised shellac nanocarriers for AmpB.
The AmpB-loaded shellac NPs are sterically stabilised with P407 and have cationic surface functionality
achieved by coating with the cationic protease Alcalase 2.4L FG. (B) Diagram of the mechanism of
action for AmpB-loaded shellac—Alcalase-functionalised NPs.

239



CH,OH
CH,OH 2
?HZOH ] % ((‘3"'2)5 o) 0.
(CH,)s | HO (@) H
(csz)5 ! CHOH
(CHOH), GroH de LCHs | .,
(CHy), i

Poloxamer 407 (P407)

Triblock copolymer; central hydrophobic block of
(b) polypropylene glycol and two hydrophilic
blocks of (a) polyethylene glycol.

Block lengths; a =~101 and b = ~56.

Shellac (SSB® Aquagold ammonia salt)
R=CHO/COOH, R’=CH,0H/CH,

Primarily subtilisin A.
Typical MW ~30 kDa

e Active site

Alcalase 2.4 L FG.
Serine endo-peptidase
Isoelectric point ~pH 9. Cationic below pH 9.

Amphotericin B (AmpB)

Figure 5.2. Individual components and molecular structures of materials used in the preparation of
shellac-P407-AmpB-Alcalase nanoparticles.
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5.2 Materials and Methods

5.2.1 Materials

The shellac formulation was kindly provided as a gift by Stroever Schellack Bremen (SSB) and
is commercially available as SSB AquaGold, an aqueous solution of ammonium shellac salt (25 wt%).
P407 (>99%) and AmpB solution were purchased from Sigma-Aldrich, UK. Amphotericin B was
provided at 250 pug mL™! in deionised water, 0.1 um filtered, and had the following components aimed
to improve its solubility: sodium deoxycholate, sodium chloride, and sodium phosphate. Alcalase 2.4
L FG, EC number 3.4.21.62, was kindly provided as a sample by Novozymes, Denmark. Alcalase 2.4 L
FG is a serine endopeptidase (mainly subtilisin A), which performs stereoselective hydrolysis of amino
esters and selective esters. Alcalase also efficiently hydrolyses amino esters, which include
heterocyclicamino esters. Optimal conditions for usage are 30-65 °C and pH 7-9. Its enzymatic activity
was 2.4auAg™. The protein concentration of Alcalase 2.4 L FG was 55 mg mL™?, determined by a
NanoDrop Lite Spectrophotometer (Thermo Scientific, U.K.). C. albicans (Robin) Berkhout (ATCC MYA-
2876) was purchased by American Type Culture Collection (ATCC) and used in this study. C.
albicans stock was streaked onto Sabouraud agar plates containing 4 wt% dextrose, 1 wt% peptone,
and 2 wt% agar dissolved in deionised water. Overnight cultures (O/N) were grown in YPD media
containing 1 wt% yeast extract, 2 wt% peptone, and 2 wt% dextrose dissolved in deionised water. Agar
was provided by Melford (UK), Dextrose (analytic grade) by Fisher (UK), yeast extract by Sigma-Aldrich
(UK), and peptone by Oxoid (UK). A Pierce BCA protein assay kit was used to determine protein
concentration. CV, dye content, 290% was provided by Sigma-Aldrich (UK), FDA (98%) by Fluka (UK),
and propidium iodide (PI) by AbD Serotec (UK). HaCaT cells were obtained from AddexBio, T0020001.
Dulbecco's modified Eagle's medium (DMEM) and foetal bovine serum (FBS) were obtained from
Gibco (UK), L-glutamine and trypsin ethylenediaminetetraacetic acid (EDTA) from BioWhittaker (UK).
Trypan Blue solution (0.4% phosphate buffered saline) was supplied by HyClone (GE Healthcare
Sciences, UK). A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric
survival and proliferation kit (Millipore Corp., USA) was used for HaCaT cell viability experiments. 2,3-
Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2 H-tetrazolium-5-carboxanilide (XTT) was provided by Abcam
(UK) and crystalline menadione by Sigma-Aldrich (UK). Roswell Park Memorial Institute media (RPMI-
1640) without sodium bicarbonate was purchased from Gibco (UK)). Acetonitrile and glacial acetic acid
was provided by Fisher Scientific (UK), and DMSO by Sigma-Aldrich (UK). Deionised water purified by
reverse osmosis and ion exchange with a Milli-Q water system (Millipore, UK) was used in all
experiments. Its surface tension was 71.9 mN m™at 25 °C, with measured resistivity higher than
18 MQ cm™. The consumable plasticware used in the study was purchased from Sarstedt (UK), Thermo

Scientific (UK), or CytoOne (UK), unless otherwise stated.
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5.2.2 Preparation of AmpB-loaded P407-stabilised shellac NPs

A stock solution of 25 wt% shellac-ammonia salt was diluted to 0.2 wt% and made up to a
volume 50 mL in deionised water; the pH was then raised to 10 using droplets of 0.25 M NaOH. P407
and AmpB were added at various concentrations and mixed for 5 min. Afterward, the pH was reduced
to 5.5 using 0.25 M HCl to allow the components to precipitate into NPs. The final concentration of
0.2 wt% shellac—0.25 wt% P407—-0.02 wt% AmpB NPs was used as a stock preparation and for further

experimentation.

5.2.3 Enzyme surface functionalisation of the 0.2 wt% shellac—0.25 wt% P407-0.02 wt%
AmpB NPs

The stock NPs formulation was surface-functionalised with Alcalase 2.4L FG to create a coating
of immobilised protease on the P407 corona of the NPs. The stock solution of Alcalase 2.4L FG was
diluted in deionised water to 0.2 wt% to a volume of 50 mL and sonicated for 15 min to prevent
aggregation. A total of 25 mL of this solution was added to 25 mL of AmpB-loaded P407-stabilised
shellac NPs dispersion and mixed for 30 min at pH 5.5 to allow an effective coating of the NPs with the
cationic protease. Afterward the mixture was centrifuged at 8000 g for 30 min to pelletise the NPs.
The supernatant was retained for spectroscopic analysis. The pellet was redispersed into 25 mL of
deionised water buffered to pH 5.5 (acetate buffer), yielding a stock dispersion of 0.2 wt% shellac—
0.25wt% P407-0.02 wt% AmpB-0.2wt% Alcalase NPs, which were used further for NPs

characterisation and antifungal experimentation.

5.2.4 Shellac NP hydrodynamic diameter, zeta potential, and SEM/TEM characterisation

Particle size distribution and zeta potential were measured using Malvern Zetasizer Nano ZS.
The refractive index (RI) of shellac was found to be 1.512 as measured by an Abbe 60 refractometer,
and this index and absorbance of 1.000 was used for all measurements. Measurements were repeated
three times at 25 °C using a quartz cuvette and data represented as the mean. The size of the NPs was
examined by SEM and TEM. For this purpose, a droplet of the 0.2 wt% shellac—0.25 wt% P407-0.02 wt%
AmpB-0.2 wt% Alcalase NPs dispersion was placed onto a glass slide cover slip and left to evaporate
overnight. The sample was then coated with =2 nm of gold and imaged using a Zeiss Evo-60 SEM
(Germany) at a variable pressure 100 um aperture at 40 Pa, electron high tension (EHT) 20 kV, probe
current 100 pA. TEM photograph acquisition of 0.2 wt% shellac-0.25 wt% P407-0.02 wt% AmpB-
00.2 wt% Alcalase NPs; Nanoparticles were prepared and redispersed in deionised water at pH 6. A
droplet of the suspended sample was pipetted onto carbon-coated copper grids (EM Solutions, UK)
and allowed to adhere for 2 min. The grid was quickly rinsed with deionised water and negatively

stained with 1 wt% aqueous uranyl acetate. This was quickly rinsed with deionised water and allowed
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to dry in air. The sample was then imaged with a Gatan Ultrascan 4000 digital camera attached to a

Jeol 2010 TEM 2010 electron microscope running at 120 kV.

5.2.5 Surface tension measurements of AmpB solutions at various concentrations

A KRUSS Force Tensiometer K100 was used to take measurements of the surface tension of
AmpB solutions in deionised water. All measurements were taken at 25 °C. AmpB did not significantly
change the density of water at the highest concentration of 0.02 wt%, so a density of 0.998 g cm™ was
used in all measurements. An Anton Pear DMA 35N density meter was used to obtain the mass density
values of the mixtures. A Wilhelmy platinum plate method was used to obtain the surface tension
measurements. The measuring time was 600 s with an immersion depth of 2 mm. Data acquisition

was linear with a standard deviation less than 0.1 mN m™.

5.2.6 Encapsulation efficiency and release kinetics of AmpB from the shellac NPs

The encapsulation efficiency of AmpB (formulated as 0.02 wt% AmpB in 0.25 wt% shellac—
0.2 wt% P407 NPs) was examined as a function of pH and AmpB concentration. The pH adjustments
were made using drops of 0.25 M HCl or 0.25 M NaOH. The NPs were centrifuged for 30 min at 8500 g
to pelletise, leaving the supernatant with unencapsulated AmpB. The absorbance of the supernatant
was measured using a spectrophotometer to determine encapsulation efficiency and compared to a
standard curve of AmpB to calculate the AmpB retained in the NP pellet. The supernatant sample and
standard curve samples were read at 330 nm, pH 5.5, and room temperature. Release kinetics were
also performed as a function of pH and temperature over 24 h using the same formulation. The release
percentages of the temperature experiments were performed at pH 7, buffered with
morpholinepropanesulfonic acid (MOPS). For both experiments, 10 mL of the 0.25 wt% shellac—0.2 wt%
P407-0.02 wt% AmpB NPs formulation was placed in to a 10-12 kDa MWKO dialysis bag. The dialysis
bag was placed into 250 mL of the specific buffered deionised water and specific temperature.
Aliquots (1 mL) were taken at specific time points on the absorbance of the aliquot equated into the
concentration of AmpB in the buffer using a standard calibration curve. Absorbance was measured at

330 nm.

Elemental analysis of the NP pellet was performed using a CHN analyser (Carlo Erba 1108).
The pellet was washed with deionised water three times and dried overnight at 60 °C to remove any
remaining water. This was compared with samples of dried individual components of the NPs (shellac,

P407, and AmpB).

HPLC chromatograms of 0.2 wt% shellac, 0.25 wt% P407, 0.2 wt% shellac—0.25 wt% P407-0.02
AmpB NPs, and 0.02 wt% AmpB (at various concentrations). All samples were dissolved in DMSO. The

NPs sample was pelletised prior to dilution in DMSO and sonicated for 5 min before injection to ensure
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all components were thoroughly mixed. A total of 20 pL of each sample was injected into a 5 um C18
column (Phenomenex, UK) and pumped at 1300 psi, 1 mL min~t. The mobile phase was acetonitrile—
water—acetic acid (44:51:5 v/v). UV absorbance at 400 nm was used for sample detection (Perkin-
Elmer 785A UV/VIS Detector, UK). The AmpB linear calibration curve was created at concentrations

between 0 and 0.02 wt%. The peak area was measured using Azur software.

5.2.7 FTIR, UV-Vis spectroscopy, and XRD studies

FTIR spectra were taken of shellac, P407, 0.25 wt% shellac-0.2 wt% P407 NPs, free AmpB, and
0.25 wt% shellac—0.2 wt% P407-0.02 wt% AmpB NPs. Samples were prepared by removing water
using a silica gel desiccant in a vacuum chamber for 1 day, then dried at 60 °C for 2 days. The spectra
were measured between 4000 and 600 cm™ using PIKE ATR diamond settings. A spectrum was
obtained with a blank of just air to reduce transmittance interference with the samples. UV-Vis
absorbance of 0.25 wt% shellac, 0.2 wt% P407, 0.00016 wt% AmpB, and 0.25 wt% shellac-0.2 wt%
P407-0.00016 wt% AmpB NPs formulation. Measurements were taken at pH 5.5 (acetate buffer)
between 200 and 500 nm using a multiplate spectrophotometer (FLUOstar Omega, UK). A reduced

concentration of AmpB was used because of the strong Lambda max absorbance reading.

XRD was performed of shellac, P407, AmpB, and 0.2 wt% shellac—0.25 wt% P407-0.02 wt%
AmpB NPs. Samples were prepared by removing water using a silica gel desiccant in a vacuum chamber
for 1 day, then dried at 60 °C for 2 days. The crystal forms of the samples were detected using an X-
ray diffractometer (Malvern Empyrean PANalytical, UK). The current and voltage using Cu Kal
radiation were 30 mA and 40 kV, respectively. The angular range was scanned from 5° to 80° of 29,

with a step size of 0.02° at a rate of 5° min™™.

5.2.8 Time-kill assays for planktonic C. albicans

As working stocks, 0.02 wt% AmpB and 0.2 wt% shellac-0.25 wt% P407-0.02 wt% AmpB-
0.2 wt% Alcalase NPs were created. Twofold dilutions of these stocks were prepared. A colony of C.
albicans was taken from the streak plate and incubated O/N at 37 °C with constant shaking in 10 mL
of YPD media (pH 6.5+ 0.2). The inoculate concentration was adjusted to 0.5 McFarland Standard by
diluting with 0.85 w/v% sterile saline and measuring the optical density at 530 nm until a reading of
0.08-0.12 was obtained. The suspension was diluted 1:150 into 10 mL of YPD media, yielding a
working concentration of =1 x 10° CFU mL™. The effect of treatments with 0.02 wt% AmpB and 0.2 wt%
shellac—0.25 wt% P407-0.02 wt% AmpB—0.2 wt% Alcalase NPs (and individual NP components) was
determined over time (0 to 180min). 10 mL of each treatment was added to 10mL of
1 x 10° CFU mL™ C. albicans incubated at 37 °C with shaking. At 30 min intervals, 0.1 mL of samples

was extracted from the shaking treatment sample tubes and added to 0.9 mL of Dey-Engley
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Neutralising Broth. A total of 0.1 mL of aliquots from each serial dilution tube was enumerated onto
Sabouraud agar plates overnight at 37 °C to determine CFUs per mL. The time-kill assay was repeated

in three independent experiments.

5.2.9 Preparation of C. albicans biofilms

A single colony of C. albicans was removed from a Sabouraud plate using a plastic loop and
inoculated into 10 mL of YPD medium. This was incubated overnight (O/N) for 12-16 h at 150 rpm
shaking at 37 °C. The cells were harvested from the O/N culture by centrifugation into a pellet at
3000 x g for 5 min. Afterward, the supernatant was discarded and the pellet washed with sterile PBS
using a vortex for 30 s. The cells were pelletised again at 3000 x g and resuspended in 20 mL of RPMI
1640 media prewarmed to 37 °C. RPMI media was supplemented with 1% L-glutamine and buffered
to pH 6 using 165 mm of citrate buffer (0.1 m, pH 6). This is referred to as just “RPMI 1640.” C.
albicans biofilm formation was poor at >7 pH. A 1:100 and 1:1000 fold dilution was prepared in fresh
RPMI 1640 and cell density was counted using a haemocytometer. A 10 mL cell suspension of
1 x 10° cells mL™ was prepared in fresh RPMI 1640 media. This is the optimum cell density to promote
biofilm formation; too low or too high cell concentration will interfere with the quorum-sensing

mechanism.

From the 1 x 10° cell mL™ media 100 uL was pipetted into a flat-bottomed tissue culture—
treated 96-well plate. Plates were incubated for 24, 48, and 72 h at either 30 or 37 °C in static
conditions. After the allotted time period the media was aspired away by pipetting from the side of
the well to reduce potential damage from the pipette tip. The biofilms were washed three times using

300 pL of sterile PBS to remove any detached planktonic cells (leaving only sessile cells behind).

5.2.10 CV staining, biofilm weight, and biofilm protein concentration after treatments

Samples of C. albicans biofilms grown for 24 h at 37 °C were treated with 0.2 wt% shellac—
0.25 wt% P407-0.02 wt% AmpB—-0.2 wt% Alcalase NPs and their individual components for a further
24 h. Three 96-well plate techniques were used to assess biofilm degradation after treatment, CV
staining of the biofilm mass, dry biofilm mass weight, and protein concentration. Biofilms were
prepared as described previously. A total of 100 uL of the stock treatment was added to the wells at
pH 6 and incubated at 37 °C for 24 h. Afterward the treatment was aspirated away and the plate
washed twice by submersion in deionised water. The plate was gently shaken to remove water and
left to air dry for 15 minin an inverted position. For CV staining, 125 uL of 0.1 wt% aqueous CV solution
was added to each well and incubated at room temperature for 15 min. The plates were then again
washed by water submersion to remove excess dye and then left to air dry for 2 h. Acetic acid (30 wt%)

was used to solubilise the CV and 100 pL of this solution was transferred to a new plate and the
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absorbance read at 570 nm. The readings were blanked against 30 wt% acetic acid and the results
compared to normalised controls. For biofilm dry mass measurements, the treatment was again
aspired away. The plates were then left to dry overnight at 60 °C. After drying, the plate was weighed
on a balance and the weight subtracted from the empty plate weight to give a measurement of the
dry mass biofilm remaining. A protein assay kit (Pierce, USA) was used to determine sample protein
content. The treatment was aspirated away and the biofilm was washed three times in deionised
water. The biofilm was scrapped from the wells and placed into a glass test tube with 1 mL of deionised
water. The mixture was sonicated in a water bath from 30 min and then vortexed with glass beads for
2 min to completely disperse the biofilm. A total of 25 pL of the sample was placed into a 96-well plate
and 200 plL of the protein concentration determination working reagent (reagent A: reagent A 50:1)
was added to the wells and incubated for 30 min at 37 °C with constant shaking. Absorbance was
measured at 572 nm. Results were compared to a calibration curve of fixed protein concentrations

prepared as per manufacturer's instructions. All tests were performed in triplicates (N=3 £ S.D.).

5.2.11 Measuring C. albicans biofilm metabolic activity using XTT colorimetric assay

The XTT solution was prepared by adding 1 uL of stock menadione (10 mM menadione in 100%
acetone) to 10mL of the XTT reagent. The XTT assay is based on the principle that viable
cells/metabolically active cells can reduce a tetrazolium salt (XTT) into a water-soluble orange
formazan compound. The intensity of the orange is increased by higher concentrations of
metabolically active cells, and therefore can be used to quantify viable cells. Biofilms were grown and
treated in the same manner as mentioned previously. Aftertreatment the medium was removed and
the samples washed in deionised water and air dried for 15 min. A total of 100 uL of the
XTT/menadione solution was added to each well containing a biofilm, and to blank wells as negative
controls. The plates were then covered in aluminium foil and incubated in darkness for 2 h at 37 °C.
After incubation, 80 uL was removed and placed into a fresh 96-well plate and read at 490 nm.
Absorbance readings were subtracted from the blank well reading, which had no sample inside.
Results were normalised and compared to a positive growth control, which received no treatment. All

tests were performed in triplicates (N = 3 with £ S.D.).

5.2.12 Measuring HaCaT metabolic activity using MTT colorimetric assay

HaCaT cells were cultured in a T75 flask using DMEM supplemented with 10% FBS and 1% L-
glutamine under humidified conditions at 37 °C, 5% CO,. When a confluence of 80% was achieved,
determined by visualisation with an optical microscope, passaging was performed to ensure that the
cells remained in the exponential phase for experimentation. Passaging was performed by removing

spent media, washing in Dulbecco's phosphate-buffered saline (DPBS), and incubating with 1x trypsin
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EDTA at 37 °C 5% CO; for 5 min until the cells were detached in suspension. The trypsin EDTA was then
neutralised with a 1:1 volumetric ratio of fresh DMEM and gently centrifuged at 400 g for 4 min, the
supernatant was aspirated, and the pellet was resuspended in DMEM (supplemented as mentioned
previously) at a 1:6 ratio and transferred into a fresh T75 flask. Surplus cells used for experimentation
were diluted in fresh DMEM, supplemented with 2% FBS and 1% L-glutamine, seeded at 5 x 10%in
100 pL of media, placed into a 96-well plate, and incubated for 24 h at 37 °C 5% CO,. The medium was
then removed, and the cells were replaced with 100 pL of treatment-infused DPBS (DPBS was used to
approximate physiological pH and so DMEM peptones did not interfere with the Alcalase protease
activity). Treatments were the same as mentioned previously and performed for 24 h. A colorimetric
(MTT) cell survival and proliferation assay kit was used to measure cell viability (similar tetrazolium
dye to XTT). The treatment culture was aspirated away, and the cells washed for 2 min with fresh DPBS.
Fresh DMEM (100 pL) was added, after which 100 pL of MTT reagent was added. This was incubated
in the same conditions for 2 h until intracellular purple formazan crystals were visible under a light
microscope. After 2 h, 100 pL of the colour development reagent in isopropanol with 0.04 m HCl was
added for 1 h, allowing the cells to lyse and the formazan crystal to be solubilised to a homogenous
blue solution. The absorbance of the blue solution was read at 570 nm on a plate reader and
subtracted from a blank of media only. These data were calculated into cell count data via interpolation
from the standard curve (absorbance values from a fixed number of cells in media (see Figure 4.35 —
chapter 4). The data was represented as viability percentage of the control which was normalised to 100%.

(N=3%S.D).

5.2.13 SEM imaging of planktonic C. albicans and C. albicans biofilms

Planktonic C. albicans samples were imaged after 24 h of treatment. The cells were
centrifuged for 5 min at 4000 g to remove debris and residual NPs. The cells were redispersed into
1 mL of 1 wt% glutaraldehyde PBS buffer solution for 1 h at room temperature. After fixation, the cells
were washed three times gently with deionised water to remove excess glutaraldehyde. The samples
were then dehydrated in 50%/70%/90% and absolute ethanol solutions for 30 min per each ethanol
concentration. The absolute ethanol was dried using liquid CO; at its critical point using an E3000
critical point dryer (Quorum Technologies, UK) and then coated in a 6 nm gold layer. Samples were
imaged with a variable pressure 100 um aperture at 40 Pa, EHT 20 kV, probe current 100 pA. Images
were captured with the Zeiss smartSEM software (Zeiss Evo-60 SEM, Germany). Biofilm samples for
FDA, Pl, and SEM imaging were prepared onto 7 mm circular glass cover slips placed inside a 24-well
plate. Treatments were for 24 h and in the same conditions as mentioned previously. Aftertreatment
the coverslips were removed and fixed with 1 wt% glutaraldehyde PBS buffer solution for 1 h at room

temperature in the same manner as planktonic cells. Ethanol dehydration, gold coating, and imaging
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were as described previously. For FDA and Pl staining fluorescent images were performed on C.
albicans biofilms treated in 96-well plate. Biofilms were grown for 24 h, medium replaced, and
subsequently incubated for another 24 h with the treatment-supplemented medium. Aftertreatment
the wells were washed thrice with deionised water and incubated with 100 uL of deionised water
infused fluorescent label dyes that distinguish between live and dead cells. Stock dye solutions were
made as follows: live stain FDA 5 mg in 1 mL acetone, dead stain propidium iodide (Pl) 2 mgin 1 mL
PBS. Stock solutions were diluted into staining solutions in deionised water at 1.5 pL FDA stock per
1 mL water, 10 pL Pl stock per 1 mL water. Samples were incubated for 5 min at room temperature in
darkness. The stain was then removed and the sample washed with deionised water and air dried for

15 min. The FITC and TRITC filters were used during microscopy.

4.2.15 Statistical analysis

Data were expressed as average values + standard deviations of the mean. P-Values of less
than 0.05 were considered significant. All One-Way ANOVAs, Tukey’s post-test and Student T-tests

statistical analysis were performed in GraphPad v7.0.4.
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5.3 Results and discussion

5.3.1 Preparation, encapsulation efficiency, and release kinetics of AmpB-loaded shellac
NPs

Figure 5.3A and B shows particle size and zeta potential distributions of 0.25 wt% shellac NPs
precipitated at pH 5.5 in the presence of 0.2 wt% P407. The average hydrodynamic diameter was
63 nm with a zeta potential of -28 mV. The size and zeta potential of the P407-coated shellac NPs
were investigated as a function of pH. Figure 5.3C and D shows that in the pH range of 4-8 there is
only a negligible variation in the particle size; the NPs all measured between 62 and 64 nm, consistent
with sterically stabilised NPs. The zeta potential of the NPs remained negative throughout this pH
range. Shellac contains residual BICOOH groups on the NPs’ surface that deprotonate in aqueous
solutions, yielding a negative zeta potential. The P407 coating was used to sterically stabilise the NPs.
The likely reason shellac NPs do not dissolve above pH 7 (like shellac alone) but at higher pH is that
the NPs’ cores are made of a mixture of shellac and the hydrophobic poly(propylene oxide) (PPO)-

chains of the P407, which has different solubility properties than pure shellac.

Figure 5.3E and F shows the particle size distribution and zeta potential of 0.25 wt% shellac
NPs precipitated at various concentrations of P407 (0.01-0.6 wt%). The NPs’ size plateaus to =63 nm
for P407 concentrations higher than 0.2 wt%. The zeta potential remains negative throughout the
various P407 concentrations but is reduced to -14 and -12 mV at concentrations of 0.4 and 0.6 wt%,
respectively. This is likely due to the offsetting of the shear plane position by the surface layer of
poly(ethylene oxide) (PEO) chains from the P407, which is covering the negative surface charge from
the shellac -COO™ groups. The reduced zeta potential of the higher concentrations of P407 would likely
reduce the coating efficiency of the shellac NPs with the cationic protease Alcalase 2.4L FG. Therefore,
a ratio of 0.25 wt% shellac to 0.2 wt% P407 was chosen to give the NPs an optimum size of 63 nm and

zeta potential of -28 mV.

The scanning electron microscopy (SEM) image in Figure 5.3G shows the spherical
morphology of the 0.25 wt% shellac NPs coated with 0.2 wt% P407 NPs, confirming a size range of
=60-70 nm after the coating of the sample with gold. An investigation into the encapsulation of AmpB
in the P407-stabilised shellac NPs by mixing AmpB with the shellac solution and P407 at pH 10 was
explored. It was envisaged that AmpB's hydrophobic nature would promote its encapsulation into the
shellac cores of the NPs as they were precipitated upon pH change from 10 to 4. As very little is known
about the aggregation behaviour of AmpB, the surface tension of AmpB solutions of various
concentrations (0—0.02 wt%) in deionised water was measured to check for potential AmpB micelle

formation, which would be detrimental for its encapsulation into the shellac NPs.
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Figure 5.3. (A) Hydrodynamic diameter and (B) zeta potential distribution of 0.2 wt% P407-stabilised
0.25 wt% shellac NPs. Measurements were taken at pH 5.5, 25 °C, Rl 1.516, Abs 1.000. (C) The mean
particle hydrodynamic diameter and (D) zeta potential of 0.25 wt% shellac stabilised with 0.2 wt%
P407 NPs measured between pH 4 and 8. (E) The mean particle hydrodynamic diameter and (F) zeta
potential of 0.25 wt% shellac NPs with varied concentrations of P407. Measurements were taken at
pH 6, 25 °C, Rl 1.516, Abs 1.000. Each value represents a triple replicate with + S.D. (G) SEM image of
0.2 wt% P407—-coated 0.25 wt% shellac NPs loaded with 0.00016 wt% AmpB. A droplet of the NPs
suspension was placed onto a carbon adhesive disc and left to evaporate overnight. The sample was
then coated with a 2 nm layer of gold and imaged by SEM.
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Figure 5.4 shows that the surface tension is only reduced slightly from =72 to =71 mN m™ with
0.02 wt% AmpB added. Figure 5.5 shows the AmpB in solution with its characteristic pale green colour.
The lack of plateauing indicates that the AmpB CMC is at higher concentrations than the target
0.02 wt%, revealing that AmpB is likely in the form of a monomers when mixed with the shellac and
P407 at pH 10. Figure 5.6A and B shows that the shellac NP size and zeta potential remained largely
constant upon increasing the AmpB concentration, starting from 0.00125 wt% up to 0.02 wt%. The
particle size remained =63—64 nm throughout the addition of AmpB. The zeta potential was stable at

-28 to —26 mV in the same AmpB concentration range.
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Figure 5.4. Dependence of surface tension on concentration in Amphotericin B aqueous solution. A
KRUSS Force Tensiometer K100 was used to take the measurements. 0 wt% Amphotericin B is
deionised water. All measurements were taken at 25°C. Amphotericin B did not significantly change
the density of water at the highest concentration of 0.02 wt% so a density of 0.998 g/cm3 was used in
all measurements. An Anton Pear DMA 35N density meter was used to obtain values of the mixtures.
A Wilhelmy platinum plate method was used to obtain the surface tension measurements. The
measuring time was 600 s with an immersion depth of 2 mm. Data acquisition was linear with a
standard deviation of < 0.1 mN/m. Error bars are within the symbol size.

Figure 5.5. Photographs of AmpB at concentrations ranging from 0 to 0.02 wt% (left to right). Dilutions
were made in deionised water.
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The encapsulation efficiency was examined as a function of pH and AmpB concentration. The
solution of 0.25 wt% shellac, 0.2 wt% P407, and 0.02 wt% AmpB at pH 10 was subjected to pH change
between 4 and 6.5 using 0.25 M HCl and 0.25 M NaOH. The NPs were centrifuged, pelletised, and the
supernatant retained for analysis. Any remaining AmpB in the supernatant was considered
nonencapsulated. The supernatant was adjusted to pH 5.5 and compared to a calibration curve of
fixed concentrations of AmpB in solution at pH 5.5 (Figure 5.7). Figure 5.6C showed that there was
very little difference in the AmpB encapsulation efficiency between pH 4 and 6.5 with all samples
achieving an encapsulation efficiency of *77%. Figure 5.6D shows that the concentration of AmpB did
not alter the encapsulation efficiency, with concentrations between 0.00125 and 0.02 wt% all yielding
=77% encapsulation. This indicated that a high concentration of 0.02 wt% AmpB can be effectively
encapsulated into 0.25-0.2 wt% shellac P407 NPs. The encapsulation efficiency was indirectly
calculated by measuring the absorbance value of the sample supernatant. To corroborate the results,
a direct measurement of the AmpB retained within the NPs was performed by discarding the
supernatant and dissolving the NPs completely in dimethyl sulfoxide (DMSQO). DMSO was chosen as it
can dissolve all components of the NPs. This mixture was then analysed by high performance liquid
chromatography (HPLC) (Figure 5.8). The HPLC results show that =86% of the AmpB mixed with
0.25 wt% shellac and 0.2 wt% P407 was successfully encapsulated within the precipitated NPs (at pH
4). This was determined by comparing the area of the peak obtained from NP formulations created
with a range of 0—0.02 wt% AmpB to a calibration curve of fixed concentrations of AmpB. The HPLC
data also show that the vast majority of the AmpB was successfully encapsulated within the P407-

stabilised shellac NPs.

The release kinetics of the AmpB from the 0.25 wt% shellac NPs stabilised with 0.2 wt% P407
was investigated as a function of pH and temperature over time. Figure 5.6E shows that pH (5.5, 7,
and 7.5) did not affect the release of AmpB over 24 h. Approximately 50% of the AmpB had diffused
away from the NPs after 5h, increasing to 60-70% after 24 h. Figure 5.6F shows that different
temperatures (23, 30, 37 °C) showed a similar trend; however, at 37 °C the release occurred in a

greater quantity compared to 23 and 30 °C (80% compared to 60%).
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Figure 5.6. (A) Hydrodynamic diameter and (B) zeta potential of 0.25 wt% shellac NPs stabilised with
0.2 wt% P407 at different concentrations of AmpB. Measurements were taken at pH 6, 25 °C, Rl 1.516,
Abs 1.000 using a Malvern Zetasizer Nano ZS. Each value represents a triple replicate with £SD. (C)
Encapsulation efficiency of 0.02 wt% AmpB into 0.2 wt% P407-0.25 wt% shellac NPs at different pH
(4-6.5). (D) Encapsulation efficiency of varied concentrations of AmpB into 0.2 wt% P407-0.25 wt%
shellac NPs at pH 4. pH adjustments were made using drops of 0.25 M HCl or 0.25 m NaOH. The NPs
were centrifuged for 30 min at 8500 g to pelletise, leaving the supernatant with nonencapsulated
AmpB. (E) Percentage of released AmpB from 0.25 wt% shellac—0.2 wt% P407-0.02 wt% AmpB NPs as
a function of pH. (F) The release percentage of AmpB from 0.25 wt% shellac—-0.2 wt% P407—-0.02 wt%
AmpB NPs as a function of temperature. The release percentage versus temperature experiments
were performed at pH 7, buffered with MOPS.
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Figure 5.7. The standard calibration curve of different AmpB concentrations measured at 330 nm (0
to 0.02 wt% AmpB. Measurements were taken at room temperature and pH 5.5.
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Figure 5.8. HPLC chromatograms of 0.2 wt% Shellac, 0.25 wt% P407, 0.2 wt% Shellac-0.25 wt% P407-
0.02 AmpB NPs, and 0.02 wt% AmpB (at various concentrations). All samples were dissolved in DMSO.
The NP sample was pelletised prior to dilution in DMSO and sonicated for 5 min before injection to
ensure all components were thoroughly mixed. 20 uL of each sample was injected into a 5 um Cys
column (Phenomenex, UK) and pumped at 1300 psi, 1 mL/min. The mobile phase was acetonitrile-
water-acetic acid (44:51:5 v/v). UV absorbance at 400 nm was used for sample detection (Perkin-
Elmer 785 A UV/VIS Detector, UK). The AmpB linear calibration curve was created between 0 and 0.02
wt%. The peak area was measured using Azur software.
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5.3.2 Surface functionalisation of P407-stabilised AmpB-loaded shellac NPs with a cationic
protease

The functionalisation of the 0.2 wt% P407—stabilised 0.02 wt% AmpB—loaded 0.25 wt% shellac
NPs was done by coating with a cationic protease, Alcalase 2.4L FG. Figure 5.9A and B shows the NP
size distribution and zeta potential after coating with different concentrations of Alcalase. The particle
hydrodynamic diameter increased between 8 and 10 nm, which is consistent with the molecular size
of this protease as observed with transmission electron microscopy (TEM) (Figure 5.9F). The NPs size
did not increase beyond 74 nm at a concentration of 0.1 wt% Alcalase, indicating that the particle
surface had been saturated. The zeta potential of the NPs flipped from negative to positive when a
concentration of 0.1 wt% Alcalase was used, yielding NPs with a zeta potential of +5 mV. At 0.2 wt%,
the charge of the particles is =+15 mV, increasing to +20 mV at 0.6 wt%. The combination of 0.2 wt%
P407-stabilised 0.25 wt% shellac NPs loaded with 0.02 wt% AmpB and coated with 0.2 wt% Alcalase
was chosen as the optimal formulation for experimentation as it yielded NPs with a size and zeta
potential of 74 nm and +20 mV, respectively (Figure 5.9C and D). Figure 5.9G and H shows TEM
images of the uncoated and coated NPs. The TEM image in the range of the Alcalase-coated NPs shows
that they are =8-10 nm larger in diameter, with a rougher and more textured surface indicating the
presence of Alcalase upon the surface. This is consistent with the data obtained through dynamic light
scattering. Next, an investigation into the stability of the Alcalase coating over time by monitoring the
shellac NPs’ zeta potential was carried out. Figure 5.9E shows that the positive charge was retained
for 24 h at 0.2, 0.4, and 0.6 wt% Alcalase coating on 0.25 wt% shellac NPs stabilised with 0.2 wt% P407
and loaded with 0.02 wt% AmpB. For each coating concentration, there was a difference of less than
8 mV after 24 h. This indicated the Alcalase coating is stable and is retained electrostatically on the

shellac NPs with minimal change of their surface charge.
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Figure 5.9. (A) The mean hydrodynamic diameter and (B) zeta potential of 0.2 wt% P407-0.02 wt%
AmpB-0.25 wt% shellac NPs coated with various concentrations of Alcalase 2.4 L FG. (C) The
hydrodynamic diameter and (D) zeta potential distributions of 0.2 wt% P407—-0.02 wt% AmpB-0.25 wt%
shellac NPs coated with 0.4 wt% Alcalase 2.4 L FG. Measurements were taken after centrifugation and
washing of the coated NPs. Measurements were taken at pH 5, 25 °C, Rl 1.516, Abs 1.000 using a
Malvern Zetasizer Nano ZS. Each value represents a triple replicate with + S.D. (E) The zeta potential
of 0.25 wt% shellac-0.2 wt% P407-0.02 wt% AmpB NPs coated with different concentrations of
Alcalase 2.4 L FG (0.2, 0.4, 0.6 wt%). After coating with Alcalase 2.4 L FG, the NPs were centrifuged at
8000 g and the pellet washed three times in deionised water. The pellet was redispersed into
deionised water adjusted to pH 5 using 0.25 M HCl. Zeta potential measurements were taken at
different time points up to 24 h to investigate the stability of the Alcalase coating. TEM photographs
of (F) 0.2 wt% Alcalase 2.4 L FG, (G) 0.2 wt% P407-0.02 wt% AmpB-0.25 wt% shellac NPs and (H)
0.2 wt% Alcalase—0.2 wt% P407—-0.02 wt% AmpB-0.25 wt% shellac NPs.
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5.3.4 Characterisation of shellac-AmpB-Alcalase NPs (UV-Vis, fourier transform infrared
(FTIR), X-ray powder diffraction (XRD), and carbon, hydrogen and nitrogen elemental
analysis (CHN)

The AmpB-formulated shellac NPs were characterised using UV—vis, FTIR, XRD, and CHN
elemental analysis to further understand their physical parameters and to provide additional evidence
that AmpB was successfully retained and encapsulated within them. Figure 5.10 shows the UV-vis
spectra of 0.2 wt% P407—-0.00016 wt% AmpB—0.25 wt% shellac NPs and their individual constituents.
Measurements were taken in an aqueous solution buffered to pH 5.5 with acetate buffer between
200 and 500 nm. The shellac (black line) showed small peaks at 300 and 400 nm with very low
absorbance after. The P407 (orange line) showed very low absorbance with no specific peak detected.
The AmpB (purple line) was measured at 0.00016 wt% as at higher concentrations the peak
absorbance was beyond the limit of the detector. AmpB shows peaks at 340, 360, and 405 nm. The
NPs sample (green line) closely followed the spectral pattern of the shellac but with small peaks at
340, 365, and 405 nm. These peaks are close to the peaks obtained from AmpB alone, indicating that

AmpB has been encapsulated within the shellac NPs.

Figure 5.11 shows the FTIR spectra of shellac, P407, AmpB, 0.2 wt% P407-0.25 wt% shellac
NPs, and 0.2 wt% P407-0.02 wt% AmpB—0.25 wt% shellac NPs. The non-loaded shellac NPs show a
high degree of peaks in the range 1600—-1000 cm™ due to the presence of C-O bonds within both
compounds. The peak at 1100 cm™ is particularly strong with P407 due to the CH,-O-CH; ether groups.
This peak is also shown in the 0.25 wt% shellac—0.2 wt% P407 spectra, but with a smaller peak. This is
likely due to the central hydrophobic polypropylene glycol block adsorption on the shellac NP surface.
The AmpB shows a broad peak at 3300 cm™ from O-H stretching, a peak at 1700 cm™ due to C=0
stretching, and a peak at 1100 cm™ due to the C-O-C ether bond present within the compound. The
0.2 wt% P407-0.02 wt% AmpB—0.25 wt% shellac NP sample showed a pattern with commonalities to
the individual shellac, P407, and AmpB samples. The peak at 1700 cm™is well defined and is likely
attributed to the AmpB entrapped within the NPs. This wavenumber is not present on the P407
spectrum and is only a shoulder of multiple peaks from the shellac between 1650 and 1100 cm™. The
complexity of the shellac chemical structure makes multiple unique peaks from the AmpB difficult to
detect. However, in conjunction with the UV-vis data, there is strong evidence the AmpB has been

successfully encapsulated within the NPs.

To corroborate the results from FTIR, an XRD analysis of shellac, P407, AmpB, and 0.2 wt%
P407-0.02 wt% AmpB-0.25 wt% shellac NPs was performed (Figure 5.12). The shellac sample showed
a broad undefined peak from a 15 to 25-degree angle. The P407 had two large peaks at 19 and

25 degrees, which dominated the pattern. AmpB showed a peak at 9 and 26 degrees. Interestingly
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when the NP sample was examined, a combination of the peaks of the individual components were
found, mirroring the trend from FTIR analysis. The concentration of AmpB within the NPs was much
lower than the P407 and shellac components, meaning the peaks associated with AmpB are much
smaller than the peaks associated with shellac and P407. However, in the NPs sample, a small peak
appears at 9degrees and another at 26 degrees, indicating that AmpB has been successfully

encapsulated within the shellac—P407 NPs.

Next, the elemental ratios of carbon, hydrogen, and nitrogen in the 0.2 wt% P407—-0.002 wt%
AmpB-0.25 wt% shellac NPs was examined, and compared to the elemental ratios of the individual
components (Table 5.1). AmpB has a carbon content of 57.52%, hydrogen 6.11%, and nitrogen 3.65%.
Shellac shows a nitrogen content of 0.71%, which is contamination of the ammonium salt of the
original shellac is provided in. In the NPs sample, the nitrogen content has increased to 0.94%, which
is attributed to the nitrogen atom in the AmpB chemical structure. However, due to the residual NH,*
constituent in the shellac matrix, the percentage of AmpB in the NPs cannot be quantitatively

determined, but indicates the presence of AmpB in the sample.
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Figure 5.10. UV-Vis absorption of 0.25 wt% shellac, 0.2 wt% P407, 0.00016 wt% AmpB and 0.25 wt%

shellac-0.2 wt% P407-0.00016 wt% AmpB nanoparticles. Measurements were taken at pH 5.5 (acetate
buffer) between 200 and 500 nm using a spectrophotometer.
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Figure 5.11. Fourier transform infra-red (FTIR) spectra of Shellac, P407, 0.25 wt% Shellac-0.2 wt%
P407 NPs, free AmpB, and 0.25 wt% Shellac-0.2 wt% P407-0.02 wt% AmpB NPs formulation. Samples
were prepared by removing water using a Silica gel desiccant by in vacuum chamber for 1 day, then
dried at 60°C for 2 days. The spectra was measured between 4000-600 cm™ using PIKE ATR diamond
settings. A spectra was obtained with a blank of just air to reduce transmittance interference with the
samples.
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Figure 5.12. X-ray powder diffraction of Shellac, P407, AmpB and 0.25 wt% Shellac-0.2 wt% P407-0.02
wt% AmpB NPs.Samples were prepared by removing water using a silica gel desiccant by in vacuum
chamber for 1 day, then dried at 60°C for 2 days. The crystal forms of the samples were detected using
an X-ray diffractometer (Malvern Empyrean PANalytical, UK). The current and voltage using Cu Ka,
radiation were 30 mA and 40 kV, respectively. The angular range was scanned from 5° to 80° of 26,
with a step size of 0.02° at a rate of 5°/min.

Table 5.1. Elemental analysis of 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% Amphotericin B NPs, and
the individual components. The Amphotericin B content in the nanoparticle is calculated based on
the nitrogen content of Amphotericin B.

Element Shellac* P407 Amphotericin B** | 0.2 wt% Shellac-0.25 wt% P407-
0.02 wt% Amphotericin B

C 39.90 55.54 57.52 57.65

H 9.06 10.96 6.11 9.64

N 0.71 - 3.65 0.94

% Amphotericin B content in Shellac NPs 15.18%

*Shellac - 586.7 g/mol - C3oHs0011, **Amphotericin B - 924.079 g/mol - C47H73NO17
Calculation;

0.94-0.71=0.23 (This accounts for the N content of the Shellac sample which must the ammonium
salt)

(0.23/14)x924.079 = 15.18
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5.3.5 Antimicrobial time-kill assay for Alcalase-coated AmpB-loaded shellac NPs against
planktonic C. albicans

The formulation of 0.2 wt% Alcalase—0.2 wt% P407-0.02 wt% AmpB-0.25 wt% shellac NPs
was chosen as the working stock formulation for antifungal testing. C. albicans was cultured on
Sabouraud agar plate (Figure 5.13) and grown overnight in yeast—peptone—dextrose (YPD) media (pH
6.5 +0.2) with constant shaking to create an exponentially grown planktonic culture. A time-kill assay
was used to compare the effectiveness of the nanocarrier-formulated AmpB compared to the
equivalent concentration of free AmpB. Figure 5.14 shows that at an initial concentration of 0.02 wt%
AmpB there is no difference between the nanocarrier-formulated AmpB and the free AmpB. After
60 min there were no detectable viable cells after enumeration. The 0.2 wt% Alcalase—0.2 wt% P407—
-0.25 wt% shellac NPs alone had only a mild effect on the C. albicans growth after 180 min, with the
P407 showing a twofold drop in cell numbers. The formulation of 0.02 wt% AmpB (free) alone was
extreme cytotoxic, so it is unsurprising that it was extremely effective at killing the C. albicans. An
investigation into the effect of lower concentrations of the nanocarrier-formulated AmpB compared
to free AmpB was performed. The treatments were performed in treatment-infused YPD media (pH
6.5+ 0.2). Figure 5.15A shows that after twofold dilutions of the stock AmpB—NP formulation and free
AmpB there was a significant difference in the performance of these treatments. 0.00125 wt% AmpB
formulated in the Alcalase-functionalised nanocarrier killed the C. albicans 30 min earlier than the
same concentration of free AmpB. At 0.0003 wt% AmpB encapsulated in the nanocarrier, this
difference was improved further, with C. albicans being killed 1 h earlier. At 0.0002 wt% AmpB and
0.00008 wt% AmpB, both in Alcalase-coated nanocarriers after 180 min, there was a threefold and
fourfold difference in the C. albicans cell concentration compared to an equivalent amount of free
AmpB, respectively. This indicates that the AmpB formulated in the Alcalase-coated NPs is significantly
more effective at killing C. albicans than AmpB alone. Figure 5.15B shows an SEM image of
planktonic C. albicans after 180 min of no treatment (growth control). For comparison, Figure 5.15C—
E shows C. albicans after 180 min of treatment with 0.02 wt% AmpB in NPs, where significant
morphological differences can be seen compared to the untreated cells. The NPs themselves can also

be observed on the surface on the cells where they deliver directly a high concentration of AmpB.

This localised highly concentrated release of AmpB is what likely increases the efficacy of the
AmpB—-NPs when compared to treatment with free AmpB. A further investigation into the zeta
potential of planktonic C. albicans was carried out, it showed that the cells have a negative zeta
potential across a pH range of 4—8 (Figure 5.16). This electrostatic attraction between the cationic
shellac NPs (facilitated by the surface coating of Alcalase) and the anionic surface of the C.

albicans cells leads to the accumulation of the NPs on the outer cell wall.

261



Mueller-Hilton Broth culture media - Mueller-Hilton Broth culture -
Sabouraud agar plate

nutrient agar plate

Yeast-peptone-dextrose culture media—  Yeast-peptone-dextrose culture media —
nutrient agar plate Sabouraud agar plate

Figure 5.13. C. albicans cultured overnight in either Mueller-Hilton Broth or Yeast-peptone-dextrose
media, the streaked onto either Nutrient agar plates or Sabouraud agar plates. All medias work well
showing creamy white colonies. Yeast-peptone-dextrose culture media and Sabouraud agar plates
will be used as this is convention in C. albicans experiments.
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Figure 5.14. Time kill assay against planktonic C. albicans. 0.02 wt% Amphotericin and 0.2 wt%
Shellac-0.25 wt% P407-0.02 wt% AmpB-0.2 wt% Alcalase NPs were compared, all other components
of the NP were tested as controls. N=3.
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Figure 5.15. (A) Time-kill assay against planktonic C. albicans. 0.02 wt% AmpB and 0.2 wt% Alcalase—
0.2 wt% P407-0.02 wt% AmpB-0.25wt% shellac NPs were created as working stocks. Twofold
dilutions of these stocks were prepared (N = 3). (B) SEM photographs of planktonic C. albicans after
no treatment. (C-E) Images of C. albicans after incubation with 0.2 wt% P407-0.02 wt% AmpB-—
0.25wt% shellac NP treatment applied for 180 min. N=3 +SD < 0.05 is considered significant.
*P<0.05, ¥**P<0.01, ***P<0.001 compared to the case of free AmpB. All One-Way ANOVAs and
Tukey’s post-test statistical analysis were performed in GraphPad v7.0.4. The statistical analysis data
are shown in Table 5.2.
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Figure 5.16. The zeta potential of C. albicans at various pH. A single colony from a steak plate was
incubated YPD media overnight at 37 °C with constant shaking. The C. albicans suspension was
centrifuged for 10 min at 5000 g. The supernatant was discarded, and the pellet was washed twice
with deionised water. The pellet was resuspended in 45 mL of deionised water. 1 mL of this suspension
was placed in a quartz cuvette and zeta potential was measured using the Dipstick probe and Malvern
Zetasizer nano ZS. The refractive index was 1.333 and the absorption was 1.000. N = 3 with + S.D.

Table 5.2. Time-Kill assay statistical analysis between free AmpB and equivalent concentrations of
shellac-P407-Alcalase encapsulated AmpB. Data were expressed as average values * standard
deviations of the mean. P-values of less than 0.05 were considered significant. N=3 with + S.D for
statistical analysis. All Student’s T-tests were performed in GraphPad v7.0.4.

Time / sec | Multiple Comparison P-value Significance
120 0.0003125 wt% AmpB vs <0.0001 Rk
150 0.003125 wt% Shellac-0.00390625 wt% P407-0.0003125 wt%- <0.0001 Rk
180 AmpB-0.003125 wt% Alcalase NPs N/A N/A
120 0.0001563 wt% AmpB vs <0.0001 Rk
150 0.0015625 wt% Shellac-0.00195313 wt% P407-0.0001563 wt%- <0.0001 ok
180 AmpB-0.0015625 wt% Alcalase NPs <0.0001 *kk
120 0.000078125 wt% AmpB vs <0.0001 ok
150 0.0007813 wt% Shellac-0.00097656 wt% P407-0.000078125 <0.0001 el
180 wt%-AmpB-0.0007813 wt% Alcalase <0.0001 *kk

< 0.05 is considered significant. *P<0.05, **P<0.01, ***P<0.001.
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5.3.6 Antibiofilm action of Alcalase-coated AmpB-loaded shellac NPs against C. albicans

With the encouraging results obtained by treating planktonic cells with AmpB-loaded shellac
NPs, it was necessary to investigate the effect the NPs have on C. albicans grown as a biofilm. Asimple
96-well plate technique to grow biofilms was used (Pierce et al., 2008). The stock treatments were
added to the wells at pH 6 and incubated at 37 °C for 24 h. Three techniques were used to examine
the effectiveness of the AmpB—NPs and their individual components. Figure 5.17A shows residual
biofilm staining using crystal violet (CV). CV can stain both dead and viable cells and also the
components of the biofilm matrix, allowing it to effectively quantify the biofilm mass. Compared to
the growth control, there was a 5-10% reduction of biofilm mass when treated for 24 h with 0.25 wt%
shellac NPs and 0.2 wt% P407. Alcalase (0.2 wt%) treatment was able to reduce the biofilm mass by
50% of the control, likely due to the protease hydrolysing the matrix and allowing chunks of biofilm to
be removed. Compared to the control, 0.02 wt% free AmpB reduced the biofilm mass by 70%.
However, the 0.02 wt% AmpB—loaded shellac NPs reduced the biofilm mass by 92% compared to the
control. This is due to the Alcalase coating on the NPs being able to degrade the biofilm, allowing them
to locally deliver high AmpB concentration to the embedded cells. Figure 5.18, Supporting Information,
shows images of the biofilm within the plate wells after CV staining and subsequent removal of excess
stain. The growth control, 0.25 wt% shellac and 0.2 wt% P407, showed a very similar purple stain. The
0.02 wt% free AmpB, 0.2 wt% free Alcalase, and 0.02 wt% AmpB—NPs showed a reduced intensity of
biofilm staining, with the AmpB—NPs showing the least staining. Figure 5.17B, which displays the dry
weight of the biofilm before and after treatments on separate 96-well plates, shows a similar trend to
the CV biomass staining. Again, the 0.02 AmpB—loaded shellac NP formulation showed the greatest
reduction in biofilm weight compared to the control (a difference of 2.5 mg in weight compared to the
control plate). This was significantly different from the 0.02 wt% free AmpB plate by =1.5 mg. Next, in
Figure 5.17C, a investigation between the protein concentration of the treated biofilms was compared

to the control was performed.

After 24 h of treatment, the biofilm was thoroughly scraped from the wells and vortex glass
bead beaten to disintegrate any remaining biofilm matrix. The protein content of the biofilms was
compared to a standard of fixed concentrations of protein using a commercially available kit (Figure
5.19). In the protein content results, the 0.02 wt% AmpB-loaded NPs reduced the protein content to
190 pg mL™t compared to the growth control, which contained 1150 pg mL™%. The Amp-loaded NPs
performed significantly better than the free AmpB, having =300 pug mL™ less protein. Interestingly the
free 0.2 wt% Alcalase also performed very well, reducing the protein content to =300 ug mL™. This is
in contrast to the CV and dry weight biofilm assay results, which show the Alcalase was not as effective

at biofilm degradation as the 0.02 wt% free AmpB. This is likely due to the Alcalase being able to
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significantly reduce the protein content by not necessarily reducing the biofilm mass by the same

amount.
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Figure 5.17. (A) The effect of Alcalase-coated AmpB-loaded shellac NP treatments on C.
albicans biofilms after 24 h. C. albicans cells were cultured in YPD media for 24 h to allow biofilm
formation. Afterward, the media were removed and replaced with treatments in deionised water at
pH 6. Posttreatment 1% CV was used to stain the biofilms. Absorbance readings at 570 nm were taken
by solubilising the CV in 30% acetic acid. Treatments were compared to the normalised control. (B)
Dry mass of 24 h treated C. albicans biofilms on 24-well plates. C. albicans were cultured in YPD media
for 24 h to allow biofilm formation; the media were removed and replaced with treatments in
deionised water at pH 6. Posttreatment, the media were aspired away and the plates left to dry
overnight at 60 °C. After drying the plate was weighed and compared to the empty plate weight to
determine the dry mass of the biofilm remaining. (C) Protein concentration of C. albicans biofilms after
24 h of treatment. A protein assay kit (Pierce, USA) was used to determine sample protein content.
Absorbance was measured at 572 nm. N = 3 +SD < 0.05 is considered significant. *P < 0.05, **P < 0.01,
***P < 0.001. All Student's t-tests were performed in GraphPad v7.0.4. The statistical analysis is shown
in Table 5.3.
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Table 5.3. Biofilm degradation statistical analysis between biofilm growth controls, 0.02 wt% AmpB.
0.2 wt% Alcalase and 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% Amphotericin B-0.02 wt% Alcalase.
Data were expressed as average values * standard deviations of the mean. P-values of less than 0.05
All Student’s T-tests were

were considered significant. N=3 with + S.D for statistical analysis.
performed in GraphPad v7.0.4.

Biofilm Multiple Comparison P-value Significance
reduction
assay

Crystal Control vs 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% <0.0001 kK

Violet Amphotericin B-0.02 wt% Alcalase NPs

staining | 0.02 wt% Amphotericin B vs 0.2 wt% Shellac-0.25 wt% P407-0.02 0.0028 **
wt% Amphotericin B-0.02 wt% Alcalase NPs
0.02 wt% Alcalase vs 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% 0.0002 HkE
Amphotericin B-0.02 wt% Alcalase NPs

Biofilm Control vs 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% 0.0111 *

weight | Amphotericin B-0.02 wt% Alcalase NPs
0.02 wt% Amphotericin B vs 0.2 wt% Shellac-0.25 wt% P407-0.02 0.0215 *
wt% Amphotericin B-0.02 wt% Alcalase NPs
0.02 wt% Alcalase vs 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% 0.0349 *
Amphotericin B-0.02 wt% Alcalase NPs

Biofilm Control vs 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% <0.0001 oAk

protein | Amphotericin B-0.02 wt% Alcalase NPs

content | 0.02 wt% Amphotericin B vs 0.2 wt% Shellac-0.25 wt% P407-0.02 0.0062 *E
wt% Amphotericin B-0.02 wt% Alcalase NPs
0.02 wt% Alcalase vs 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% 0.0015 ok
Amphotericin B-0.02 wt% Alcalase NPs

< 0.05 is considered significant. *P<0.05, **P<0.01, ***P<0.001.
Control 0.2 wt% Shellac 0.25 wt% P407

0.2 wt% Shellac-0.25 wt%
P407-0.02 wt% AmpB-0.2

0.02 wt% AmpB 0.2 wt% Alcalase wt% Alcalase NPs

Figure 5.18. Photographs of C. albicans biofilms after CV staining and washing (before solubilisation

in acetic acid).
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Figure 5.19. BCA (bicinchoninic acid assay) standard curve. N=3 with +S.D.

The cellular viability of the C. albicans biofilm after the same treatments was also examined.
Before treatment testing, the biofilms were grown for 24, 48, and 72 h and at 30 and 37 °C to test how
the XTT cell proliferation kit absorbance reading would be affected by different biofilm growth
conditions. Figure 5.20 shows that 37 °C increased the cell concentration compared to 30 °C across all
growth time points. In addition, as expected, a biofilm that was able to mature for longer resulted in
an increased absorbance reading. It was decided to utilise a biofilm grown for 24 h and 37 °C as the
growth control absorbance reading was =1au and this parameter allowed the results to be compared
more effectively to the previous biofilm treatment data. Figure 5.21A shows that 0.02 wt% AmpB-
loaded NPs reduced cellular viability to 7% compared to the growth control after 24 h. The 0.02 wt%
AmpB-loaded NPs performed much better than 0.2 wt% Alcalase and 0.02 wt% AmpB, which
conferred a reduction of 40% and 50%, respectively. This correlates with the previous biofilm staining,
dry weight, and protein content results. In Figure 5.21B a further investigation into the effect of
0.02 wt% AmpB—loaded NPs and free AmpB on C. albicans biofilm cellular viability after twofold stock

dilutions was performed.

As expected, the reduced treatment concentration increased the viability of the biofilm.
However, even after large 32-fold and 64-fold dilutions, the AmpB—NP treatment was still highly
effective in reducing biofilm viability to 25% and 35%, respectively. This indicates that AmpB-loaded
NPs are highly potent and effective even at very low concentrations. Imaging of the biofilms was
utilised to elucidate how the AmpB—NP treatment was altering the biofilm structural integrity or

appearance (Figure 5.22). Using fluorescein diacetate (FDA)/PI live/dead staining, it was shown that
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the viability of the cells is reduced in the 0.02 wt% AmpB and 0.2 wt% Alcalase biofilms, in which much
less green fluorescing cells are visible. The 0.25 wt% shellac—0.2 wt% P407 NPs show very little

difference in viable cells in comparison to the growth control.

The treatment of 0.02 wt% AmpB—loaded shellac NPs (without Alcalase) and 0.02 wt% AmpB—
loaded shellac NPs (with Alcalase coating) shows there is a much greater reduction in viable cells
compared to the control. This pattern is largely mirrored with the dead cell assay with PI staining. The
0.02 wt% AmpB—loaded NPs (without Alcalase) show a large concentration of dead cells; however, the
0.02 wt% AmpB—loaded NPs (with Alcalase coating) showed fewer dead cells. This is likely due to the
Alcalase-coated NPs being able to physically detach large sections of the biofilm, leaving fewer cells
to be stained. SEM images of the biofilms support this conclusion. In the 0.02 wt% AmpB—loaded NPs
(with Alcalase coating), the biofilm was extremely sparely distributed. The SEM images for the growth
control, 0.25 wt% shellac—0.2 wt% P407 NPs, showed that the biofilm was intact. The treatments that
involve Alcalase showed that large sections of the biofilm had been removed, indicating that the

Alcalase coating is vital in the effective degradation.
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Figure 5.20. Colorimetric readings from XTT-reduction assays of C. albicans biofilms formed over 3
days and at either 30°C or 37°C. Biofilms were grown in RPMI media as described below. The results
are presented as means (n = 3) with + S.D.
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Figure 5.21. (A) Metabolic activity of C. albicans biofilms after 24 h treatment with 0.2 wt% shellac—
0.25 wt% P407-0.02 wt% AmpB-0.2 Alcalase NPs and various NP components. (B) Concentration
dependence of 0.2 wt% shellac-0.25 wt% P407—-0.02 AmpB—-0.2 0.2 wt% Alcalase NPs and 0.02 wt%
free AmpB. Data shows C. albicans viability after 24 h treatment with twofold dilutions of the stock NP
treatment. Data were normalised from XTT-reduction assay of sessile biofilm cells in 96-well microtiter
plates. Colorimetric data were read at 490 nm. (C) HaCaT cell viability after comparative treatment
with 0.2 wt% shellac—0.25 wt% P407-0.02 wt% AmpB-0.2 wt% Alcalase NPs and their constituent
components after 24 h. (D) Concentration dependence of 0.2 wt% shellac—0.25 wt% P407-0.02
AmpB-0.2 wt% Alcalase NPs and 0.02 wt% free AmpB. Data shows HaCaT viability after 24 h treatment
with twofold dilutions of the stock NP treatment. An MTT metabolic cellular viability assay was used
to determine the influence of the treatment on viable cells. N =3 SD < 0.05 is considered significant.
*P<0.05, **P<0.01, ***P<0.001, NS=not significant. All Student's t-tests were performed in
GraphPad v7.0.4. The statistical analysis is shown in Table 5.4.
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Table 5.4. Viability assay statistical analysis between biofilm growth controls, 0.02 wt% AmpB. 0.2 wt%
Alcalase and 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% Amphotericin B-0.02 wt% Alcalase. Data were
expressed as average values * standard deviations of the mean. P-values of less than 0.05 were
considered significant. N=3 with + S.D for statistical analysis. All Student’s T-tests were performed in
GraphPad v7.0.4.

Viability | Multiple Comparison P-value Significance
assay
XXT Control vs 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% <0.0001 *Ek
Candida | Amphotericin B-0.02 wt% Alcalase NPs
viability | 0.02 wt% Amphotericin B vs 0.2 wt% Shellac-0.25 wt% P407-0.02 0.0002 Hkk
assay wt% Amphotericin B-0.02 wt% Alcalase NPs
0.02 wt% Alcalase vs 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% <0.0001 rEx
Amphotericin B-0.02 wt% Alcalase NPs
MTT Control vs 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% 0.0008 roEx
HaCaT | Amphotericin B-0.02 wt% Alcalase NPs
viability | 0.02 wt% Amphotericin B vs 0.2 wt% Shellac-0.25 wt% P407-0.02 0.7878 Not
assay wt% Amphotericin B-0.02 wt% Alcalase NPs significant
0.02 wt% Alcalase vs 0.2 wt% Shellac-0.25 wt% P407-0.02 wt% 0.0023 *E
Amphotericin B-0.02 wt% Alcalase NPs

< 0.05 is considered significant. *P<0.05, **P<0.01, ***P<0.001

0.2 wt% Shellac-

0.2 wt% Shellac- 0.25 wt% P407-
0.2 wt% Shellac- 0.25 wt% P407- 0.02 wt% AmpB-

Control 0.25 wt% P407 NPs 0.02 wt% AmpB 0.2 wt% Alcalase 0.02 wt% AmpB 0.2 wt% Alcalase

Live cells

Dead cells

SEM Images

Figure 5.22. Representative fluorescence microscopy images of C. albicans biofilms on 96-well plate.
Biofilms were grown for 24 h, medium replaced, and subsequently incubated for another 24 h with
the treatment-supplemented medium. After treatment the wells were washed thrice with deionised
water and incubated with 100 uL of deionised water infused with fluorescent label dyes that
distinguish between live and dead cells. The bottom row shows SEM images of C. albicans biofilms
after treatment with 0.2 wt% shellac—0.25 wt% P407-0.02 wt% AmpB—0.2 wt% Alcalase and individual
components. All samples were prepared for SEM imaging by drying and coated with an =6 nm gold
layer. Samples were imaged using a Carl Zeiss Evo-60 (Germany) with a variable pressure 100 um
aperture at 40 Pa. EHT was 20 kV with a probe current of 100 pA. Images were captured with the Zeiss
SmartSEM software. White and black scale bars are 10 um.
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5.3.7 HaCaT cell cytotoxicity of shellac—AmpB-Alcalase NPs

Next, an investigation into the toxicity of the 0.02 wt% AmpB—loaded NPs when used to treat
HaCaT cells was examined. HaCaT cells were chosen because they are an appropriate proxy for
studying cell cytotoxicity of human keratinocytes. C. albicans biofilms can be a serious problem with
chronic wound infection and so an investigation into how this treatment affects the surrounding
human skin cells. Figure 5.21A shows that 0.25 wt% shellac and 0.2 wt% P407 NPs had only a negligible
effect on HaCaT viability. The high concentration of 0.02 wt% free AmpB reduced the viability of the
cells by 40% after 24 h treatment; however, there was no significant difference in HaCaT cells viability
when treated with 0.02 wt% AmpB—loaded NPs, indicating the formulation of AmpB into the NPs does
not increase the toxicity compared to free AmpB. Most interestingly, Figure 5.21D shows the effect
that twofold dilutions of the 0.02 wt% AmpB—loaded NPs treatment and free AmpB had on the HaCaT

cells viability.

Similarly to the treatments on C. albicans biofilms, as the dilutions of the treatment were
increased, the viability of the HaCaT cells was also increasing, culminating in a HaCaT cell viability of
only 5% less than the control at 32 times treatment dilution. When comparing to the same treatment
concentrations of C. albicans biofilms (Figure 5.21B), it is clear that at the 0.02 wt% AmpB—loaded NPs
dilutions are much more effective at the C. albicans biofilm cellular viability reduction than the HaCaT
cell viability reduction. At 16 times treatment dilution, the HaCaTs have a viability of 75%, whereas
the C. albicans biofilm viability is 18%. This trend continues. At 32 times treatment dilution, the
HaCaTs have a viability of 89% and the biofilm-based cells had only 27% viability. There is an “early
time window” where the AmpB—NPs show a negligible effect on HaCaT viability but remain potently
effective against established C. albicans biofilms. This shows that in a wound biofilm treatment
context the 0.02 wt% AmpB—loaded NPs would be much more effective at clearing the biofilm than
harming the resident human cells, and importantly would outperform equivalent concentrations of
free AmpB. This could allow for a lower concentration of AmpB to be administered overall, which is
an important factor is considering the toxicity dangers AmpB is associated with. Normal skin has a pH

of =5.6-6.4, a result of secretion of organic acids produced by keratinocytes (Kruse et al., 2015).

Chronic wounds are often infected with microorganisms, and the presence of necrotic tissue
and reduced blood supply, impairing an immune response, are a leading cause of this (Zhao et al.,
2013). Biofilm formation is extremely common in chronic wounds, including Candida species (Kalan &
Grice, 2018; Dowd et al., 2008). This calls for the need for novel treatments with increased efficacy.
Chronic wounds tend to have a basic pH, ranging from 7.15 to 8.9 (Gethin,
2007). However, Candida species have an optimal growth at pH between 7 and 8 and in this range are

most prevalent in chronic wounds (Jones et al., 2015). These date show that 0.02 wt% AmpB—loaded
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NPs are cationic and sterically stable within this pH range, and can electrostatically bind to C. albicans,
which has an negative zeta potential in these conditions. This provides evidence that 0.02 wt% AmpB—

loaded NPs would be useful for Candida infection treatments in the context of chronic wounds.

To further demonstrate the effect of free AmpB and AmpB—NPs on C. albicans and HaCaT cells,
a comparison of the effect of the stock 0.02 wt% free AmpB was measured against a 128x dilution of
0.02 wt% AmpB—NPs. Figure 5.23 shows these concentrations have a very similar effect on reducing C.
albicans biofilm viability, with the 128x dilution of 0.02 wt% AmpB—NPs reducing viability to 45%, and
0.02 wt% free AmpB to 48%. This indicates that the 128x diluted AmpB—NPs treatment is much more
potent than free AmpB. This is due to the ability of the AmpB—NPs formulation to degrade the C.
albicans biofilms and electrostatically attach the cells. Interestingly, when comparing the effect of the
stock 0.02 wt% free AmpB against a 128x dilution of 0.02 wt% AmpB—NPs on HaCaT cells, there is large
difference in the cellular viability. The stock of 0.02 wt% free AmpB reduces the viability of the HaCaT
cells to 54% and the 128x dilution of 0.02 wt% AmpB—NPs has a negligible effect on HaCaT viability,
reducing it to 96%. This provides evidence that a formulated NP encapsulation of AmpB can have a
similar effect on C. albicans biofilm viability at a lower concentration than free AmpB (128x dilution),
while simultaneously having a limited cytotoxic effect on HaCaT cells. This could potentially aid wound
healing by providing a potent antifungal treatment that has a lower overall concentration of the active
agent AmpB. Resulting in a lower toxic effect on HaCaT cells, a proxy for keratinocytes, which are vital

in wound healing.
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Figure 5.23. Comparison between free AmpB and AmpB—NPs on C. albicans (biofilm) cellular viability
and HaCaT viability after 24 h treatments. The 128x AmpB—NP treatment was diluted 128x from a
stock of 0.25 wt% shellac—0.2 wt% P407-0.02 wt% AmpB—0.2 wt% Alcalase NP suspension. N =3 £S.D.

273



5.4 Conclusions

These results confirm that AmpB-loaded shellac NPs functionalised with the protease Alcalase
2.4 L FG can effectively kill C. albicans in both planktonic and biofilm form. The shellac-based NPs were
sterically stabilised using P407, allowing the hydrophobic AmpB to be encapsulated within them.
Functionalisation of the NPs with a cationic protease allows the biofilm to be degraded and
concentrated form of AmpB be delivered locally to the fungal cell membrane. AmpB-loaded NPs are
more effective than equivalent concentrations of free AmpB, causing up to a sixfold reduction in fungal
colony-forming units after 180 min. Against C. albicans formed within a biofilm, AmpB-loaded NPs
were able to reduce the biofilm viability to around 7% compared to the growth control, a significant
improvement on the free AmpB, which reduced the biofilm viability to 50%. Fluorescence microscopy
and SEM images showed the AmpB-loaded NPs—treated samples had a much more reduced
concentration of viable cells and structural damage observed on the biofilm surface. In addition, the
AmpB-loaded NPs showed no increased toxicity toward human adult keratinocytes (HaCaTs),
indicating that formulating AmpB into shellac NPs can increase its effectiveness but has no negative
impact on human cell viability. This indicated that these AmpB-loaded NPs could be used

therapeutically on external wounds infected with fungal biofilms.
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6.0 CHAPTER 6

6.1 Summary of thesis

Multidrug-resistant pathogens are prevalent in chronic wounds. There is an urgent need to
develop novel antimicrobials and formulation strategies to overcome antibiotic resistance and provide
a safe alternative to traditional antibiotics. A confounding factor is biofilms, which are prevalent in
chronic wounds and once formed, are very hard to remove, which is associated with poor outcomes
and high mortality rates. Biofilms are comprised of surface-attached bacteria embedded in an
extracellular polymeric substance (EPS) matrix, which confers increased antibiotic resistance and host
immune evasion. Therefore, disruption of this matrix is essential to tackle the biofilm-embedded
bacteria. The research presented in this thesis explores if polymeric NPs can be used to encapsulate
and deliver concentrated antibiotics by subsequent functionalisation of the NP with a cationic coating

agent to kill antibiotic-resistant pathogenic planktonic and biofilm-formed bacteria and fungi.

Chapter 2 shows the development of a novel surface functionalised nanocarrier for tetracycline and
lincomycin by using lightly cross-linked polyacrylic acid-based nanogels (Carbopol Aqua SF1) coated with a
biocompatible cationic polyelectrolyte (bPEl). It is shown that this approach significantly enhanced the
antimicrobial action against a range of wound isolated pathogens. Crucially, the bPEI surface coated nanogel
with encapsulated antibiotics had an enhanced effect on several bacterial species which were validated to
be resistant to either tetracycline or lincomycin. This enhanced antibiotic efficacy is likely due to favourable
electrostatic attraction between the positively charged bPEI-coated antibiotic-loaded nanogel particles and
the negatively charged bacterial cell wall. This is mediated by the attachment of the nanocarrier particles
which then locally release the encapsulated antibiotic in much higher local concentrations than the free
antibiotic at the same overall concentration. The results also show that the cytotoxicity of the antibiotics
loaded in these nanocarriers on human keratinocyte cells is practically negligible in the range of
concentrations which kill both resistant and susceptible bacteria. Antimicrobial resistance is a growing
clinical epidemic. This novel method for bacteria-targeted topical antibiotic applications offers an important
new opportunity to extend the clinically useful life-span of existing antibiotics, using inexpensive materials,

while reducing future bacterial antibiotic resistance.

Chapter 3 advances the nanogel nanocarrier by surface functionalisation with the protease,
Alcalase 2.4 L FG. The aim was to prove that functionalisation with the protease could degrade biofilms
and allow an increased effect of the antibiotic encapsulated within the NP to in a more complex
bacterial phenotype. These results confirm that protease Alcalase 2.4 L FG can disrupt the bacterial

biofilm EPS matrix and reduce its biomass. The surface functionalisation of Carbopol Aqua SF1
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nanogels with this enzyme further boosts this effect on six wound biofilm associated pathogens
reducing the biomass 6-fold compared to untreated biofilms. The efficacy of the Alcalase-coated
Carbopol nanogel particles was confirmed using fluorescence, atomic force, and scanning electron
microscopy. Additionally, the application of Alcalase-Carbopol nanogels in a co-treatment with
ciprofloxacin resulted in a 3-log reduction in viable cell counts compared to using of an equivalent
concentration of ciprofloxacin alone. When ciprofloxacin was encapsulated within Alcalase-
functionalised Carbopol nanogel at equivalent concentrations to the free ciprofloxacin, there was a
very significant further boost to the effectiveness of the antibiotic in this dual-functionalised
nanocarrier. These dual purpose Alcalase-coated antibiotic-loaded nanogel particles provided
effective treatment against S. aureus biofilms, with no detectable CFU after 6 and 24 h treatment
times. The Alcalase-Carbopol nanogels also showed negligible cytotoxicity and apoptosis-inducing
influence toward adult human keratinocytes. It is concluded that the Alcalase-coated and
ciprofloxacin-loaded Carbopol nanogel carriers are very effective and apparently safe antibiofilm
formulation, which could provide an alternative approach to the treatment of external wound biofilms.
This suggested that further investigation of the practical administration of Acalase-coated Carbopol
nanogels loaded with antibiotics on biofilm-infected wounds is required, where these nanogels could
provide an advantageous tool for therapeutic antibiofilm treatments and fight against antimicrobial

resistance.

Chapter 4 aimed to combine the efforts of utilising concentrated antibiotics into a polymeric
NP (chapter 2) and the active surface functionalisation, using Alcalase 2.4 L FG (chapter 3) and prove
if this could be effective against an antibiotic-resistant biofilm-formed pathogen. The antimicrobial
susceptibility profile of Staphylococcus aureus was analysed and found to be resistant to penicillin G.
It so was chosen as the pathogen to test the efficacy of the antibiotic encapsulated, protease
functionalised NPs. Pathogens of this nature often result in dire outcomes for patients and are very
difficult to treat, for example, in infected chronic wounds. This chapter shows the developed an
innovative nanocarrier system with a protease coating which can overcome an antibiotic-resistant
pathogen in both planktonic and biofilm form. A demonstration of the effectiveness of Penicillin G and
oxacillin encapsulated in shellac NPs against a strain of S. aureus verified as Penicillin G resistant was
performed. The functionalisation of the NPs with a coating of the cationic protease Alcalase creates a
dual application NPs which allows the degradation of the biofilms and electrostatic adhesion to the
anionic bacterial cell wall. The attachment of the antibiotic-loaded NPs to the bacterial cells allows a
highly localised continuous release of concentrated antibiotic on the bacteria cell wall which is much
higher than an equivalent concentration of the free antibiotic. Note that the Alcalase coating allows

the antibiotic-packed nanocarriers to reach the bacterial cells which are “deeply buried” in the biofilm
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matrix. This novel method of bacteria-targeting active NPs with an additional anti-biofilm function
offers an important opportunity to revive the usefulness of antibiotics considered obsolete
(i.e. Penicillin G) and target biofilm embedded bacteria which are particularly prevalent in chronic
wounds. It is concluded that Alcalase-coated and PenG/Oxa-loaded shellac NPs are an effective and
safe method of clearing antibiotic resistant biofilms, and propose this could be an alternative approach
to topical biofilm treatments, particularly in chronic wounds. It is suggested that further experimental
investigation into the application of these NPs on biofilm-infected chronic wounds is required, and

could provide a new therapeutic approach for treating antibiotic resistant biofilms.

Chapter 5 aimed to prove antibiotic encapsulated NPs, surface functionalised with a protease
could also be used against fungal pathogens, broadening their therapeutic potential. Further
emphasise on the reduced toxicity of NPs, by way of reducing the overall concentration of the active
agent encapsulated whilst simultaneously maintaining the anti-biofilm effect is explored. These
results confirm that AmpB-loaded shellac NPs functionalised with the protease Alcalase 2.4 L FG can
effectively kill C. albicans in both planktonic and biofilm form. The shellac-based NPs were sterically
stabilised using P407, allowing the hydrophobic AmpB to be encapsulated within them.
Functionalisation of the NPs with a cationic protease allows the biofilm to be degraded and
concentrated form of AmpB be delivered locally to the fungal cell membrane. AmpB-loaded NPs are
more effective than equivalent concentrations of free AmpB, causing up to a sixfold reduction in fungal
colony-forming units after 180 min. Against C. albicans formed within a biofilm, AmpB-loaded NPs
were able to reduce the biofilm viability to around 7% compared to the growth control, a significant
improvement on the free AmpB, which reduced the biofilm viability to 50%. Fluorescence microscopy
and SEM images showed the AmpB-loaded NPs—treated samples had a much more reduced
concentration of viable cells and structural damage observed on the biofilm surface. In addition, the
AmpB-loaded NPs showed no increased toxicity toward human adult keratinocytes (HaCaTs),
indicating that formulating AmpB into shellac NPs can increase its effectiveness but has no negative
impact on human cell viability. This indicated that these AmpB-loaded NPs could be used

therapeutically on external wounds infected with fungal biofilms.
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6.2 Future work

The advancement of the therapeutic potential of the polymeric NPs revealed in this thesis
would require evaluation of a more realistic skin model. To this end, preliminary work has begun using
a 3D biofilm/human keratinocyte clusteroids co-culture platform to investigate if these NP types can
effectively clear the biofilm, whilst reducing any collateral damage to simple skin analogue (Celik et
al., 2019; Wang et al., 2021). The results so far have been promising and demonstrate that co-culture
models can be exploited as a novel platform for testing the biofilm-eliminating efficiency of various
NPs formulations emulating skin and wound infections and could have broader applicability to replace

animal models in similar experiments.

Additionally, experiments to investigate the antimicrobial properties of these NPs could be
performed in an ex vivo Porcine Wound Biofilm Model. Tissue studies have been indicated as more
adequate than in vitro models for testing the significance of clinical treatments as they provide the
opportunity for bacteria to interact with host tissues (Davis et al., 2008; Roberts et al., 2015). Ex
vivo porcine wound models have been used previously and provide a close physiological comparison
to human wound tissue for use with clinically relevant bacteria (Meyer et al., 1978; Gjgdsbgl et al.,

2006; Wilkinson et al., 2016).

In vivo models will provide a further level of relevance, allowing the contribution of host
factors such as ischemia and necrosis on biofilm to be assessed (Phillips et al., 2011). However, as
animal studies are expensive, time-consuming, and technically demanding, ex vivo tissue models
could allow easier control of experimental variables and assessment of outcomes (Progulske-Fox et
al., 2013). It is also important to move away from animal studies. It is immoral to cause unnecessary
pain and suffering for scientific knowledge, which is ultimately likely not to correlate closely to human

outcomes (Akhtar et al., 2015; Levy, 2012; Ferdowsian & Beck, 2011).

An ex vivo human wound model could be used for providing an ethical alternative to
nonhuman in vivo studies and reduced risk vs invasive clinical studies (Ansell et al., 2012). Although ex
vivo human wound models cannot fully recapitulate the complexities of the in vivo healing
environment (Zhou et al., 2018), they could be used to reveal how wound healing would be affected
by pathogen infection and subsequent NP treatments, with useful histological and viability data
potentially obtained, as well as wound healing biomarker response, such as keratin 6 (Wilkinson et al.,
2020; Mansbridge & Knapp, 1987, Wong & Coulombe, 2003). A key advantage of ex vivo human
wound models is that they retain native human skin structure and bypass cross-species differences

that can hinder nonhuman in vivo wound studies interpretation. A limitation of the encouraging
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results shown in this thesis the lack of understanding of how these NPs would perform in a more

complex ex vivo environment, making further study in this area a good priority.

Additionally, a comparison of how antibiotic-encapsulated hydrogel NPs compare to the
currently used antiseptic treatments (cetrimide, benzalkonium chloride and PVP-I) presently used in
wound healing has recently been investigated (Weldrick et al., 2021). The data reveals these can
provide a more significant effect against S. aureus biofilms compared to equivalent and therapeutic
concentrations of these antiseptic formulations. Further investigation into how the antibiotic-
encapsulated NPs, discussed in this thesis, perform against other antiseptics in a more complex model

could be investigated.
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