
Light-responsive delivery and
photothermal enhancement of

antimicrobial peptides to combat
bacterial wound infections

Samuel Charles Tensin Moorcroft

School of Physics & Astronomy

University of Leeds

A thesis for the degree of

Doctor of philosophy

September 17, 2020



The candidate con�rms that the work submitted is his own, except where work which has formed

part of jointly authored publications has been included. The contribution of the candidate and

the other authors to this work has been explicitly indicated below. The candidate con�rms that

appropriate credit has been given within the thesis where reference has been made to the work

of others.

In chapter 4 of this thesis some of the work discussed has appeared in publication as follows:

L. Roach et al. Morphological control of the seedless synthesis of gold nanorods using binary

surfactants. Nanotechnology 2018, 29, 359501

In this publication SM was responsible for particle synthesis and TEM micrograph acquisition.

The work discussed in chapters 5 and 6 of this thesis has appeared in publication as follows:

S. C. T. Moorcroft et al. Nanoparticle-Loaded Hydrogel for the Light-Activated Release and

Photothermal Enhancement of Antimicrobial Peptides. ACS Appl. Mater. Interfaces 2020,

12(22), 24544{24554.

Other publications co-authored during the course of this studentship include:

S. C. T. Moorcroft et al. Stimuli-Responsive Release of Antimicrobials Using Hybrid Inorganic

Nanoparticle-Associated Drug-Delivery Systems. Macromol. bioscience 2018, 18(12), 1800207.

K. Ricketts et al. Recommendations for clinical translation of nanoparticle-enhanced radiother-

apy. The British journal of radiology. 2018, 91(1092), 20180325.

S. Ye et al. Exploring high aspect ratio gold nanotubes as cytosolic agents: structural engineer-

ing and uptake into mesothelioma cells. Submitted to Small.

This copy has been supplied on the understanding that it is copyright material and that no

quotation from the thesis may be published without proper acknowledgement. The right of

Andrew James Harvie to be identi�ed as Author of this work has been asserted by him in

accordance with the Copyright, Designs and Patents Act 1988.

I



For Mother Dear, Big Poppa and lil Pukey Lukey

II



Acknowledgements

Firstly, I would like to thank my supervisory team - Stephen Evans, Zhan Yuin Ong, and David

Jayne, for putting up with me over the last few years. I really appreciate the e�ort that has

gone into the project, and into helping to mould me into a "Scientist".

I would also like to acknowledge the all of the Nanoparticle research group who have aided my

research. In particular I would like to thank Lucien Roach, without his aid building the laser

rig, synthesising nanorods, and constant conversations about CTAB, I would not have achieved

half as much during this PhD. Lucien will one day cure cancer or become a tyrannical dictator.

Thank you to all of the MNPeople, I want to give you all an individual shout out, but I

fear I would double this thesis in size and would become painfully cringey. You are all totes

amazeballs people who make MNP the special group that it is. Special mentions must go to

George, Damien, Matt, Harry, Sunjie, Twig, and most importantly Dela.

Those with particularly cringe sensitive dispositions should look away now. Special thanks to

Fern Armistead for being my misery corner partner, and always found a way to make me feel

better with a good gossip. Fern is a brilliant human being, scientist, and friend, who WILL

change the world one day. Ashley "the procrastinator" Hancock, the perfect o�ce buddy who is

always willing to distract/be distracted by co�ee and silliness. Ash is the de�nition of fun and

probably the most naturally gifted person at making friends in the world. Meghan Innes is a

force to be reckoned with. Thanks to her for being a pillar of strength and dragging me through

my most di�cult times, the best friend anyone could wish for. There’s no one I respect and fear

more, she’s a phenomenon. Abigail Frost has provided me with unwavering support. Everything

about Abi is �erce, in every meaning of the word. Thanks to James Miley, the calmest and

coolest man alive, for being an amazing friend for the duration of our 8 year adventure in Leeds

and the perfect lockdown partner! Unfathomably, he is always able to say/do the right thing in

any situation, and all with a smile on his face and a beer in his hand. When I grow up, I want

to be just like Miley.

I would like to thank my family, my parents have always provided me support and Luke is there

to provide a Mighty Boosh quote for any situation. I’m incredibly lucky to have them behind

me.

Finally, The Fenton. To you I owe everything.

III



Abstract

Antibiotic overuse has driven the development of antimicrobial resistance (AMR), whilst a dwin-

dling antibiotic development pipeline has led to the emergence of resistance to "last resort"

antibiotics, such as carbapenem. Antimicrobial peptides (AMPs) are emerging as a promising

means of treating multidrug resistant bacterial infections, with reduced risk of AMR develop-

ment due to the AMP e�cacy and rapid bactericidal e�ects. Clinical translation of AMPs is

hindered by peptide susceptibility to proteolytic degradation, low biostability and unknown po-

tential for systemic toxicity. Stimuli-responsive AMP delivery systems o�er a promising means

of circumventing these shortcomings with spatial and temporal control over drug delivery in-

creasing drug pharmacodynamics, thus permitting the use of lower drug doses. Furthermore,

the encapsulation of an AMPs inside a delivery vehicle can improve biostability and protect the

cargo from proteolytic degradation.

This thesis discusses the development of a prototype poly(ethylene glycol) (PEG) hydrogel

wound dressing that contains phospholipid coated gold nanorods (AuNRs) and liposomes loaded

with the AMP IRIKIRIK-CONH2 (IK8). Using facile lipid �lm hydration techniques, liposomes

were fabricated to encapsulate lethal doses of IK8 and protect the internalised peptides from

protease degradation. The liposomes exhibit negligible leakage until heated to the gel-
uid

phase transition temperature in the presence of bacteria. The bulk temperature of the gel can

be controlled by varying the intensity of applied continuous wave irradiation that mediates

the AuNR photothermal heating pro�le. Irradiation at 2.1 W cm�2 for 10 mins (heating the

sample to 55�C) demonstrated triggered delivery of IK8, eliciting bactericidal activity against

Staphylococcus aureus and Pseudonomas aeruginosa. Irradiation at 2.4 W cm�2 (heating the

sample to 60�C for 10 mins) demonstrated thermal bacteria killing alone, and an additive

antibacterial e�ect in conjunction with the AMP. Through controlling the concentration of IK8-

liposomes and the laser irradiation time a single gel can provide bactericidal activity against

multiple batches of bacteria.

Additionally, by mixing maleimide-functionalised phospholipid stabilised AuNRs with IK8-

loaded liposomes containing the thiolated lipid DPPE-Ptd, AuNR conjugated IK8-liposome

(ANCIL) complexes were fabricated that enabled the triggered release of AMPs under pulsed

laser irradiation (450 �J cm�2 for 10 mins) without bulk heating. The ANCIL complexes

demonstrate a >3-log reduction in viable S. aureus compared to non-irradiated equivalents.
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Chapter 1

Introduction

1.1 Overview and thesis outline

Antibiotic remedies have been used for millennia to treat bacterial infections, however chemical

treatments, or chemotherapeutics, were not discovered until physician Paul Ehrlich isolated ar-

sphenamine as a treatment for syphilis in the late 19th century.1 Chemotherapeutic antibiotics

have since revolutionised medicine, with their high treatment e�ciency and ease of manufacture

leading to wide spread usage. However, overuse has driven the development of antimicrobial

resistance (AMR) in bacteria, dramatically decreasing antibiotic e�cacy and in turn increased

the risks of infection related mortalities.2 Furthermore, a dwindling development pipeline of

novel antibiotics has led to bacteria evolving resistance to \last resort" antibiotics such as car-

bapenem, leaving critically few options for treatment.3{5 As such, antibiotic alternatives are

viewed as a promising means of overcoming resistance. Antimicrobial peptides (AMPs) in

particular exhibit potential as antibacterial chemotherapeutics, displaying rapid and high an-

tibacterial e�cacy that decreases the likelihood of bacteria acquiring resistance. The path to

the clinical translation of AMPs is blocked by their susceptibility to proteolytic degradation, low

biostability, and potential to induce systemic toxicity. This thesis discusses the loading of AMPs

into stimuli-responsive delivery systems that will protect the encapsulated cargo from protease

degradation and ensure peptide stability until the drug is released in response to an exogenous

stimulus. Spatial and temporal control allows direct delivery at the infection site increasing

the drug pharmacodynamic pro�le, meaning lower concentrations are required for treatment

which in turn decreases the risk of toxicity. Payload release can be triggered upon exposure
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to chemical (e.g. changes in pH and ionic strength), physical (e.g. thermal or magnetic) or

biological (e.g. proteolytic enzyme) stress. Recent studies on murine models have shown that

increasing the localised temperature of an infected wound to 50-60� C e�ectively kills pathogenic

bacteria without detriment to the reepithelialisation process.6{10 As such, this thesis will em-

ploy a thermal release mechanism that will investigate not only AMP e�cacy upon delivery

to planktonic bacteria but whether thermal bacteria killing can be utilised in conjunction with

AMPs. The prevailing mechanisms of drug delivery vehicle heating from external stimuli con-

vert light irradiation or electromagnetic �elds into thermal energy through photothermal and

magnetothermal mechanisms, respectively. Metallic nanoparticles (e.g. gold, silver, copper) are

commonly used as photothermal agents due to the presence of delocalised electrons that can

be driven into coherent oscillation by incident radiation, creating a localised surface plasmon

resonance (LSPR) condition at speci�c frequencies of light. Using anisotropic particles, such

as gold nanorods (AuNRs), a longitudinal plasmon with a tunable absorbance peak is created,

providing enhanced absorbance e�ciency compared to the transverse plasmon peak of isotropic

particles. The energy absorbed is then dissipated as heat through electron-phonon collisions

with the particle lattice. Nanoparticles are also prevalent in magnetothermal heating, requir-

ing superparamagnetic iron oxide nanoparticles (SPIONs). The application of an alternating

magnetic �eld produces a phase lag between the applied �eld and the SPION magnetization

creating a hysteresis loop. The excess energy of the hysteresis is thermally emitted through

changes in spin state and through the induced rotation causing friction between the particle

and the surrounding 
uid, mechanisms known as N�eel and Brownian relaxations, respectively.

Photothermal heating is signi�cantly more e�cient than magnetothermal heating 11,12, as such

this thesis will utilise light-responsive triggering mechanisms to enable AMP release. The main

limitation of photothermal heating is the low tissue penetration of light irradiation, however

this is less of an issue with regard to the treatment of bacterial infections, as lesions in the skin

are the most frequent locations of such infections. This means that incident radiation does not

have to penetrate through much, if any, tissue to reach the treatment site.

Phospholipids are amphiphilic molecules containing a hydrophilic head group and hydrophobic

hydrocarbon tails that enable self assembly into micelle or vesicles formed of a lipid bilayer,

otherwise known as liposomes, in aqueous environments. Drug molecules can be loaded into

phospholipid structures by simply including the therapeutic in the solution during liposome/mi-

celle fabrication. Phospholipids possess a fundamental gel-
uid phase transition temperature
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(T m ), above which the lipid molecules are highly mobile within a bilayer creating a 
exible

structure, whereas below the Tm the alkyl chains are rigid, reducing lipid mobility creating a

thicker and more brittle bilayer. The conformational changes in a liposome enable release of

small molecule payloads encapsulated within the lumen. The thermo-responsive nature, as well

as the biocompatibility of many phospholipids, mean that liposomes are ideal drug delivery

vehicles that release their cargoes only when the Tm is reached. Furthermore, by restricting

protease access to encapsulated AMPs, phospholipid structures demonstrate a protective e�ect

against proteolytic degradation.13,14 Liposomes will therefore be adopted as the AMP encapsu-

lating vehicle that will be used in conjunction with photothermal agents that will enable the

localised heating to initiate AMP delivery.

In summary, this thesis discusses the synthesis of AuNR mediated light-responsive delivery sys-

tems to provide triggered release from AMP-loaded liposomes, and the potential for combination

AMP-photothermal bacteria treatment. IRIKIRIK-CONH 2 (IK8) will be used throughout this

thesis as the model AMP. IK8 is a broad-spectrum short AMP that forms a � -sheet secondary

structure upon interaction with a bacteria membrane to elicit both antimicrobial and antibio�lm

properties,15,16 and is an ideal model drug to demonstrate triggered delivery; it displays high

antimicrobial e�cacy, its small size should ensure ease of encapsulation, enables demonstration

of the protective properties of soft matter delivery systems. This thesis will also explore the

incorporation of such systems into a prototype hydrogel wound dressing to aid topical bacterial

infection management.

1.2 Aims and objectives

The primary aim of this thesis is to develop light-responsive systems that provide the triggered

delivery of AMPs, overcoming the shortcomings hindering AMP clinical translation. The main

issues surrounding AMPs are its susceptibility to proteolytic degradation, instability in vivo

leading to poor biodistribution, and systemic toxicity. Spatial and temporal control over drug

delivery delivery increases the pharmacodynamic pro�le of a drug, meaning lower concentrations

are required for treatment, reducing the risk of systemic toxicity. Loading the AMP into a

delivery vehicle should also protect the drug until it is released, providing increased stability

and restricting protease access. As such, the AMP delivery systems desribed in this thesis must

�t the following criteria:
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� Exhibit the encapsulation of lethal doses of AMPs and restrict premature leakage that

could both reduce treatment e�cacy and increase the likelihood of bacterial resistance.

� Protect internalised cargo from protease degradation.

� Provide controllable photothermal heating pro�les.

� Demonstrate an adequate release pro�le in response to light irradiation, delivering lethal

AMP doses.

� Ensure encapsulated AMP stability in biologically relevant media (i.e. broth or cell media)

to maintain its antimicrobial e�cacy.

� Guarantee no toxicity to host cells.

� Maintain colloidal stability both in suspension and in a hydrogel network, over a prolonged

period of time.

Thermal treatments of infected wounds on murine models have previously been shown to ef-

fectively reduce bacteria concentrations whilst not being of detriment to the wound healing

process.6{10 As such, this thesis aims to investigate the potential of combined photothermal and

AMP treatments.

1.3 Overview of results chapters

This thesis contains four distinct results chapters. The �rst results chapter (Chapter 4 ) dis-

cusses the synthesis of AuNRs, investigating how the ratio of the surfactants cetrimonnium bro-

mide (CTAB) and sodium oleate (NaOL) a�ected the morphology and optical properties of the

resultant rod shaped gold crystals. CTAB exhibits an innate toxicity against both mammalian

and bacterial cell types, a�ecting the respiratory pathways and membrane protein functionali-

ties. As such, the surface replacement of this co-surfactant bilayer with phospholipids was also

investigated to improve stability, biocompatibility, and reduced cytotoxicity before determining

the photothermal properties of these particles under continuous wave laser irradiation.

The second results chapter (Chapter 5 ) is focused on development of IK8-loaded liposomes

that triggered cargo release upon light mediated photothermal heating. Initially, the liposome

fabrication process was investigated to create homogeneous vesicles that can encapsulate IK8 at

several times the minimum inhibitory concentration (MIC) against Staphylococcus aureusand

Pseudonomas aeruginosa. The e�ects of the liposome composition were then explored to obtain
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vesicles that did not exhibit passive leakage but demonstrate an adequate release pro�le upon

heating to the vesicle's gel-
uid phase transition temperature. Finally, the e�cacy of the AMP-

liposomes to treat planktonic S. aureus was assessed when used in combination with AuNRs

under laser irradiation. Furthermore, the bacteria killing e�ects of photothermal heating were

evaluated to determine whether it can enhance the antimicrobial properties of the IK8.

The third results chapter (Chapter 6 ) discusses the development of a poly(ethylene glycol)

(PEG) hydrogel that incorporated both AMP-loaded liposomes and AuNRs to form the basis

of a prototype wound dressing. Hydrogels are widely used as dressings due to their oxygen per-

meability 17 and high water content (generally> 90%) that accelerates the angiogenesis process,18

prevents cell dehydration19 and provides a soothing texture that increases patient compliance

with the treatment. 20 The �rst stage of testing was the optimisation of the gelation process

through controlling the weight percentage of gel within the network and bu�ering conditions

to control the rate of reaction, before loading the construct with AuNRs and liposomes. The

mechanical properties, swelling ratios and retention rates of the particle loaded gels was then

characterised. The antimicrobial e�cacy of the system was assessed against both Gram-positive

and Gram-negative bacteria, before �ne tuning the system to determine whether it was possible

for a single gel complex to provide treatment against multiple batches of fresh bacteria.

The �nal results chapter ( Chapter 7 ) provides proof of concept for the liposomal delivery

of AMPs using a pulsed laser system, to trigger release without generating any bulk heating.

Initial developments entailed attempts to synthesise a gold coating on the liposomes before

demonstrating the potential for binding phospholipid coated AuNRs onto the liposome surface.

The release e�cacy of the liposome-AuNR complexes was evaluated by varying the pulse 
uence

and irradiation time. This ascertained whether the system could provide AMP triggered release

to incite bactericidal activity without requiring signi�cant temperature increases.
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Chapter 2

Background and Theory

Some of the content within this chapter can be found within the following the following publica-

tions: S. C. T. Moorcroft et al. 2018. `Stimuli-Responsive Release of Antimicrobials Using Hy-

brid Inorganic Nanoparticle-Associated Drug-Delivery Systems' inMacromolecular Bioscience

18.12:1800207

2.1 Pathogenic bacteria and antibiotic resistance

Bacteria are single cellular microorganisms have have adapted and evolved over hundreds of

millions of years to thrive in almost every environment on Earth. Classed as prokaryotes,

bacterial cells do not have a nucleus but have deoxyribonucleic acid (DNA, molecules that govern

cell growth, function, and reproduction) free 
oating in the cytoplasm in a tangled nucleoid or

forming a plasmid ring structure. Alongside the DNA, ribosomes synthesise functional proteins

through the assembly of amino acids. The cytoplasm is encapsulated within a cell membrane, of

which there are two distinct variations that are categorised using the crystal violet Gram stain.

Gram-positive bacteria have a plasma membrane with a thick peptidoglycan pericellular layer,

see Figure 2.1, onto which the Gram stain will bind causing a pink/violet colouration under

a microscope. Gram-negative bacteria have a thinner peptidoglycan layer and an additional

membrane on the outside of the peptidoglycan, however the overall structure is thinner than

that of the Gram-positive bacteria. The peptidoglycan layer in the cell wall has a mesh-like

structure, allowing molecules smaller than 50 kDa to freely di�use through the cell wall directly

to the plasma membrane. Bacteria cell membranes primarily consist of phosphatidylglycerol
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(PG), phosphatidylethanolamine (PE) and cardiolipin complemented with small amounts of

phosphatidylcholine (PC), and phosphatidylinositol (PI). 21 PG, cardiolipin and PI all exhibit

a negative charge at physiological pH, in addition to this Gram-positive and Gram-negative

membranes have negative Lipoteichoic acids and lipopolysaccharides respectively, providing

the bacterial membrane with a strong anionic charge. Bacteria cells may also have external

structures such as 
agella which enable directional motion or pili that anchor the bacterium to

surfaces and transfer DNA.

Figure 2.1: The cell walls of Gram-positive and -negative bacteria.

Bacteria are an integral part of the human microbiome providing a vast array of functionalities

from aiding digestion to the production of vitamins.22 These commensal bacteria only cause

harm when the host becomes immunocompromised or there is an abnormality in the bacteria's

environment, whereas pathogenic bacteria utilise the host's resources, circumventing the im-

mune system and potentially causing trauma. Pathogenic bacteria such asStaphyloccoci and

Streptococci are present in our every day lives without causing any issues, it is only when the

immune system is weakened (e.g. through a lesion in the skin) that the opportunistic bacteria

pose a threat. In order to e�ectively survive within a host the bacteria must: 1) make the initial

colonisation in the correct in vivo environment that provides adequate nutrients, 2) be able to

circumvent the immune system, 3) be able to reproduce, 4) be able to relocate to a new host.

This induces a high selective pressure on the bacteria meaning only the most resilient species

may survive.

Many of the symptoms associated with bacterial infections are in fact physiological responses

of the immune system in order to �ght of the invading pathogen. Prime examples of this are
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the in
ammation of an infected wound, due to immune cells attacking the pathogenic bacteria,

and fevers that increase the host temperature above the optimal reproductive temperature of

the pathogen, stunting the progression of the infection. To elicit immunogenic responses the

bacteria have to impair some functionality or harm host cells. This can simply occur through

the presence of bacteria, an imbalance between host and bacteria cells in an open lesion can

be detrimental to the reepithelialisation process regardless of the contaminant activity, leading

to in
ammation and slower healing.23 The physiological response can also be so intense that

it is itself toxic. The response to bacteria such asMycobacterium tuberculosisand Mycobac-

terium leprae (bacteria commonly associated with tuberculosis and leprosy) can induce the

production of toxic biomolecules by lymphocytes, macrophages, and polymorphonuclear neu-

trophils host defense cells that can destroy tissues, providing an ideal proliferation environment

for resistant bacteria.24 The harmful activity of many pathogens can substantially exacerbate

these issues. Certain bacteria invade host cells, providing a nutrient-rich environment in or-

der to grow and reproduce whilst o�ering protection against extracellular immune responses.

Rickettsia for example, are only able to reproduce within the cytosol of eukaryotes, killing the

cell in the process.25 Pathogenic bacteria also produce an array of virulence factors to support

their proliferation. These molecules perform a variety of functions; 1) adhesion and colonisation

factors initiate the formation of a colony within a host, 2) invasion factors that facilitate the

internalisation of the pathogen inside host eukaryotes, 3) capsules and surface components to

protect the bacteria from phagocytosis, 4) endotoxins are released upon bacterial lysis inducing

toxicity and a large amount of physiological responses.26

2.1.1 Bio�lms

In nature infectious bacteria rarely survive for long periods of time in isolation, as such many

bacteria will form colonies and bio�lms that will increase their chances of survival. Bio�lms are

a collective community of microorganisms enclosed within a matrix of extracellular polymeric

substances (EPS), formed by the excretion of a polymeric conglomeration of polysaccharrides,

lipids, DNA and protein producing a slime containing a high density of cells. The formation of

a bio�lm creates nutrient and oxygen gradients within the EPS matrix causing cells to switch

from a planktonic to bio�lm mode of growth. In this state bacteria exhibit decreased metabolic

activity and higher doubling rates that can result in a series of phenotypic, metabolic and

physiological changes.27{29 This switch can actuate mechanisms that result in antimicrobial
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resistance (AMR), increased virulence and persistence.30 In combination with EPS restricting

of antibiotic availability to sub-lethal doses, these e�ects can result in signi�cant increases in

AMR, potentially increasing the dosage required for treatment by several orders of magnitude.30

Furthermore, the concentration of persister cells in a bio�lm is greatly increased compared to

planktonic bacteria, up to 1% in bio�lms and approximately 1 in 10 6 in bacterial suspensions.31

Persister cells are metabolically inactive, spore-like cells that are potentially the main reason

for AMR in certain bio�lms such as P. aeruginosa.32

Bacterial bio�lms pose the largest burden to infection treatment with 65%33 to 80%34 of all

microbial and chronic infections attributed to bacterial bio�lms. Bio�lm formation within an

open wound can cause prolonged in
ammation that produces excess levels of metalloproteases

that degrade the extracellular matrix, a vital component in tissue regeneration. Ultimately this

can lead to the development of chronic wounds, particularly in immunocompromised individuals,

a common example being diabetic foot ulcers.35,36 Bio�lms also occur within the digestive and

respiratory systems, due to the presence of bacteria in food and air respectively, and can produce

long lasting diseases such pneumonia in cystic �brosis su�ers, causing a substantial decrease in

a patient's quality of life. 37 In addition, bio�lm formation on medical implants and catheters is

the main cause of nosocomial infection.38

Figure 2.2: Schematic representation of the formation of a bio�lm, from the initial adhesion of
planktonic bacteria through bio�lm maturation to dispersion to form new colonies. Accompa-
nying scanning electron micrographs of the di�erent stages of growth of aP. aeruginosabio�lm.
Reproduced with permission.39 Copyright 2018, Elsevier.
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Prior to bio�lm formation, bacteria will be in a planktonic state, free in a liquid suspen-

sion. When under 
ow a bacterium will approach a surface at which point it can become

constrained by both hydrodynamic and physiochemical (electrostatic, Van der Waals and hy-

drophobic forces) e�ects.40 These e�ects are weak and short lasting (i.e. demonstrate adhesion

timescales of minutes), as such the bacterium will then irreversibly bind itself to a surface by

enhancing the Van der Waals forces between the surface and the hydrophobic regions of the

cell membrane whilst augmenting the binding strength with cell adhesion structures such as

pili and lipopolysaccharides.41 As depicted in Figure 2.2, bacteria will only bind to a surface

provided the environment is optimal for its survival (i.e. a rich source of nutrients, moist, the

correct temperature and adequate oxygen levels if the bacteria is aerobic), leading to higher

cell densities in speci�c regions. At this point the bacteria will start to excrete a mixture of

DNA and lipids to form the basis of the EPS, and initiating microcolonisation. The bacterial

cells begin to communicate through the production and detection of extracellular signalling

molecules, known as quorum sensing. Quorum sensing allows synchronisation between cells to

regulate phenotype expressions to govern the behaviour of the colony as a whole.42,43 At this

point the bacteria in the colony will begin to produce polysaccharides that form the bulk of the

EPS.44 As the bacteria switch to their bio�lm mode of growth the cell doubling rate increases

causing rapid bio�lm growth, until a mature 3D bio�lm is formed. The mature bio�lm will then

start to disperse, releasing cells into the surrounding medium such that they initiate the bio�lm

formation elsewhere.

2.1.2 Mechanisms of action of antibiotics

Antibiotics primarily target the synthesis pathways of the cell wall, nucleic acids, and proteins,

Figure 2.3, to kill the bacteria directly (bactericidal) or inhibit proliferation (bacteriostatic). 45

Many antibiotics have concentration dependent antibacterial action, providing bacteriostatic

activity at low concentrations and bactericidal e�ects at high concentrations.

Cell wall targeting antibiotics primarily disrupt peptidoglycan synthesis, leading to bacteria

lysis. The peptidoglycan layer is formed of glycan saccharides cross-linked via glycine residues

of the D-alanyl D-alanine portion of side chain peptides, that is facilitated by penicillin binding

proteins (PBPs).46 � -lactam antibiotics (penicillins, cephalosporins, monobactams, carbapen-

ems and carbacephems)47 mimic D-alanyl D-alanine causing the PBP to bind to the antibiotics,

inhibiting cell wall synthesis.45 Conversely, glycopeptides (e.g. vancomycin and teicoplanin)
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bind to the D-alanyl D-alanine portion of the saccharide bridging peptides, impeding PBPs and

hindering cell wall synthesis.48

Quinolone antibiotics prevent bacterial DNA replication that leads to both bacteriostatic and

bactericidal e�ects. Fluoroquinolones (e.g. cipro
oxacin, dela
oxacin, gemi
oxacin, levo
oxacin,

moxi
oxacin, nor
oxacin, and o
oxacin) are the most commonly prescribed quinolone, that pro-

vide broad-spectrum antimicrobial activity through the inhibition of bacteria DNA gyrase. 49

Gyrase enzymes catalyse the ATP-dependent negative super-coiling that terminates the DNA

double coil.50 Fluoroquinolones bind to the gyrase sub unit relating to the nicking of the DNA,

interfering with the DNA cutting and sealing.

Antibiotics that inhibit protein biosynthesis by targeting the 30S and 50S ribonucleoprotein

subunits of the bacterial 70S ribosome. Simply put, protein synthesis occurs through the bind-

ing of messenger RNA (mRNA) to the 30S ribosome subunit, the 50S subunit then promotes

the addition of amino acids to form a protein chain before release factors activate the pep-

tidyltransferase function of the ribosome, releasing the complete protein.51 Aminoglycosides

(e.g. streptomycin, kanamycin, and gentamicin) and tetracyclines (e.g. chlortetracycline, doxy-

cycline, and minocycline) both target the 16S subunit of the 30S ribosome RNA (r-RNA)

that binds to the Shine-Dalgarno sequence of the mRNA initiating the protein synthesis.52,53

Aminoglycoside binding to the 16S subunit causes the misreading and premature termination

of translation of mRNA, whereas tetracyclines inhibit binding of transfer RNA to the ribosome

stopping the initiation of protein synthesis. Macrolides (e.g. erythromycin, azithromycin, and

clarithromycin) and oxazolidinones (e.g. Linezolid, and tedizolid) target the 23S r-RNA of the

50S ribosome subunit, that is associated with the peptidyl transferase which form the amine

bonds between the amino acids.54{56 The antibiotic molecules binding to the 23S r-RNA results

in prematurely releasing incomplete peptide chains from the ribosome.
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Figure 2.3: Common mechanisms of action of antibiotics and the mechanisms of resistance to
combat them. Reproduced with permission.57 Copyright 2009, CMAJ Group.

2.1.3 Mechanisms of antimicrobial resistance

There are four major biochemical mechanisms of antibiotic resistance; enzymatic interaction/-

modi�cation of the drug molecule, altering the target site, utilising e�ux pumps to remove

internalised drugs, and altering the cell membrane composition to decrease drug permeability.

The antibiotic targets within a bacterial cell and the AMR mechanisms that protect the bacteria

are depicted in Figure 2.3.

Firstly, resistant bacteria can produce enzymes that will alter or degrade an antibiotic disabling

its antimicrobial activity. One of the most well studied examples is the resistance against� -

lactam antibiotics. � -lactams bind to the D-Ala-D-Ala substrates responsible for crosslinking

the peptidoglycan components within the cell wall, disrupting the cell wall integrity which

ultimately leads to cell lysis.58 As such bacteria have evolved to excrete� -lactamase enzymes

that cleave the � -lactam rings rending the molecule inactive.59

Another cause of resistance is through alterations in the primary site of action for the antibiotic,

meaning the drug will no longer have a�nity to the binding site and as such it cannot perform
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its activity. Possibly the most commonly known of drug resistant bacteria methicillin-resistant

Staphylococcus aureus(MRSA), contains the mecA gene that facilitates the the synthesis of an

altered penicillin-binding protein (PBP2a) that inhibits the binding of all � -lactam antibiotics.60

This e�ect has also been observed in initially � -lactam susceptibleStreptococcus pneumoniae,

that gain resistance through alterations in peptidoglycan synthesising enzymes, thus lowering

the a�nity to the penicillin molecule. 61,62

The �nal two resistance mechanisms restrict access of the antibiotic molecule to its action site.

E�ux pumps are membrane spanning proteins that remove potentially toxic molecules from the

cytoplasm and expel them from the cell. It's believed these proteins were initially devised as a

mechanisms to remove disruptive amphiphilic compounds from the cell, as such these proteins

evolved to remove a wide range of harmful products, it should therefore be of no surprise that

e�ux pumps evolved to remove harmful antibotics. 63 There are �ve main bacterial antibiotic

speci�c super-families of e�ux pump associated with antibiotic resistance; Small multidrug

resistance (remove lipophilic and multicationic subtrates), ATP-binding cassette (removes am-

phiphilic, neutral, cationic, and anionic substrates), Multi-antimicrobial extrusion protein fam-

ily (remove organic and cationic substrates), Resistance nodulation division (remove amphiphilic

and charged substrates), and Major facilitator superfamily (amphiphilic and mono- or dicationic

substrates).63{66 Each protein family utilises a di�erent molecule expulsion mechanism allowing

targeting of a variety of molecular properties, as such this e�ux pumps have been observed

to increase resistance against a wide range of antibiotics. Access to the antibiotic binding site

is also blocked by mutations in the outer cell membrane to decrease antibiotic permeability.

Hydrophilic compounds, such as� -lactams, gain access into the cell through pore-forming pro-

teins (porins) that regulate molecule internalisation,67 whereas hydrophobic antibiotics, such as

macrolides, di�use into the lipid bilayer of the membrane.68 By changing the membrane lipid

and protein composition the antibiotic permeability can be severely restricted.68,69 Furthermore,

alterations in membrane permeability can be coupled with other mechanisms, such as antibiotic

degrading enzyme secretion, to signi�cantly increase multidrug resistance.70

Horizontal gene transfer is the primary means of passing along antimicrobial resistance. Mu-

tations in the DNA of one bacterium that increase the chance of survival against an antibiotic

may be passed to other bacteria leading to the rapid spread of resistance. This DNA transfer is

achieved in three ways; plasmid conjugation, natural transformation by extracellular DNA, and
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transduction by bacteriophages.71 Plasmid conjugation is performed through the direct transfer

of a small portion of the donor cell genome to the recipient via a sexual pilus that requires

cell-to-cell contact.72 Natural transformation occurs through the excretion of plasmids contain-

ing the resistant DNA, which is internalised by alternate bacteria under environmental stress.73

The third means of resistance transfer requires the use of bacteriophages, viruses that target

bacteria cells in order to reproduce. A bacteriophage will bind to a bacteria membrane before

injecting their genome into the cell, commandeering the metabolic pathways and utilising the

cell's energy for DNA replication and production of capsid proteins that encase the DNA.74

Upon assembly of the new phages, the cell nucleoids and plasmids are broken apart creating

DNA debris before the the bacterium lyses releasing the new virus particles. Antibiotic resis-

tance is transferred when DNA debris that encodes the resistance mechanism is accidentally

encapsidated, subsequently transferring the DNA when that virus infects another bacterium.75

2.2 Antimicrobial peptides

Antimicrobial peptides (AMPs), otherwise known as host defence peptides (HDPS), are short

chains of amino acids, generally 5-50 residues in length, that are an integral part of the immune

system in all life forms, performing a wide breadth of functions as depicted by Figure 2.4.76{78

Taking AMPs alone, such is the diversity of the structures that they demonstrate activity

against bacteria, parasites, yeast, fungi, and viruses, with a range of techniques to disarm each

pathogen. AMPs are mostly comprised of a mixture of cationic and hydrophobic residues that

provide attraction to the anionic membrane of bacteria (-130 to -150 mV) and enable structural

organisation into secondary structures that enhance e�cacy.15,79{81 The plasma membrane of

eukaryotic cells mainly consist of zwitterionic (neutral) phospholipids meaning mammalian cells

are less negatively charged (-90 to -110 mV) and as such are targeted less.80,82
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Figure 2.4: The wide array of functions host defence peptides play, with antimicrobial peptides
only one branch of the versatile biomolecules. Reproduced with permission under a CC-BY
license.76

AMPs have been touted as a key weapon in the antimicrobial arsenal to combat the ever-growing

issue of multidrug resistance. The primary antibacterial mechanism of AMPs is through mem-

brane disruption, which in turn promotes cytoplasmic leakage. This brute approach provides a

decreased chance of resistance development, and o�ers broad-spectrum activity. As discussed in

section 2.1.3, resistance to traditional antibiotics can be acquired through the uptake of foreign

DNA through horizontal gene transfer83 or through a variety of genetic mutations, altering a

range of functions or properties of the cell.84 Such resistant mechanisms are possible due to the

low metabolic cost of mutation, whereas the brute membrane disruption of many AMPs is be-

lieved to reduce the risk of drug resistance due to the higher metabolic cost of membrane repair

than the rate at which the damage is in
icted. 15 Despite the signi�cant decrease in the chances

of bacterial resistance development to AMPs, resistant mechanisms have been identi�ed against

natural HDPs. The most common means of acquiring resistance that have been observedin vivo

are the modi�cation of the cell surface structures and the usage of e�ux transporters.85 Bacteria

cell membrane modi�cation occurs by altering the anionic lipopolysaccharide and lipoteichoic

acids of Gram-negative and Gram-positive cell membranes respectively, and through acylation

of phosphatidylglycerol headgroups, to reduce the anionic charge of the membrane suppressing

the electrostatic attraction of the cationic AMPs. 86 E�ux pumps are transmembrane proteins
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used to expel toxic substances from the bacteria cytoplasm, and are a leading cause of antibi-

otic resistance.65 AMP resistance through the secretion of additional proteases has also been

observed in a small number of studies.85 Frighteningly, AMP resistance development has the

potential to further decrease bacterial susceptibility to classic antibiotics,87 however the risk of

AMP resistance is signi�cantly lower than that of antibiotics and there is also evidence that

using synthetic AMPs minimizes the risk further.88

2.2.1 AMP membrane disruptive mechanisms of action

Despite studying the properties of AMPs for three decades the complexity of interactions means

that the speci�c antimicrobial mechanisms are still not fully understood.89 There are currently

four prevailing theories as to how cationic peptides interact with the bacterial membrane; the

Barrel-stave model, the Toroidal pore model, the Carpet model, and the Detergent model. The

simplest models for the AMP antimicrobial activity, the Barrel-stave and Toroidal pore mod-

els, describe the formation of a transmembrane pore. In the barrel-stave model, peptides lie

in within polar headgroups of the lipids within the upper lea
et of the bilayer before rotating

such that they are perpendicular to the bilayer. This encourages lateral peptide interactions,

causing the formation of a peptide-stabilised pore, Figure 2.5A. This model requires the for-

mation of secondary structures (� -helices or � -sheets), that match their hydrophobic regions

to the hydrophobic core of the bilayer creating a hydrophilic lumen through which di�usion of

polar solvents can 
ow.90,91 Similarly to the Barrel-stave model the Toroidal pore model causes

pore formation, however in the toroidal model the pores are not stabilised but are transient and

dynamic. The AMP will directly insert itself perpendicularly to the membrane disrupting the

lipid arrangement. This in turn rearranges the lipid molecule orientation, making it energeti-

cally favourable to form a radius of curvature between the bilayer lea
ets, such that the lipid

headgroups aid the hydrophilic regions of the AMP combine forming a pore lumen, see Figure

2.5B. It is entirely possible that upon degeneration of the pore the AMP is translocated across

the cell membrane allowing targeting of the cytoplasmic materials.92
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Figure 2.5: Schematic representations of the four most accepted models describing the inter-
actions between antimicrobial peptides and a lipid bilayer. A) The barrel-stave model, AMPs
form secondary� -helix or � -sheet structures producing a transmembrane pore. B) The Toroidal
pore model, AMPs insert themselves into the bilayer with little order, causing transient and
dynamic pore formation. C) The carpet model, AMPs lie within the membrane outer lea
et
causing lipid packing disruption and allowing leakage. D) The detergent model, at high con-
centrations AMPs cause mass disruption leading to membrane disintegration. Adapted with
permission under a CC-BY license.93

AMPs are also able to interact with a membrane without pore formation. In the carpet model

AMPS are adsorbed onto the outer lea
et parallel to the membrane, Figure 2.5C. Upon reaching

a critical concentration, the peptides "carpet" the membrane causing unfavourable interactions

with the lipids, compromising the membrane integrity. Since the carpet model requires no

peptide-peptide interactions or peptide insertion into the bilayer a large proportion of AMPs

are expected to interact with membranes in this way.94,95 The detergent, or aggregation, model

become relevant upon further increasing the AMP concentration such that the membrane dis-

ruption is substantial enough that the bilayer will disintegrate with the lipids forming micelle,

Figure 2.5D. It is probable that an individual AMP is likely to act through several mechanisms

due to the wide range of parameters that will a�ect the AMP-lipid interactions (i.e. the struc-

tural properties of the membrane, the lipid:AMP ratio, the topology, and AMP aggregation). 96

As such the Shai{Matsuzaki{Huang (SMH) model was developed as a way of describing the

mechanism of most membrane active AMPs and integrates three of the fundamental mecha-

nisms.82,97,98 Initially the AMP will be adsorbed onto the surface of the lipid bilayer through
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electrostatic attraction between the cationic residues of the AMP and the anionic cardiolipin

and phosphatidylglycerol lipids within the membrane, as described by the carpet model (Fig-

ure 2.6A). The AMP will then insert itself into the upper lea
et of the bilayer (Figure 2.6B),

pushing the lipids apart and increasing the total surface area of the lea
et. This in turn causes

the layer to become thinner and imparts a strain force throughout the membrane. Upon sub-

stantial membrane disruption, rather than having the alkyl-tails of the lipids exposed to the

aqueous environment the hydrophobic forces impose a radius of curvature between the lea
ets

of the bilayers causing the formation of toroidal pores (Figure 2.6C). The transient nature of

these pores means that the bilayer will reform, however some of the AMP will be translocated

onto the bottom lea
et (Figure 2.6D). At this point the AMPS on both sides of the bilayer can

cause the formation of micelle, leading to disintegration of the membrane as described by the

detergent model (Figure 2.6E), or the AMPs can di�use into the bacteria cytoplasm.

Figure 2.6: Schematic representations of the Shai-Matsuzaki-Huang (SMH) model of the mech-
anism of action of antimicrobial peptides (AMPs). A) Through electrostatic attraction AMPs
adsorb onto outer lea
et of a lipid membrane, causing initial disruption of the bilayer as de-
scribed by the carpet model. B) The AMP inserts itself into the bilayer causing thinning of
the outer lea
et. The surface area of the outer lea
et is then increased causing a stain force
within the bilayer, denoted with jagged arrows). C) It becomes energetically favourable to
form a radius of curvature within the bilayer causing the formation of transient toroidal pores.
D) AMPs are translocated across the membrane, at which point either E) the lipid will form
micelle leading to membrane disintegration (the detergent model), or F) AMPs will di�use into
the cytoplasm. Adapted with permission.82 Copyright 2002, Nature.

These models are general descriptions of how a large proportion of AMPs will interact with a
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bacterial membrane, however many AMPs interact through more unique mechanisms. Nisin for

example, anchors itself to Lipid II, a peptidoglycan precursor in the cell wall, before inserting

into the membrane.99,100 The limited mobility of the Lipid II-nisin complexes causes aggregation

and eventually vesiculation. Similar e�ects have been observed in plant defensins, however they

tend to target phospholipids and fungus-speci�c sphingolipids.101 As such, the wide scope of

AMPs acting through a variety of speci�c and non-speci�c mechanisms means that there is still

a great deal about the antimicrobial activities of AMPs that is still unknown.

2.2.2 The challenges facing AMP clinical translation

Despite the signi�cant bene�ts of AMPs as a treatment for multi-drug resistant microorgan-

isms, few have made it to clinical trails and even fewer have demonstrated e�cacy in human

patients. The largest challenges facing the clinical translation of AMPs is that of instability in

vivo and low bioavailability. 102 Preclinical studies often overstate the therapeutic potential of

AMPs due to the in vitro test being performed in ionic conditions that are not representative of

physiological conditions and potentially more importantly tests are generally performed in the

absence of proteolyic enzymes.103 The fundamental susceptibility of AMPs to proteases, such as

trypsin and peptin, have restricted the means of application to topical uses only as the peptide

half-life is too short to demonstrate e�cacy with systemic delivery through oral or parenteral

means.104 Systemic delivery of AMPs is also hindered by the rapid removal of peptides through

the renal system and the lack of understanding of the AMP biodistribution requires cytotoxic

dosages to provide treatment of an infection.105 A frequently used means of alleviating these

issues is through chemical modi�cation, of which the most common approaches are; cyclization

to improve metabolic stability or bind bioactive groups, replacement of non-integral residues

with amino acids known to increase stability, and N-/C-terminus modi�cations to avoid target-

ing by proteases.102,106 One such modi�cation is the inclusion of poly(ethylene) glycol (PEG)

in the AMP structure, or PEGylation, which does not a�ect the antimicrobial e�cacy but in-

creases both the half-life in blood and the cytocompatibility, whilst reducing non-speci�c cellular

uptake.107,108

Another critical issue of AMP clinical translation is that of systemic toxicity. AMPs have been

shown to demonstrate hemolytic activity and cause long term toxic side e�ects.109,110 In order

to reduce the cytotoxic e�ects many novel AMPs are being synthesised with an emphasis on

decreasing the number of residues. Synthetic short chain analogues of natural AMPs have shown
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toxicity levels over 300 times lower than their endogenous counterparts.111,112 Using shorter

chain AMPs also reduces both material costs and synthesis time, whilst providing the added

bene�t of minimising the likelihood of immunogenicity. 15 Reducing the peptide chain length

whilst maintaining antimicrobial e�cacy is di�cult, however it can be achieved by altering

the residue sequencing to change the stereochemistry, creating secondary� -helical or � -sheet

structures that augment the bactericidal properties.15,16,113,114

2.2.3 Conventional drug delivery systems for controlled release treatment of

pathogenic bacteria

To overcome the therapeutic challenges facing AMP clinical translation, AMPs may be loaded

into biocompatible delivery vehicles that will improve the pharmacokinetics and pharmacody-

namics by increasing stability and protecting encapsulated peptides from proteolytic degrada-

tion.

2.2.3.1 Liposomes and lipid nanostructures

Liposomes are arti�cial vesicles consisting of a lipid bilayer that encloses an aqueous com-

partment. The lipid bilayers self-assemble into an energetically favourable structure with the

hydrophilic headgroups exposed to the aqueous environment, sandwiching a bilayer of hydropho-

bic acyl chains, which o�er a favourable environment for the encapsulation of hydrophobic

molecules. Liposomes are the most widely researched nanoscale antimicrobial delivery sys-

tem,115{117 primarily due to their ability to increase the biocompatibility, bioavailability, and

safety pro�les of encapsulated antimicrobial materials.118

With regard to AMPs, Ron-Doitch et al. demonstrated an increase in the cytocompatibil-

ity by encapsulating cathelicidin LL-37 (100 � M) within liposomes (DSPC/DSPE-mPEG-

2k/cholesterol, molar ratio 20:1:10) and inoculating keratinocyte HaCaT cells with the AMP-

loaded vesicles.119 After 24 hours the cells were adversely a�ected by free LL-37 (100� M) with

an > 80% viability decrease, however the liposomal formulation containing the equivalent AMP

concentration only resulted in a 20% reduction in viability. As such the isolation of drugs inside

delivery vehicles can restrict interaction with peripheral tissues reducing toxic e�ects.
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Figure 2.7: Schematic representation of Apep10 loaded liposomes coated in chitosan, that pro-
vide release of peptides upon pore formation from bacterial toxins. Scanning electron mi-
crographs display the Apep10 degradation of planktonicListeria monocytogene membranes
(indicated with red arrows) and LIVE/DEAD staining of a L. monocytogene bio�lm demon-
strates a change from a mature viable (green) bio�lm before treatment to a dead bio�lm (red).
Reproduced with permission.120 Copyright 2016, Royal Society of Chemistry.

The bioavailability of AMPs may also be increased through liposomal encapsulation. Using an

in vivo pharmacokinetic study Li et al. demonstrated the encapsulation of the cyclic lipopeptide

daptomycin (DAP) within liposomes (soy phosphatidylcholine/sodium cholate, 17:1 mol ratio)

enabled DAP to accumulated at bacteriostatic concentrations even after permeating through

5 layers of dermal and subcutaneous tissues.121 The liposomes provided controlled release of

the DAP with maximum concentrations observed in each tissue within 2.5 hours and ensured

bacteriostatic concentrations in all 5 soft tissues 24 hours after administration to the dermis.

By altering the liposomal lipid composition the release of encapsulated AMPs may be con-

trolled to produce antimicrobial activity over several days. For example, Imran et al. demon-

strated the controlled release of nisin from liposomes (1,2-dioleoyl-sn-glycero-3-phosphocholine

[DOPC]) that induced progressively larger reductions in the Listeria monocytogenesbacterial

load over the course of 72 hours.122 Conversely, the liposome composition may be altered to

encourage more rapid delivery. Many bacteria secrete pore forming toxins that target lipid

bilayers, causing eukaryotic cell death. Puet al. harnessed this by loading APep10 into chi-
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tosan coated liposomes (1,2-dipalmitoyl-sn-glycero-3-phosphocholine [DPPC]/1,2-dimyristoyl-

sn-glycero-3-phosphoglycerol [DMPG]/cholesterol, molar ratio 2:1:1) that release over 60% of

their payload in the presence ofL. monocytogenesin 5 hours, and nearly 100% after 24 hours,

whereas the liposomes exhibit negligible release in phosphate bu�ered saline (PBS) in the same

time frame.120 Furthermore, 30 mg ml� 1 of the liposome formulation produced eradication of

both planktonic and bio�lm L. monocytogenes in 10 and 24 hours respectively (see Figure

2.7). The liposomal encapsulation of AMPs has also been shown to increase the drug e�cacy.

Through the encapsulation of nisin into Phospholipon 90G/phytosphingosin (molar ratio 5:1) li-

posomes there was a four-fold reduction in drug concentration required to inhibit glucan-bio�lm

synthesis byStreptococcus mutanscompared to free nisin;123 resulting in complete inhibition of

bio�lm growth after 6 h using the liposome formulation, as opposed to free nisin at equivalent

concentrations that lost inhibitory activity in the same time period. An increase in treatment

e�cacy has also been demonstratedin vivo. Polymyxin B (PB) encapsulated within DPPC and

cholesterol liposomes showed a decrease in bacterial load of multidrug resistantP. aeruginosa

in a lung tissue model compared to free PB, 3.9- and 8.0-log colony forming units (CFUs) g� 1

respectively, and prolonged the survival rates of murine models by� 14% (an additional 8 hours)

compared to a PB solution.124

Alternative lipid based delivery systems such as solid lipid nanoparticles (SLNs) and nanostruc-

tured lipid carriers (NLCs) have also been used to provide controlled release of AMPs.125{127

SLNs are composed of a matrix of solid lipids encased in a surfactant, whereas NLCs are droplets

of 
uid lipids and a surfactant coating. Moreno-sastre et al. demonstrated that colistin loaded

NLCs exhibit excellent stability with no decrease in antimicrobial e�cacy after a year in storage,

whereas colistin-loaded SLNs lost their antimicrobial activity after only 3 months.127 The NLC

encapsulation of colistin sulfate also demonstrates increased antibio�lm activity compared to the

free drug, when used to treatP. aeruginosa bio�lms obtained from cystic �brosis patients. 125

Furthermore, the antimicrobial e�cacy of an AMP-NLC complex may be augmented through

co-loading the AMP with antibiotics. This e�ect was explored by Lewies et al. who loaded

nisin Z and melittin into NLCs with a variety of antibiotics in order to determine the fractional

inhibitory concentrations when treating E. coli.126 The most potent combination was found to

be nisin Z used in combination with novobiocin, interestingly the bactericidal activity of nisin

Z was also complimented using the non-antibiotic chelating agent ethylenediaminetetraacetic

acid (EDTA). In 2018 Groo et al. developed a unique NLC containing AP138-loaded reverse
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micelle to demonstrate protection against protease degradation and provide controlled release

to treat Gram-positive and Gram-negative bacteria.13 Upon incubating both the AP138-NLC

complex and free AP138 with the proteolytic enzyme trypsin it took over double the amount

of time to degrade 90% of the encapsulated AMP compared to the peptide in solution,> 120

mins and 60 mins respectively. The same construct provided complete bacteria eradication of

both S. aureus and MRSA within 18 hours of incubation with each bacterial suspension.

Figure 2.8: Transmission electron micrographs of (A) blank cubosomes, and cubosomes loaded
with (B) AP114, (C) DPK-060 and (D) LL-37 AMPs. Scale bars equal 100 nm. Scanning
electron micrographs of MRSA incubated for 10 hours with free AMPs (E-G) and AMP-loaded
cubosomes (H-J). Scale bar equals 1� m. Adapted with permission.128 Copyright 2017, Elsevier.

Lipid stabilised liquid crystalline nanoparticles, are gaining attention as AMP delivery vehi-

cles due to their high stability that allows protection and delivery of AMPs in enzyme-rich

environments such as the mouth.14 Boge et al. have investigated the incorporation of three

di�erent AMPs (AP114, DPK-060, and LL-37) in to cubosomes (Figures 2.8A-D) and hexo-

somes (cubic and hexagonal 3D structures) achieving encapsulation e�ciencies between 40-90%

and 94-98% respectively.129 Hexosomes of glycerol monooleate (GMO)/oleic acid were found

to be too stable, demonstrating no change in morphology upon internalisation of AMPs and
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little AMP release, substantially increasing the MIC against S. aureus and MRSA. AMP in-

corporation into cubosomes (GMO alone) induced a slight radius of curvature that increased

with peptide hydrophobicity. The use of cubosome vehicles was observed to increase the AMP

e�cacy against S. aureus, Escherichia coliand MRSA.128 Scanning electron micrographs of the

MRSA cells show that the AMP-loaded cubosomes (Figures 2.8I,J) produced a greater degree

of membrane disruption than the free peptide (Figures 2.8F,G), and that the non-functionalised

cubosomes did not a�ect the bacteria (Figure 2.8H). The cubosome formulation protected all 3

AMPs from Pseudomonaselastase (PE) and human neutrophil elastase.130

2.2.3.2 Hydrogels and polymer systems

Hydrogels are water-swollen three-dimensional networks exhibiting viscoelastic properties gov-

erned by the characteristics of the subunits and the means and degree to which the subunits are

bound.131 The high water content of hydrogels means that they are ideal vehicles for hydrophilic

drugs that allow control of the molecular di�usion and release by altering the solute size com-

pared to the pore size between polymer chains, the polymer chain mobility, and the electrostatic

interactions between the solute and the polymer chain.132 The controlled release of molecules

from a polymeric hydrogel is often not just controlled by the di�usive motion of a molecule but is

a�ected by erosion, swelling and dissolution of the network.133 Rajan et al. fabricated gels com-

prised of 8arm-PEG-thiol crosslinked with 4arm-PEG-NHS that demonstrated a biphasic release

of the relatively hydrophobic cyclic peptide subtilosin; for 12 hours gels of 4 and 6 wt% released

the AMP at 3.96 and 4.04 � g h� 1 respectively, before dropping to 0.28 and 0.24� g h� 1 for the

next 108 h.134 The release was deemed to be non-Fickian (i.e. the characteristic solute di�usion

time was comparable to the polymer relaxation time), and as such was governed by both the

AMP di�usion through the network and the polymer relaxation. Furthermore, the AMP-loaded

gel only exhibited antimicrobial activity against the pathogenic Gardnerella vaginalis, with only

a small increase in the MIC compared to the free drug (7.2 to 12� g ml� 1), without imparting

any adverse e�ects upon 4 types of lactobacilli (L. acidophilus, L.gasseri, L. plantarum, and L.

vaginalis) that play a key part in the vaginal micro
ora. The release kinetics from a gel can

also be a�ected by the polymer charge and the ionic strength of the environment. Anionic mi-

crogels made from poly(ethyl acrylate/methacrylic acid (MAA)/1,4-butandiol diacrylate) with

electrostatically adsorbed cationic AMPs LL-37 and DPK-060, exhibit high retention at 10 mM

NaCl concentrations (� 10-20% release of both AMPs), whereas at higher NaCl concentrations
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(150 mM) the ionic bu�ering reduces the polymer-AMP electrostatic attraction increasing the

release pro�les,� 30-40% and� 60-70% for LL-37 and DPK-060 respectively.135 This system was

also used to demonstrate how the gel charge density a�ects its protective properties. The gel

containing a higher proportion of anionic MAA, 60% rather than 26.5%, exhibited signi�cantly

higher protection of LL-37 against PE degradation than both the low MAA content microgel

and the free peptide.

AMPs can also be immobilised within/onto hydrogels through chemical modi�cation of AMPs,

by binding to functional groups within a polymer. 136,137 Cleophas et al. �rst demonstrated

as such by synthesising a series of AMP HHC10 analogues containing thiol groups to anchor

to poly(ethylene glycol)diacrylate-based hydrogels using thiol-ene chemistry.136 The thiol func-

tionalised HHC10 analogue with the highest antimicrobial e�cacy (inverso-CysHHC10) was

subsequently conjugated to the network which demonstrated complete bacteria killing against

S. aureus, S. epidermisand E. coli. Through polymer conjugation AMPs can have prolonged

e�cacy, increased stability and can be modi�ed to provide multi-functionality. 138

An interesting property of hydrogels is that they can form interpenetrating networks with

apolar polymers currently used to fabricate plastics in medical devices. Kleinet al. developed

a novel hybrid catheter material comprised of an interpenetrating network of silicone elastomer

(polydimethylsiloxane) host polymer accompanied by poly(2-hydroxyethyl methacrylate)-co-

poly(ethylene glycol) methyl ether acrylate hydrogel as a guest polymer, onto which the plectasin

derivate NZ2114 adsorbed.139 This novel catheter system demonstrated e�ective inhibition of

MRSA bio�lm growth within a continuous 
ow system used to emulate blood 
ow (Figure 2.9).

The plectasin NZ2114 retention was high enough that a 2-log MRSA CFU reduction was still

observed even after 6 days of continuous 
ow of PBS prior to testing.
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Figure 2.9: Microscopy images of MRSA bio�lms grown on a catheter made from an interpen-
etrating network of a silicone elastomer (polydimethylsiloxane) and the a poly(2-hydroxyethyl
methacrylate)-co-poly(ethylene glycol) methyl ether acrylate hydrogel loaded without (A) and
with (B) the AMP, plectasin NZ2114. Bio�lms were imaged using a LIVE/DEAD BacLight
bacterial viability kit producing green and red 
uorescence depending on whether the bacteria
were alive or dead respectively. Adapted with permission.139

Polymers may also used to fabricate micro- or nanogel particles, that can be loaded with AMPs.

Polymeric nanoparticles o�er most of the same bene�ts as macroscopic hydrogel delivery vehicles

(i.e. controlled release, protection against degradation, prolonged activity, and increased bio-

compatibility) 140{142 whilst allowing parenteral or oral administration. For example, Casciaroet

al. fabricated poly(vinyl alcohol) stabilised poly(lactide- co-glycolide) nanoparticles for use as an

aerosol to treat lung infections of cystic �brosis su�erers.143 The nanoparticles encapsulating the

AMPs Esc(1-21) or its diastereomer Esc(1-21)-1c were administered to murine models infected

with P. aeruginosa through intratracheal inoculation, demonstrating a statistically signi�cant

decrease in the CFUs observed in the bronchoalveolar lavage, compared to treatment with the

free peptides. Interestingly, the total number of in
ammatory cells (including macrophages,
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neutrophils, and lymphocytes) in the bronchoalveolar lavage was also observed to increase upon

treatment with ESC(1-21)-NPs, whereas this was not seen using the particles or AMP alone.

Electrospun nano�bres have also been utilised to produce controlled release of AMPs. Electro-

spinning is a technique whereby a charged polymer solution is drawn out into a �bril through

attraction to a surface with an opposing charge, this results in a highly porous mesh with a

large �bre surface area.144 The innate polymer charge required to produce electrospun �bres

can be adopted to electrostatically adsorb cationic AMPs to the �bre surface. This has been

demonstrated by Amariei et al. to adhere � -polylysine to anionic �bres of poly(vinyl alcohol)-

poly(acrylic acid). These �bres were used to create a mesh dressing that demonstrated inhibition

of bacterial fouling after 14 days of incubation inS. aureus, S. epidermisand E. coli broths (Fig-

ure 2.10).145 Nano�bres have also been utilised by the food industry with nisin-loaded amaranth

protein isolate-pullulan nano�bres displaying pH dependent controlled release of the AMP.146

After 12 hours at a neutral pH the nano�bres release� 40% of the loaded-nisin, whereas in an

acidic environment (pH 3.4) the �bres released� 80% of the AMP. This produced total eradica-

tion of Salmonella Typhimurium, L. monocytogenesand Leuconostoc mesenteroidesafter 20-100

h in acidic apple juice whereas total bacteria killing required 120-170 h on the neutral surface

of Panela cheese.
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