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Abstract

Antimicrobial resistance (AMR) is a global issue caused by misuse of antibiotics

and a lack of new antibiotics coming to market. Combating the development of

AMR requires the development of new antimicrobial agents to treat bacterial infec-

tions and better diagnostic tools for improved stewardship. This thesis describes

novel approaches to address these issues using nanotechnology. The main technique

employed in these studies was atomic force microscopy (AFM), used in both con-

ventional imaging mode and in an innovative sensing capacity.

From a therapeutic perspective, the mechanism of action of novel antimicrobial

structures (protein / DNA) were studied, using real-time imaging on model mem-

branes and live E. coli cells. Nanometre resolution was achieved on both systems,

allowing rapid membrane poration and subsequent cell death to be observed for a

de novo designed antimicrobial peptide and a pioneering antimicrobial DNA-lipid

origami structure. In addition, this thesis describes the first visualisation of the

Membrane Attack Complex (MAC) on live bacterial cells showing remarkable simi-

larity with the recently solved cryo-EM structure.

In working to develop novel phenotypic diagnostic tools for AMR, we report on

a novel antibiotic susceptibility testing (AST) device. This device uses single cell

optical interference to provide a rapid (∼45 min) and simple measure of the effect

of antimicrobials on suspended bacterial cells. Homebuilt code was developed to

analyse datasets, allowing antibiotic sensitivity to be systematically determined for

lab and clinical strains of E. coli. This thesis provides insights into a number of

potential avenues to pursue in the face of increasing AMR, with future work entailing

moving the described from the lab closer to clinical use.
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antibiotic resistance.
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Chapter 1

Introduction

This chapter introduces the threat of antimicrobial resistance and how this thesis

aims to address two areas: the development of novel therapeutics and improved di-

agnostic tools. The aims of the thesis are described, along with the objectives for

each chapter to achieve these.

1.1 The Global Threat of Antimicrobial Resis-

tance

Antimicrobial resistance (AMR) has become a serious threat to global health. An-

tibiotics make much of modern medicine possible, with many operations and cancer

treatments relying on antibiotics to prevent post-treatment infections. This was

recently brought to a head by the discovery of plasmid-transferred resistance to the

final family of last-line drugs, polymyxins, which treat carbapenem-resistant En-

terobacteriaceae (CRE) [1]. The rise of drug-resistant infections around the world

(Figure 1.1) has spurred calls for coordinated international action to prevent the

return to a pre-antibiotic era [2–4].
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Figure 1.1: Global antibiotic resistance rates (%). Aggregated resistance levels
for E. coli, Klebsiella spp. and Staphylococcus aureus. Data on E. coli and Klebsiella
spp. resistance to third-generation cephalosporins, fluoroquinolones, and carbapenems,
and methicillin-resistant S. aureus. From [5].

We find ourselves here because antibiotics, since their discovery, have been treated

as a “wonder drug” - effective, cheap and readily available [6]. As such they have

effectively become a “public good”, and we now face the tragedy of the commons,

not dissimilar to climate change [2, 7]. A One Health approach is needed, where

action is:

• global and interdisciplinary;

• includes behavioural, natural, economic and social science;

• across human, animal, environmental and food areas;

• involving many actors including researchers and policy makers. [8–11]

For bacterial infections, action will require addressing the use of antibiotics in hu-

man health and in agriculture (reducing, as well as more targeted use), and creating

incentives for the development of new antimicrobial therapies effective against resis-

tant infections. Better diagnostic tools will also be essential to this effort: diagnosing

bacterial infections quickly and accurately to aid targeted treatment plans will re-

duce the inappropriate use of antimicrobials, as well as supporting better surveillance

of AMR.
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Chapter 1. Introduction

1.2 The Need for New Therapeutics and Diagnos-

tic Tools

The need for new therapeutics and diagnostics has been raised in many high-profile

reports from around the world, including The Review on Antimicrobial Resistance

by Jim O’Neill [12, 13], the UK 5 Year AMR Strategy [14, 15], the European Com-

mission’s Joint Programming Initiative on Antimicrobial Resistance (JPIAMR) [10],

the World Health Organisation (WHO) report on AMR [4], and the UN Interagency

Coordination Group (IACG) on Antimicrobial Resistance Report [11].

In particular, resistance in Gram-negatives is considered ‘critical’ for antibiotic re-

search and development, with all three of the top priority bacterial pathogens in the

WHO Priority Pathogens List (PPL) being Gram-negative species (Acinetobacter

baumannii, carbapenem-resistant; Pseudomonas aeruginosa, carbapenem-resistant;

Enterobacteriaceae, carbapenem-resistant, 3rd generation cephalosporin-resistant)

[16].

For diagnostics, their imminent need has been highlighted by the UK AMR Diag-

nostics Collaborative who have set an aim to “be able to report on the percentage of

prescriptions supported by a diagnostic test or decision support tool by 2024” [14].

Innovation is required to achieve these goals, and new technologies and techniques

will be essential. One such approach is ‘nanotechnology’: the study, manipula-

tion, creation and use of materials, devices and systems typically with dimensions

smaller than 100 nm [18]. Nanotechnology enables sensitive and rapid detection

and targeting through nanosensors, nanoprobes and other nanosystems because of

their submicron dimensions. Nanotechnology has huge potential to contribute to

combatting AMR, in the bottom up design of novel nano-inspired therapeutics and

determination of their efficacy and mechanism of action, and in developing nan-

otechnology tools to detect resistance faster and with greater sensitivity as novel
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Figure 1.2: Thesis summary: cantilever nanosensors for antimicrobial resis-
tance. This thesis applies cantilever systems (based on AFM) to two key areas: thera-
peutics (left) and diagnostics (right). For therapeutics, AFM is used to study the effect
of three membrane-acting antimicrobials with high resolution and in real time (Chapter
5). These three antimicrobials are: tilamin, an antimicrobial peptide designed to act via
a novel mechanism on bacterial membranes; the MAC, which forms part of the innate
immune system and which can be specifically triggered to bacteria using antibodies for
therapeutic use; and engineered DNA-cholesterol pore forming structures, ‘DNA nanobar-
rels’, designed to interact with bacterial membranes but not eukaryotic membranes. These
studies provide mechanistic insights which could aid the development of these therapeutics
towards clinical use. AFM is also used to assess two cantilever sensor diagnostic methods
(Chapter 6): a nanomechanical signal of bacteria immobilised on soft cantilevers reported
by Longo et al. [17] is investigated; the optical component of the signal is then tested as a
rapid, novel optical readout for AMR.

devices with single cell sensitivity. This thesis explores the use of one nanoscale

technique, atomic force microscopy (AFM), and its application to these two areas
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Chapter 1. Introduction

of AMR research (Figure 1.2).

AFM is a versatile technique based on a cantilever sensor, a laser and a detector. It

can be used for imaging a surface, based on the distance-dependent interaction of a

sharp probe with the surface of a sample; or sensing, by monitoring the nanoscale

deflection of the cantilever (see Chapter 3 for more detail on the technique). Using

these two modes of AFM, this powerful technique has provided insights to the mech-

anism of antibiotics at the nanoscale [19] and rapid detection of AMR [17]. This

thesis applies AFM to two areas, advancing the development of novel antimicrobials

through visualising their action for the first time on live bacteria, and developing a

novel technique to detect AMR within 45 minutes at single cell sensitivity.

1.3 Aims of Thesis

This thesis aims to explore the global issue of AMR, identifying needs and oppor-

tunities where nanoscale techniques can contribute. Specifically, these aims are:

• To study the mechanism of three antimicrobials on single bacteria at the

nanoscale, determining if their designed mechanisms work as desired on live

bacteria - including a novel antimicrobial peptide (AMP), a key component of

the natural innate immune system, membrane attack complex (MAC), and an

engineered DNA origami-based antimicrobial structure. A better fundamental

understanding of the mechanisms of these antimicrobials could help to accel-

erate their translation into products and FDA approval, and also to inform

the design and development of new therapeutics;

• To investigate the use of cantilever nanosensors to rapidly detect antimicrobial

resistance in bacteria, applied to both model and clinical isolate strains of

Gram-negative bacteria. This research will explore the mechanical and optical

5



components of the signal building on the work of Longo et al. [17].

1.4 Thesis Overview

The structure of this thesis is summarised below:

Chapter 2 provides an overview of the literature for development of therapeutics

and diagnostics against AMR.

Chapter 3 gives an introduction to AFM, providing theory and applications relevant

to this work.

Chapter 4 describes the materials and experimental protocols used and developed

for this thesis.

Chapter 5 reports on work to develop novel antimicrobial compounds effective

against bacterial cells. This work highlights projects looking at the mechanism

of action of three antimicrobials: tilamin (an antimicrobial peptide), the MAC, and

a DNA-cholesterol origami structure.

Chapter 6 sets out work to develop a novel diagnostic tool to detect antibiotic

resistance in bacterial infections. This chapter forms two significant sections: the

first investigating a nanomechanical sensing method and the challenges faced; and

the second the development of a novel optical interference method which detects

resistance within 45 minutes.

Chapter 7 provides an overview of the conclusions from each results chapter and

describes future work.

The objectives to address the aims for each chapter are summarised in Table 1.1.
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Chapter 1. Introduction

This chapter has briefly introduced the motivation for this thesis, namely the issue of

AMR and two areas of urgent need that stem from this: novel therapeutics (partic-

ularly against resistant Gram-negatives) and better bacterial diagnostic tools. This

thesis looks to apply the advantages of nanoscale techniques (resolution, sensitivity

and speed) to these two areas, reflected in the aims and chapter objectives described

above.

Due to the extensive nature of these two areas, the next Chapter 2 looks to broadly

review the current state of antimicrobial therapeutics and diagnostics, with the

specific nanoscale technique, AFM, introduced and reviewed in more detail in the

following Chapter 3.
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Chapter 2

Literature Review

This chapter is a review of the key literature on AMR including the drivers of resis-

tance and the human and economic impact. The review focuses on advances in an-

tibiotic therapeutics and bacterial diagnostic technologies for antibiotic stewardship,

identifying important developments and also key needs which form the motivation

for this thesis.

The review of therapeutics in Section 2.2 focuses on the importance of effective

stewardship programmes and the issues surrounding antibiotic discovery. It then

looks at approaches to antibiotic discovery, including the trend of looking back to

nature as a reservoir for inspiration for new molecules, such as AMPs (linked to

Objective 4i). A key part of the innate immune system is discussed (the MAC), which

can be targeted to bacterial cells using antibodies (relevant to Objective 4ii). Finally

nano-designed antimicrobials are discussed, specifically the use of DNA origami as a

novel antimicrobial (as used for Objective 4iii). Taken together, this section identifies

the need for a better understanding of the mechanism of action of these promising

therapeutics, a key aim of this thesis addressed in Chapter 5.

The review of bacterial diagnostics in Section 2.3 describes current methods employed

10
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in clinical microbiology, particularly for Gram-negative bacteria, and identifies the

need for rapid phenotypic assays to deliver time-sensitive information regarding an-

tibiotic resistances for patient care. This section discusses bacterial identification

methods, but focuses on antibiotic susceptibility testing (AST) and highlights recent

advances in the use of nanotechnology for detecting AMR within minutes, specifically

the use of nanomechanical cantilever sensing which relates to work in Chapter 6.

2.1 Antimicrobial Resistance

Antibiotics are antimicrobials which act on bacteria, either causing bacterial cell

death (bactericidal) or preventing their growth (bacteriostatic). Antibiotics have

been the backbone of modern medicine since the introduction of sulphonamide and

penicillin in the 1930s and 1940s [20, 21]. Antibiotics have, however, been around for

many millions of years, with a plethora of antimicrobial compounds found naturally

in the environment produced at low concentrations by prokaryotes and eukaryotes

[22]. Many antibiotics in use today are based on these naturally occurring antimi-

crobials.

Antibiotic resistance refers to the ability of bacteria to survive and grow in the

presence of antibiotic compounds [23]. Acquired resistance is caused by a gene

mutation in the bacterial chromosome or the horizontal transfer of mobile genetic

elements between bacteria, such as plasmids [24]. These resistance genes encode

protective mechanisms which prevent the entry of the antibiotic, cause the export

of the drug [25], produce enzymes that digest or modify the compound, or make

changes to the antibiotic target within the bacterial cell [26, 27]. There can also

be more than one mechanism working to provide resistance to a given antibiotic,

making resistance a complex phenotype to define.

Bacteria have been developing resistance mechanisms in nature since the advent of

11



Figure 2.1: Testing times: timeline of the introduction of key antibiotics and
first detection of resistance. Resistance has emerged in a matter of years across all
antibiotics introduced for clinical use since 1945. Resistance to linezolid resistant Staphy-
lococcus took just one year to emerge after its introduction in 2000. Bars indicate the
date of drug introduction and the subsequent detection of clinically relevant resistance,
indicated by the ends of the bars. Resistances indicated by bars: penicillin-R pneumococ-
cus; tetracycline-R Shigella; erythromycin-R Streptococcus; methicillin-R Staphylococcus;
vancomycin-R Enterococcus; ceftazidime-R Enterobacteriaceae; imipenem-R Enterobacte-
riaceae; levofloxacin-R pneumococcus; linezolid-R Staphylococcus; Data as reported from
Center for Disease Control in USA [29].

antibiotics, long before their use in the clinic. As such, bacteria are very efficient

at evolving resistance to antibiotics, with resistance to antibiotics appearing within

a few years of their clinical introduction, shown in Figure 2.1. Methicillin resistant

Staphococcus aureus (MRSA) was observed in Europe and the USA within 3 years

after introducing methicillin [24], and resistance to the most recent class of antibiotic

introduced in 2000 (linezolid) also took just one year to emerge in S. aureus [28].

The spread of resistance to these life-saving drugs is steadily increasing and poses a
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major threat to global health [4]. Some infections are now completely untreatable [1,

4, 30]. The reasons for this are complex and often specific to the bacterial species and

antibiotic [27]. However, some overarching causes include the overuse of antibiotics

in medicine and agriculture, inappropriate prescribing practices, poor hygiene and

globalisation which have all fuelled the rapid spread of these resistances around the

globe (Figure 2.2) [3, 26, 31].

This rise of antibiotic resistance was predicted by Alexander Fleming in 1945 in his

acceptance lecture for his Nobel Prize for the discovery of penicillin [32]:

“There may be a danger, though, in underdosage. The time may

come when penicillin can be bought by anyone in the shops. Then there

is the danger that the ignorant man may easily underdose himself and

by exposing his microbes to non-lethal quantities of the drug make them

resistant.”

Already in Europe alone, more than 33,000 deaths are caused by resistant bacterial

infections each year [33]. It has been estimated that by 2050, resistant infections

will overtake cancer as the greatest global killer, causing 10 million deaths [12].

In addition to the human cost, the economic burden is substantial, with resistant

infections costing an extra e1.5 billion to the cost of European healthcare and

productivity loss [34–36]. The O’Neill Review on AMR estimated that this would

increase to $100 trillion globally by 2050 [12].

There have now been many reports published with recommendations about how to

tackle this difficult issue [4, 10–15]. All highlight the need for novel therapeutics to

treat resistant infections, especially Gram-negative bacteria, and the role improved

rapid diagnostics can play in reducing and targeting antibiotic use and surveillance.

These form the motivators for work described in this thesis.
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Figure 2.2: The many drivers of resistance in humans. The development of
antibiotic resistance has been linked to many different risk factors, including antibiotic
use, community-level factors, health-care factors, patient history and demographics [31].
These risk factors interact with different reservoirs of resistance, including human (for
example maternal antibiotic exposure and transmission from family members), animal (for
example antibiotic use in animals and animal contact) and environmental (for example
water). Figure generated using rawgraphs.io. Adapted from [31].
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This literature review covers the current state of antibiotic therapeutics, including

the difficulties with antibiotic development and the importance of stewardship. The

trend of looking back to nature for inspiration is discussed, and some examples of

new antibiotics showing promise are identified. The need for innovative solutions is

highlighted, and three antimicrobial classes which look to address this need in this

thesis in Chapter 5 are introduced.

Bacterial diagnostics are then reviewed, with current methods, mostly unchanged

in decades, described for bacterial identification and AST. Some examples of emerg-

ing methods are then discussed, highlighting the use of nanomechanical cantilever

sensors which forms the focus of Chapter 6. Phenotypic and molecular methods

are compared, calling attention to the importance of phenotypic information in a

rapidly developing molecular world.

2.2 Antibiotic Therapeutics: Thinking Outside the

Box

Antibiotic discovery represents a large area of research, bridging academia and,

until recently, the pharmaceutical industry [37]. This area of drug discovery was

very active and successful during the years between 1940-1962 when 20 new classes

of antibiotic were discovered and developed for clinical use. However, since 1962

only two major classes of novel antibiotics have been developed [38]. The reasons

for this are discussed later in this section.

With the levels of resistance rising, and the number of effective antibiotics waning,

antibiotic research has never been more important. The urgency of this issue is

highlighted by the many funds which have been set up to incentivise research in this

area, such as Carb-X (Combating Antibiotic Resistant Bacteria Biopharmaceutical
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Accelerator)1, Novo-REPAIR (Novo Holdings established REPAIR (Replenishing

and Enabling the Pipeline for Anti-Infective Resistance) Impact Fund)2, EU In-

novFin (EU Finance for Innovators)3, GARDP (Global Antibiotic Research and

Development Partnership)4, GAMRIF (Global AMR Innovation Fund)5, JPIAMR

(The Joint Programming Initiative on Antimicrobial Resistance)6 and the UK An-

timicrobial Resistance (AMR) Centre7.

This section looks at the current state of antibiotic research, including ways to

conserve our prevailing set of antibiotics, issues with market incentives, discovery

strategies and some newer antibiotics in the pipeline.

2.2.1 Stewardship Programmes

Whilst the development of new antibiotic compounds is needed, our current armoury

of antibiotics can also be protected. The emergence and spread of resistance can

be slowed by using existing antibiotics more carefully by designing effective antimi-

crobial stewardship programmes [39]. Antimicrobial stewardship is defined as “an

organisational or healthcare-system-wide approach to promoting and monitoring

judicious use of antimicrobials to preserve their future effectiveness” [40].

Stewardship programmes include monitoring and evaluating antimicrobial prescrib-

ing and how this relates to local and national resistance rates and trends, as well as

education relating to antibiotic use and prescribing [41, 42]. Other than benefiting

society as a whole by extending the life of antibiotics, stewardship programmes also

prevent the selection of opportunistic pathogens (like Clostridium difficile [43]); im-

1www.carb-x.org
2www.repair-impact-fund.com
3www.eib.org/en/products/blending/innovfin/index.htm
4www.gardp.org
5www.gov.uk/government/news/30-million-of-funding-to-tackle-antimicrobial-resistance
6www.jpiamr.eu/
7www.amrcentre.com
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prove patient treatment by limiting toxicities that may arise from misuse of antimi-

crobials [39]; and give economic savings by improved patient outcomes and reduced

antibiotic-usage costs [39, 42].

Effective stewardship programmes have been established in many countries [44],

with Sweden pioneering the way in 1994 with their programme to reduce antibi-

otic prescribing and improving stewardship, called Stroma (Swedish Strategic Pro-

gramme for the Rational Use of Antimicrobial Agents and Surveillance of Resis-

tance). Twenty years after the implementation of the policy, the rise in penicillin-

resistant Streptococcus pneumoniae has been successfully kept at bay in Sweden [45,

46]. In the UK, the MRSA infection rate peaked in the mid 2000s. After the intro-

duction of restrictive antimicrobial policies and improved infection control practices

(such as source isolation and hand washing), there was a 85% decrease in incidence

of MRSA infections between 2003 and 2011 [47]. However, similar strategies and

programmes need to be implemented the world over to tackle this global rise in re-

sistance, including the the many countries where antibiotics can be bought without

a prescription.

At the time of writing, a novel combination antibiotic, Recarbrio (Merck and Co.),

which contains a new beta-lactamase inhibitor, was approved for use in complicated

urinary tract infections (UTIs) and intra-abdominal infections8. However, both the

Food and Drug Administration (FDA) and Merck have cautioned use of the new

antibiotic, calling for its careful use only in appropriate cases, and it will be inter-

esting to see how long before resistance is detected when an antibiotic is protected

in the current climate of AMR awareness.

Although there are areas where antibiotics could be used more appropriately in

humans, the fact that more than half of all antibiotics are used in veterinary medicine

or agriculture [13], highlights that antibiotic stewardship in these areas also urgently

8www.fda.gov/news-events/press-announcements/fda-approves-new-treatment-complicated-
urinary-tract-and-complicated-intra-abdominal-infections
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need addressing.

2.2.2 Antibiotic Development: Market Failures

The development of antibiotics represents a significant technical challenge. They

are complex molecules, often with intricate functionality and chemical structures.

For example, penicillin was discovered in 1928 [21], but the complete structure was

not solved until 1949 by Dorothy Hodgkin using X-ray crystallography [48], and not

chemically synthesised until 1959. Antibiotic development then is, like other drug

development, risky, lengthy and expensive [49].

In the current model for antibiotic development, public funds pay for much of the

basic research into new antibiotic targets and compounds, up to a point where

pharmaceutical companies may then invest in later stages of development and take

any successful compounds through to clinical trials [50]. Recouping their costs is a

major driver of research directions for commercial pharmaceutical companies, and as

antibiotics are both cheap and of short treatment length, they are not as profitable

as other drugs treating chronic diseases. This represents a significant reason behind

the decline in antibiotic production. The market incentives are not there, and this

will not correct itself.

Many models have been proposed to fix this market failure for antibiotic development

[51], but most agree that a large amount of public funds will be needed to fund this

research, for example the £30 million GAMRIF (Global AMR Innovation Fund),

and public-private partnerships established to rebuild the bridge between academia

and industry. An interesting new model of how antibiotics are paid for by National

Institute for Health and Care Excellence (NICE) and NHS England was launched

in 2019 which aims to incentivise antibiotic development by paying for antibiotics

according to their value rather than quantity used9. The effect of this new payment

9www.gov.uk/government/news/development-of-new-antibiotics-encouraged-with-new-

18



Chapter 2. Literature Review

method on incentivisation will take years to see, but it is promising that new models

are being trialled.

2.2.3 Shaking Up Antibiotic Discovery: New Methods Needed

There are several methods employed to discover new antimicrobial compounds. The

classic screening approach involves testing a large number of natural and synthetic

compounds for inhibiting bacterial growth. As the original tool for antibiotic dis-

covery, this method identified many of the first antibiotic compounds [21]. An

interesting example of the use of this method is the “Swab and Send” initiative

from the Liverpool School of Tropical Medicine which employs a citizen science ap-

proach of collecting swabs from members of the public and testing them for novel

antimicrobial agents10.

Other antibiotic discovery methods include:

• Drug modification: producing small modifications to the structures of existing

antibiotics to evade resistance mechanisms. The advantage of this technique is

that analogues tend to have a similar solubility, protein binding and toxicity as

the original compound [49]. However, with small changes to compounds made,

and targets remaining the same, bacteria often develop resistances quickly to

these modified versions.

• Drug repurposing: “the process of generating novel clinical opportunities for

known approved drugs, whether through new indications or new commercial

opportunities for already marketed drugs” [52]. One advantage of drug re-

purposing is that it bypasses the lengthy discovery and preclinical stages of

development, and if old drugs are found to have antimicrobial activity they

pharmaceutical-payment-system
10www.lstmed.ac.uk/public-engagement/swab-send
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will have already undergone safety and toxicity testing, speeding their intro-

duction to clinical trials, often starting at Phase II [52]. These drugs are not

optimised for antimicrobial use, however, and may require high concentrations

for activity.

• Genomic screening: the genomes of bacteria were studied to predict biochem-

ical pathways which could be targeted with antibiotics [53], but this method

has not yet resulted in bringing a new class of antibiotic to market [49].

• Inspired and learning from nature: recently researchers have been returning

to nature for inspiration for novel antimicrobials [54]. One source are bacte-

ria found in soil. Most of these bacteria cannot be cultured using traditional

methods. Ling et al. have developed an microfluidic device, the isolation chip

or “iChip” (Figure 2.3), which allows the culture of these previously uncul-

turable bacteria and this study led to the identification of novel antimicrobial,

teixobactin [55]. Our last-line-of-defence antibiotic, vancomycin, was discov-

ered in the soil, and this remains a vastly unexplored source of inspiration for

novel antibiotic compounds.

Nature-inspired antimicrobials are a theme for the therapeutics studied in this

thesis. One such family are the AMPs [56]. These are produced by virtu-

ally every organism on the planet, acting against a range of bacteria [57].

To date, more than 3100 AMPs have been discovered as listed on the ADP3

database [58]. This family of AMP antimicrobials is discussed further in Sec-

tion 2.2.4.1, and forms the basis for work described for Objective 4i, in Chap-

ter 5, Section 5.3 (characterisation of a novel AMP, tilamin). Despite mod-

ern high-throughput techniques for screening novel compounds, and powerful

computer modelling where molecules are designed down to the atom, it seems

nothing is as powerful as millions of years of evolution for the development of

effective weapons in nature.
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Figure 2.3: The isolation chip, or iChip, allows the culture of previously uncul-
turable bacteria. a, The iChip. b, A central plate isolates bacteria in individual wells
containing plugs of agar. c, Semi-permeable membranes keep the central plate separate
from the environment. The iChip is then placed in soil from which the sample originated,
allowing the growth of soil-originating bacteria. Reproduced with permission from [55].

2.2.4 The Current Pipeline for Clinical Development

In 2017 the WHO published a list of the bacterial species for which we most urgently

need new antibiotics (excluding M. tuberculosis (TB)), which they call the Priority

Pathogens List (PPL) [16]. The top three ‘critical’ species were: Acinetobacter bau-

mannii (carbapenem-resistant), Pseudomonas aeruginosa (carbapenem-resistant),

and Enterobacteriaceae (carbapenem-resistant, 3rd generation cephalosporin-resistant).

These are all Gram-negative bacteria, hence the focus on Gram-negatives in this the-

sis. The next level down, ‘high priority’ included vancomycin-resistant enterococci

(VRE), MRSA, Campylobacter species, Helicobacter pylori, Salmonella species and

Neisseria gonorrhoeae.

That same year the WHO published another report reviewing of the current pipeline

of antibiotics from publicly available information (Figure 2.4) [59]. The study was
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Figure 2.4: The number of antibacterial agents in the clinical pipeline and
their targets. The number of compounds currently (data from 2017) in phase 1-3 clin-
ical development phase (see footnote 11 for explanation of clinical trial phases). Priority
Pathogen List (PPL) refers to the bacterial species identified by the WHO for which we
most urgently need research and development into new antibiotics [16]. Also included
here are compounds for treating tuberculosis (TB) and Clostridium difficile (C. diff), and
non-traditional therapeutics described as ‘biologicals’ (monoclonal antibodies, polyclonal
antibodies and phage endolysins). From [59].

limited to new therapeutic entities (NTEs) in phase 1-3 clinical trials11,12. The

report was intended to assess the drug pipeline against the WHO PPL [16].

This report found that 51 antibiotics (including combinations of existing antibiotics)

and 11 biologicals (non-traditional antibiotic compounds including monoclonal an-

tibodies, polyclonal antibodies and phage endolysins) were in clinical development.

Of these, 42 were targeted at the priority pathogens from the poly-L-lysine (PLL),

but only eight of the antibiotics fell under five new antibiotic classes [59]. The re-

port concluded that there were not enough potential treatment options for priority

11These clinical trial phases are the main phases any new drug has to go through before approval
for use in humans. Phase 1 is small (∼20-50 people) and used to assess side effects and safety
in humans. Phase 2 is medium in size (10s-100 people), and usually assesses how effective the
antibiotic is and appropriate dosing levels. Phase 3 trials are much larger (100s-1000s of people)
and here the antibiotic is fully assessed for safety and side effects in many individuals, and is
compared to other similar therapies on the market already.

12www.uk.gsk.com/en-gb/research/trials-in-people/clinical-trial-phases/
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Figure 2.5: New classes of antibacterial molecules. Many novel antibiotic targets
and structures are being identified, including biologicals (peptides and protein-based an-
timicrobials) which are being engineered to contain new characteristics such as peptides
containing all-D amino acids, unnatural amino acids, or associated sugars. And also
mono and polyclonal antibodies against bacteria which target the natural immune system
to destroy the cells. Other non-biologicals include siderophores, which are iron-binding
compounds (naturally secreted by microorganisms) responsible for transporting iron across
bacterial membranes. These are being used as ‘Trojan horses’, carrying antimicrobial
compounds into bacterial cells along with iron. From [38].

resistant bacteria, especially for multidrug- and extensively drug-resistant Gram-

negative pathogens. More recently according to The Pew Charitable Trust, as of

June 2019 there were approximately 42 new antibiotics in clinical development for

the treatment of serious bacterial infections13.

A key need for antibiotic research is therefore for the discovery and expansion of

antibiotic classes. At the pre-clinical, basic research stage there are several new

classes of antibiotic molecules emerging from efforts to identify novel targets and

employing new discovery methods [38]. They are summarised in Figure 2.5.

Many new biologicals (peptides and protein-based antimicrobials) are being engi-

neered to contain novel features, such as D-amino acids, unnatural amino acids, or

13www.pewtrusts.org/en/research-and-analysis/data-visualizations/2014/antibiotics-currently-
in-clinical-development
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associated sugars. Some of these novel features are not often encountered in nature,

and hence resistance mechanisms may take longer to develop against them. Among

these are engineered antimicrobial peptides which are a key component of Objective

4i, and discussed further in Section 2.2.4.1. Alternative approaches to antibiotics

include mono- and polyclonal antibodies which are being developed against bacteria

to activate the natural immune system to destroy the cells. Work to underpin this

is described in Objective 4ii, where an antimicrobial pore-forming complex of the

innate immune system, the MAC, is investigated and is discussed further in Section

2.2.4.2.

Other non-biologicals include synthetic siderophores, which are iron-chelating com-

pounds (naturally secreted by microorganisms) responsible for transporting iron

across bacterial membranes. These are being used as ‘Trojan horses’, carrying an-

timicrobial compounds into bacterial cells along with bound iron. One area of

therapeutic development still in early stages is the use of engineered DNA nanos-

tructures, the first demonstration of this is described in Objective 4iii. These cell

membrane-targeting DNA-origami structures are discussed in Section 2.2.4.3.

2.2.4.1 Antimicrobial Peptides

AMPs are a key family of antimicrobials present in nature. They are a family

of antibiotic compounds found across all eukaryotic species, and form part of the

innate immune system [60]. These peptides act as the first line of defence against

microbial infections for animals, insects and plants. Bacteria also produce similar

peptides called bacteriocins, such as the lantibiotic, nisin. Synthetically designed

AMPs are inspired by those found in nature.

AMPs are usually composed of 10-50 amino acids, with the majority being cationic

(positive) in charge. There are four main structures of AMP: α-helix, β-sheet,

unstructured linear, and loop (Figure 2.6) [61]. This review focuses on α-helical

24



Chapter 2. Literature Review

Figure 2.6: Schematic representations of the structural classes of antimicro-
bial peptides. a, beta-sheet, (tachyplesin I); b, extended, (indolicidin); c, α-helical,
(magainin 2); d, loop, (thanatin). Adapted with permission from [61]

peptides as a proven antimicrobial strategy (Figure 2.6c), one example of which is

cecropin B, which is isolated from the silk moth Hyalophora cecropia [62].

In solution cationic α-helical peptides are unstructured, forming their secondary

structure on interaction with the bacterial membrane [63]. This interaction is driven

by an electrostatic attraction of the cationic peptide with the anionic bacterial mem-

brane, which are composed of phosphatidylethanolamine (PE) and cardiolipin (Fig-

ure 2.7) [64]. Eukaryotic membranes are zwitterionic, composed of neutral phos-

pholipids (phosphatidyl-choline and sphingomyelin) and enriched with sterols, and

are therefore unfavourable for interactions with cationic peptides. This increases

specificity and reduces the toxicity of the peptides to host cells.

AMPs are inherently broad spectrum as their target is the anionic bacterial mem-

brane [67]. This generic target is difficult, although not impossible [68], for bacteria

to develop a mechanism of resistance to, making them attractive antimicrobials for

therapeutic use [26]. The family of AMPs display different structures and properties,

with many peptides being investigated not only as antibiotics, but also as antivirals

[69], antifungals, templates for cell-penetrating peptides [70], immunomodulators
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Figure 2.7: Antimicrobial peptide interaction with bacterial membrane. α-
helical cationic peptide, cecropin B (blue) interacts electrostatically with the anionic bac-
terial membrane (pink). A ribbon representation of the structure of cecropin B based on a
cecropin analogue CB1a rendered using Chimera [65] from PDB file 2IGR [66].

[71], and anti-tumoural drugs [72]. Finally cationic AMPs do not trigger bacterial

stress pathways such as SOS and rpoS, which are responsible for increased bacterial

mutagenesis rates and give rise to resistance [73].

The activity of naturally occurring AMPs is affected by their biochemical charac-

teristics, such as size, primary sequence, conformation, structure, hydrophobicity,

and amphipathicity. The range of characteristics exhibited by AMPs give rise to a

range of proposed mechanisms by which AMPs can act (Figure 2.8). It is for this

reason we can use a rational design approach to determine their characteristics.

For cationic α-helical AMPs, it is thought they initially bind to the anionic bacterial

membrane electrostatically in an inactive surface-bound state (S-state). Once the

peptide has reached a critical concentration on the membrane surface the peptides

insert into the membrane (I-state) [75, 76]. The mechanism of membrane destabili-

sation is not clear, and several mechanisms have been proposed [77, 78]. The three

most well-established models are the toroidal pore [79], the barrel-stave pore [80],

and carpet mechanism [81].
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Figure 2.8: Antimicrobial peptide mechanisms of action against bacterial
membranes. Unstructured cationic peptides interact with the anionic bacterial mem-
brane, forming secondary structures such as α-helices. These helices then affect the mem-
brane in different ways, clustering to form pores, local areas of transmembrane disruption
or membrane thinning. These mechanisms destabilise the bacterial membrane, ultimately
causing cell lysis and death. Some AMPs can have intracellular targets, such as DNA or
proteasomes. Due to the neutral charge of eukaryotic cells, AMPs do not interact with
eukaryotic membranes, and hence do not show toxicity to human cells. Reproduced with
permission from [74].
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Although a number of AMPs have undergone clinical trials and several AMPs are in

clinical development (mostly for topical treatments) [56, 59], only a few have been

successfully applied commercially. This is due to the three main disadvantages of

AMPs, namely the high cost of production, the short half-lives (as these peptides

are highly susceptible to degradation by proteases) and efficacy in animal models

[82].

Three AMPs are currently on the market for use as antibiotics: colistin, gramicidin,

and daptomycin:

• Colistin, produced by the Gram-positive bacterium Paenibacillus polymyxa,

is considered a last-resort drug for treating Gram-negative bacterial strains

resistant to multiple antibiotic drugs [83]. It acts by displacing magnesium

and calcium ions in the lipopolysaccharide (LPS) [84]. Recently plasmid-

transferred resistance to this family of last-line drugs was discovered, making

some CRE infections untreatable for the first time [1].

• Gramicidin, originally isolated from the soil [85], forms pores in bacterial mem-

branes, but unfortunately also displays haemolytic activity (attacks red blood

cells), and so is presently only used for the topical treatment of superficial

infections [86].

• Daptomycin, produced by the Gram-positive bacterium Streptomyces roseosporus,

was approved by the FDA as an antibiotic in 2003 and has bactericidal ac-

tivity against a variety of Gram-positive bacteria including MRSA, VRE, and

penicillin-resistant Streptococcus pneumoniae. It acts by causing membrane

depolarisation on binding to the bacterial surface [87].

A rational design approach (using structural knowledge to design new molecules

[88]) has seen some success at improving characteristics of AMPs such that other

examples are close to clinical use [56], and engineered short sequence α-helical AMPs
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are seen as a potentially cost effective new class of antibiotics [57]. AMP mimetics,

hybrid AMPs, AMP congeners, cyclotides and stabilised AMPs, AMP conjugates

and immobilised AMPs have all emerged with ‘targeted’ antimicrobial activities,

improved retention, or ability to bind to medical or industrial surfaces [82]. When

engineering a new AMP, the shortcomings described above must be considered in-

cluding in vivo stability, side effects and production costs, in order for these to

become viable therapeutics [74].

A key need in AMP research is characterising these rationally designed AMPs to

optimise the design stage, linking peptide mode of action and bactericidal effects to

structure [89]. Work in this thesis contributes to the understanding of the mech-

anism of action of a novel AMP, tilamin (Section 5.3). This work contributes to

demonstration of a rationally designed, novel mechanism of action, monolayer pora-

tion, where the pore formed by tilamin only inserts across one leaflet of the bilayer.

This novel mechanism shown to have potent antimicrobial activity, supporting the

rational design approach for AMPs. Other studies of mechanisms of AMPs using

AFM imaging are discussed in Section 3.5.

2.2.4.2 The Membrane Attack Complex

The complement system forms a central part of the immune system, acting as the

first line of defence against invading microorganisms [90, 91]. Complement proteins

are present in the blood and bodily fluids as inactive precursors, becoming activated

on contact with bacterial cells [92]. This triggers a cascade which activates various

responses to kill the bacterial cell. This includes the rapid assembly of the hetero-

oligomeric membrane attack complex (MAC) (Figure 2.9), forming bactericidal pore

structures in Gram-negative bacterial membranes within minutes.

The first part of the complement cascade is triggered by ‘lectin pathway’ proteins

or ‘classical pathway’ antibodies on the surface of the bacteria, causing the C3
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Figure 2.9: The membrane attack complex (MAC). A cryo-electron microscopy
(EM) structure of the MAC, showing the oligomeric structure formed of C5b, C6, C7,
C8α, C8β, C8γ and 18 C9 subunits. Adapted from [93].

convertase enzyme to cleave C3 to generate C3b, which then attach to carbohydrates

present on the bacterial surface (Figure 2.10) [92, 94]. These anchored C3b proteins

then recruit white blood cells to engulf the bacteria by phagocytosis and trigger

an adaptive immune response. The ‘alternative pathway’ protein factors B and D

have been shown to contribute to the recruitment of C3b molecules to the bacterial

membrane, increasing their density required for the next step [95].

The labelling of bacterial membranes with a high density of C3b causes the enzyme

C3 convertase to bind to C3b, forming C5 convertase, leading to the cleavage of C5

to C5a and C5b [96]. The latter of these trigger the assembly of MACs, a hetero-

oligomeric pore formed of one C5b protein, C6-8 and 18 C9 proteins (Figure 2.10)

[93, 97–100].

MAC forms on Gram-negative bacterial membranes, but is prevented from inserting

into Gram-positive bacterial membranes due to the thick peptidoglycan outer layer

found on the surface of these bacteria [101]. This provides a potential therapeutic

route to target Gram-negative bacterial infections, a key need identified by the WHO

PPL (Section 2.2.4).

30



Chapter 2. Literature Review

Figure 2.10: The complement cascade leading to the formation of the MAC.
Recognition of bacterial cells occurs via lectin pathway proteins or antibodies. Complement
proteins are denoted as C1-9. C1 binds to antibodies on the bacterial surface activating C3
convertase enzyme to cleave C3 protein into C3b which anchor on the bacterial membrane.
As C3b accumulate on the membrane, C3 convertase changes substrate to C5, which is then
cleaved to C5a and C5b. C5b triggers the formation of MACs (C5b-9) causing poration
and cell death. From [95].

MAC-dependent cell lysis can be specifically triggered via antibodies, making this

antimicrobial mechanism a target for therapeutic development of monoclonal anti-

bodies that target drug-resistant bacterial infections [102, 103]. There are several

monoclonal antibiotics in clinical development [59], mostly for neutralising bacterial

virulence factors. One such approved neutralising antibody therapy, Bezlotoxumab

targets C. difficile toxin B [104, 105]. Complement-enhancing antibodies would be

a mechanism of targeting the specific pathogen, as a rapid acting global therapy. In

addition, because complement is an amplifying cascade, one complement-enhancing

antibody would cause greater therapeutic levels of pathogen neutralisation than

with a single virulence factor neutralisation. The challenge is to identify targets to

develop antibodies against which will drive effective complement activation [106–

108].

The exact mechanism of cell death by MAC is still not fully understood and a

key need for the further development of therapeutics which can capitalise on this

pathway is to unravel the role of the C5 convertase as a key initialising step in the

pathway. This is studied in Section 5.4 where the in situ activity of surface-bound
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C5 convertases are shown to be essential to the bactericidal activity of membrane-

inserted MACs, addressing Objective 4ii (provide mechanistic insights to the forma-

tion of active MAC on live bacterial cells, Table 1.1).

2.2.4.3 Nano-design of Antimicrobials

Our growing ability to build and manipulate biomolecules has enabled the bottom-up

development of novel nano-materials and structures with antimicrobial action [109].

For example the antibacterial activity of metal and metal oxide nanoparticles (NPs)

have been extensively reported [110–113]. NPs act by the release of free metal ions

culminating in cell membrane damage, DNA interactions or free radical generation,

or by microbiostatic effects coupled with killing potentiated by the host’s immune

system [114].

DNA is a highly adaptable molecule for nano-design: the well-characterized nature of

DNA base-pairing gives DNA ‘sequence programmability’ whereby DNA interactions

can be carefully designed and controlled by its sequence. This has allowed the de

novo design of nanostructures with defined architecture by self-assembly ranging

in size from nanometres to millimetres [115–119]. DNA origami structures can be

designed with custom software, making the design and assembly of these shapes

relatively easy. Many shapes have been engineered, including proof of principle

stars and faces (Figure 2.11) [120].

DNA structures can also be designed to have controlled biomolecular interactions

with proteins or cellular surface markers [121, 122], and bio-recognition can be fur-

ther enhanced through chemical tags attached to the DNA scaffold [123]. Recently

DNA nanomaterials carrying tethered lipids have opened up new routes for targeted

interactions with lipid bilayers [124]. These include membrane-puncturing pores to

transport cargo [125–129], bilayer-floating DNA rafts to influence the local bilayer

composition [130, 131], and cytoskeleton-like structures that define the shape of lipid

32



Chapter 2. Literature Review

Figure 2.11: Examples of shapes built with scaffolded DNA origami. Single-
layer DNA origami shapes from design (top) to AFM images of these synthesised objects
(middle and bottom). The star and face each have diameters of ∼100 nm. Adapted with
permission from [115].

vesicles (Figure 2.12) [132–134].

These DNA structures are often made to mimic membrane proteins, responsible

for membrane transport and cell shape. However, DNA is easier to manipulate by

design than protein structures, due to the complex nature of protein folding [135].

A current gap and potential new route for antimicrobials is DNA nanomaterials

specifically targeted to bacterial membranes which could be designed to cause cell

rupture, constituting a novel class of antimicrobial therapeutics.
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Figure 2.12: DNA nanostructures rationally designed to interact with mem-
branes. DNA nanostructures form pores and channels through membranes or adhere to
the surface of the membrane bilayer. These have been designed to mimic membrane pro-
teins, responsible for transport across the membrane and determining cell shape. From
[124]. Reprinted with permission from AAAS.

Importantly, extracellular DNA has been shown to have antimicrobial activity, due

to its ability to sequester surface bound divalent cations [136], disrupting membrane

integrity and causing cell lysis of bacterial cells. DNA forms a lattice in neutrophil

extracellular traps (NETs), a defence mechanism used by the innate immune system

[137]. Here, direct contact with the bacterial membrane is necessary for antimicro-

bial activity, bringing the negatively charged phosphodiester backbone close enough

to compete for cations found in the anionic bacterial membrane [138]. The role of

the DNA lattice in the antimicrobial activity of NETs was demonstrated by the fact

that bacteria evade NET activity by secreting DNA digesting enzymes (DNases)

[139, 140].

Work described in this thesis contributes to efforts to rationally design an antimi-

crobial DNA origami structure which targets the bacterial membrane specifically

over host cell membranes (Section 5.5), which again takes inspiration from an an-

timicrobial process employed in nature. This could provide a potential new class of

antimicrobials with tunable activity.
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2.2.5 Key Needs Identified for Therapeutics

This section has reviewed the current state of antibiotic therapeutics, including the

challenges of antibiotic development and the importance of stewardship. The need

for innovative solutions was highlighted, and three antimicrobial classes which look

to address this were introduced. The three key needs associated with these and

the objectives they link to (from Table 1.1) are summarised below in Table 2.1.

The next section reviews current and emerging bacterial diagnostics for identifying

bacteria and for detecting AMR.

Key Need Addressed in thesis

Discovery and expansion of antibiotic classes:
- Characterising rationally designed AMPs to opti-
mise the design stage, linking peptide mode of action
and bactericidal effects to structure.

Objective 4i, Chapter 5
Section 5.3

- Unravel the role of the C5 convertase in MAC bac-
tericidal activity

Objective 4ii, Chapter 5
Section 5.4

- Development of novel structures capable of targeting
and interacting with bacterial membranes.

Objective 4iii, Chapter 5
Section 5.5

Table 2.1: Three key needs identified for antibiotic therapeutic development in this review.

2.3 Bacterial Diagnostics: A Place for Phenotype

In A Molecular World

As discussed in Section 2.1, with the threat of widespread resistance looming better

diagnostic tools are of the utmost importance for improved antibiotic stewardship

and a reduction in the use of antibiotics [12]. Current best practice when presented

with a fever is to prescribe broad-spectrum antibiotics and possibly ∼24 hours later

switch to a narrower spectrum following results from antibiotic susceptibility tests

[141]. Prescribing empirically can result in the use of an inappropriate antibiotic
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and this has been shown to increase mortality from sepsis fivefold [142], in addition

to being a driver of resistance. Having access to the identity and antibiogram of

the pathogen just a few hours earlier could avoid unnecessary costs associated with

inappropriate prescribing, increase patient welfare, and reduce the spread of AMR

[143–145]. Despite the fact that speed of diagnostic information is so vital for

bacterial infections, there has been little improvement in our current methods over

the past decades.

The current set of tests used to provide this time-sensitive information is non-trivial –

depending on the setting, these diagnostic activities may take place in a centralised

hospital laboratory, where complex algorithms dictate a combination of different

culturing methods, biochemical tests and molecular techniques used for diagnosis.

In other settings, diagnosis may be carried out in microscopy centres, health posts

or by a community health worker to which the same wealth of diagnostic equipment

is not be available, with samples being sent off to distant central labs for testing.

A typical workflow for hospital-based bacterial diagnosis is shown in Figure 2.13.

Patient symptoms and the presence of host-derived biomarkers are used to indi-

cate infection. Host biomarkers of bacterial infection include white blood cell levels,

erythrocyte sedimentation rate, C-reactive protein (CRP), procalcitonin (PCT), pre-

sepsin, CD64 and proADM [147]. These can assist in diagnosing bacterial versus

viral infections and also can indicate the severity of the infection. For example CRP

is an inflammation-related protein that increases with bacterial infections or post-

operative status. Diagnostic methods to detect these host biomarkers will not be

covered in this review, but are an active area of research to assist in distinguishing

bacterial from viral infections [148].

Bacterial diagnostics can be broadly separated into ‘identification’ and ‘antibiotic

susceptibility testing’ (AST) steps. Identification methods detect the presence of

bacteria of interest to different levels of detail (genera, species, strain, Gram). AST
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Figure 2.13: Typical workflow for bacterial diagnosis in a hospital setting:
from sample to susceptibility profile. When presented with symptoms of an infection,
broad spectrum antibiotics are prescribed. This is before it is known whether the infection
is bacterial/viral, the ID of the pathogen and its resistance profile. At this point host
response biomarkers can be used to diagnose bacterial infections (e.g. CRP and PCT).
Once a sample is taken, it takes ∼24 hours for an ID to be confirmed using different
methods, including culture, biochemical tests and/or mass spectroscopy. These methods
usually require isolation of the pathogen, which increases the time to ID to ∼24 hours. At
this point antibiotic treatment may be changed to a pathogen-specific antibiotic. Antibiotic
susceptibility testing (AST) then can take another 24 hours as these methods usually require
the growth of bacteria in the presence of antibiotics. AST provides an indication of the
resistance profile, with in vitro confirmation of effective antibiotic concentrations for the
isolated pathogen. Only at this point can tailored antibiotics be prescribed, 48 hours after
presentation [146].

refers to detecting resistances present in the bacteria. Some techniques are able to

combine identification with certain susceptibility information, such as the Phoenix

(BD Diagnostics) or GeneXpert (Cepheid). These diagnostics are summarised in

Table 2.2.

2.3.1 Phenotypic and Molecular Diagnostic Methods

Identification and AST diagnostic categories can further be divided into those that

measure phenotypic or non-phenotypic bacterial traits (summarised in Table 2.3).

Phenotypes have been used in clinical bacteriology for many decades by providing

in vitro confirmation of bacterial growth, metabolism or viability under antibiotic
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Phenotypic Non-phenotypic

Identification Gram stain NAAT
Culture Sequencing
Biochemical Mass spec

AST Culture NAAT
Mass spec

Table 2.2: Summary of clinical microbiology diagnostic methods for identification and
AST. In the above table NAAT refers to nucleic acid amplification techniques, and mass
spec to MALDI-TOF mass spectroscopy.

conditions. These phenotypic technologies measure the growth of bacteria using pa-

rameters such as turbidity, CO2 or heat production, consumption of O2 substrates, or

autofluorescence [149]. These methods have high sensitivity for culturable bacteria

and are gold standard for AST: still in use today is the disk diffusion method (first

introduced in 1966 [150]), which together with broth microdilution (BMD) [151]

serve as the reference methods against which all new AST methods are compared.

However, phenotypic methods are limited by the speed at which the bacteria grow,

which can vary significantly across different bacterial species - E. coli can repli-

cate every 20 minutes, whereas TB replicates about once every 15-20 hours. Using

such methods is time-consuming even with fast-growing bacteria. In addition, they

cannot be used on non-culturable bacteria.

Of increasing use, particularly for identification purposes, are non-phenotypic tests

which detect molecular markers of interest, including genetic or peptide sequences

[152]. These tests allow bacteria to be identified with much greater speed and

specificity than with traditional phenotypic methods, and have become integrated

into many hospital lab settings.

However, molecular techniques have caveats for resistance detection: antibiotic re-

sistance is often complex, not all resistance markers are known or can be detected,

and the carriage of resistance markers cannot be differentiated from expression. In
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addition, these technologies are relatively expensive both in terms of equipment

cost and the skills required use them. For these reasons, molecular methods have

yet to be widely adopted for AST, meaning that the gold-standard methods remain

phenotypic for this type of information.
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This review of bacterial diagnostics uses selected examples to illustrate and assess

some of the current methods in bacterial identification and AST, shown in Table

2.2. Some emerging diagnostic technologies will also be discussed here, which in-

novate in automating or miniaturising processes to bring time-to-result down and

increase sensitivity. For a comprehensive review and assessment of current bacterial

diagnostics, the WHO have recently conducted a Technical Consultation on In Vitro

Diagnostics for AMR, producing a landscape of phenotypic and non-phenotypic bac-

terial diagnostics for identification and resistance testing (‘Landscape of diagnostics

against antibacterial resistance, gaps and priorities’) [148]. This review identifies

the need for a simplified phenotypic diagnostic for identification and AST as key

priority for further research and development.

2.3.2 Bacterial Identification

Isolating and identifying bacteria from patient samples is usually the first stage in

the workflow of bacterial diagnosis (Figure 2.13). This stage often takes 24 hours,

due to the need for isolated colonies to carry out identification tests on. Information

about the bacterial identity (genera, species or Gram) provides the clinical microbi-

ologist with the crucial first step to understanding an infection: this time sensitive

information can be used for initial stewardship and patient management, although

a fully targeted antibiotic treatment plan requires resistance testing, as described in

the next section.

Bacterial identification methods have, until recently, been phenotypic and depended

on sample type (for example blood, urine, stool, sputum), suspected pathogen (for

example aerobic/anaerobic, Gram-negative/positive) and diagnostic setting (for ex-

ample hospital lab or point of care), resulting in a large range of tests on the market.

This review focuses on examples used for Gram-negative bacteria, as these were the

main target of the work described in this thesis.
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Recent improvements in molecular methods have streamlined much of bacterial iden-

tification, meaning other phenotypic methods will likely become superseded for iden-

tification in the near future. This has already happened in many countries, such as

the UK, which can cope with the higher costs. However, as these costs continue to

fall, molecular tests will no doubt become more and more routine in other countries

as well, for example using the GeneXpert (Cepheid) for diagnosing TB.

This section assesses current methods used to identify bacteria in a clinical setting.

Both phenotypic and molecular methods are described, including culture, genotypic

techniques and mass spectroscopy.

2.3.2.1 Phenotypic: Gram Staining, Culture and Biochemical Tests for

Bacterial Identity

Depending on the origin of the sample, isolating the pathogen of interest against a

background of commensal bacteria may be complex. Any bacterial colonies grown

from a sterile site such as cerebrospinal fluid will be of interest (assuming the sample

has not been contaminated), whereas a highly complex sample, such as faeces, will

grow a wide range of bacteria. Selective and differential media are used to distinguish

these colonies of interest from commensal bacteria [154].

Gram staining differentiates between Gram-positive and Gram-negative bacteria due

to differences in the structure of their cell walls [155]. This is often the first piece

of information obtained about isolated bacteria. Selective differential culture media

contain additives which allow the growth of specific bacterial species, providing more

information regarding the identity of the organisms. MacConkey agar and Drigalski

agar are two such media, which detect lactose fermentation in Gram-negative En-

terobacteriaceae. Gram-positive growth is inhibited by the presence of crystal violet

(and bile salts in MacConkey agar). The colour of the colonies grown on the two

media indicates either the presence of lactose-fermenting Gram-negative bacteria
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(for example E. coli) or lactose-nonfermenting Gram-negative bacteria (for exam-

ple Salmonella), depending on the change in pH associated with the production of

pyruvate and lactic acid (products of lactose fermentation). These culture methods

are affordable, sensitive and specific. However, due to the requirement of bacterial

colony growth, incubation typically takes 16-24 hours [156], and pre-enrichment of

samples is required for some media and sample types (where background flora is

extensive) which may extend this further, making this method slow.

Bacteria metabolise substrates from their surroundings which can be used to dif-

ferentiate and identify isolated bacteria [154]. Analytical Profile Index (API) strips

(bioMérieux) have a set of wells each containing certain substrates which the bac-

teria selectively metabolise. Given a set of positives or negatives from these strips,

the identification can be read to the species or genus level. Although simple and

widely used, these tests are expensive. They also require an isolated culture and

need to be left to incubate overnight (time to result ∼48 hours). In addition, the

method is low-throughput, requires the use of some hazardous reagents (such as

strong alkali and carcinogens), and the interpretation of the result can be difficult

with mis-inoculated wells, for example.

There are several automated systems on the market which are based on multiplexed,

miniaturised biochemical tests. One such system, BD Phoenix (BD Diagnostics), has

Gram-negative and Gram-positive specific panels, and can provide an identification

and/or qualitative AST information within 10-16 hours [157]. Two other systems,

Vitek 2 (bioMérieux) and MicroScan WalkAway (Siemens) are also on the market,

offering similar timeframes and performance. The panels used in these systems have

a series of wells in which different biochemical reactions take place. The system reads

out the ‘fingerprint’ produced by an isolate and uses this information to provide an

identification.

Despite being automated, these systems require significant amounts of hands-on
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time as bacteria must be diluted to a standard concentration and panels inoculated

by hand. There are some systems which automate many processes which have been

shown to improve this and decrease turn-around times, for example BD Kiestra

Total Laboratory Automation (TLA) system series [158]. However, they still require

relatively large viable samples of pure isolated bacteria for which an initial overnight

culture must be obtained prior to testing. In addition a single panel is required

for each sample, increasing expense. Most importantly, the catalogue of testable

organisms is finite and the sensitivity and specificity of these systems is also modest.

Taking the example of extended-spectrum beta-lactamase (ESBL) detection, the

Phoenix system was found to have sensitivities of 77.1-84.2% and specificities of 61.5-

75.0% (panel and organism dependent) [159]. The same study found sensitivity of

the Vitek 2 system ranged from 78.8% up to 84.2% and specificities of 50.0%-55.6%.

2.3.2.2 Molecular: Genetic Techniques to Determine Bacterial Sequences

Bacteria can be identified by various genetic markers, such as the 16S and 23S

ribosomal DNA (rDNA) or RNA (rRNA) sequences which are present in all bacteria

and are long enough for bioinformatic statistical purposes [160–162]. There are

several nucleic acid amplification tests (NAATs) which use polymerase chain reaction

(PCR) to amplify and detect these regions of interest. One such technology is the

FilmArray (bioMérieux) which is routinely used to detect pathogenic E. coli in blood

and stool samples. PCR is rapid and automated, taking ∼1 hour to complete a run

[163]. It can also be run using samples taken directly from the patient, circumventing

the need for culture, although careful sample preparation is required.

However, the 16S 23S rRNA identification method has some pitfalls. First of all,

any matching genetic material will be amplified including that of dead bacteria,

resulting in false positives. False negatives may also arise from inherent issues of

PCR associated with low target numbers, missing patients with a low bacterial load.
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Database quality is also an issue [162], as the quality of the sequences deposited in

public databases are not externally controlled and many sequences contain substan-

tial errors [164–166]. This information is also only qualitative, and does not quantify

bacterial load in the sample. Quantitative data is important for infections such as

UTIs, where quantification is necessary to distinguish between contamination/nor-

mal flora and infection (>103 CFU/mL is considered an infection [146]).

Another PCR-based technology is the GeneXpert (Cepheid). This is an automated,

semi-nested quantitative real-time PCR assay system with a ‘menu’ of cartridges

which detect a range of healthcare-associated infections and other infectious dis-

eases, including TB. The cartridge-based system automates sample extraction, am-

plification and detection. The TB specific cartridge, Xpert MTB/RIF, detects TB

and then also tests for resistance to rifampicin.

This method for identification of TB was endorsed by WHO in 2010 [167] and has

the advantage of being random access, so that samples may be tested when needed,

not in batches. It also can be used to test raw sputum or concentrated sediments

prepared from sputum, so pre-test sample processing is not necessary. It also can

detect low load levels of M. tuberculosis, which smear tests may miss. However,

the GeneXpert machines and associated cartridges are expensive. The system also

requires power, limiting their use to settings where this is available.

There are other non-NAAT molecular methods, including fluorescence in situ hy-

bridisation (FISH) assays, for example QuickFISH (AdvanDX). This detects fluo-

rescently labelled nucleic acid probes which hybridise to their complementary target

sequence within the bacteria. By targeting specific sequences, this can be used to

identify species of bacteria [168, 169]. This is a relatively quick method of detection,

with results in ∼2 hours, and also with high sensitivity and specificity (98.6% and

99.7%, respectively) [168]. However, sample preparation is non-trivial, requiring

trained personnel, and cost is also high for each test.
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2.3.2.3 Molecular: Mass Spectroscopy to Identify Bacterial Fingerprints

Matrix assisted laser desorption/ionization-time of flight mass spectroscopy (MALDI-

TOF MS) has emerged as a rapid method for identification of bacterial species [170–

173]. This technique detects a fingerprint of peptides which is used to identify bac-

teria down to species or genus level from a database of bacterial signatures [174,

175].

Recently MALDI-TOF MS has been used to detect antimicrobial resistance proteins,

to provide resistance profiles in addition to identification [174, 176–179]. MALDI-

TOF MS has been successfully applied to the direct analysis of urine samples, pro-

viding results in 1-3 hours [180–182]. However, additional sample preparation is

required on urine to remove other cells and to collect bacteria.

Despite a high set up cost, each run costs only a few pence. Runs are also short,

automated and high throughput. The Bruker Daltonics Biotyper MALDI-TOF

MS has been shown to outperform the BD Phoenix for identifying Gram-negative

bacteria [183] (93% vs. 83% genus level and 82% vs. 75% species level, Bruker

Biotyper and BD Phoenix respectively), and the specificity will continue to improve

as more organisms are added to the reference databases.

There are, however, several disadvantages which limit this technology. The mass

spectrometer is a large piece of expensive equipment (∼$250,000 [184]), with high

set up and maintenance costs (although they are often leased to reduce set up costs).

In addition, sample preparation requires bacteria to be cultured and purified from

samples, so although the run time is rapid, time from sample to result is effectively

increased by ∼24 hours. However, only a single colony is required so unlike the BD

Phoenix and Vitek 2, only a small amount of culture is necessary.
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2.3.3 Antibiotic Susceptibility Testing

In order to prescribe antibiotics effectively, information about the resistances of the

pathogen is crucial. As discussed in Section 2.3, gold standard methods employed

by clinical microbiology labs for carrying out AST are still phenotypic, despite the

“molecular revolution” in diagnostics [149]. Phenotypic methods measure the effect

of antibiotics on the growth or metabolism of isolated bacteria, providing an in

vitro diagnosis for the susceptibility of the pathogen. These methods provide the

minimum inhibitory concentration (MIC), defined as the lowest concentration of an

antibiotic that will inhibit the visible growth of a bacterial strain [185], which is used

to inform clinical breakpoints and provide patient-dose information for prescribing

treatment.

Although carrying out the AST in this way on isolated bacteria (dissimilar to condi-

tions found in the patient) can only provide in vitro confirmation of susceptibilities,

these methods confirm the expression of resistance mechanisms, even if the genetic

source of the resistance is not known, or difficult to define. For example the presence

of resistance markers for ESBLs and CREs does not always correlate with a resis-

tance phenotype [186]. For this reason, along with lower cost, phenotypic methods

have remained the gold standard for much AST. There are some exceptions, such as

rifampicin resistance in TB where resistance can reliably be attributed to a single

genetic source [187].

This section describes some current practices for AST, including gold standard cul-

ture techniques. These gold standard methods have remained practically unchanged

for decades, and there is a real need to innovate in this space, creating novel pheno-

typic methods for AST which are able to provide resistance phenotypes at increased

speed and sensitivity.
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2.3.3.1 Phenotypic: Culture for In Vitro Assessment of Resistance

The gold standard assay for AST, broth microdilution (BMD), uses known dilu-

tions of antibiotic prepared in liquid media and dispensed into plastic disposable

microdilution trays. Each well is then inoculated with bacterial suspension (1-5 x

105 CFU/mL) and incubated overnight [149]. The increase in turbidity is used as

an indicator of bacterial growth (Figure 2.14a). This can be measured by eye or by

measuring the optical density of the sample with a spectrometer. In addition to its

simplicity, BMD provides both MIC and break point information by running assays

at different antibiotic concentrations.

Figure 2.14: Minimum inhibitory concentration (MIC) measurement via cul-
ture. a, Image of a 96-well plate for broth microdilution, here run on the top three rows of
the plate. MIC is read by eye at the point where no bacterial growth has occurred, indicated
by blue arrow. b, Illustration of commercial Etest where ‘Z’ is zone of inhibition around
the central Etest strip. ‘b’ is area of bacterial growth. MIC is read at the point where ‘Z’
begins at bottom of strip, indicated by blue arrow.

There are other methods for measuring bacterial growth, including turbidity, CO2

or heat production, consumption of O2 or substrates, or autofluorescence [149]. For

example the BACTEC (BD Microbiology Systems) measures the levels of oxygen

dissolved in the broth as it quenches fluorescence of an indicator providing a qualita-
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tive AST within 4-19 hours [188]. In a similar manner, MB/BacT (bioMérieux) uses

an indicator which changes colour from green to yellow in the presence of carbon

dioxide. Instead of colour detection, Versa TREK (formerly ESP Culture System

II, from Trek Diagnostic Systems) measures the pressure changes that occur as a

result of gas consumption due to microbial growth.

As discussed in Section 2.3.2.1, BMD can be semi-automated which streamlines the

AST method to a degree and increases reproducibility and usability. However, these

are still costly per run and are large pieces of equipment, with significant hands on

time.

As a cheaper option many labs use the disk diffusion method. Bacteria are spread

out on agar plates and a disk of filter paper containing a defined quantity of antibi-

otic is placed on top of the plate and incubated for 18-24 hours. During this time,

the antibiotic will diffuse through the agar according to a concentration gradient.

If bacteria are sensitive to the antibiotic, growth will be inhibited around the fil-

ter paper creating a ‘zone of inhibition’. The diameter of the zone depends on the

amount of antibiotic contained in the filter paper, the degree of susceptibility of the

bacteria to the antibiotic, the physicochemical properties of the antibiotic, the depth

of the agar plate, and the concentration of bacteria inoculated on the plate. The

European Committee on Antimicrobial Susceptbility Testing (EUCAST) and the

Clinical Laboratory Standards Institute (CLSI) produce guidelines about standard-

ised methods for AST and the interpretation of the results, such as the procedure

for distinguishing an ESBL producing E. coli from an AmpC cephalosporinase over-

producer [189].

Although quantitative information can be gained from the disk diffusion method,

this requires measuring the radii of the zones of inhibition. The commercially avail-

able Etest (bioMerieux) is easier to use for this reason. These thin strips are im-

pregnated with an antibiotic gradient, with the reverse surface marked with the
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concentration scale. After being placed on an inoculated agar plate and incubated

overnight, the MIC is determined by the point at which the zone of inhibition crosses

the strip (Figure 2.14b).

Chromogenic agar plates combine bacterial identification with resistance testing by

supplementing the agar with chromogenic compounds which are metabolised by

specific bacteria types or those with specific resistances. Examples include chromID

ESBL (bioMerieux), Brilliance ESBL (Oxoid) and CHROMagar ESBL (CHROMa-

gar). As with most culture methods, these chromogenic media can identify ESBL-

producing Gram-negative bacteria in 18-24 hours[190]. CHROMagar CTX (CHRO-

Magar) can also differentiate between different ESBLs, differentiating CTX-M-ESBL

producing Gram-negative bacteria (blue colonies) from other types of Enterobacte-

riaceae CTX-M (which appear mauve). These plates have shown high sensitivities

and specificities for detecting and differentiating between these specific types of re-

sistances. In addition, inoculating the plates is easy, although still manual and time

consuming.

Other biochemical tools for detection of resistance include the ESBL Nordmann/-

Dortet/Poirel (NDP) test which detects hydrolysis of cephalosporin antibiotic [191].

This produces a colour change (red to yellow) of phenol red (a pH indicator) due

to production of carboxyl-acid formation. The reported sensitivity and specificity is

92.6% and 100% respectively, and is reported in less than an hour. It is also “cost-

effective” compared to genotypic methods [191]. A similar biochemical test which

is on the market is the βLacta test (Bio-Rad) which is a chromogenic test for 3rd

Generation cephaloporin-resistant isolates from cultures on solid media which can

yield results within 15 min [192, 193]. The reported sensitivity and specificity for the

detection of ESBLs in E. coli and K. pneumoniae were 96% and 100% respectively

[193].

As with all phenotypic methods, their most significant downfall is speed: taking
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18-24 hours, with most requiring an isolation stage as well. These are trusted tech-

nologies though, and remain gold standard for AST for clinical microbiology. As

discussed in the next section (Section 2.3.4), much research has been carried out

to bring time to result down for phenotypic methods. It will be interesting to see

which of these novel techniques successfully transfer to the clinic, and if they will

revolutionise clinical AST measurement.

2.3.3.2 Molecular: Genetic Techniques to Detect Resistance Genes

Molecular methods for AST use biomarkers to detect indicators of antibiotic re-

sistance, for example mecA gene for MRSA; TEM, SHV, OXA and CTX-M for

ESBLs; and KPC, NDM, OXA-48, VIM and IMP for CREs. The Cepheid Xpert

MTB/RIF Ultra is an example of a PCR-based test which detects mutations in the

resistance-conferring rifampicin gene, rpoB [167, 194]. As described earlier, these

are single use cartridges which do not require any sample preparation. The Xpert

Ultra has sensitivity as low as 5 CFU/mL (strain dependent). The main advantage

of molecular methods over phenotypic is that time to result is faster, providing this

crucial information many hours sooner.

However, apart from the current high cost of each test, PCR-based methods are

only able to detect known resistance-causing mutations. For example, MRSA is

characterised by the presence of mecA-containing SCCmec element. However, a new

allele, mecC, was not detected by standard PCR assays for mecA or agglutination

assays for PBP2a [26]. This complicated nature of resistance genotypes is also found

in TB, where ethionamide resistance has been found to be more complicated than

rifampicin resistance, with more mutations in different genes (ethA, ndh and inhA),

and these can work in concert. Even with the development of strain-specific libraries,

within-strain genetic heterogeneity makes MIC judgements very difficult. Hence

detecting the full resistance phenotype from genetic information is very difficult to
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achieve for many cases.

2.3.4 New Diagnostic Technologies

There is significant interest in developing rapid diagnostics for bacterial detection

and AST, spurred on by the recent elevation of AMR on the global stage and funding

incentives such as the UK Longitude Prize14, the EU Horizon Prize on Reducing the

Misuse of Antibiotics15, and the US Antimicrobial Resistance Rapid Point-of-Care

Diagnostic Test Challenge16.

As discussed in this review, key needs for novel diagnostics include speed, sensitivity,

automation or reduced cost. Selected examples of emerging diagnostic tools looking

to address these needs are discussed below. This thesis looks to address this need

using the final tool discussed in this section: cantilever nanosensors.

2.3.4.1 Molecular Methods

With the significant advantage of speed and improvements in molecular technologies,

there has been an explosion of molecular tools for identifying bacteria or detecting

resistance markers.

With the advent of next-generation sequencing (NGS), sequencing-based diagnostics

have received attention as a future tool for bacterial diagnosis. NGS refers to non-

Sanger sequencing methods (see [195] for a review), which use massively parallel

sequencing (“clonal clustering”) to deeply sequence populations. Sanger sequencing

was used to sequence the first human genome [196], but took many years to complete

and cost millions of dollars. NGS is faster and cheaper, and continues to improve:

14www.longitudeprize.org
15www.ec.europa.eu/info/research-and-innovation/funding/funding-

opportunities/prizes/horizon-prizes/better-use-antibiotics
16www.dpcpsi.nih.gov/AMRChallenge

52



Chapter 2. Literature Review

a genome can now be sequenced in hours and at a cost of $1000. Some examples of

NGS technologies include Illumina MiSeq, SOLiD sequencing and Oxford Nanopore.

As the cost and time of sequencing continues to fall, this method of bacterial identi-

fication and resistance marker identification will become more and more widespread

[197]. In the case of Shiga toxin-producing E. coli (STEC), whole genome sequencing

(WGS) of bacteria was shown to be faster and cheaper for identification of bacteria

in samples than current methods [198]. For resistance detection, WGS was used to

correctly predict susceptibility of TB to first-line drugs using genotypes [199], and

the new Nanopore MinION was used to predict drug resistance in N. gonorrhoea

[200]. Other sequencing-based diagnostics include the use of shotgun DNA sequenc-

ing to successfully detect and monitor bacterial and viral UTIs by sequencing small

fragments of cell-free DNA [201]. They were able to identify the pathogen and detect

resistance genes to predict AMR.

However, even with the whole genome of a bacterial isolate, full AST information

would still be difficult to determine as resistance phenotypes are complex. For

example, the emergence of drug resistance in TB results from a combination of

potential events which can include poor adherence to treatment and the spontaneous

emergence of mutations. In addition, molecular detection of resistance relies on a

finite set of known markers. The effect of the commensal bacterial population is

also an important but difficult to measure factor, acting as a reservoir for resistance

genes, and influencing the niche available to other bacterial species.

Detection of antibiotic resistance genes has also been demonstrated using electro-

chemical impedance spectroscopy. For example the presence of New Delhi metallo-

beta-lactamase-1 (NDM-1) genes [202], MRSA [203–205], and bacterial rRNA [206]

have been detected without amplification. For this last study, the use of bacterial

RNA targets have an advantage as they are more abundant in cells and would in-

dicate live cells (as it degrades more rapidly than DNA [153]). As such, mRNA

53



targets have also been used to detect stereotypical transcriptional responses to an-

tibiotic exposure, such as initiation of the SOS response, allowing the differentiation

of sensitive from resistant pathogens [207].

An interesting approach to use of molecular techniques for AST was adopted by

Mezger et al. who recently showed that quantitative PCR could be used to mea-

sure bacterial growth after a short incubation period with antibiotics (∼120 mins),

straight from urine samples [208]. This method correctly determined E. coli sus-

ceptibility to ciprofloxacin and trimethoprim within 3.5 hours. This method is par-

ticularly interesting as although employing a molecular method, it is still inherently

phenotypic as it quantifies bacterial growth.

2.3.4.2 Single Cell Methods

There has been a rise in the use of microfluidic devices in bacterial diagnostic de-

velopment. These have reduced the analysis volume down in scale, enabling the be-

haviour of fewer cells to be observed and hence reducing time to result. For example,

Bacteromic (Scope Fluidics, Poland) have improved throughput by miniaturisation

and parallelisation of traditional broth microdilution for MIC measurement17.

The scale has been reduced to the single cell level, where the activity of single

cells can be tracked in real time and their response to antibiotics measured. Using

microfluidics to confine bacteria into microchannels one bacterium wide, Lu et al.

successfully measured MIC values of E. coli within 1 hour [209]. Taking antibiotic

susceptibility down to the single cell level also allows for heterogeneous populations

to be detected. Lyu et al. recently used droplet microfluidics to isolate and charac-

terise single cells to measure antibiotic susceptibility and to detect heteroresistance

within a population of bacteria [210]. Boedicker et al. used a plug-based microfluidic

system to isolate single cells in nanolitre droplets and measure antibiotic resistance

17www.bacteromic.com
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in MRSA [211]. Finally, the QuickMIC (Gradientech, Sweden) uses microfluidics to

create an antibiotic gradient, allowing the growth of bacteria along the gradient to

be monitored using time-lapse image analysis [212].

Single cell tracking using video analysis represents a significant area of research for

diagnosis. Manual monitoring of bacterial growth is time consuming and is much

better suited to modern automated image analysis algorithms. Choi et al. have used

video analysis of single cells growing on agar in a confined microfluidic controlled

environment to measure susceptibility to antibiotics in 3-4 hours [213, 214]. Single

cells were hydrodynamically trapped and their motility as well as their morphology

were tracked to detect the effect of antibiotics, highlighting multiple parameters that

can be tracked to detect AMR [215].

Video analysis has been used to track single cells free in urine samples to assess

antibiotic susceptibility within 30 minutes using deep learning video analysis [216].

Recently, the Accelerate PhenoTest (Accelerate Diagnostics, USA) blood culture kit

was awarded FDA approval for use for identification and AST of bacterial infections

[217]. Identification is by fluorescent in situ hybridisation, and AST is measured

by following the real-time growth of single cells, using positive blood culture as

inoculant. This gives AST results in <7 hours, and is highly automated [208, 217].

However, these methods require complex algorithms and can be confounded by

abnormal samples which do not conform to their training sets.

There are other single cell devices emerging which use techniques to detect antibiotic-

induced morphological changes in single cells, such as the BacterioScan which uses

laser scattering (BacterioScan Inc.), and a Fourier transform infrared (FT-IR) spec-

trometer, which detects phenotypic changes in about 10 minutes (Spectromics Ltd)

[38]. In addition sub-cellular fluctuations have been detected using a evanescent

field, providing a readout of cellular viability (Vitamica, UK) [218].
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2.3.4.3 Synthetic Biology Diagnostics

Bacteriophage are viruses which require living bacteria to support their replication.

Their ability to reproduce in the presence of antibiotic indicate that the bacteria

present are viable and resistant to the antibiotic. This technique has been used to

measure bacterial viability of TB [219, 220]. However, contamination issues and

bacterial resistance to bacteriophage in some strains has prevented this technique

from being adopted in the clinic [221].

The GeneWEAVE (Roche Diagnostics)‘Smarticles’ technology operates with a sim-

ilar method, using non-replicative bacteriophage to ‘infect’ specific bacteria with

a fluorescent marker gene. This has been demonstrated to detect bacteria and

give AST information on positive blood culture sample matrix within 4 hours18.

This technology combines the specificity and sensitivity of molecular methods with

a phenotypic readout system for AST, making this a particularly interesting new

technique.

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-

associated (Cas) endonucleases can be harnessed for unparalleled genome editing

specificity [222, 223]. CRISPR has also been used as a diagnostic technology, first

to differentiate Zika virus from the closely related dengue virus [224], but more re-

cently to detect bacteria and the presence of resistance genes Klebsiella pneumoniae

carbapenemase (KPC) and NDM-1 [225, 226]. In this later work, the authors took

advantage of a specific form of the CRISPR/Cas system which resulted in the cleav-

age of a reporter system following cleavage of the target sequence RNA (bacterial

identification region or resistance marker sequence) with attomolar sensitivity. The

authors also demonstrated how their system could be transferred to a paper-based

test strip which can be used directly with clinical isolates, removing the need for

DNA extraction that is necessary for other molecular methods such as PCR. This,

18www.rochemicrobiologytests.com/healthcare-associated-infections/innovative-solutions
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combined with the potential cost of each test being as little as $0.61 per test [225],

makes CRISPR-based diagnostic tools an exciting potential future technology in

this field.

2.3.4.4 Isothermal Microcalorimetry

Isothermal microcalorimetry (IMC) measures the real-time and dynamic heat flow

of chemical, physical and biological processes. IMC can be used in microbiology

for detection and identification of microorganisms [227] and susceptibility testing

[228, 229]. Whilst the temporal cumulative heat production is comparable with a

conventional growth curve, the maximal heat value corresponds to the total number

of newly produced cells. Typically, it is assumed that a single bacterial cell produces

about 2 pW power when active, such that 100,000 bacteria would be needed to give

a detectable signal given most commercially available isothermal microcalorimeters

[230].

Bacterial detection of E. coli in urine via IMC can be achieved in as little as 3 hours

with a detection limit of 1 CFU/mL [227]. In addition, AST by IMC has been

shown for various bacterial species including E. coli [228] and M. tuberculosis [229].

However, the signal measured by IMC is non-specific: the heat flow signal is the sum

of all chemical, physical and biological processes taking place in the ampoule such

that many reference measurements are required to correctly interpret the complex

heat signal. In addition, IMC still requires isolating the bacteria of interest from

the sample, resulting in an additional 24-hour lag time.

2.3.4.5 Magnetic Bead Rotation

Magnetic beads have been used in immunoassays and molecular approaches for many

years [231, 232]. Recently, however, magnetic bead rotation has also been used
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both to identify bacteria and to test their susceptibility to antibiotics [233, 234].

Magnetic beads have a unique rotational frequency if they are placed within an

external rotating magnetic field. Changes in the physical properties of the magnetic

beads such as shape and size, or changes in the environment such as viscosity, lead

to detectable alterations of the rotational rate of the beads.

In the context of bacterial detection, if the beads are functionalised with a ligand

which specifically binds to bacterial cells, a binding event will change the physi-

cal properties of the beads and therefore affect their rotation. Rising numbers of

bacteria in proximity to the beads will lead to higher viscosity, similarly affecting

their rotational behaviour. Moreover, the growth of these captured bacteria can also

be measured, as their increasing mass and change in shape will continue to affect

their rotation. If growth is halted by exposure to an antibiotic, susceptibility can

be inferred.

Magnetic bead rotation is still a growth-based AST method, so the time to a result

is still reliant on the growth rate of the organism. This can be improved by reducing

the volume of the observed system, so that only 50 bacteria are observed per droplet

[235].

2.3.4.6 Volatile Organic Compounds

Bacteria produce volatile organic compounds (VOCs) as a result of their metabolism,

for example amines, fatty acids, alcohols, sulphides and aldehydes. The specific mix

of VOCs provides a signature for bacteria, which can be detected using electronic

“noses”, such as the eNose (Specific Technologies). This is a handheld system which

uses ion mobility spectrometry, and was used to detect urinary pathogens (includ-

ing E. coli) within 15 minutes with high sensitivity and specificity (95% and 96%,

respectively) [236]. Another technology uses an array of thin films printed with dyes

which react to VOCs by changing colour [237]. This colorimetric film array is placed
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in the lid of an inoculated petri dish, and as the bacteria of interest grow and release

VOCs, the lid will display a unique pattern of colours which can be read out using

a scanner or smartphone camera [238].

2.3.4.7 Mobile Connected Diagnostics

The global rise in the number of mobile phones, in addition to their rapidly im-

proving hardware and software of capabilities, makes them increasingly suitable for

incorporation into point of care (POC) diagnostics, particularly in low-resource,

non-centralised settings [239, 240]. The quality of the camera of most modern de-

vices permits adaption into a powerful imaging microscope, as was used to detect

single E. coli cells captured from water sources using an antibody-functionalised

capillary tube set up [241]. In addition, a mobile phone-based system has been used

to read out MIC turbidity assays carried out on a 96-well plate [242]. Moreover, the

capability to geo-tag and easily upload data to a remote database using GPS and

mobile internet provides an opportunity to track the spread of bacterial resistances

and maximise public health efforts.

This “connected” aspect of mobile diagnostics has become an important feature of

any POC diagnostic in the future, with the WHO re-assessing their ASSURED cri-

teria (Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-

free, Delivered to users) [243], expanding it to include “REal-time connectivity” for

an ideal POC diagnostic (REASSURED) [244].

2.3.4.8 Cantilever Systems

Cantilevers have been used as biosensors for many years. For bacterial diagnostics,

cantilevers have been used to detect the growth of bacteria isolated in small channels

on their surface. These cantilevers are typically micrometres in length and oscillate
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with a known resonant frequency. The resonant frequency is mass-dependent, so

changes to this can be used to detect the growth of bacterial cells contained in small

channels on the back of the cantilever [245, 246]. When exposed to an effective

antibiotic the density of the bacteria changes, and this affects the resonant frequency

of the cantilever in a measurable way. This method has been used to detect resistant

E. coli cells within two hours with an isolated culture [247].

Furthermore, the specific nanoscale vibrations produced by living bacteria, measured

using an atomic force microscope, can be used as a readout of bacterial viability [248].

In one study reported these vibrations ceased on exposure to an antibiotic which

the bacteria were susceptible to, but continued if the bacteria were resistant [17].

These results were obtained within minutes of exposure to the antibiotic. However,

the source of the measured signal has not been elucidated, and this method requires

further characterisation, which this thesis takes forward in Chapter 6.

Cantilever systems have the potential to detect bacterial growth and antibiotic re-

sistance with high sensitivity and speed, making them an exciting avenue for novel

diagnostic development. This system forms the focus of the diagnostic work of this

thesis, and they are reviewed in more detail in the next chapter, with cantilever

biosensors reviewed in Section 3.6.

2.3.5 Key Needs Identified for Bacterial Diagnostics

The introduction of new technologies into a healthcare setting is not easy - it re-

quires a shift away from trusted techniques which have been in use for decades. New

technologies need to bring significant improvements in economic viability and/or ef-

fectiveness, whilst also needing to be incorporated into current workflow systems.

Ideally such solutions would combine the advantages of traditional phenotypic tests

(in vitro demonstration of metabolic activity and expression of resistance mark-

ers) with those of molecular tests (significant improvement in speed, specificity and
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automation) to aid adoption by clinical microbiologists.

A key need identified in this review is increased speed for phenotypic AST results.

This thesis looks to address this need in Chapter 6, where cantilever nanosensors are

used to develop a novel rapid phenotypic method for detecting AMR (Objectives

5-9, Table 1.1).

2.4 Conclusions and Perspective

The issue of AMR is a significant, but not insurmountable one. It requires a con-

certed global effort and significant innovation in the coming years. New therapeutics

will be essential - this chapter has discussed the difficulties in developing new an-

tibiotics and the efforts to overcome these by global leaders such as the UK. New

funds to encourage research into novel classes of antibiotics show a global commit-

ment to the issue. But it is a long road to new drugs - often taking a decade or

more from bench to clinic [37]. Stewardship is still key to maintaining our antibiotic

armoury, but this especially requires a One Health approach across human, animal

and food industries [10]. There are several encouraging new antibiotic classes in

development, including those inspired by nature (AMPs and the innate immune

system) and nanotechnology-inspired molecules. But these still require much basic

research and characterisation, which is taken forward in this thesis in Objectives

4i-iii (Chapter 5).

The need for improved bacterial diagnostics is also clear, and as discussed in this

chapter there are many methods in use today which were developed decades ago.

There is active research in this area with many promising technologies emerging

to automate and miniaturise diagnostic methods. There has been a “molecular

revolution” in diagnostics, as demonstrated by the large number of papers published

for “novel molecular diagnostic” compared to “novel phenotypic diagnostic”, Figure
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Figure 2.15: Number of publications over the last ten years for papers refer-
ring to novel molecular (blue) or phenotypic (pink) diagnostics for bacterial
infections. Data from Scopus (04/07/2019) - see footnote 19 for search terms. Figure
generated using rawgraphs.io.

2.1519.

However, phenotypic tests are still the gold standard for much of bacterial diag-

nostics. Although slower to obtain results than molecular methods, phenotypic

information is relied upon particularly for antibiotic susceptibility testing, even in

many advanced centralised labs. Molecular information is often not a reliable indica-

tor for many drug resistance phenotypes for several reasons: resistance is a complex

phenotype, not all resistance markers are known or can be detected, and the car-

riage of resistance markers cannot be differentiated from expression. These issues,

along with expense, problems with contamination, and false-positives, mean that

molecular methods have not routinely replaced phenotypic methods (see Table 2.3).

There is therefore still a key need for novel diagnostic tools that provide phenotypic

information. This need is addressed in this thesis in Objectives 5-9 (Chapter 6),

where a novel phenotypic diagnostic tool is investigated.

As for therapeutics, there is a long road to clinical use for new diagnostics, with

many barriers including regulation, sharing information and cost [249]. Under-

19Data generated in Scopus for Articles reporting on novel phenotypic or molecular diagnostics
for bacterial infection, using search terms: TITLE-ABS-KEY(phenotypic [AND] diagnostic [AND]
bacterial infection)) AND (novel) AND ( LIMIT-TO ( DOCTYPE,“ar” )
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standing that there is such a demand from the users of these tools is important

when developing new diagnostics for the future, rather than technology being the

chief dictator for the direction of development.

The next chapter reviews the nanoscale tool used in this thesis to address the key

needs identified in this review. This tool is the atomic force microscope capable of

imaging and sensing at the nanoscale.
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Chapter 3

Atomic Force Microscopy Review:

A Tool for Imaging and Sensing at

the Nanoscale

Atomic force microscopy is a cantilever-based technique which allows the surface of

samples to be probed at the nanoscale. The main use of AFM is for imaging, scanning

a cantilever tip over a surface, building up an image line by line by measuring the

motion of the cantilever over the surface using a laser. The main advantages of AFM

over other high resolution imaging techniques is that it is able to image biological

samples, such as the surface of cells, in physiological conditions at ∼1 nm resolution,

observing dynamic processes down to the single molecule level without the need for

averaging.

The use of a reflected laser for detecting the motion of cantilevers can also be used

for nanosensors, measuring the effect of bound molecules or cells on the cantilever

surface. The bending of the cantilever can be monitored at sub-nanometre resolu-

tion, allowing the binding of biomolecules and single cells to be detected with high

sensitivity.
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Chapter 3. Atomic Force Microscopy Review: A Tool for Imaging and Sensing at
the Nanoscale

This chapter introduces the theory and practical aspects of using AFM as an inves-

tigative tool for biological samples, as used in this thesis in Chapters 5 and 6. A

detailed description of the various modes of operation of AFM in liquid are covered,

and the determining factors for high resolution imaging and sensing. Then follows

a description of key examples where cantilever systems have been used to study the

action of antimicrobials or as nanosensors for bacteria from the literature.

3.1 Introduction

AFM represents a nanotechnology technique which allows the visualisation and

probing of biological samples, from molecules to cells, at nanometre resolution.

AFM is a technique derived by Binning, Quate, and Gerber from scanning tun-

neling microscopy (STM) [250, 251]. Both AFM and STM belong to a family of

techniques called scanning probe microscopy (SPM), which are all based on the

distance-dependent interaction of a sharp probe with the surface of a sample. How-

ever, compared to STM which is a tunneling technique, AFM has the additional

ability to image non-conducting materials due to its laser reflected force readout.

AFM has many advantages over other high resolution imaging techniques for use

in bioscience research (summarised in Table 3.1) [252]. Importantly, biomolecules

can be studied label-free and under native conditions at high resolution without

averaging, which other high resolution systems cannot do.
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This chapter provides some background to the cantilever-based technique, AFM,

describing the principles behind the technique and important factors for high res-

olution imaging in liquid. AFM has been used to study many different biological

samples since its inception, and this chapter describes where it has been used to

study the action of antimicrobials previously in the literature (Section 3.5). The use

of cantilevers as sensitive biosensors for bacteria is also discussed (Section 3.6).

3.2 Principles and Instrumentation

The principle of imaging with AFM is similar to that of an old fashioned record

player: a sharp needle is dragged over the surface of a sample and the flexible arm

(cantilever) will move up and down in response to the interaction of the needle with

the contours of the sample. In AFM, as the needle (tip) is raster scanned over the

surface of a sample, the tip interacts with the surface as it moves, closely following

the topography (Figure 3.1). This will cause the cantilever to move up and down,

and by measuring this movement a topography image can be built up line by line.

The movement of the cantilever is monitored using the optical lever method, which

is discussed in the next section.

Figure 3.1: A schematic showing the principle of operation for an AFM or
STM. B is the path followed by the probe over the sample surface. A represents an atom
adsorbed to the sample surface. Reproduced from [251].
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3.2.1 Optical Lever Method for Measuring Cantilever Mo-

tion

As shown in Figure 3.2 the position of the cantilever arm is monitored by reflecting

a laser off the back side of the cantilever, which is coated in gold to increase the

reflectivity. The movement of the laser is detected using a quadrant photodiode

detector which produces a voltage dependent on the position of the laser beam

(photo-sensitive diode (PSD)). This method is known as the optical lever method

of detection [253].

Figure 3.2: Diagram of AFM instrumentation set up. The position of the can-
tilever is monitored by reflecting a laser from the back of the cantilever onto a photo-
diode detector. The piezo-electric scanner allows the movement of the cantilever with
sub-nanometre precision. The sample is mounted on an inverted optical microscope so the
cantilever can be localised on the sample, and imaging can be combined with fluorescence
staining. Adapted from [254].

Specifically, the optical lever method measures the vertical and torsional movement

of the cantilever by measuring the difference in voltage produced by the incident
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light on the upper and lower quadrants or the left and right quadrants of the photo-

diode, respectively. The vertical movement is attributed to contours of the sample

interacting with the tip, moving it up and down. Torsional motion of the cantilever

can be induced by frictional forces of the tip moving over the sample surface as it

scans from side to side. The optical lever method amplifies the movement of the

cantilever purely by path length, as the measured displacement on the photodiode

(D) is proportional to the cantilever movement (z) multiplied by the path length

from the cantilever to the photodiode (S) over the cantilever length (l) as shown in

equation 3.1 [255]:

D =
3

2

S

l
z (3.1)

3.2.2 Precision Movement of the Cantilever Tip Using Piezos

The other key piece of instrumentation in an AFM are the piezoelectric ceramic

transducers which allow the control of the tip with sub-nanometre precision in x, y

and z directions. These are formed of piezoelectric crystals (piezos) in which charge

accumulates when a mechanical stress is placed on the crystal. Conversely by placing

a potential difference across the crystal, the crystal expands or contracts. This effect

is used to generate the atomic-scale motion of the tip in AFM. For each line scan

of the AFM cantilever, the lateral motion is generated by applying a triangular

waveform voltage to one of the axes of the piezo scanner to move the cantilever back

and forth [255].

3.2.3 Cantilevers

Cantilevers are beam-like, flexible and made of silicon or silicon nitride. They tend

to have a nanometre-sharp tip grown at the free end made by microfabricating
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technology.

3.2.3.1 Hooke’s Law: Cantilever Force, Spring Constant and Deflection

The amount of motion produced by a cantilever (deflection, s) is related to its

stiffness (the spring constant, k) and the force exerted on the sample (F), according

to Hooke’s Law in equation 3.2 [256]:

F = −ks (3.2)

These three factors are key to high resolution imaging with AFM. The stiffness of

the cantilever selected for imaging (see Section 3.2.3) greatly affects the applied force

during imaging (especially important for soft biological samples, Section 3.4.1) and

the detectable movement of the cantilever (a main source of noise in the system,

Section 3.4.2).

3.2.3.2 Cantilever Force Sensitivity

Cantilevers with low spring constant or stiffness, k, are used for greater force sensi-

tivity and to reduce the load force on soft biological samples. This is due to Hooke’s

Law, such that a smaller force (F) is needed to create the same movement in the

cantilever (s). Although produced by nanofabrication methods, each cantilever will

vary slightly in its characteristics, and these must be measured in order to accurately

convert the voltage changes measured on the photodetector into distance (nm) or

force (N). The spring constant (k) can vary by 20% from the manufacturer’s quoted

value so it is essential to do this each time to ensure accurate forces are being exerted

[257].

The spring constant k of a cantilever is related to the Young’s modulus of the
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material it is made from and its dimensions, according to equation 3.3:

k =
Et3w

4l3
(3.3)

where E is the Young’s modulus, t is thickness, w is width, and l is length of the

cantilever. Cantilevers are often made from silicon and/or silicon nitride (E = 1.5

x 1011 N/m2). However the stiffness of the cantilever can be tuned by fabrication

methods according to the desired mode of use. These vary between 0.01 - 100 N/m.

For biological imaging, cantilevers with k ∼0.01 - 0.1 N/m are used.

The spring constant k is also related to the resonant frequency of the cantilever

(fres) by equation 3.4:

k = 2w(πlfres)
3

√
ρ3

E
(3.4)

where l is length of the cantilever, w is the width, ρ is the density of the material, E

is the Young’s modulus, and fres is the resonant frequency. The resonant frequency

is the natural oscillations of the tip, such that a high resonant frequency allows a

higher rate of response during imaging. During calibration, k can be obtained using

the thermal tuning method (other methods exist, such as the Sader method [258]).

The thermal noise of the cantilever (Brownian motion of the cantilever) is measured

and the power spectral density is fitted to a known Lorentzian curve, assuming the

cantilever is acting as a simple harmonic oscillator [259]. This provides a readout of

the innate properties of the cantilever.
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3.2.4 Tip-Sample Interaction Forces

In liquid the dominant forces acting on the cantilever on or near the sample surface

are long range attractive van der Waals interactions, electrostatics interactions, and

short-range repulsive interactions (Figure 3.3).

Figure 3.3: Forces acting on the AFM tip as it approaches a surface. Attractive
van der Waals act over tens of nanometres (green), with the repulsive short-range repulsive
forces dominating at smaller distances (blue). The overall force on the cantilever is shown
as the cantilever approach curve (red). Due to the favourable forces acting on the cantilever
in the range up to where the repulsive forces dominate, this is where the AFM is operated
for imaging (arrow labelled dynamic mode). This allows imaging without damaging the
sample.

As the cantilever approaches the surface, the long range van der Waals forces and

electrostatic forces begin attracting the tip, acting over tens of nanometres (Figure

3.3, green line). These attractive forces are caused by dipole interactions between

atoms on the tip and in the sample (van der Waals) or by Coulomb attraction

between surface charges (electrostatic). However, in aqueous salt solutions (buffers),

van der Waals forces and electrostatic forces are usually screened by ions in the

solution for tip-sample distances larger than a few Å. This can help increase force

control during imaging in liquid (see Section 3.2.5).
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The strong repulsive force originating from the overlap of atomic orbitals dominates

at the Ångström range, rapidly causing an increase in repulsive force on the tip at

this close range (Figure 3.3, blue line). At this point the tip is considered to be in

contact with the sample.

The overall force experienced by the cantilever is shown in Figure 3.3, cantilever

approach curve (red line). AFM is operated in the range where the tip interacts

with the surface with favourable forces (Figure 3.3, orange arrow), without exerting

a high force to overcome the repulsive forces when in contact with the surface as

this would cause damage to the sample.

3.2.5 AFM Operation in Liquid

One of the main advantages of using AFM for imaging bio-molecules is the ability

to work in an aqueous environment, allowing the visualisation and probing of bio-

molecules in their natural hydrated state [260]. Figure 3.2 shows the standard setup

of an AFM in liquid, where the sample and cantilever are immersed in fluid. For this

a ‘fluid cell’ is used to hold the cantilever (not shown), such that the laser passes

through a stable glass-liquid interface (and not through an air-liquid interface).

An additional advantage of operating the AFM in liquid is the avoidance of the

tip-sample capillary forces experienced in air, whereby the water layers on the tip

and the sample (formed by the humidity of the environment) generate a large force

pulling the cantilever toward the sample, thereby increasing the contact area between

the tip and the sample, reducing the spatial resolution [261].

In addition, the use of buffer solutions of variable salts and concentrations (ionic

strength and charge) permits tuning of the long range electrostatic forces between

the tip and the sample, which can help to increase force control and therefore res-

olution [262]. The distance over which the long range electrostatic force decays is
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defined as the Debye screening length (κ−1), which is dependant on the permittivity

of a vacuum and of the bulk solution or medium (ε0 and εb), the absolute tem-

perature (T), the ionic strength of the solution (I) and the electron charge (e) by

equation 3.5 where kB is Boltzmann’s constant. Under typical conditions for AFM

imaging of biomolecules, κ−1 is a few Å.

κ−1 =

√
ε0εbkbT

2e2I
(3.5)

There are some disadvantages to AFM imaging in liquid related to viscous damping.

This is the loss of cantilever oscillation energy to the surrounding medium. This is

more pronounced for imaging in dynamic modes, since the damping force exerted

by the viscous liquid causes the resonant frequency f0 and the quality factor, Q, of

the cantilever to decrease (see Section 3.3.2.1).

3.3 AFM Imaging Modes

AFM has many applications. For example it can not only be used to image surfaces,

but also to pull and push samples to determine material properties of a surface. The

range of applications of AFM are thoroughly reviewed elsewhere [252, 255]. Here

the imaging application is discussed in further detail.

There are several imaging modes of operation for AFM which control, manipulate,

and monitor the tip-sample interaction in different ways to image a sample. Contact

mode and dynamic modes are the two most common imaging modes relevant to this

thesis.
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Figure 3.4: Contact and dynamic modes of imaging. a, Contact mode, where
the cantilever is moved over the sample surface with constant force. b, Dynamic modes of
imaging, where the cantilever is oscillated at or close to its resonant frequency. Reproduced
with permission from [252].

3.3.1 Contact Mode

Contact mode was the original method of imaging with AFM. During imaging the tip

is scanned over the surface of the sample, kept in constant contact (Figure 3.4a). As

the tip moves over the topography of the sample surface, its movement is monitored

using the deflection of a laser and this is converted into a height image resembling

the sample surface.

For this mode the cantilever tip is in direct contact with the surface of the sample

which causes a deflection of the cantilever due to tip-sample forces. The deflection

signal of the laser is monitored and input into a feedback loop such that the system

keeps the deflection at a predefined value (the set-point), maintaining a constant

force between the tip and the sample. To maintain the set-point deflection, the

feedback loop will use the z-scanner piezo to adjust the height of the cantilever with

respect to the sample.
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Although this mode has been used for imaging biological samples [263–265], contact

mode has drawbacks which limits its use on such samples. First of all the force of

the tip on the surface in combination with its lateral motion causes friction during

scanning which can damage or move the sample and also blunt the tip. In addition

the photodiode signal can drift with time, meaning that the set-point may not

accurately reflect the force applied to the surface. Further modes of operating the

AFM have therefore been developed in order to better control the force applied to

the sample.

3.3.2 Dynamic Modes

Dynamic modes of AFM were invented to reduce the force applied and friction

generated while imaging. These modes drive the cantilever to oscillate at, or close

to, its resonant frequency (Figure 3.4b). The most common dynamic mode is called

tapping mode (also known as amplitude-modulation or intermittent-contact mode

AFM). In tapping mode the tip is driven to oscillate above the sample with a defined

amplitude (A0), usually using a piezoactuator to mechanically drive the cantilever

[261]. The amplitude is measured as the root-mean-square (RMS) of the deflection

readout on the detector. As the cantilever approaches the sample, the repulsive

tip-sample forces will begin to dampen the amplitude of the oscillations (see Section

3.3.2.1). This reduced amplitude is used as a set-point to indicate the tip is in

contact with the sample.

3.3.2.1 Tapping Mode Cantilever Dynamics in Fluid

According to equation 3.3 the spring constant k is independent of the environment

which surrounds it. However the density and viscosity of the surrounding liquid does

affect the dynamics of the cantilever. Due to the higher density of liquid compared
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to air, the cantilever will have a higher effective mass, causing a decrease in fres

according to equation 3.6:

fres =
1

2π

√
k

m
=

1

4π

t

l2

√
E

ρ
(3.6)

The hydrodynamic interaction between the cantilever and the liquid also causes

dampening of the cantilever oscillations, reflected in the damping coefficient (γ)

equation 3.7:

γ =
mω0

Q
(3.7)

where ω0 is the free fres and Q is the quality factor. The free fres (ω0) is related to

the resonance frequency in liquid (ωr) by equation 3.8:

ωr = ω0

√
1− 1

2Q2
(3.8)

Therefore fres is normally lower in liquid than in air. Tip-sample interaction will

also affect the movement of the cantilever near the surface of the sample, with ions

in the imaging buffer screening the long range forces as discussed in Section 3.2.5.

3.3.2.2 PeakForce Tapping Mode

PeakForce Quantitative Nanomechanical Mapping (PF QNM) is a relatively new

technique which images and probes surface properties simultaneously. For each

pixel of the image, a force curve is taken by driving the cantilever to oscillate with

a sinusoidal tip motion. Taking force curves using this motion is different to the

linear motion used for normal force curve gathering, allowing for faster operation.
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The sample properties that can be obtained in addition to topographic information

include the adhesion and elastic modulus of the surface. This mode also allows

the force exerted on the sample to be carefully controlled at each pixel allowing

tip-sample forces to be kept low, protecting the tip and sample from damage.

3.3.3 Phase Information

When operating in a dynamic mode of AFM, changes in the oscillation of the can-

tilever caused by tip-sample interactions can provide information on the surface it

is imaging. The phase of an oscillation is sensitive to small changes in topography

and will provide a more detailed image of the surface of a sample than the height

data. Although height and phase images should always be compared because the

phase is also sensitive to to different properties of a surface, such as composition,

adhesion, friction and viscoelasticity and hence structures seen in phase should be

confirmed in the height image.

3.4 Optimising AFM for High Resolution Studies

3.4.1 Force Sensitivity

Force sensitivity is a critical factor in determining the spatial resolution and the

degree of invasiveness of AFM imaging [266]. Without sufficient force control, it is

easy to image at too high a force, which can cause damage to the tip or sample and

hence a loss of resolution [267]. Generally forces >100 pN can cause deformations

in biological samples [268].

The force required depends on the properties of the sample, and hence force opti-

misation is required for each sample under different conditions. Soft samples, such

78



Chapter 3. Atomic Force Microscopy Review: A Tool for Imaging and Sensing at
the Nanoscale

as the membranes of cells, are more easily deformed than rigid samples, such as air

dried samples, and can lack contrast due to the motion of molecules on their surface.

Low force imaging is attainable in tapping mode through the use of soft cantilevers

(k<0.1 N/m) and small amplitudes of oscillation (∼2 nm or less) [266]. Soft can-

tilevers require smaller forces to drive and small amplitudes have faster responses

to changes in surface topology.

To study the force control of an AFM, we can examine the maximum apparent height

of a soft bio-molecule, such as a DNA strand, when imaging with the minimum

force. The extent to which the molecule is compressed gives insight into the applied

force. Forces of less than 50 pN are required to image DNA molecules with minimal

compression [267, 269].

3.4.2 Noise Sources

AFM is affected by various types of noise from the environment or from internal

processes. These will affect the signal:noise and hence the resolution achievable.

Therefore isolation of the AFM from these sources of noise as much as possible

is required for high resolution imaging. Indeed, the engineering of new AFMs is

constantly looking to improve signal:noise.

3.4.2.1 External Mechanical and Acoustic Noise

Mechanical and acoustic noise from the environment will be felt by the cantilever

and can affect the stability and resolution of the AFM. Usually mechanical noise

can be sufficiently suppressed using air tables or active damping systems. Acoustic

noise affects the cantilever oscillation more significantly and hence AFM experiments

are usually carried out in a quiet environment or in an acoustic-isolating enclosure.

These acoustic-isolating enclosures also provide a more stable environment to oper-
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ate the cantilever in with respect to temperature and humidity, hence reducing drift

and other instabilities.

3.4.2.2 Internal Sources of Noise: Thermal and Detector

The AFM system itself has at least four sources of noise:

• Thermal fluctuations of the cantilever;

• Noise in the detector monitoring the cantilever deflection;

• Noise in the actuator that drives the cantilever oscillation;

• Noise generated during electronic signal-processing noise, for example in the

electronic amplification, filtering, and analogue-to-digital/digital-to-analogue

conversion.

Thermal noise usually dominate other sources of noise for soft cantilevers. The

minimum value of the thermal noise contribution of the cantilever follows from the

equi-partition theorem, see equation 3.9 with 〈z2〉 the averaged square noise ampli-

tude (deflection) of the cantilever, k the spring constant in N/m, kB the Boltzmann

constant, and T = 295K for measurements at room temperature [270].

√
〈z2〉 =

√
kBT

k
=

0.064nm√
k

(3.9)

Noise in the deflection detection can follow from unwanted interferences between

different surfaces in the optical detection system. To some extent, this can be

suppressed by using a super-luminescent photodiode as a light source (instead of a

laser), or by reducing the coherence length of the laser – and thus reduce interference

– by modulating the laser power at a high frequency (300-400 MHz) [271].
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3.4.3 Drift in the System

3.4.3.1 Cantilever Drift

Drift or 1/f noise is another crucial factor in AFM experiments. In contact mode,

the cantilever will show bending over time, even if not in contact with the sample

surface. This is caused by the ‘bimetallic effect’ where the top gold surface is heated

by the laser and therefore expands, bending the cantilever. Therefore the set point

defined from the initial reference non-contact deflection will drift, causing the force

used to maintain the set point deflection will drift away from optimal. Similar con-

siderations apply to the amplitude in tapping mode which can drift over time. This

leads to one of the main advantages of PeakForce tapping mode: by continuously

be updating the reference deflection with every force curve for every pixel.

3.4.3.2 Piezoelectric Creep and Hysteresis

The major drawback of piezo scanners is that they are subject to creep and hystere-

sis. Creep manifests itself by a change in the piezo position over time even when

the applied voltage is constant. Hysteresis is a lag in response to applied voltage.

For AFM imaging this results in image distortion and a loss of resolution [272].

Further image distortions can arise from the generally non-linear piezo response to

the applied voltage.

To reduce these effects, the piezo scanner can be operated in ‘closed loop’. For this

the position of the scanner is tracked by a position sensor (such as a capacitive

sensor). Using this information a feedback loop corrects any deviation from the

specified position. However these position sensors can introduce additional system

noise, affecting resolution. For the measurements in this thesis, the benefits of

state-of-the-art closed-loop scanners were found to outweigh the disadvantage of

additional sensor noise.
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3.4.4 Cantilevers for High Resolution

3.4.4.1 Small Levers

Miniaturising cantilevers is desirable to achieve higher resonance frequencies for use

in liquid whilst maintaining the low stiffness required for optimal force sensitivity.

This requires reducing their size from 100s of µm to ∼20 µm (Figure 3.5).

Small cantilevers provide improvement in image stability, imaging speed and ther-

mal noise [273, 274]. Despite being difficult to manufacture, small cantilevers with

high resonance frequencies are now commercially available, such as the FastScan D

used in this thesis (fres = ∼100 kHz) [275–277]. However these small cantilevers

have additional challenges in deflection measurements due to their small surface for

reflecting the laser.

Figure 3.5: Scanning electron microscopy image of a small cantilever (11 µm)
compared to a conventional NCH cantilever (∼160 µm, from Nanosensors,
Switzerland). Reproduced from [273].

Small cantilevers have some disadvantages, including the fact that surface forces

dominate cantilever forces at small dimensions. When close to a surface this leads
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to ‘squeeze-film’ damping, where displacement of the fluid between the resonator

and the surface during each vibration period introduces additional added mass and

viscous damping [273, 278]. Also manufacture of sharp tips on small cantilevers is

more difficult.

3.4.4.2 Tip Diameter

The use of sharp probes is important for achieving high-resolution images, as the

size of the tip dictates the size of the features it can probe [279]. The convolu-

tion of surface features with the tip apex causes broadening of features observed in

most AFM images, and can lead to an overestimation of the lateral dimensions of

measured objects [280].

The manufacture of very sharp (<1 nm) tips is associated with significant manufac-

turing costs, for example by the use of a carbon nanotube as a tip [281]. Therefore

most commonly used cantilevers are silicon or silicon nitride with silicon tips. There

has been large progress in the manufacturing process of these over the years, yet

most cantilever manufacturers still define their cantilever tip radius as ∼2-10 nm.

3.5 AFM Imaging Studies for Antimicrobials

Studying the mechanism of action of antimicrobial molecules is important for their

design and for furthering their advancement into the clinic (Section 2.2). The devel-

opment of novel antimicrobials is necessary to treat the rising number of resistant

infections. AFM is an excellent tool for studying the mechanisms of these biological

systems, as it allows for label-free imaging under physiological conditions, visualising

dynamics of interactions between ligand and targets, without the need for averaging.

Labels can affect the function of these often small molecule structures, and hence

visualising their action unhindered is advantageous.
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3.5.1 Model Membranes for AFM

Many important antibiotics act on the surface of bacteria (such as their cell walls),

including β-lactams and glycopeptides. As a surface technique, AFM therefore

offers an opportunity to study the action of antibiotics on the surface membranes of

bacterial cells. However imaging live bacterial cells with AFM is challenging [282,

283]. This is partly due to the fact that bacterial membranes are complex with

many different components, often not characterised, which make visualising small

surface changes difficult. They are also fluctuating, round, and soft (and become

softer as their cell structure becomes compromised by antimicrobials). Additional

complications arise because of the hydrodynamic interaction between the cantilever

beam and the surface of the cell (Section 3.4.4.1), where the height of bacterial cells

is as tall as the cantilever tip (or taller), meaning the cell will interact with the

bottom of the beam which will affect imaging [284].

Figure 3.6: Bacterial membrane proteins studied in model membranes. a,
Structure of photosynthetic complexes in high-light– and low-light–adapted chromatophores
of Rsp. photometricum. (A-D) Individual light harvesting complexes imaged at high
resolution. Reproduced with permission from [285]. b, AFM images of bacterial purple
membranes (PM) adsorbed onto a mica surface showing the packing arrangement of bac-
teriorhodopsin molecules. Scale bars: (A) 80 nm, (B) 10 nm, and (C and D) 20 nm.
Reproduced with permission from [286].

Model membranes (supported lipid bilayer (SLB)) have been used for many bacterial
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AFM studies as they provide a very flat surface against which small membrane-

bound molecules can be distinguished. Some examples include reconstituted E. coli

OmpF porins [287], bacteriorhodopsin [286],and other protein/peptide interaction

with the lipid bilayer [288–292] (Figure 3.6).

Model membranes are prepared using a range of phospholipids and substrates, with

the most commonly used technique of vesicle fusion requiring the formation of small

unilamellar vesicles [293], which can subsequently be adsorbed onto a cleaved mica

substrate, as used in this thesis (Section 4.3.3.2) (Figure 3.7a). Other methods for

the formation of supported lipid bilayers include the use of a Langmuir-Blodgett

trough to form monolayers or bilayers (Figure 3.7b). These bilayers have been

studied extensively [294–297].

Figure 3.7: Model membranes formed of supported lipid bilayers. a, Forma-
tion of bilayer using unilamellar vesicles. b, Formation of bilayer using Languir-Blodgett
trough. c, Chemical structures of DLPC and DLPG lipids used in this thesis. a and b
adapted with permission from [294].

With regards to antimicrobials, the family of membrane-disrupting AMPs have been

most extensively studied using model membranes, observing the peptide-lipid inter-

action at high resolution [298, 299]. For example Rakowska et al. studied the action

of a novel AMP, amhelin [300]. Here they showed that pores formed by peptide

insertion into the bilayer expand to the point of membrane disintegration (Figure
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3.8a,b).

Recently faster AFM imaging has allowed the dynamics of membrane processes

to be studied. The innate immune system antimicrobial, MAC (Section 2.2.4.2),

was studied forming on model membranes (Figure 3.8c,d) [301]. This provided

insights into the kinetics of the cascade leading to the formation of complete MAC

pores, indicating that the final stage of C9 insertion was the bottleneck. This study

highlights how AFM can provide mechanistic insights with real time imaging of

these molecular processes.

Figure 3.8: Model membrane studies of dynamics of antimicrobial action.
a, Time series of SLB over 120 minutes of incubation with amhelin peptides showing
degradation of the bilayer. b, Topography image of SLB at t=40 minutes post amhelin
injection (top). Cross sections show ∼3 nm depth of membrane pores caused by amhelin.
a and b reproduced with permission from [300]. c, Time series of SLB over 104 seconds
showing the recruitment of MAC components to the membrane and the formation of a
complete MAC pore. d, High resolution image of a single MAC pore. c and d adapted
from [301].
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3.5.2 Studies on Bacterial Cell Membranes

AFM studies of antimicrobials on actual bacterial cells has hitherto mostly been

carried out on dried or fixed bacterial samples [302, 303]. Meincken et al. studied

the action of three different AMPs, imaging dried E. coli cells prior to and post

treatment with the AMPs [304]. Similarly, Li et al. studied the action of Sushi

peptides (S3) on bacteria, observing different stages of the peptide’s interaction,

proposing the carpet mechanism of action led to cell death [305]. However, since the

samples were dried and imaged in air they are unable to provide kinetic information,

and may have introduced artefacts during drying. Therefore imaging these processes

in liquid, in real time, is advantageous.

Francius et al. [306] captured the changes to the surface of live S. aureus cells

exposed to the enzyme lysostaphin, which cleaves the peptidoglycan cross-links.

These cells were captured in pores to enable imaging in buffer. The cell surface

was observed to swell and contain nano-scale pores, with cells not dividing and

eventually leading to the formation of osmotically sensitive cells. P. aeruginosa

was also studied with two antibiotics, ticarcillin and tobramycin, with the cell wall

stiffness decreasing after treatment [307]. Similar effects were seen with CX1 (a

polycationic calixarene-based guanidinium compound) on P. aeruginosa, confirmed

with model membrane studies.

As described in 2.2.4.1, AMP are an important family of antimicrobials with thera-

peutic potential. Several studies have looked at their action on bacterial cells [308–

312]. Colistin is a key AMP in therapeutic use, and AFM has been used to show that

various bacterial species treated with colistin have disrupted cell surfaces, increased

stiffness, and decreased adhesive properties [308–310]. The treatment of B. subtilis

with the AMP trichokonin VI showed collapse cell walls, increased roughness, and a

decrease in cell stiffness [311], suggesting that the leakage of intracellular materials

is a possible mechanism of action.
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A key study of AMPs on live cells was by Fantner et al. who visualised the helical

AMP, CM15, on E. coli cells using high speed AFM in liquid (Figure 3.9) [19]. A

wrinkling of the bacterial membrane was observed, and kinetics of the process were

measured. These studies of AMPs on live cells are limited, however, in the speed

and resolution obtained, with improved resolution necessary to probe the specific

mode of action at the bacterial membrane.

Figure 3.9: Study of the action of antimicrobial peptide CM15 on live E. coli
cells. a, Series of images taken over 117s showing the upper surface of E. coli, 1 and
2. CM15 was injected at t=-6 seconds. b, Zoomed out image showing bacteria 1 and
2 from a, 12 minutes after the addition of CM15. c, Upper surface of bacterium 3 in
b, showing smooth surface t=16 minutes after injection of CM15. d, Bacterium 3 now
showing membrane corrugation at t=30 minutes after CM15. Images taken in liquid in
tapping mode (110 kHz). Phase images are shown. Reproduced with permission from [19].

These studies indicate that AFM imaging is becoming an important tool in the

understanding of antimicrobial therapies. The speed of imaging with AFM has im-

proved over recent years [313], and cantilevers capable of high resolution in liquid on

biomolecules have been developed. A key need for future research is to use this im-

88



Chapter 3. Atomic Force Microscopy Review: A Tool for Imaging and Sensing at
the Nanoscale

proved temporal resolution so that fast acting membrane-targetting antimicrobials

can be monitored [283]. This is addressed in Chapter 5, work which has resulted in

two publications [314] and [315].

3.6 Cantilever Systems for Bacterial Biosensors

A key area for combating AMR is faster, more sensitive diagnostics. The devel-

opment of sensitive biosensors for bacterial diagnostics is a large field of research

(reviewed in Section 2.3). The movement towards single cell sensitivity and the use

of microfluidics have featured in many new technologies (Section 2.3.4). One such

technology are cantilever nanosensors. These employ cantilevers, similar to AFM

cantilevers, which are monitored by a laser/detector system with high precision (Fig-

ure 3.10a). The surface of the cantilevers can be functionalised with chemicals or

molecules to specifically bind various bio-molecules including DNA, RNA, bacteria

and eukaryotic cells, antibodies and proteins (Figure 3.10b) [316–319]. The binding

of bio-molecules or cells gives rise to a surface stress on the cantilevers, which causes

the cantilever beams to bend, or changing their resonant frequency. Reference can-

tilevers can be passivated, allowing an internal reference readout to be monitored

alongside the sample as a control. This has allowed the detection of single cells and

bio-molecules with extremely high sensitivity.

One of the first groups to demonstrate bacterial detection using cantilever sensors

was Ilic et al., who showed that as more bacterial cells bound to a cantilever, the

mass change caused the resonant frequency to change correspondingly [317]. Other

bacterial species, Salmonella enterica, was detecting by monitoring the change in

surface stress upon binding of bacteria [318].

Cantilevers have been used to measure the growth of bacterial cells by coating

cantilevers with a nutrient layer and monitoring the change in resonant frequency

89



Figure 3.10: Cantilever-based biosensors. a, Environmental chamber of a cantilever
array. The Peltier element controls the temperature, and input and output tubes exchange
liquids. Laser beams are reflected from cantilevers onto a position-sensitive detector to
measure their motions. b, Principle of cantilever arrays detecting biomolecular and cellular
interactions. Individual cantilevers are functionalised with chemical or biological molecules
or cells to detect their interactions by the differential readout of their deflection. Examples
include functionalisation with RNA, DNA, antibodies or cells. Passivation prevents non-
specific interactions of solutes with the cantilevers. Adapted with permission from [320].

continuously as a measure of growth [247, 321]. These studies showed that it is

possible to detect active bacterial growth in less than one hour. The use of pathogen-

specific antibodies to coat cantilevers (here, large piezoelectric cantilevers made of

PZT and glass) allowed Campbell et al. to bind only pathogenic E. coli in a mixed

population of pathogenic and non-pathogenic bacterial cells [322]. This specificity

is important in heterogeneous populations found in patient samples.

As discussed in Section 3.3.2.1, resonators such as cantilevers are damped when

operated in liquid, which lower the sensitivity for measuring changes in the resonant

frequency. One approach to mitigate this was avoided by using ‘hollow cantilevers’.

Here the liquid was flowed inside the cantilever whilst resonating the cantilever

in a vacuum to reduce cantilever dampening. This allowed the sample inside the

cantilever to be analysed by monitoring the cantilever resonant frequency with higher

sensitivity due to the vacuum [323]. Single E.coli cells were detected using this

method [324] (Figure 3.11), and this has since been developed into a device, the
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LifeScale (Affinity Biosensors, USA)1. This device works by running a buffer solution

containing E.coli through the channel on the cantilever and the frequency response

is measured continuously, providing mass change distribution. The mass of an E.coli

cell was found to be 110 ± 30 fg.

Figure 3.11: Hollow cantilever-based biosensor for the detection of bacteria. a,
A suspended channel in the cantilever flows fluid along beam of cantilever. Sub-femtogram
mass resolution is attained using microfluidics and by enclosing the cantilever under high
vacuum. b, While bound and unbound molecules both increase the mass of the channel,
species that bind to the channel wall accumulate inside the device, and, as a result, their
number can greatly exceed the number of free molecules in solution. This enables specific
detection by way of immobilized receptors. c, particles flow through the cantilever without
binding to the surface, and the observed signal depends on the position of particles along
the channel (insets 1–3). The exact mass excess of a particle can be quantified by the peak
frequency shift induced at the apex. Adapted with permission from [324].

Cantilever sensors have also been used to study the biophysical mode of action of

antibiotics. Using model membranes on cantilevers, the vancomycin-cell wall inter-

action was studied, suggesting that surface stress causes mechanical disruption of

the bacterial cell wall [325]. Combining cantilevers with equilibrium theory, Ndieyira

et al. then quantitatively described the mechanical response of surface receptors to

vancomycin and oritavancin in the presence of competing ligands [326]. They found

that competing ligands, such as those found in human serum, affected the binding

of these antibiotics to membranes, affecting the dosage needed for therapeutic use.

1www.lifescaleinstruments.com/LifeScale
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AFM cantilevers have also recently been used as a sensor to detect bacterial vi-

ability via a mechanical response [17, 327] (Figure 3.12). In this work, bacte-

ria were immobilised on the cantilevers using a non-specific linker molecule ((3-

aminopropyl)triethoxysilane (APTES) or glutaraldehyde). Low-frequency fluctua-

tions of the cantilever were read out and used to characterise the viability status

of the bacteria, and rapidly assess their susceptibility to antibiotics within minutes

(Figure 3.12a). The source of these vibrations is under investigation, with initial

experiments suggesting that they are linked to the metabolism of the bacteria, as the

fluctuations increased with increasing glucose concentrations [327]. Nanomechanical

vibrations have also been measured in yeast with additional frequency data showing

characteristic frequencies of 0.8–1.6 kHz [328]. This method of AMR detection is

further investigated in Chapter 6 as a potential diagnostic tool, where the limiting

steps of this process are discussed in greater depth.

b

a
1 2 3 4

2 3

Figure 3.12: Measuring nanomechanical fluctuations of bacteria for detection
antimicrobial resistance. a, Figure adapted from [329] showing increase in fluctuations
when bacteria are present (2) compared to baseline (1). The fluctuations cease on exposure
to antibiotic to which the bacteria are susceptible (3), and do not return after washing and
return to nutrient broth (4). b, Fluctuations of cantilever measured in a are produced
by live bacteria immobilised on the cantilever (left), corresponding to section 2 of data
in a. When bacteria are killed (right), the cantilever returns to baseline fluctuations,
corresponding to section 3 of a. Figures adapted from [330]
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3.7 Conclusions and Perspective

AFM is a label-free technique which can be operated under physiological conditions

allowing dynamics studies of living processes in liquid. The high signal-to-noise ratio

of the AFM enables single-molecule imaging to ∼1 nanometre lateral resolution

without ensemble averaging [331]. The principles of AFM were discussed in this

chapter, highlighting the importance of force control, noise isolation and cantilever

characteristics for achieving high resolution on bio-molecules and cells in fluid.

A fundamental limitation of AFM is that it is a surface technique, only producing

topographic information on the surface-structure of a biomolecule as it is immo-

bilised on a flat surface. As such, much of the work to investigate the mechanism of

action of antimicrobials has been on flat model membranes, such as for AMPs and

the MAC. The imaging of bacterial cells is non-trivial, but this was identified as a

key need for understanding the action of antimicrobials to further their development

into potential therapeutic avenues.

In addition to therapeutics, cantilever nanosensors have potential to improve an-

tibiotic stewardship through biosensors and diagnostics. Cantilevers are extremely

sensitive nanometre measurement tools, capable of detecting single cells and binding

at the pM range. Cantilevers have been functionalised and used as bio-sensors to

detect bacteria and measure their mass changes. The advantage of many of these

is they employ an array of cantilevers, allowing an internal reference cantilever to

be employed. These have been used to detect and investigate the binding of various

bio-molecules, including bacterial cells. However, the origin of the surface stress is

still not fully understood [332, 333], and the bending of the cantilevers are extremely

sensitive to temperature changes.

Hollow cantilevers capable of measuring the mass of a single bacterium were dis-

cussed. A key study by Longo et al. was highlighted, where bacterial cells were
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immobilised on soft AFM cantilevers and their response to antibiotics was mea-

sured as a function of the vibrations of the cantilever within minutes. This rapid

method of detecting AMR meets the needs identified in Chapter 2, and hence this

method is investigated further in Chapter 6.

Taken together, this thesis has identified key needs from the review of the literature

for bacterial therapeutics and diagnostics, highlighting the potential for AFM as a

tool to study these. The two aims arising from this review to be addressed in this

thesis are:

• Study the action of three membrane-acting antimicrobials on single bacteria

using AFM, providing information on mechanism and dynamics;

• Investigate the use of cantilever nanosensors to rapidly detect antimicrobial

resistance in bacteria within minutes as a possible diagnostic.

The next chapter describes the materials and methods used in this thesis to address

the two aims, towards the overarching goal of reducing AMR.
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Chapter 4

Materials and Methods

This chapter details the sample preparation and experimental methods used for this

body of work. This includes information about the microbiology techniques used

for culturing and characterising bacteria, the sample preparation for AFM imaging

of bacteria, antimicrobials and model membrane samples, in addition to the AFM

experimental set up and method for work to develop a novel phenotypic diagnostic.

4.1 Microbiology

All bacterial work was carried out in the Category 2 lab at the London Centre for

Nanotechnology, UCL. Details of the microbiology techniques used are described

below.

4.1.1 Culture

Bacterial stocks were prepared with 50% glycerol solution, in a 1:1 ratio with bacteria

in Luria broth (LB) solution.
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In preparation for experiments an overnight culture was used where bacteria taken

from the glycerol stocks were incubated in LB at 37 ◦C and 250 r.p.m..

For exponential growth phase, an overnight culture was diluted by a factor of 100

in fresh LB broth and incubated at 37 ◦C and 250 r.p.m. for three hours.

For the optical interference assay an LB media (Sigma-Aldrich) plate was streaked

with E. coli from frozen stocks in a sterile hood. These were grown up overnight at

37oC. A single colony was used to inoculate 4 mL LB media, which was incubated at

37oC for 2 hours (225 r.p.m. shaking), to obtain mid-log phase growth. The OD600

of the culture was measured using a Nanodrop One-C (Thermo Scientific), and a

final OD600 for bacterial inoculation for experimental measurement was adjusted

to keep as constant as possible.

4.1.2 Strains

E. coli strains were selected which would be suitable for use in the imaging and

sensing work. Four strains were used:

• BL21(DE3)pLysS competent cells (Promega, UK) were selected for transfor-

mation with pRSET/EmGFP plasmid (Invitrogen, UK), as this strain ex-

presses T7 ribonucleic acid (RNA) polymerase in a regulated manner and is

suitable for transformation with a pRSET-EmGFP plasmid (see Section 4.1.3).

This strain has a reduced LPS shell, however, and does not express flagella.

• Two K12 strains (DH5α and JM109 (Promega, UK)) were selected for the

nanomechanical sensing work, as flagella are thought to contribute to the signal

detected.

• A clinical isolate of E. coli was obtained from the microbiology repository of

Great Ormond Street Hospital (London, UK).
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4.1.3 Transformation with Resistance

An aliquot of competent bacterial stock (BL21(DE3)pLysS) was thawed on ice for

20-30 minutes. 1-5 µL (10pg-100ng) pRSET-EmGFP plasmid (Invitrogen, CA,

USA) which confers ampicillin resistance (ampR) was mixed with 25 µL thawed

bacterial solution and incubated for 5-10 minutes on ice, followed by heat shock

treatment at 42 ◦C for 40 seconds and returned to ice for two further minutes. 500 µL

warmed Super Optimal broth with Catabolite repression (SOC) media was added,

and this was incubated at 37 ◦C at 225 r.p.m. for one hour. 50 µL was plated onto an

agar plate which contained 50 µg/mL nafcillin/ampicillin mixture. This plate was

incubated overnight at 37 ◦C. Isolated colonies were used to make glycerol stocks as

described in Section 4.1.1.

4.1.4 Minimum Inhibitory Concentration Measurement

Minimum inhibitory concentration (MIC) for tilamin peptide was determined by

broth microdilution on E. coli according to the Clinical and Laboratory Standards

Institute, to align with previous studies using the AMP. For this 100 µL of 0.5–1

x 106 colony forming units (CFU)/mL of bacteria in Mueller Hinton media broth

(Oxoid) was incubated in a 96-well microtiter plate with 100 µL of serial two-fold

dilutions of the peptides (from 100 to 0 µM) at 37 ◦C on a 3D orbital shaker. The

absorbance was measured after peptide addition at 600 nm using a Victor 2 plate

reader (Perkin-Elmer). The MIC was defined as the lowest peptide concentration

with no growth after 24 hours at 37 ◦C. All tests were done in triplicate at the

National Physical Laboratory (NPL).

The MIC of ampicillin for JM109 E. coli was also determined by broth microdilution,

according to the protocol [334]. For this, 50 µL of 5 x 105 CFU/mL of bacteria in

Mueller Hinton media broth (Oxoid) was incubated in a 96-well microtiter plate with
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50 µL of serial two-fold dilutions of ampicillin (from 64 – 0.03 µg/mL) at 37 ◦C. The

absorbance was measured after 24 hours incubation 625 nm. The MIC was measured

as the lowest concentration with no growth after 24 hours at 37 ◦C. All tests were

done in triplicate. Any wells which did not show growth were streaked onto agar

plates and incubated overnight at 37 ◦C. The minimum bactericidal concentration

was measured as the concentration where no colonies grew.

4.2 AFM Cantilevers

The use of an appropriate cantilever is important for the mode of use and the type of

sample being used in AFM. As detailed in Table 4.1, five different types of cantilevers

were used for the work described here. All cantilevers were purchased from Bruker,

USA. AC40 and AC160 TS cantilevers are manufactured by Olympus (Japan).

Cantilever k (N/m) fres (kHz) Tip radius
(nm)

Experiment

AC40 0.09 25 8 model membranes
FastScan D 0.25 110 8 Bacteria imaging
DNP-S1-D 0.06 4 20 Mechanical sensing
NP-O10-D 0.06 4 tipless Mechanical sensing
AC160 TS 25 300 7 Optical interference

Table 4.1: Nominal specifications for spring constant (k), resonance frequency in fluid
(fres), tip radius, mode of imaging employed, and the experiment used in for the cantilevers
used in this investigation.

AC40 and FastScan D cantilevers were used for high resolution imaging of the surface

of bacteria and model membranes. FastScan D cantilevers were selected for their

low spring constant, k, and high resonant frequency (110 kHz) which meant that the

cantilevers could be driven at a increased speed for fast imaging. DNP-S1 cantilevers

have the same properties as the NP-O10s, except that NP-O10s do not have a tip

and are therefore more suited to sensing. Very stiff AC160 TS cantilevers were
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used for the optical interference experiments to remove any potential mechanical

movement of the surface, ensuring only optical effects on the laser were observed.

4.3 AFM Imaging

4.3.1 Noise Measurements

To test the performance of the JPK Nanowizard™ 3 ULTRA Speed AFM system

(Bruker, USA), several checks were carried out. The first of these was measuring the

noise levels, which strongly affect the resolution obtainable on the system. Noise can

come from several sources including from the environment (mechanical and acoustic)

or from the system itself (thermal and detector).

The detector noise was measured by using the baseline amplitude observed dur-

ing thermal tuning of a very stiff cantilever in air, and converting it to fm
√
Hz.

For this non-contact / tapping mode high resonance frequency (NCH) cantilevers

(NanoWorld, Switzerland) with a k ∼42 N/m were used. Using this cantilever the

detector noise was measured to be 54.3 fm
√
Hz, which is comparable to other high

resolution AFM systems elsewhere at the LCN.

Thermal noise of the cantilever can be calculated using equation 3.9.

For AC40 cantilevers (Bruker, USA) used for imaging DNA in this chapter (k∼0.09

N/m), the thermal noise
√
〈z2〉 would be ∼0.21 nm. For Fast Scan D cantilevers

(Bruker, USA) used for imaging bacteria in Chapter 5 (k∼0.25 N/m), the thermal

noise
√
〈z2〉 would be ∼0.13 nm. These values represent the maximum resolution

obtainable using these cantilevers.

Environmental noise was minimised by placing the system on an air table or active

damping system to avoid mechanical noise, and by operating the system in an
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acoustic enclosure to remove any sounds from perturbing the cantilever.

4.3.2 AFM Imaging Optimisation

4.3.2.1 DNA Minicircles on a Mica Substrate

Freshly cleaved mica (Agar Scientific, UK) was covered with 25 µL of 20 mM NiCl2

(Sigma-Aldrich, UK) solution, followed by addition of 25 µL of EB buffer (Qiagen).

Finally 2.5 µL of 8.6 ng/µL 339 base-pair DNA minicircle solution was added and

mixed with the pipette. After 15 minutes, the solution was diluted by addition of

100 µL of 10 mM HEPES pH 7.3. This reduced the NiCl2 concentration to reduce

the precipitation of NiCl2 crystals on the mica surface which disrupt imaging. All

solutions were allowed to equilibrate at room temperature before imaging to reduce

subsequent drift in the microscope.

DNA minicircle imaging was carried out on JPK Nanowizard™ 3 ULTRA Speed

AFM system (Bruker, USA) and using AC40 cantilevers (fres=32 kHz, k=0.08 N/m,

deflection sensitivity = 7 nm/V), operated in intermittent contact mode (frequency=

∼fres, free amplitude=∼6 nm, set-point=3-4 nm) at room temperature.

For images of DNA in Figure 5.1 JPK Data Processing Software was used. The

images were batch processed with the following functions: subtracting a polynomial

fit from each scan line independently, followed by subtracting a polynomial from

each scan line using a limited data range (0-70% fit), followed by replacing each

pixel value with the median value of neighbouring pixels, using mask shape cross

and width 3. Height scale set to 2.5 nm range.

The double helix images in Figure 5.2 were processed in Gwyddion [335]1. To

obtain these images, the raw data was median line-by-line flattened to centre data

1www.gwyddion.net
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with masking of the DNA to minimise flattening artefacts. The image was then

first order plane flattened to remove tilt. A two pixel Gaussian filter was applied to

remove high frequency noise. Line profiles were taken along the DNA to evaluate

the helical spacing.

4.3.3 Antimicrobial Peptides

The AMP (tilamin) used in this study was prepared at the NPL by collaborators.

The peptide was designed to form an amphipathic helical structure on interaction

with a negatively charged membrane. The peptide sequence is based on a C-N-C-

H-N-C-H pattern, where C is a polar cationic residue, H is a hydrophobic residue,

and N is a neutral polar or small residue. In this sequence hydrophobic residues are

separated at i, i + 3 and i, i + 4 helical spacings. This ensures proper amphipathic

folding of the peptide with the cationic and hydrophobic residues being segregated

onto opposite sides of the helix.

Peptides were assembled on a Liberty-1 automated microwave peptide synthesizer

(CEM Inc.) using standard solid phase Fmoc-based protocols using HBTU/DI-

PEA for amino-acid couplings and Rink amide MBHA resin. Carboxyfluorescein

succinimidyl ester was used to label the N-terminus [300, 336].

A fluorescently labelled tilamin peptide was also synthesised and used to confirm

incorporation into the bacteria population. This was used in place of non-fluorescent

tilamin at the same concentration and incubation conditions. Fluorescent images

were taken using an Andor Zyla 5.5 USB3 fluorescence camera mounted on an

Olympus IX 73 inverted optical microscope. Tilamin fluorescence emission was

monitored at 500 nm. Images were processed using ImageJ (U.S. NIH, Bethesda,

Maryland, USA [337]).
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4.3.3.1 Peptide Concentration Measurement

The peptides were purified using high performance reverse liquid chromatography

(HPLC) after de-protection with 95% TFA, 2.5 % TIS, and 2.5 % water on a JASCO

HPLC system using Vydac C5 analytical at the NPL to 99% purity and their identity

confirmed using MALDI-TOF MS.

After synthesis, UV–Vis spectroscopy was used to determine the molar concentration

of tilamin peptide in solution. The molar extinction coefficient of a substance (ε)

can be related to its absorbance (A) at 214 nm and its concentration (c) in moles,

for a given path length (l) via the Beer-Lambert law:

A = εlc (4.1)

This method of concentration determination was necessary as the mass of the syn-

thesised peptide was too low to measure accurately with a balance.

4.3.3.2 Supported Lipid Bilayer Model Membranes

Model membranes were prepared on mica as flat mimics of a bacterial membrane.

1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and 1,2-dilauroyl-sn-glycero-3-phospho-

(1-rac-glycerol) (DLPG) (Avanti Polar Lipids, USA) were chosen for this study as

they are negatively charged, fluid phase at room temperature, and matched those

used in previous studies [300, 338].

DLPC and DLPG were mixed in a weight ratio of 3:1 (DLPC:DLPG) and dissolved

in a non-polar organic solvent solution (methanol and chloroform, in a 2:1 ratio) to

obtain a homogeneous mixture. The organic solvent was then removed by evapo-

ration under a nitrogen stream to form a dry film. Deionised (DI) water was used

to rehydrate the lipid mixture. The lipid suspension was then vortexed for two
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minutes at room temperature to agitate the mixture, forming large multilamellar

vesicles (LMVs). These LMVs were reduced to small unilamellar vesicles (SUVs) by

bath sonication at 80 kHz for 30 minutes. The suspension was then filtered by ex-

trusion through 50 nm polycarbonate membranes a minimum of 20 times to ensure

uniform size of vesicles using an Avanti mini-extruder (Avanti, USA).

5 µL lipid suspension was added to a freshly cleaved mica substrate, with 45 µL

buffer solution of composition: 10 mM MOPS, 150 mM NaCl, 10 mM MgCl2, 10

mM CaCl2. This was incubated for 30 minutes to allow the vesicles to form a

bilayer on the surface via vesicle-fusion [294]. The bilayer was then washed ten

times in 10 mM MOPS to remove any unfused vesicles. Finally the buffer solution

was exchanged to the imaging buffer: 10 mM MOPS, 150 mM NaCl, 5 mM MgCl2,

5 mM CaCl2.

AFM imaging was carried out in PF QNM on a Multimode 8 (Bruker, USA) using

AC40 cantilevers (k = 0.09 N/m, fres = 25 kHz, PeakForce frequency 2 kHz, Peak-

Force amplitude 10 nm, set-point 0.05-0.2V (≤ 100 pN)) in the imaging buffer at

room temperature.

Images of supported lipid bilayer results (Figure 5.6) were processed using NanoScope

Analysis (Bruker, USA) for 0th order line by line flattening to centre data, and 1st

or 2nd order plane fitting to remove tilt or bow. Cross section measurements were

carried out using Gwyddion [335] and plotted using Origin (OriginLab, MA, USA).

4.3.3.3 Bacteria Immobilisation on Glass Coverslips

Bacteria were cultured overnight at 37 ◦C, 250 r.p.m. (optical density (OD) of ∼106

CFU/mL). The bacterial suspension was then washed in DI water. 1 mL of bacterial

suspension was centrifuged at 5000 r.p.m. for one minute. The supernatant was

removed and the bacterial pellet resuspended in 1 mL of DI water. This was repeated
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three times. For imaging experiments, the final bacterial solution was diluted down

by a factor of eight to obtain optimal coverage of immobilised bacteria.

A round glass coverslip was washed in ethanol for five minutes, and thoroughly rinsed

in DI water and allowed to dry. The coverslip was then glued onto a glass slide for

imaging. 0.01% PLL (Sigma-Aldrich, UK) was incubated on the glass coverslip for

10 minutes, followed by washing with DI water three times. 100 mL of the washed

bacterial solution was incubated on the PLL for 30 minutes. Loose bacteria were

then washed off in a stream of DI water and resuspended in a droplet of DI water

or buffer. Care was taken not to allow the surface to dry.

4.3.3.4 Imaging Live Bacteria

Imaging of bacteria was carried out on a JPK Nanowizard™ 3 ULTRA Speed AFM

system (Bruker, USA) using FastScan D cantilevers (Bruker, USA) (fres = 130 kHz,

k = 0.25 N/m, deflection sensitivity = ∼6 nm/V), operated in intermittent contact

mode (frequency = ∼fres, free amplitude = ∼25 nm, set-point = 10-15 nm) at room

temperature.

Bacterial images were processed using Gwyddion [335] for median line by line flat-

tening to centre data, and 1st or 2nd order plane fitting to remove tilt or bow. High

resolution scans of E. coli surfaces were processed using an additional 2nd order

polynomial fit to remove the curvature of the surface. Cross section measurements

were carried out using Gwyddion [335] and plotted using Origin (OriginLab, MA,

USA).

4.3.4 Membrane Attack Complex

Sera depleted of complement factors and complement components C5b6, C7, and

C8 were obtained from Complement Technology, Inc. (USA). His-tagged C5, C6,
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C9, FB, and FD were expressed in and purified from HEK293E cells (U-Protein

Express, Netherlands), conducted by collaborators in Utrecht University.

PerimCherry/cytoGFP E. coli was prepared by transforming a pPerimCh plasmid

into E. coli MG1655. pPerimCh was modified from plasmid pFCcGi containing a

constitutively expressed mCherry and a L-arabinose inducible GFP (kindly provided

by Sophie Helaine). A pelB leader was added in front of the mCherry sequence to

direct mCherry to the periplasmic space. This was conducted by collaborators in

Utrecht University.

For AFM imaging experiments mid-log phase bacteria (E. coli, MG1655 or BL21)

were washed three times in PBS or PB (10 mM), concentrated four times, and

immobilized onto PLL (0.01%) covered glass slides (Corning/Sigma-Aldrich). Care

was taken not to allow the bacteria to dry out during immobilisation. Immobilised

bacteria were incubated with 10% 4C5 serum in VBS++ containing 0.1% bovine

serum albumin (BSA) for 20 min at 37oC. Glass slides with immobilised, serum-

treated bacteria were rinsed 3 times with PBS/PB. Bacteria were then treated with

a solution of 25 µg/mL C5b6, 20 µg/mL C5, 12 µg/mL C6, 12 µg/mL C7, 50 µg/mL

FB, and 5 µg/mL FD (all in VBS++) and incubated for 5 min at room temperature

(RT). Following this, 15 µg/mL C8 and 70 µg/mL C9 in VBS++ were added for a

10–40 min incubation at 37oC. Glass slides with immobilized, treated bacteria were

rinsed 3 times in PBS/PB before atomic force microscopy imaging.

AFM topographic images of E. coli (MG1655) were obtained using a JPK Nanowiz-

ard™ 3 ULTRA Speed (Bruker, USA) operated in liquid at room temperature. The

microscope was operated in intermittent contact mode using FastScan-D probes (k

= 0.25 N/m; Bruker). Images were processed using Gwyddion [335] for 1st order

line-by-line flattening to remove tilt. Images of bacterial surfaces were then pro-

cessed using an additional 2nd order polynomial fit to remove the curvature of the

bacteria.
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ID Sequence 5’ –> 3’

1 AGCGAACGTGGATTTTGTCCGACATCGGCAAGCTCCCTTTTTCGACTATT
2 CCGATGTCGGACTTTTACACGATCTTCGCCTGCTGGGTTTTGGGAGCTTG
3 CGAAGATCGTGTTTTTCCACAGTTGATTGCCCTTCACTTTTCCCAGCAGG
4 AATCAACTGTGGTTTTTCTCACTGGTGATTAGAATGCTTTTGTGAAGGGC
5 TCACCAGTGAGATTTTTGTCGTACCAGGTGCATGGATTTTTGCATTCTAA
6 CCTGGTACGACATTTTTCCACGTTCGCTAATAGTCGATTTTATCCATGCA

Table 4.2: Sequence of DNA duplexes used to form DNA nanobarrels.

The data on E. coli (BL21) shown in Figure 5.19a,b were obtained using a Bruker

FastScan Bio AFM, operated in PeakForce Tapping mode in liquid at 8 kHz us-

ing FastScan-D probes (k = 0.25 N/m; Bruker). Images were processed using

NanoScope Analysis (Bruker) for 1st order line-by-line flattening to remove tilt.

Images of E. coli surfaces were processed using an additional 2nd order polynomial

fit to remove the curvature of the bacteria and using a ∼1.5 nm low-pass filter to

remove high frequency noise. Images are displayed as height data in 3D. Cross sec-

tional analysis in Figure 5.19c was performed in NanoScope Analysis and plotted

in Origin (OriginLab), along the dotted lines indicated in Figure 5.19a,b. For mea-

surements of bacterial height, the cross sectional profile was taken over a 500 nm

width to obtain an average for the bacterium.

4.3.5 Antimicrobial DNA Nanobarrels

DNA nanobarrels were designed by collaborators at NPL with sequences: shown in

Table 4.2.

Three NBs were used in this study which had 0, 2 or 3 cholesterol anchors attached

via a tri(ethylene glycol) linker at the 3’ terminus. Fluorescent versions contained

an Alexa647 fluorescent tag connected via a NHS linker at the 5’ terminus. The

structures of these NB versions is shown in Table 4.3.
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Nanobarrel Oligonucleotides used

NB-0C 1, 2, 3, 4, 5, 6
NB-0C-A647 1, 2-A647, 3, 4, 5, 6
NB-2C 1-chol, 2, 3, 4-chol, 5, 6
NB-2C-A647 1-chol, 2-A647, 3, 4-chol, 5, 6
NB-3C 1-chol, 2, 3-chol, 4, 5-chol, 6
NB-3C-A647 1-chol, 2-A647, 3-chol, 4, 5-chol, 6

Table 4.3: Structures of nanobarrels and the positions of cholesterols and A647 tags.

An equimolar mixture of DNA oligonucleotides (1 nmol each, dissolved in 1X PBS,

total volume 1 mL, unless stated otherwise) was prepared at room temperature,

incubated at 95oC for 2 min and cooled to 20oC at a rate of 5oC per min using a

PCR chamber. This was conducted by collaborators at NPL.

For AFM analysis of non-membrane bound DNA barrels, NB-0C was adsorbed onto

mica following a published procedure which uses Ni2+ cations for immobilization by

bridging the negative charges of DNA and the mica substrate. To freshly cleaved

mica, a solution of 10 mM Tris-HCl, 10 mM NiCl2 pH 7.4 (49 µL) and NB-0C (1

µM in 0.3 M KCl, 15 mM Tris, pH 8.0, 1 µL) was added and incubated for 1 h.

The solution was diluted further in 10 mM Tris-HCl pH 7.4 to a final NiCl2 concen-

tration of ∼2 mM for imaging. AFM topographical images of the nanobarrels were

acquired in fluid at room temperature using a Multimode 8 Atomic Force Micro-

scope (Bruker Santa Barbara, CA, USA) operated in tapping mode using a Biolever

mini cantilever (Olympus, Japan). Imaging was performed at a set-point of 108 mV

(∼2 nm) which was chosen to minimize imaging force whilst allowing clear tracking

of the nanobarrels at 4 Hz line rates. For the analysis of individual nanobarrels, the

image size was kept to 166 nm or less at a resolution of 512 pixels, resulting in a

maximum pixel size of 0.35 nm/pixel. Images were processed using Gwyddion for

line-by-line flattening and removal of tilt using a first order polynomial. The colour

scale was set to 2 nm to show the individual nanobarrels against the background.

Individual nanobarrels were cropped from the original image. An averaged image of
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the nanobarrels was obtained using the correlation averaging function in Gwyddion

over 11 nanobarrels. This data was collected by Alice Pyne.

4.3.5.1 DNA Nanobarrels on Live Bacteria

JM109 E. coli (Promega, UK) were grown overnight in LB medium at 37oC with

an orbital shaker at a speed of 250 rpm. The culture was diluted 1:100 and re-

grown at 37oC and 250 rpm for 3 hours to obtain bacteria in the exponential growth

phase. Cells were collected by centrifugation and washed 3 times in deionized wa-

ter with intermittent sedimentation at 5000 rpm for 2 min. Resuspended bacteria

were incubated for 30 minutes at RT on glass coverslips pre-coated using a solution

of poly-L-lysine (0.01%, Sigma-Aldrich, USA). The coverslips were then carefully

rinsed with water, avoiding the bacteria from drying out. The bacteria were then

incubated with a solution of nanobarrels (300 nM, NB-2C or NB-3C) in 0.1X PBS

at 37oC for 30 minutes (NB-2C) and 20 minutes (NB-3C). Prior to imaging, PBS

buffer was exchanged to 66 mM phosphate-buffer (PB).

Prior to imaging, immobilised bacteria were observed on the coverslips with bright-

field imaging using an Olympus IX 73 inverted optical microscope equipped with

an Andor Zyla 5.5 USB3 camera. Optionally, fluorescence microscopy was applied

to confirm the presence of nanobarrels on bacteria. In this case, nanobarrels were

tagged with Alexa657. As additional option, dead bacteria were visualized by stain-

ing with propidium iodide (PI) (5 µg/mL, Invitrogen, USA)) at room temperature.

Atomic force microscopy topographic images of E. coli cells in liquid were recorded

on a JPK Nanowizard™ 3 ULTRA Speed (Bruker, USA) operated in intermittent

contact mode at room temperature using a FastScan-D AFM cantilever with a spring

constant of 0.25 N/m (Bruker, USA).

Images were processed using Gwyddion for 0th order line-by-line flattening to centre

108



Chapter 4. Materials and Methods

data, and 1st or 2nd order plane fitting to remove tilt or bow. Phase data were

overlaid onto the height data using the 3D function in Gwyddion. High resolution

scans of E. coli surfaces were processed using an additional 2nd order polynomial fit

to remove the curvature of the surface. Cross section measurements were carried out

using Gwyddion and plotted using Origin (OriginLab, USA). The height distribution

for each image was calculated using the 1D statistical functions tool in Gwyddion.

When imaging compromised bacteria in tapping mode, the background surface was

not always fully tracked hence full cell height may be underestimated.

4.4 Fluorescence and Bright Field Imaging

LIVE/DEAD™ BacLight™ Bacterial Viability Kit (Thermo Fisher Scientific, USA)

contains two fluorescent molecular probes, SYTO 9 and PI. The excitation/emission

for these dyes are about 480/500 nm for SYTO 9 stain (green) and 490/635 nm for

PI (red). SYTO 9 is able to enter all bacterial cells, and hence labels all bacteria in

a population. In contrast, PI penetrates only bacteria with damaged membranes.

When both dyes are present, the PI causes a reduction in the SYTO 9 stain fluores-

cence, and hence the bacteria appear red. Thus, bacteria with intact cell membranes

(‘live’) are stained fluorescent green and bacteria with damaged membranes (‘dead’)

are stained fluorescent red.

To measure the speed of cell death after addition of the AMP tilamin (see Section

5.3), PI was added to the sample at the same time as the tilamin. The PI was used

at a concentration of 5 µg/mL.

Fluorescent images were taken using an Andor Zyla 5.5 USB3 fluorescence camera

mounted on an Olympus IX 73 inverted optical microscope. SYTO 9 and PI fluo-

rescence emission were monitored at 500 nm and 635 nm, respectively. Images were

processed using ImageJ (U. S. NIH, USA [337]).
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4.4.1 Unilamellar Phospholipid Vesicle Preparation for Til-

amin Activity

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-hexadecanoyl-2-(9Z -

octadecenoyl)-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG) were used to form the

membranes of the GUVs (3:1, molar ratio). The lipids were measured, dissolved in

chloroform, dried under vacuum to form a thin film, which was then dried under

ultrahigh vacuum for 3 h. The film was hydrated in 1 M sorbitol (1 mL) con-

taining sulforhodamine B (2 µM). The obtained suspension was sonicated for 30

sec at room temperature and diluted (1/1000) in PBS, and an aliquot (100 mL)

was deposited onto an 8-well Lab-TekTM chamber with CellMask™ Deep Red dye

(1/2000 dilution). After a 5-min incubation to allow GUVs to settle down, tilamin

or carboxyfluorescein-labelled tilamin was added to the final concentration of 10 µM

(L/P 100). Fluorescence was monitored for 45 min by a confocal laser scanning

microscope (CLSM) (FV-1000, Olympus) using appropriate filters. Images were

processed by Imaris 6.2.1 software (Bitplane). This was conducted by collaborators

at the NPL.

4.5 Sensing Antimicrobial Resistance at the Nanoscale

For experiments using the AFM as a sensor for AMR, bacteria were initially immo-

bilised on a cantilever, which was then placed into the AFM and immersed in PBS.

These are described as the “nanomechanical sensing” experiments below.

Subsequent experiments using bacteria just in solution are described as the “optical

interference method” experiments below.
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4.5.1 Nanomechanical Sensing Experimental Protocol

Bacteria were cultured overnight at 37 ◦C, 250 r.p.m. (∼106 CFU/mL). The bacte-

rial suspension was then washed in PBS, where 1 mL of bacterial suspension was

centrifuged at 5000 r.p.m. for 1 minute. The supernatant was removed and the

bacterial pellet re-suspended in 1 mL of PBS. This was repeated three times. The

final bacterial solution was concentrated by a factor of 8x or 20x.

For the initial experiments, APTES solution was used as the linker molecule to

immobilise the bacteria on the cantilevers. Cantilevers were treated with 0.2%

APTES solution for 1.5 minutes, followed by rinsing in DI water. The cantilevers

were then allowed to dry for at least 30 minutes before insertion into the AFM.

Bacteria (∼106 CFU/mL) were flowed into the petri dish holding the cantilever at

a rate of 1 mL/minute. This was left to incubate for 30 minutes. The bacterial

solution was then washed from the fluid cell with PBS by flowing in PBS at a rate

of 1 mL/minute.

For later experiments, glutaraldehyde solution was used in place of APTES solution.

For this, 25% glutaraldehyde solution was diluted down to 0.5% in DI water. A small

droplet was placed over cantilevers B and D (B: k = 0.12, fres = 23 kHz; or D:k

= 0.06, fres = 4 kHz) of a DNP-S1 or NP-O10 chip (Bruker, USA) and incubated

for 10 minutes. This was washed carefully with DI water and allowed to dry. A

droplet of the concentrated bacterial solution was incubated on the same side for

30 minutes. Loose bacteria were washed off by dipping the cantilever gently into a

petri dish of PBS. Bacterial immobilisation cover was checked using a bright field

microscope.

Experiments were carried out on a JPK Nanowizard™ 3 ULTRA Speed AFM system

(Bruker, USA) using DNP-S1 or NP-O10 cantilevers. The AFM was operated in

contact mode for cantilever calibration. During experiments only the real-time scan

function was used to monitor vertical deflection. Experiments were conducted at
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room temperature. Prior to the start of the experiments, the AFM laser was left on

for ∼12 hours to ensure the laser had warmed up fully and to reduce laser power

fluctuations which would affect the drift of the signal.

Cantilevers were calibrated prior to bacterial immobilisation. Sensitivity (nm/V)

and spring constant (k) were measured by force curve analysis and thermal tune

method, respectively. These were noted for conversion of raw mV data into nm.

Initially, a baseline noise measurement was taken of a bare cantilever in PBS. Vertical

deflection data was collected over the course of the experiments (∼30 minutes in

each condition) at a frequency of 20 kHz. Feedback gains were set to 0. The same

cantilever was then used for immobilising bacteria, as described in Section 4.5.1 and

vertical deflection data recorded again. Depending on the experiment, either glucose

solution or antibiotic was added at this point.

The antibiotic, ampicillin, was used to kill the bacteria, and was added to a final

concentration of 125 µg/mL (far above the minimum bactericidal concentration

(MBC) determined in Section 4.1.4).

4.5.2 Optical Interference Experimental Protocol

A stiff AC160 TS cantilever (k = 26 N/m; Olympus, Japan) was loaded onto an AFM

head (JPK Nanowizard™ 3 ULTRA Speed; Bruker, USA) and immersed in filtered

Luria Broth (LB; Sigma-Aldrich, USA) in a 35 mm diameter glass bottom petri dish

(WillCo Wells, Netherlands). The cantilever spring constant was calibrated using

the thermal noise method in the JPK software to convert vertical deflection from

volts to nanometre. The cantilever was allowed to equilibrate for 15 minutes, during

which time vertical deflection of the laser was measured. The LB media was then

inoculated with bacteria to a constant concentration (∼105 CFU) and recording was

started again for another 40 minutes to obtain pre-antibiotic baseline. Antibiotic
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solution was then added to directly to the LB + bacteria solution to a desired final

concentration, and deflection recording was then measured.

During experiments only the real-time scan function was used to monitor vertical

deflection of the laser. Experiments were conducted at∼28oC in an acoustic isolation

hood. Prior to the start of the experiments, the AFM laser was left on for ∼2 hours

to ensure the laser had warmed up fully and to reduce laser power fluctuations which

would affect the drift of the signal.

4.5.3 Analysis of Vertical Deflection Signal

Vertical deflection data (nm) was recorded on JPK Nanowizard™ 3 software at 20

kHz sampling frequency. This raw data was then processed in 800 second segments

using analysis code written in Matlab.

4.5.3.1 Nanomechanical signal

A fitted linear regression was subtracted from the raw data in 10 second windows

to remove drift in the signal (Section 3.4.3). The variance over 10 second windows

was then calculated for each 800 second data segment. The average variance pre-

and post-ampicillin treatment was then calculated from these.

To remove the low frequency peaks from the signal prior to re-analysis, a Savitzky-

Golay finite impulse response (FIR) smoothing filter of polynomial order 2 was ap-

plied to the data, with a filtering frequency of 101 Hz. A Savitzky-Golay smoothing

filter was chosen as this function can filter noisy data effectively without removing

high frequency data. The average variance was then calculated in the same way as

before.
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4.5.3.2 Optical interference signal

To isolate the large peaks in the signal (bacterial crossings) from high frequency

noise, the same Savitzky-Golay finite impulse response (FIR) smoothing filter of

polynomial order 2 was applied to the data, with a filtering frequency of 101 Hz.

To identify the number of bacterial crossings, both local maxima and minima were

identified, as bacteria moving through the laser was observed to cause both peaks

and dips in the signal. A “Peak Finder” function was used to identify local mini-

ma/maxima in the signal, where a “peak” was defined as having a threshold drop

of at least 0.5 nm on each side. This was to ensure that only the larger peaks were

counted, which correspond to bacteria moving across the laser. Smaller “noise” seen

in the signal was not attributed to actual bacterial crossings, but could be due to

partial crossings, or a change of orientation of bacteria within the laser during a

crossing. This threshold peak prominence value of 0.5 nm was applied empirically

across all files when carrying out the analysis to remove any bias of identifying peaks

in the signal.

Across the experiment, the number of peaks was calculated for a subsampled time

frame to increase the resolution of the data from 800 seconds to 267 seconds, and

plotted across the experimental conditions of LB media, addition of bacteria, addi-

tion of antibiotic.

To calculate the antibiotic sensitivity (rsensitivity) the ratio of the signal pre-antibiotic

addition, Sbaseline, and 45 minutes post-antibiotic addition, Santibiotic. rsensitivity pro-

vides a binary readout of sensitivity, rsensitivity ≤ 1 indicates cell death or inhibition

of bacterial growth, and sensitivity to the antibiotic in solution; rsensitivity > 1 indi-

cates bacterial growth, and therefore resistance to the antibiotic used.
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Chapter 5

Mechanism of Action of

Antimicrobials

The development of novel antimicrobial compounds is crucial to help treat the rising

number of antibiotic resistant infections around the globe. Identifying innovative

mechanisms and targets is an important part of the future development of these

new antimicrobials. This chapter describes work to assess the mechanism of action

of three antimicrobials: tilamin, a novel antimicrobial peptide; the membrane attack

complex, an antimicrobial pore of the innate immune system; and DNA nanobarrels,

a rationally designed antimicrobial DNA-cholesterol origami structure. Atomic force

microscopy, in combination with fluorescence studies, is used to investigate their

action on model membranes and on live bacterial cells, with high resolution and in

real time.

A greater understanding of the mechanism of action of these antimicrobials will

contribute to the future design of novel therapeutics and aid their transfer from the

bench to clinic.
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5.1 Introduction

The rise of resistant infections has put pressure on our current armoury of antibi-

otics - some infections are now untreatable and new antibiotics are needed. Classic

antibiotic discovery methods and market failures have failed to keep the pipeline of

new antibiotics alive. A key need identified in the literature for antibiotic research

is for the discovery and expansion of antibiotic classes. At the pre-clinical, basic

research stage there are several new classes of antibiotic molecules emerging from

innovative efforts to identify novel targets and mechanisms [38].

Many new biologicals (peptides and protein-based antimicrobials) are being engi-

neered to contain novel features, such as D amino acids, unnatural amino acids,

or associated sugars, giving these compounds better activity or reduced rates of

resistance. Among these biologicals are engineered antimicrobial peptides, which

actively kill bacterial cells via various mechanisms, and antibodies, which recruit

the natural immune system to destroy pathogenic bacteria. Other innovative non-

biologicals include synthetic nanostructures, including a new class of antimicrobial

DNA-origami structures. Characterising the mechanism of action of three such an-

timicrobials on live bacterial cells is the focus of this chapter, with the purpose of

furthering their development into therapeutics.

As described in Section 3, imaging bio-molecules in liquid using AFM, especially live

bacterial cells, is non-trivial. To enable studies on these challenging samples, force

control was optimised using DNA minicircles as the model system and achievable

resolution benchmarked using the secondary structure of DNA as the target (Objec-

tives 1 and 2, Table 1.1). The optimised system is then used to investigate the action

of three membrane-targeted antimicrobials, tilamin, MAC, and DNA nanobarrels on

live E. coli cells (Objectives 4i-iii, Table 1.1).
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5.2 Optimising Imaging Conditions for Imaging

High Resolution in Fluid

This section outlines work done to optimise the imaging conditions of a new JPK

Nanowizard™ 3 Ultra (Bruker, USA), addressing Objective 1 (Table 1.1). The test

sample was DNA minicircles. DNA is a good model sample for imaging with AFM

because of its well characterised features: height and width should be ∼2 nm, such

that imaging parameters can be optimised to ensure these features are not com-

pressed, whilst attempting to resolve double helix features in the strands of DNA

[256].

DNA is an iconic biological molecule, with its famous double helix structure elu-

cidated by Watson, Crick and Franklin in 1953 [339]. DNA can form in several

secondary structures, of which B–DNA is the most common under physiological

conditions. This form of DNA is a right-handed helix with a helical repeat (pitch)

of ∼3.6 nm, and major and minor groove widths of ∼2.2 nm and ∼1.2 nm, respec-

tively [340].

The double helix structure of DNA has been studied using techniques such as x-ray

diffraction and electron microscopy. These techniques, however, rely on averaging

of many molecules of DNA so local variations in structure are lost. Observing

these local variations at the single molecule level is of interest for understanding

processes involving DNA–protein interactions or super structures of the DNA, such

as supercoiling [341]. AFM has been used to study single molecules of DNA, with

researchers at UCL first resolving the double helix structure of DNA, resolution only

obtained by a few AFM researchers around the world [267].

For this reason, achieving double helix resolution was used as a benchmark for testing

the obtainable resolution of the AFM system (Objective 2, Table 1.1). Ensuring the

AFM system was optimised and that high resolution was achievable was crucial to
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obtaining results for the rest of the project.

5.2.0.1 Force Control

As discussed in Section 3.4.1, having high force sensitivity is important to ensure

sample and tip damage are minimised, and hence spatial resolution is maximised.

This is especially crucial for soft biological samples which can be damaged by using

high forces (>100 pN). In tapping mode low force imaging is possible with the use of

soft cantilevers (k<0.1 N/m) and small amplitude of oscillation (≤4 nm) to reduce

the applied force.

By measuring the apparent height of the sample when imaging with minimum force,

any compression of the sample can be observed by comparing this to the expected

height of the sample. For example in the imaging studies described below for DNA

the expected height is ∼2 nm. This can be checked by a line height profile measure-

ment during imaging (Figure 5.1a-c).

AFM requires samples to be immobilised on a flat surface to be imaged. When too

high a force is used during imaging, the sample can be moved or swept off the surface,

as seen in Figure 5.1d,e, hence careful monitoring of the force was required. When

too high a force is used this can also dull the tip, such that features appear broader

than expected (Figure 5.1f). The width of the strands of DNA was measured over

the course of experiments to ensure that the tip was still sharp for high resolution

imaging. However, when too low a force was used a ‘parachuting’ effect was observed

where edges of the sample are not tracked (Figure 5.1g). This illustrates the fine

tuning required during imaging to ensure the optimum force is exerted on the sample

for high resolution imaging.
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Figure 5.1: Issues encountered when imaging in liquid with AFM. a-c, Height
of DNA strand is ∼2 nm. Graph shows height profile for DNA minicircles in (a, blue) and
(b, red). The height shows ∼2 nm, indicating little compression and hence an appropriate
force. d,e, DNA minicircle is swept off the mica surface. This occurs when too high a
force is used when imaging, such that the sample is moved or pushed off the surface. f, A
dull tip (caused by high force or wear from use over time) causes the DNA minicircle to
appear much wider than with fresh tip, as in (a) and (b). g, Parachuting when too low a
force is used. h, NiCl2 crystals and other contamination on mica surface. Clean buffers
and careful sample preparation is crucial to avoid contamination from creating artefacts
in an AFM imaging experiment. i, Shadow effect of double tip. Height trace data shown
for (a-i). Height colour scale (shown in (a)) for 2.5 nm, applies to (a-i). All inset scale
bars 25 nm.
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5.2.0.2 Contamination

Mica is atomically flat, and is used to provide a flat background for samples with

nanometre-scale features, such as DNA. As was found over the course of imaging

optimisation, buffer contamination and salt crystal formation can make the sample

difficult to see against background contamination, as shown in Figure 5.1h. The

cantilever tip may pick up this contamination or a salt crystal may form. This

means that the cantilever has two (or more) protrusions instead of one (a ‘double

tip’). The cantilever then images the surface with both (or all) of the protrusions,

and this appears in the image as a shadow (as shown in Figure 5.1i). Taken together

this highlights the importance of careful sample preparation and clean buffers, which

have to be made up fresh for each imaging experiment.

These issues were equally applicable to high resolution imaging of live bacteria, but

are harder to identify and correct for without optimising the system first.

5.2.1 DNA Double Helix Resolution

The resolution of the JPK Nanowizard™ 3 ULTRA Speed AFM system (Bruker,

USA) was tested by optimising imaging parameters in intermittent contact mode

using DNA minicircles as the test sample. Figure 5.2a shows DNA minicircles ad-

sorbed onto mica. Contrast has been adjusted to highlight visible secondary struc-

ture.

Surface corrugation is visible on the surface of the DNA minicircles (see arrows in

part a). This was investigated for the selected minicircle (purple box, a), which is

shown in Figure 5.2b. Figure 5.2c shows a section of interest of the minicircle in

Figure 5.2b (blue box). The height profile taken along the line shown in Figure

5.2c shows peaks and troughs along the surface of the minicircle section, shown

in Figure 5.2e. The measured distances between peaks in the height profile show
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Figure 5.2: Visualisation of DNA secondary structure by AFM. a, Height image
of 339 base-pair DNA minicircles adsorbed onto a mica surface. Corrugation on surface
of DNA strands highlighted with arrows. Inset scale bar 20 nm; height colour scale 2.8 nm.
b, Zoomed in height image of DNA minicircle from purple box in a. Inset scale bar 10
nm; height colour scale 1.84 nm. c, Section of DNA minicircle from blue box in b. Inset
scale bar 5 nm; height colour scale 1.28 nm. d, A space filling representation of B-DNA,
annotated with the pitch, major and minor groove values, rendered using Chimera [65]
from the PDB file 1BNA [342]. e, Height profile along line shown in c. Inset box details
distances between five peaks visible in the height profile. These values are comparable to
the major (2.2 nm) and minor (1.2 nm) groove widths shown in d, such that 1, 3, and 5
are minor grooves and 2 and 4 are major grooves. AFM image taken at 2 Hz line rate,
512 x 232 pixels, 520 mV set-point.

121



grooves which are comparable to the major (2.2 nm) and minor (1.2 nm) groove

widths (Figure 5.2e), such that the peaks marked with 1, 3, and 5 are likely to be

minor grooves, and 2 and 4 major grooves.

This study demonstrates that nanometre resolution was obtained on biological sam-

ples in liquid using the JPK Nanowizard™ 3 ULTRA Speed AFM system. This level

of resolution is especially difficult to obtain with an AFM system operated on top

of an inverted optical microscope, because of the extra instabilities and noise in-

troduced by the optical microscope. This optimisation demonstrates the resolution

possible in liquid on a biological sample with this system, which was important to

establish prior to imaging more difficult and less well characterised samples used in

the next sections.

5.3 A Novel Antimicrobial Peptide: Tilamin

Tilamin is a synthetic peptide designed to act by a novel mechanism, previously

predicted in the literature [89]. It was designed to disturb the membrane by only

penetrating the outer leaflet of the bilayer. The structure of tilamin (Figure 5.3a,

right) was based on the transmembrane pore-forming peptide, amhelin (Figure 5.3a,

left) [300]. Both peptides comprise neutral polar or small, polar cationic and hy-

drophobic residues that arrange into a contiguous amphipathic helix of ∼3.15 nm

in length (0.54 nm per helical turn). This arrangement allows the helix of amhelin

to span microbial phospholipid bilayers of ∼3–4 nm in thickness. However, un-

like transmembrane amhelin, the tilamin helix was designed to insert only half-way

through the bilayer (Figure 5.3b).

Figure 5.3a (right) illustrates the helical structure of the amino acids within tilamin.

The charged (blue) region has been designed to contain positively charged arginines

in the central region of the peptide where it folds. This was predicted to result

122



Chapter 5. Mechanism of Action of Antimicrobials

Figure 5.3: The design of helical peptide, tilamin. a, Helical representation of
peptide sequences of amhelin and tilamin (left and right respectively). Amino acid residues
are marked with type and position. Green, hydrophobic. Blue, cationic. Orange and red,
neutral. b, Proposed monolayer poration mechanism model of tilamin. Tilamin peptides
(blue) bind to the membrane surface electrostatically, forming their secondary structure,
“S”-state (left). The peptides then interact with the phospholipids in the top leaflet of
the membrane bilayer, forming monolayer pores in the outer leaflet, “M” state (right).
Adapted from [314].

in stronger binding between the peptide and the polar head groups of the lipid in

the membrane bilayer due to the increased electrostatic interaction. The neutral

(orange) region has also been designed to contain only the hydrophobic alanines

creating a second hydrophobic region in addition to the leucine hydrophobic region

(green). This was predicted to destabilise the peptide in the full membrane, making

monolayer insertion more favourable (Figure 5.3b). A tyrosine (Y12, green) has also

been placed in the centre of the helix to encourage bending of the helix, ensuring

the tilamin peptide sits in only the outer leaflet of the bilayer.
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A range of different techniques have been used to study and characterise AMPs, in-

cluding traditional microbiology techniques, fluorescent stains, nuclear magnetic res-

onance, circular dichroism and mass spectrometry. These techniques have provided

information on efficacy and structural information, but mostly rely on ensemble

averaging.

AFM can complement these other techniques by providing high resolution confirma-

tion of the mechanism of action, kinetics and efficacy of these peptides in real time

on model systems. This section describes work to address Objective 4i (Table 1.1),

investigating the mechanism of action of the novel AMP, tilamin, bringing together

a range of measurements for a comprehensive understanding of peptide activity.

This work was done in collaboration with Max Ryadnov (NPL) and others for the

publication ‘Engineering monolayer poration for rapid exfoliation of microbial mem-

branes’, A. L. B. Pyne, M.-P. Pfeil, I. Bennett et al., Chem Sci, 2017 [314].

5.3.1 Minimum Inhibitory Concentration of Tilamin

Collaborators at the NPL synthesised tilamin peptide (as described in Methods

Section 4.3.3) and tested the MIC using conventional broth microdilution. Til-

amin showed activity against Gram-negative and Gram-positive bacteria at concen-

trations comparable to, or often lower than, other characterised AMPs: amhelin,

a transmembrane pore-forming peptide; cecropin B, a naturally occuring peptide

(only effective against Gram-negative bacteria); and two commercially used pep-

tides daptomycin (targets Gram-positive bacteria) and polymyxin B (used against

Gram-negative bacteria). This is shown in Table 5.1. Interestingly, tilamin showed

greater activity than closely related amhelin across all bacteria tested, except E.

coli. Tilamin showed no effect on human erythrocytes (lethal concentrations of

>>1200µg/mL), with <3% haemolysis.
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Peptide MIC, µg/mL
Bacterial
species

tilamin amhelin cecropin B daptomycin polymyxin B

P. aeruginosa
(ATCC27853)

9.7 30.1 6.7 >100 <1.3

E. coli (K12) 24.7 7.3 <4 >100 <1.3
S. aureus
(ATCC6538)

21.3 >122 >420 12.5 ≤65

B. subtilis
(ATCC6633)

<2.4 15.2 >210 12.5 2.0

Table 5.1: Minimum inhibitory concentrations for tilamin and other comparable AMPs.
Gram-negative strains tested include P. aeruginosa and E. coli; Gram-positive strains
include S. aureus and B. subtilis. Each tested in triplicate. Adapted from [314].

5.3.2 Studies on Model Membranes

Model membranes are used to mimic the cell membrane in AFM (Section 3.5.1).

They are formed of supported lipid bilayers (SLBs) which contain both leaflets of

a bilayer membrane on a flat mica surface. Each leaflet of the bilayer can be made

to contain a given mixture of component lipids to resemble those found in cell

membranes of eukaryotes or prokaryotes [294].

As described in Section 4.3.3.2, the SLBs used for these experiments were composed

of anionic lipids (DLPC:DLPG) in a 3:1 ratio to mimic the bacterial membrane.

Bacterial membranes are naturally rich in anionic lipids, PE and cardiolipin [64].

However DLPC:DLPG were used as they have gel-to-fluid transition temperatures

which are significantly lower than room temperature (−1 ◦C and −3 ◦C respectively).

This means they will form fluid phase bilayers at room temperature. These lipids

also have equal chain length so will form a bilayer with a constant height, allowing

the visualisation of surface changes with nanometre resolution.
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Figure 5.4: Supported lipid bilayer (SLB) characterisation and exposure to tilamin pep-
tide. DLPC:DLPG bilayer on mica substrate. Below, height line profile of bilayer surface
along blue line.

5.3.2.1 Quantifying the Lipid Bilayer

The surface of a clean bilayer is flat and featureless, identical to the surface of the

mica it is deposited on, so a bilayer surface and a bare mica surface will produce

AFM images which appear the same. Therefore the presence of a bilayer must be

confirmed.

After depositing a bilayer on a mica surface (Section 4.3.3.2), a featureless surface

was imaged (Figure 5.4). A line profile taken along the surface of the image shows

<1 nm of surface roughness. This level of smoothness is required for visualising the

peptide tilamin, as expected pores would be only ∼1.5-2 nm deep.

To determine the presence of a bilayer and determine its mechanical properties, force

curves were obtained (Figure 5.5). Approaching the sample from Z=0 distance (blue
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Figure 5.5: Force curve showing typical bilayer approach and retract curves
for SLB on mica. During approach (blue), the tip breaks through the bilayer to the mica
surface, giving rise to a characteristic breakthrough force peak (*). During retraction (red)
there is adhesion of the tip to the bilayer, followed by ‘snapping off’ and retraction.

line), the region of zero force (0-∼75 nm Z distance) is where the tip is far enough

away from the sample surface that they do not interact. When the tip first comes into

contact with the bilayer surface, there is an increase in force as the tip pushes on the

bilayer surface, elastically deforming it (marked with *). When a high enough force

is exerted to push the tip through the bilayer, the tip then moves the distance of the

bilayer to the mica surface below. This required force, called the breakthrough force,

provides information about the stiffness of the bilayer. In addition the Z distance of

this peak can be used to calculate the width of the bilayer. The tip then pushes on

the mica substrate, rapidly increasing the force on the cantilever and deflecting the

cantilever. The presence of this characteristic breakthrough force curve allows us to

confirm the presence of a bilayer on the mica surface, as this feature is not present

in force curves on bare mica.

With a clean bilayer successfully deposited on the mica surface the antimicrobial

peptide, tilamin, was applied and its effects imaged, which is discussed in the next

section.
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5.3.2.2 Tilamin Disrupts Anionic Model Membranes

The effect of tilamin on the model membrane was monitored using PF QNM AFM

on a Multimode 8 (Bruker, USA) using AC40 cantilevers (Olympus, Japan) (as

described in Section 4.3.3.2). As shown in Figure 5.5, a featureless bilayer was

observed prior application of tilamin peptide. Figure 5.6 shows the effect of tilamin

on anionic SLBs. Figures 5.6a and b show areas of pore formation after incubation

with tilamin at a concentration of 1.8 µM. The height profiles shown below are taken

along the blue line in the images above.

Figure 5.6: Tilamin forms pores on anionic SLBs. a,b, Two areas showing
DLPC:DLPG bilayer on mica substrate after incubation with 1.8 µM tilamin peptide.
Below, height line profiles of pores taken along blue lines. Inset scale bars 1 µm; colour
scale 10 nm.

The line profiles across the SLBs show the depth of poration as 0.8-1 nm. This is

less than half the depth of the 3.2 nm bilayer, suggestive of monolayer exposure
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in the pore. As tilamin helices are predicted to be 3.15 nm, the bilayer would

accommodate the full insertion across the width of the bilayer leaflets - this would

give rise to deeper pores than those observed, suggesting disruption of the membrane

is not transmembrane.

This pore depth would, however, also be consistent with membrane thinning, an-

other mechanism by which α-helical AMPs have been shown to act on membranes

[343, 344]. For membrane thinning, depending on the peptide concentration, the hy-

drophobic peptide helices can stably insert into the membrane perpendicular to the

membrane plane. However tilamin was designed to have a hydrophilic portion which

would interact with the phospholipid head group, which would prevent the helices

from becoming perpendicular to the membrane (Figure 5.3). The angle of peptide

insertion in the membrane was further confirmed with solid state nuclear magnetic

resonance (NMR) to be 70o with respect to the membrane plane by collaborators

[314].

5.3.3 Fluorescence Studies on Membranes of Model Cells

To further test the membrane activity of tilamin, a synthetic version of a bacterial

assay using giant unilamellar vesicles (GUVs) was developed by collaborator, Jon

Burns, UCL. GUVs represent minimum membrane models of biological cells, with a

phospholipid bilayer membrane around an aqueous interior [345]. The membranes

of the GUVs were composed of POPC and POPG (3 : 1 molar ratio). These lipids

are similar to DLPC and DLPG, forming an anionic bilayer but which is thicker, at

∼4 nm (compared to DLPC:DLPG bilayer which is 3.2 nm thick). These thicker

bilayers are more stable as GUVs.

The vesicles were selectively stained so that co-localisation with labelled tilamin

could be observed. The GUVs membranes were labelled with CellMask™ (violet)

and the interior with sulforhodamine B (red), in Figure 5.7. With no tilamin, these
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Figure 5.7: Tilamin-induced lysis of giant unilamellar vesicles. a,b, Time se-
ries of representative fluorescence images of GUVs with membrane bilayers composed of
POPC/POPG (3 : 1) lipids. Images show effect of incubation in PBS without tilamin
(top) over course of 45 minutes, and incubation with tilamin (lower) at concentration of
10 µM. Violet is CellMask™ Deep Red staining of the GUV membranes, red is sulforho-
damine B staining of the interior, green is carboxyfluorescein-labelled tilamin peptides.
From [314].

GUVs were stable and the fluorescently labelled bilayer and interior were distinct.

On addition of tilamin, the GUVs were found to show membrane blebbing and

rapidly disintegrate within 20 minutes. Carboxyfluorescein-labelled peptide (green)

initially co-localised with the membrane dye prior to GUV disintegration, but not

with the interior dye, confirming the interaction of the peptide with membranes. As

these model cells contain only a membrane, and no other targets for the peptide, this

demonstrates that tilamin binds to anionic membranes causing the antimicrobial

activity. Although this suggests tilamin acts by disrupting the integrity of the

bacterial membrane, AMPs have been shown to have intracellular targets such as

DNA and protein synthesis, protein folding, enzymes and cell wall synthesis [74,

346, 347]. Therefore interference with intracellular processes could still be a factor

in the bactericidal activity of tilamin in vivo.
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5.3.4 AFM Imaging of Live Bacteria

As described above in Section 5.3, tilamin was designed to exhibit antimicrobial ac-

tivity via forming monolayer pores in anionic membranes. This mechanism has now

been supported by experiments on model membranes and vesicle bacterial cell mod-

els (Section 5.3.2). These models are, however, a much simplified version of actual

bacterial membranes and the cell environment. Bacterial membranes are complex

and dynamic, with many different components which would affect the activity of an

AMP. Therefore the effect of tilamin was studied on live E. coli cells to confirm this

mechanism and its efficacy in actual bacterial membranes.

Figure 5.8: The structure of Gram-negative and Gram-positive bacterial cell
walls. Gram-negative bacteria (left) have two distinct membranes: the outer membrane
and the cell (or inner) membrane. These are separated by a peptidoglycan layer, which is a
polymer of glycan strands that are cross-linked by peptide side chains, forming a mesh-like
structure. The outer membrane contains membrane proteins such as porins which regulate
the passage of compounds into and out of the cell. Not shown is the LPS layer on the
surface of the outer membrane, which is formed of lipid-sugar polymers. This protects and
contributes to the stability of the membrane. Gram-positive bacteria (right) have a single
cell membrane which is protected by an extensive layer of peptidoglycan on the surface.
Peptidoglycan is anchored to membranes via lipoproteins found in both Gram-negative and
positive bacteria.

Gram-negative bacteria, such as E. coli, have two distinct membranes (outer and

inner) with the bilayer thicknesses of 3.7–4.1 nm [348] (Figure 5.8). Between these

two membranes is the peptidoglycan layer: a thin (4 nm) and highly porous structure

formed of glycan strands that are cross-linked by peptide side chains [349]. This

strongly interacts with cationic AMPs, which facilitates their access to the inner
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membrane [350, 351]. This is distinct from Gram-positive bacteria which have an

extensive peptidoglycan layer on their surface [351].

For this study, live BL21 (DE3) E. coli cells were immobilised on a glass slide using

0.01% PLL (described in Section 4.3.3.3). The positive charge of the PLL and the

negative charge on the bacterial membrane enables the bacteria to be electrostati-

cally immobilised on the glass surface [352].

Initial experiments were conducted to ensure that imaging over time did not ad-

versely affect the bacteria. Surface topology (smooth) and cell height (∼1 µm) were

used as measures of cell viability.

5.3.4.1 High Resolution Imaging of E. coli Cells

Imaging live bacteria using AFM is non-trivial [19, 353]. Optimisation of imag-

ing parameters and sample preparation is crucial to successfully imaging bacteria

(Section 3.4.1). The rod-like shape of E. coli means that the surface available for

electrostatic interaction with the PLL is relatively limited, meaning that the bacteria

may not be fixed in place very strongly. This is beneficial as the interaction should

not interfere with normal cellular processes. However as imaging with AFM requires

a stationary sample, this relatively weak immobilisation meant some bacteria would

be swept away during imaging. Bacteria which were flat against the surface were

mostly fixed strongly enough for stable imaging and these were selected for further

investigation.

For this study BL21(DE3) E. coli (Promega, UK) were imaged (as shown in Figure

5.9). BL21(DE3) strain is a laboratory strain with a reduced LPS layer (O-antigen),

and does not express flagella (H-antigen). This strain was originally selected for its

competency for transformation with a green fluorescent protein (GFP)-containing

plasmid (pRSET-EmGFP plasmid (Invitrogen, USA)) as described in Section 4.1.3.
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The option of having GFP-expressing bacteria is advantageous as the bacteria can

be visualised using a fluorescence microscope, which is much clearer than with a

bright-field microscope.

Cells were imaged using FastScan D cantilevers (k∼0.25 N/m) (Bruker, USA) on

a JPK Nanowizard™ 3 ULTRA Speed AFM system (Bruker, USA) operated in

intermittent contact mode as described in Section 4.3.3.3.

Figure 5.9 shows both height and phase images of a sample of BL21(DE3) E. coli

bacteria. Phase information is derived from small changes to the oscillations of the

cantilever during imaging and is more sensitive to smaller changes in sample surface

(Section 3.3.3), providing the more detailed images shown in Figures 5.9b,d than

the corresponding height images in Figures 5.9a,c.

The height profiles in Figure 5.9e show a single line taken in the trace and retrace

(forwards and backwards) directions of the scan (taken along the red dotted line in

Figure 5.9a). The height of the bacterium is shown to be ∼0.9 µm high. This is

consistent with the expected height of an E. coli cell. The height of the bacteria was

constantly monitored during imaging to ensure the correct force was being applied,

and also as a measure of cell viability. Dead cells were found to have a much reduced

height profile (∼0.4-0.6 µm), so bacteria with a height profile of ∼0.7-1 µm were

taken as an indication of viable bacteria [354].

Figure 5.9e also highlights another effect of imaging bacteria using AFM, which is

that the height profile of the imaged bacterium is not the same on both sides of the

bacterium. On the trace (blue) and retrace (red) lines one side of the bacterium

appears as a sharp edge, as would be expected, whereas the other side appears

slanted. This ‘squeeze film’ effect is the result of the hydrodynamic interaction

between the cantilever beam and the surface of the bacterial cell [284].

Higher resolution images of the surface of the E. coli cell show a smooth surface
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Figure 5.9: High resolution images of live BL21(DE3) E. coli cells immobilised
on glass slide in water. a, Height image of BL21(DE3) E. coli cells. Purple box
corresponds to area shown in c. Red line indicates line taken for height profile in e. Height
colour scale 1.5 µm. b, Phase image of BL21(DE3) E. coli cells. Blue box corresponds to
area displayed in d. c, Higher resolution height image of area of E. coli cell (indicated by
purple box in a), after correction for background curvature in the height data. Green line
indicates height profile for f. d, High resolution phase image of area of E. coli cell. Area
indicated by blue box in b. Small pores appear on surface of outer membrane, indicating
possible presence of porins. e, Trace and retrace height profile of bacterium (taken along
red line in a). Bacterium is ∼0.9 µm high. f, Height profile of high resolution image of
surface of E. coli cell (taken along green line in c).
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(Figure 5.9c), with possible porin-like structures showing in the phase of higher

resolution scans (Figure 5.9d). A line profile from Figure 5.9c shows that the surface

has a roughness of <0.5 nm (Figure 5.9f). Porin structures have previously been

shown in the surface of bacterial cells by Yamashita et al., showing that porins are

7 nm wide and less than a nanometre deep [355]. These dimensions are consistent

with structures observed in this study.

5.3.4.2 Imaging of Tilamin-Treated E. coli Cells

The MIC of tilamin was measured by collaborators to be 10.2 µM (shown above in

Table 5.1). In the following experiments a lower concentration of peptide was used

due to the lower concentration of bacterial cells used for imaging and since a lower

amount of peptide should ‘slow’ the peptide interaction process down, in order to

visualise the formation of pores in real time.

The antimicrobial action of tilamin on immobilised BL21(DE3) E. coli cells was

confirmed by co-incubation of 3.5 µM tilamin and 5 µg/mL PI stain. As shown in

Figure 5.10a, tilamin caused total cell death in a population of BL21 (DE3) E. coli

cells within 15 minutes as measured by uptake of PI (which only stains cells with

compromised membranes). Tilamin activity was confirmed using a fluorescently la-

belled tilamin peptide (green), which shows co-localisation with PI stain (righthand

image).

After confirmation by fluorescence of activity on immobilised E. coli with tilamin

peptide, AFM images pre-application of tilamin (Figure 5.10b), and post-application

of 3.5 µM tilamin were obtained (Figure 5.10c). These images demonstrate the effect

observed on the same bacterium after 15 minutes incubation with the peptide. The

height of the bacterium reduced from ∼0.9 µm to ∼0.5 µm, suggesting a reduction

in turgidity of the compromised cell. In addition an exfoliation-like effect is visible

on the surface of the bacterium, most prominent in the phase image of Figure 5.10c.
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Figure 5.10: Antimicrobial effects of tilamin peptide on BL21(DE3) E. coli
cells. a, Bright field image of immobilised E. coli bacteria with PLL on glass slide (left).
Incubation with PI (red) and fluorescently labelled tilamin (green) after t=0 (centre) and
t=15 minutes (right) shows total cell death within 15 minutes. Fluorescence images offset
slightly for clarity. b, Height and phase images of E. coli cell pre-tilamin treatment. Height
profile of cell pre-tilamin treatment taken along blue line of height image. Height is ∼0.9
µm. c, Height and phase images of E. coli cell after 15 minutes incubation with 3.5 µM
tilamin peptide in water at room temperature. Exfoliation-like effect on cell membrane is
visible. Height profile of cell 15 minutes post-tilamin treatment. Height has reduced to
∼0.45 µm. Inset scale bars 500 nm. Adapted from [314].

To probe how this antimicrobial activity relates to the mechanism of action for

tilamin, the effects of tilamin were further investigated at higher resolution, as shown

in Figure 5.11. A height profile along the surface of the tilamin-treated bacterium
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in Figure 5.11a shows a step of ∼8 nm, from the outer layer of the membrane to

an inner surface (Figure 5.11b). This outer layer was postulated to include the

outer membrane (3.7-4.1 nm) [348] and a periplasmic peptidoglycan layer (4 nm),

consistent with the ∼8 nm step shown in the height profile. This would make the

inner layer the inner cell membrane. However this step of 8 nm could also be the

outer membrane and the upper periplasmic space, with the inner surface observed

being the peptidoglycan layer.

Figure 5.11: Membrane exfoliation and poration on E. coli cell. a, Height and
phase AFM images of E. coli after 15 minutes incubation with 3.5 µM tilamin peptide in
water at room temperature. b, Height profile taken along black dotted line on cell in a,
showing ∼8 nm-deep step from the outer cell wall layer to the inner membrane. c, High
resolution height and phase images of the areas marked by blue boxes in a, after correction
for background curvature in the height data. These images show exfoliation of the outer
membrane and poration of both the outer and inner membrane. d, Height profiles taken
along the highlighted lines in c (left). Colour scale for height data, see a, which represents
140 nm for a and 19 nm for c. Incubation conditions: 3.5 µM, pH 7.4, 20oC. Adapted
from [314].

Higher resolution images of an area of a tilamin-treated bacterium show the exfoli-

ated outer membrane and the exposed inner surface (Figure 5.11c). Small pore-like

features are visible on both the inner and outer surfaces. Height profiles taken of

these suggest pore depths of ∼2 nm (Figure 5.11d), consistent with possible mono-
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layer poration by tilamin. However the nature of this inner surface is not clear.

Exactly how the peptidoglycan layer would have been removed to expose this inner

membrane is difficult to say. Peptidoglycan is anchored to the outer and inner mem-

brane via lipoproteins in Gram-negative bacteria (Figure 5.8), and forms a strong

mesh structure which is interconnected around the circumference of the bacterium.

In addition, isolated peptidoglycan has been shown to contain pores in its mesh

structure, necessary for movement between membranes [356]. An extension of this

work would be to incubate the sample with anti-peptidoglycan antibodies, and use

a gold nanoparticle-labelled secondary antibody. These gold nanoparticles should

be visible on the surface if bound to the inner membrane, confirming the identity of

the inner membrane.

This poration activity was seen across n=11 cells, which for single cell AFM studies

is considered to be meaningful due to the difficulty of the imaging technique. Various

amounts of monolayer poration, larger holes or lesions of different sizes, and outer

membrane exfoliation were seen across cells (Figure 5.12). Membrane blebbing was

also observed, where large bumps were seen on the surface of the bacterium. These

can be produced by bacteria under stress. For many of the treated cells imaging was

impossible – dying cells become unstable as their membranes disintegrate and cell

contents are leaked, before the cell either completely collapses or bursts. Tilamin

was found to act rapidly, often compromising a population of cells within minutes.

This rapid action is useful for an antimicrobial therapeutic, but less so for visualising

its mechanism, highlighting the achievement of the work conducted in this study.

5.3.5 Kinetics of Tilamin Antimicrobial Activity

The bactericidal activity of tilamin was monitored by live-dead assays using fluo-

rescence microscopy (experiment carried out by Baptiste Lamarre, NPL). Tilamin

caused up to 80% lysis rates at the MIC within the first 30 min for E. coli (Figure
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Figure 5.12: Developing poration by tilamin on E. coli cell. High resolution
images of E. coli without peptide treatment,a, and during incubation with tilamin,b-d.
Cross sections along the highlighted lines show an unperturbed bacterial surface (a); profiles
of monolayer depths (lines 1 in b and c; line 2 in c; lines 1,2 in d), developing holes (lines
2-4 in b; 3 in c) and lesions piercing through the outer cell-wall layer (lines 4, 5 in c).
Colour scales: 18 nm (a, b), 12 nm (c), 6 nm (d). Incubation conditions: 3.5 µM, pH
7.4, 20oC. From [314].
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Figure 5.13: Antimicrobial kinetics of studied peptides using fluorescence. a,
Average numbers of stain-dead E. coli cells incubated with tilamin (blue), amhelin (orange),
cecropin B (grey) at MICs, amhelin at 3xMIC (dark blue) and the non-AMP at 10 µM
(yellow) as a function of time. The data represent mean values ± s. d.; b, Fluorescence
microscopy images of PI-stained E. coli cells. From [314].

5.13a). These were noticeably faster than those of the natural cecropin B and syn-

thesised peptide amhelin (both <30%) in the same time frame, while comparable

rates were only seen for amhelin at concentrations three times above MIC. Moni-

toring PI staining over time again showed the faster activity of tilamin compared to

amhelin and cecropin B (Figure 5.13a and 5.10a).

As shown in Figure 5.14, high resolution imaging by AFM can provide single cell

insights into the dynamics of the process of peptide-mediated cell death. This series

of phase images were taken in two separate areas over the course of 570 seconds

(∼10 minutes) after application of tilamin, which is consistent with the kinetic

studies above. The dynamic removal of the outer membrane is clear, as well as the

transient appearance of some pores, or deep pores expanding as the outer membrane

is disintegrated.
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Figure 5.14: Kinetics of membrane exfoliation by tilamin on E. coli. High
resolution phase images of two areas of E. coli cell during incubation with tilamin, as
a function of time post tilamin addition. Incubation conditions: 3.5 µM, pH 7.4, 20oC.
Adapted from [314].

5.3.6 Conclusions

This section has provided evidence for a novel mechanism of AMP activity which has

been predicted and engineered by rational design. This work addressed Objective 3

and 4i: optimise high resolution imaging on live E. coli cells and provide mechanistic

insights using real time, high resolution imaging on live bacterial cells for the AMP,

tilamin.

Tilamin was shown to be effective across a range of bacterial species. Specifically, the

findings support a molecular mechanism where tilamin inserts into the upper leaflet

of the bilayer, triggering rapid membrane thinning and the formation of monolayer

pores causing membrane rupture (Figure 5.15). The action of tilamin was visualised

on the surface of live bacteria as well as reconstituted lipid bilayer vesicles in solution

and on SLBs. These imaging studies showed the rapid formation of pores peppering

the outer leaflet of lipid bilayers, expanding to exfoliate the outer membrane from

bacterial cells at speeds faster than native and other engineered peptides.

The rapid action of tilamin could be due to the insertion of tilamin only across half

the bilayer, rather than across the entire bilayer. Exposing the hydrophobic inner
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Figure 5.15: Monolayer pores formed by tilamin insertion into bacterial mem-
branes.

surface of the bilayer quickly destabilises the membrane, causing rapid removal of

the entire bilayer. This rapid action of tilamin makes it a promising mechanism for

therapeutics, and this work provides the basis for designing more effective antibi-

otics.

This study represents one of the first high resolution studies of the activity of AMPs

on live bacterial cells in real time, linking design to function and activity. There are

many other AMPs which act by a variety of mechanisms which would be of interest

to investigate in a similar manner, for example the closely related peptide, ‘amhelin’,

which was designed by collaborators at NPL to porate the bilayer by a ‘expanding

pore state’. This has been confirmed on SLBs, but not on live bacterial cells.

Other AMPs have been designed to investigate the structure/function relationship

between peptide sequence and mechanism of action. These include ‘ChoC’ and

‘ChoM’, designed by collaborators at the NPL to investigate the structure/function

relationship of cecropin B. ChoC was created by removing the C-terminus α-helix of

cecropin B at the hinge section. ChoM contains peptide alterations giving it a larger

hydrophobic core destabilising its formation of a pore structure in the membrane.

These have been studied on model membrnaes, but a greater understanding of how

structures give rise to different mechanisms on actual bacterial membranes will allow

more effective rationally designed therapeutics.

In this section we have looked at the rational design of a novel therapeutic, inspired

by antimicrobials found in nature. Nature’s antimicrobial mechanisms are very
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effective, and the next section characterises the formation of another membrane-

targeting, innate antimicrobial: the MAC (Objective 4ii, Table 1.1). Understanding

how MAC forms and kills bacterial cells could lead to therapeutics which take ad-

vantage of this powerful mechanism.

5.4 The Membrane Attack Complex

The complement system forms the first line of defence against invading pathogens

in the innate immune system. Its activation leads to the formation of antimicrobial

MAC pores on Gram-negative bacterial membranes [91], as reviewed in Chapter 2,

Section 2.2.4.2. MACs do not form on Gram-positive bacterial membranes due to

the thick peptidoglycan layer protecting the cell membrane (Figure 5.8).

Briefly, the activation of the complement pathway results in conversion of C3 to

surface-bound C3b, which then bind C3 convertase enzymes to form surface-bound

C5 convertase (Figure 5.16, turquoise). This C5 convertase splits C5 into C5a and

C5b (purple). Unstable C5b then quickly bind to C6 (yellow) forming stable C5b6

complexes. These subsequently bind C7 (green), inserting into the membrane, then

binding C8 (red, blue, orange) and 18 C9 molecules (light blue) recruited to the

structure to form a large hetero-oligomeric MAC pore which spans the membrane

bilayer [92, 357].

The structures of individual components of MAC have been resolved using x-ray

crystallography [358], and complete pores have been characterised by cryo-EM [93,

98]. From these studies we know that MACs form toroid-shaped pores with an inner

diameter of 10 nm. The size of the complex means that it cannot span across both

the inner and outer membranes of Gram-negative bacteria [99]. Hence despite these

structural insights, the cell lysis mechanism and subsequent cell death is still not

understood [100].
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Figure 5.16: Diagram illustrating the molecular cascade of MAC assembly
at bacterial membranes. Cleavage of C5 (purple) by membrane-bound C5 convertase
enzyme (turquoise, formed from C3 convertase binding to C3b molecules), releasing C5a
and C5b. The latter of these rapidly binds to C6 (yellow), forming C5b6. C7 (green) then
binds, followed by C8 (α, β, γ; red, blue, orange). 18 membrane-spanning C9 molecules
(light blue) then complete the MAC pore. The pink circle highlights the C5 convertase and
the formation of C5b6, which are the focus of the study described in this section. Adapted
from [100].

This work aims to resolve the effect of MACs on live bacterial membranes to con-

tribute to the mechanistic understanding of MAC formation and subsequent cell lysis

(Objective 4ii, Table 1.1). Real time AFM was used to image bacterial membranes

following the sequential addition of the MAC components (C5-9), to determine the

limiting steps in MAC formation. Specifically, the formation of C5b6 at the bacte-

rial membrane is shown to be necessary for antimicrobial MAC pores (‘active’ MAC

formation); when C5b6 is formed by mixing purified C5b and C6 before adding to

the solution (‘pre-formed C5b6’), we see the formation of fewer MACs which are not

active and do not cause cell death. This suggests that in addition to the structural

components of MAC, the C5 convertase enzyme and C5b6 formation has an essential

role for the bactericidal activity of the pore. This is investigated in the following

sections.
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5.4.1 Pre-formed C5b6 Cannot Form Bactericidal MACs on

Bacteria

The mixing of purified MAC components (pre-formed C5b6 and C7-9) has been

shown to form MAC structures on model membranes and liposomes, which have

been used to generate structures of the MAC [93, 98, 99, 301]. This purified C5b6

is formed in artificial systems where C5 is cleaved in the presence of only C6, so the

released C5b binds rapidly to C6 and C5b6 and then purified [359].

These are simplified models, however, and the formation of active MACs on bacterial

membranes is mostly likely to be more complex. This is due to the complicated

nature of bacterial membranes, with many proteins and sugars on the surface of

bacteria which would interfere with binding. In addition the double membrane

of Gram-negative membranes introduces another factor - do MACs form on both

membranes, and how does cell death occur in this complex double membrane system.

Despite forming MACs on model membranes, when purified MAC components (pre-

formed C5b6 and C7-9) are added to E. coli cells (MG1655), no cell death is seen

(measured by an increase in CFU/mL) [315]. This indicates that if MACs are formed

on bacterial membranes using purified pre-formed C5b6 and C7-9, as shown in model

systems, they are not bactericidal. However E. coli cells (MG1655) incubated with

human serum (containing the full set of complement components C1-9) show sig-

nificant cell death (measured by no increase in CFU/mL) [315]. Therefore there

are additional components found in serum necessary to form bactericidal MACs in

actual bacterial membranes and cause cell death.

As the use of pre-formed C5b6 is shown to not form bactericidal MACs, it was

postulated that the crucial step in the formation of active MAC was the in situ

assembly of C5b6 at the bacterial membrane. Therefore experiments were devised

to compare pre-formed C5b6 and in situ formation of C5b6 in live bacterial cells.
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5.4.2 Fluorescence Studies Demonstrate C5-C9 Are Neces-

sary for Cell Death

To study the C5b6 formation step, fluorescence studies were conducted to measure

the activity of MACs formed using different combinations of MAC components. For

this, E. coli cells (MG1655) were immobilised on glass slides using PLL as described

in Section 4.3.4. The immobilised E. coli cells were then incubated with 10% C5-

deficient serum (4C5 serum) for 20 min at 37oC. The 4C5 serum contained the

complement recognition molecules which trigger the MAC cascade, but does not

contain C5. This arrests the cascade at this step preventing the conversion of C5

to C5b. Therefore at this point the bacteria have been labelled with surface-bound

C3b, which at high densities cause C3 convertases to associate with deposited C3b

to form the C5 convertase enzyme [92, 96]. Therefore after exposure to 4C5 serum,

cells were considered to be ‘C5 convertase-labelled’ cells (Conv).

C5 convertase-labelled cells were then washed to remove all other complement com-

ponents which would be found in human serum, so that their addition could be con-

trolled and the effect of different combinations on MAC activity observed. These

steps are described in Method Section 4.3.4, however due to the fact that this is

a complicated cascade with many different factors, the steps are described again

below.

C5 convertase-labelled cells were incubated at RT with buffer containing the follow-

ing components (concentrations indicated in brackets):

• Either pre-formed C5b6 (25 µg/mL) for ‘pre-formed MAC’, or C5 (20 µg/mL)

and C6 (12 µg/mL) for ‘active MAC’

• C7 (12 µg/mL)

146



Chapter 5. Mechanism of Action of Antimicrobials

• Alternative pathway protein factors, FB (50 µg/mL) and FD (5 µg/mL).1

After a short incubation (5 minutes) to allow the assembly of C5-7 at the membrane,

the final components were added for incubation at 37oC (40 minutes):

• C8 (15 µg/mL)

• C9 (70 µg/mL)

The cells were then washed again and incubated with PI solution (5 µg/mL) to

stain cells with compromised cell membranes (those where bactericidal MACs had

formed).

As shown in Figure 5.17, there was low cell death, as measured by PI staining of

immobilised MG1655 when untreated (left), without C9 (middle left) and with ‘pre-

formed C5b6’ (middle right). Conversely high levels of PI staining were observed

when C5-9 (‘active MAC’) were added (right).

These results confirm that bactericidal activity requires both the in situ formation

of C5b6 and C9. Bactericidal MACs can be formed using the separate purified

components C5 and C6 and C7-9, but not with ‘pre-formed C5b6’ and C7-9. This is

a key finding as many studies have used the pre-formed C5b6 to study the formation

of MAC, including structural studies, achieving high structural resolution but for a

non-bactericidal pore.

5.4.3 Visualising Active MAC Formation on Live Bacterial

Membranes

Fluorescence studies demonstrated that while C5-9 can kill cells, pre-formed C5b6-9

cannot form active MACs. However the formation of MACs can only be inferred

1FB and FD amplify the number of C3b molecules on membranes via the classical and lectin
complement activation pathways (Section 2.2.4.2).
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Figure 5.17: PI staining shows antimicrobial activity of MAC requires C5-9
(active MAC). Bright field (top) and PI (bottom) images of immobilised MG1655 E. coli
after 40 minutes incubation at 37oC with or without MAC components. Data shown for
untreated cells (left) and C5 convertase-labelled cells (Conv) with C5-8 (middle left), ‘pre-
formed C5b6’ and C7-9 (middle right), and C5-9 (‘active MAC’, right). Cells were labelled
with C5 convertase by pre-incubation with 10% 4C5 serum. Incubation concentrations:
pre-formed C5b6 (25 µg/mL); C5 (20 µg/mL); C6 (12 µg/mL); Alternative pathway pro-
tein factors, FB (50 µg/mL) and FD (5 µg/mL); C8 (15 µg/mL); C9 (70 µg/mL); PI
solution (5 µg/mL). Scale bars 10 µm.

from this data. Therefore single cell imaging by AFM was used to confirm MAC

formation under these conditions.

To note, BL21 were initially used for this study, but were found to be more sensitive

to killing by MAC, and hence more difficult to image. This was thought to be due

to the fact that BL21 has a reduced LPS layer and therefore MACs were able to

insert more easily into the membrane, causing cell death. Therefore for most of the

imaging in this study MG1655 was used which has a more substantial LPS structure

is more representative of a clinical strain of E. coli and matches the strain used by

collaborators on this work.
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Figure 5.18: Addition of C5-9 results in formation MAC pores on the bac-
terial membrane. Height (left) and phase (right) images of untreated cell membranes;
C5 convertase-labelled membranes (after incubation with 4C5 serum); addition of MAC
components C5-8; addition of all MAC components (C5-9) (top to bottom, respectively).
Data for MG1655 E. coli cells. Scale bars 50 nm. Height scales: 5 nm (untreated); 9 nm
(convertase); 6 nm (Conv + C5-8 and Conv + C5-9). Adapted from [315].
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E. coli cells (MG1655 or BL21) were immobilised on glass slides using PLL and

incubated with MAC components as for the fluorescence studies described above.

Untreated E. coli cells appeared as smooth rods with fine porin structures visible

on the outer membrane (Figure 5.18, here MG1655 E. coli).

Labelling the bacterial membranes with C5 convertase (Conv) after incubating with

4C5 serum resulted in some roughening of the cell surface, which could be indica-

tive of mobile C5 convertases bound to the membrane (Figure 5.18, upper middle).

Incubating with C5-8 resulted again in a rough surface, with some protrusions vis-

ible, but again most likely mobile and therefore not easy to image stably (Figure

5.18, lower middle). These would be the ‘stack’ of the MAC formed of all of the

components except for C9.

Finally incubation with C5-9 resulted in the appearance of ring structures on the

bacterial surface (Figure 5.18, bottom). The bacterial surface was covered in many

of these ring structures, ∼20 nm wide, and asymmetric with visible stalks, the

signature of the MAC pore and not found in other pore forming structures. These

were postulated to be MAC pores.

5.4.3.1 High Resolution Reveals Structure of Active MACs on Bacterial

Membrane

At higher resolution these protrusions appeared as 10 ±2 nm high and 17 ±2 nm

(peak to peak) wide asymmetrical rings (Figure 5.19b, and c right), including the

clear signatures of a C5b stalk extending upwards from the pore. These dimensions

and appearance are consistent with cryo-EM structures of reconstituted MACs pre-

viously reported on liposomes [93, 98, 99]. This represents the first time individual

MACs have been visualised on the surface of living bacterial cells, a key result of

this thesis.
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Figure 5.19: High resolution images reveal structure of active MACs on
bacterial cells. Entire bacteria and high-resolution comparisons of untreated and C5
convertase-labelled E. coli BL21 exposed to C5-9 for 10 min (Conv+C5-9). Scale bars:
800 nm (left) and 30 nm (right). Height scales: 1 µm (left), 8 nm (top right), 22 nm
(bottom right). Width of magnification boxes: 42 nm, height scales: 8 nm (top) and 13
nm (bottom). Height profiles (bottom) are shown for the white dashed lines in the images
above. Adapted from [315].

Despite the appearance of MACs on the bacterial surface, membrane damage was not

extensive on the imaged cell: cell height remained the same as untreated control,

suggesting this cell was not yet compromised by the formation of MACs (Figure
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5.19c, left). As discussed in the previous section on the AMP tilamin (Section 5.3),

cells which have less extensive damage remain relatively rigid and hence are easier

to obtain high resolution images on.

5.4.4 Bactericidal MAC Formation Requires the Assembly

of C5b6 In Situ

To investigate the role of in situ assembly of C5b6 in the formation of active MACs

on live bacterial membranes, ‘pre-formed C5b6’ was added to E. coli (MG1655)

cells, in place of C5 and C6 as separate components.

As shown in Figure 5.20, when ‘pre-formed C5b6’ was added to form MACs on C5

convertase-labelled bacteria (Conv + ‘pre-formed C5b6’ + C7-9), pore structures

were not observed at the bacterial surface (Figure 5.20, right) as they had for C5-9

addition (‘active MAC’) (Figure 5.20, left).

This requirement for the conversion of C5 to C5b6 in situ was observed across

n=4 experiments, which is significant for single molecule studies (Figure 5.21). On

some cells, a few scattered inserted MACs were seen for the ‘pre-formed C5b6’

(Figure 5.21a, Experiment 2), but these were significantly less than with ‘active

MAC’ experiments (Figure 5.21b), and were not sufficient for bactericidal activity.

This lack of bactericidal activity for ‘pre-formed C5b6’ + C7-9 MACs was confirmed

by staining the cells with PI prior to imaging so that bacterial viability could be

assessed for the imaged cells (data not shown).

This suggests that in situ assembly of C5b6 by surface-bound C5 convertases is

essential for priming the insertion of MAC pores into bacterial membranes and

effectively causing cell death. Exactly why this should be is not clear. The C5

convertase itself may assist in the more complete insertion of the C5b6-9 into the

bacterial membrane as it is surface bound and may tether components at close
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Figure 5.20: Requirement for in situ formation of 5Cb6 on bacterial surface
for bactericidal MACs. AFM height (top) and phase (bottom) images of C5 convertase-
labelled E. coli (MG1655) membranes after incubation with C5 and C6 (Conv + C5-9
(‘active MAC’)) or ‘pre-formed C5b6’ (Conv + ’pre-formed C5b6’ +C7-9), in the presence
of C7, C8, C9, FB, and FD. Scale bars: 50 nm. Height scales: 15 nm. Adapted from
[315].

proximity to the bacterial membrane in a favourable configuration for insertion.

However a few MACs were observed to form on the membrane with pre-formed C5b6,

it is possible that MACs do form but are not inserted stably into the membrane,

making it difficult to image them.

To investigate whether MACs are present on the bacterial membranes in a non-

bactericidal form, fluorescently-labelled C9 was used to visualise the location of

MACs with ‘pre-formed C5b6’ and in situ formed C5b6.
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Figure 5.21: Requirement for in situ assembly of 5Cb6 seen across n=4 ex-
periments. AFM height (left) and phase (right) images of C5 convertase-labelled E. coli
(MG1655) membranes after incubation with C5 and C6 (Conv + C5-9 (‘active MAC’))
(a) or ‘pre-formed C5b6’ (Conv + ‘pre-formed C5b6’ + C7-9) (b), in the presence of C7,
C8, C9, FB, and FD. Data here shown for n=4 experiments. Scale bars: 50 nm. Height
scales: 15 nm. Adapted from [315].

5.4.4.1 Non-bactericidal MACs Form on the Bacterial Membrane With-

out In Situ C5b6 Assembly

Fluorescently-labelled C9 (C9-Cy5) was used to confirm the presence of MACs on

bacterial outer membranes (Figure 5.22, data collected by collaborators at Utrecht
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University). Surprisingly this showed that labelled C9 molecules were recruited to

the membranes when both ‘pre-formed C5b6’ and ‘active MAC’ were used. Therefore

MACs can form on bacterial membranes without the action of the C5 convertase

forming C5b6 in situ, but these MACs are not bactericidal. This suggests the

formation of MACs on the outer membrane of bacteria is necessary but not sufficient

for cell death, and the activity of the C5 convertase is necessary for their bactericidal

insertion into the membranes.

Figure 5.22: Fluorescently labelled C9 confirms formation of non-bactericidal
MACs on bacterial membrane with ‘pre-formed C5b6’. C5 convertase-labelled

perimCherry/cytoGFP bacteria (green) exposed to ‘pre-formed C5b6-9’ or C5-9 (‘active
MAC’). C9-Cy5 was used to detect MAC pores (red). 100 nM of C5 and C6 or C5b6 was
used in combination with 100 nM C7, 20 nM C8, and 100 nM C9-Cy5. Scale bars = 3
µm. Adapted from [315].
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This lack of MACs observed on the surface using AFM seems to be consistent with

previous AFM experiments on related pore-forming proteins suilysin and perforin

[360, 361], in which inserted, stable pores were readily detected on SLBs, but mobile,

non-inserted pores were harder to resolve due to the forces generated by AFM tips

and/or insufficient temporal resolution to capture them in an AFM image.

5.4.5 Conclusions

This chapter has addressed Objective 4ii: to provide mechanistic insights into the

formation of MACs and study the requirement of in situ C5b6 assembly for active

MAC formation. This work contributed to a larger study investigating the role of

surface-bound C5 convertases in active MAC formation [315]. This was the first time

MACs had been visualised on living bacterial cell membranes, with high resolution

structures of non-symmetrical pores clearly confirming structures elucidated by other

averaging techniques in non-physiological conditions [93, 99]. As shown here, the

action of MACs on live bacterial cell membranes is more complex than in model

systems, confirming the importance of studying these systems in conditions closer

to those found in vivo.

This study demonstrated that the formation of bactericidal, inserted MACs on bac-

terial membranes required a cascade where C5b6 was formed locally, as pre-formed

C5b6 did not elicit an antimicrobial response and a minimal number of observable

MAC pores. The presence of MACs was confirmed with fluorescently-labelled C9,

implying that MAC formation is possible without in situ assembly of C5b6, but

these are non-bactericidal.

Exactly why this step is so crucial is unclear – C5 cleavage releases hydrophobic

C5b, which rapidly associates with C6 [362]. This hydrophobic C5b could insert

into the membrane prior to binding to C6, causing a more stable insertion of the

subsequent MAC formed. This would not occur with pre-formed C5b6. Alterna-
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tively the C5 convertase could remain bound to the newly formed C5b6, holding it

in a conformation required for the subsequent binding of C7. However, this requires

further work to elucidate as structural studies have been based on the ‘pre-formed

C5b6’ and understanding the kinetics of the cascade will be key.

This information would also prove useful in the development of therapeutics as

MAC-dependent cell lysis can be specifically triggered via antibodies. To further

understand how to induce the formation of active MACs, and bring this closer

therapeutic development, AFM could be used to elucidate the different initiation

steps via the recognition of antibodies and lectins. In addition, studying the initial

labelling of bacteria with C3b and subsequent recruitment of the convertases - which

seals the fate of the bacterium - would form and additional route for therapeutic

intervention.

Finally understanding the kinetics of the formation of MAC structures on live bac-

terial cells could be investigated. This has been studied on model membranes [301],

but studying this on live cells could bring greater understanding to how MACs form

and insert in bacterial membranes. The protocol employed in this thesis incubated

the MAC components at 37oC outside of the AFM, prior to imaging. This could be

improved by performing the experiments at 37oC, which would allow the addition

of MAC components in situ, observing each step in real time. Imaging with AFM

at this high temperature would come with its own technical difficulties, as drift of

the cantilever would be significant.

5.5 Antimicrobial DNA Nanobarrels

Over the past decade an array of DNA nanostructures have been designed with a

variety of characteristics and capabilities, including sophisticated functionality such

as molecular motors and antibodies [119]. Membrane-targeted DNA nanostructures
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including DNA channels and membrane curvature modulators have been designed

[124]. Although elegant, there has been little translation of these structures into

therapeutic use, with no DNA nanostructures designed to have antimicrobial activ-

ity. Recently the antimicrobial activity of extracellular DNA has been demonstrated

[136, 138], raising the possibility of antimicrobial nano-designed DNA structures

specifically targeted to bacterial membranes. This would be a novel class of antimi-

crobials we so urgently need.

A DNA nanobarrel containing three cholesterol tags has previously been shown to

bind to synthetic bilayers [129]. The hydrophobic cholesterols allow the binding

of the otherwise charged DNA structures. As bacterial membranes do not contain

cholesterol, it was postulated that these DNA-cholesterol nanobarrels would bind

preferentially in bacterial membranes via insertion of the cholesterol anchors, but

would not bind to cholesterol-rich eukaryotic cell membranes [363, 364].

Figure 5.23: DNA-cholesterol nanobarrel (NB) structure summary. a, Space-
filling models of DNA nanobarrels (NB, red and purple) with 0, 2 or 3 cholesterols (C,
orange). b, Dimensions of a single DNA NB, here showing NB-3C. c, The chemical
structure of the cholesterol anchor. d, AFM images of individual NB-0C on mica surface.
The bottom right image is an average of 11 nanobarrels. Scale bar: 10 nm, vertical scale:
2 nm. Adapted from I. Bennett et al., in preparation.
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The DNA nanobarrels (DNA NBs) were formed of six DNA duplexes, as shown in

Figure 5.23a (red and blue). These were designed by collaborators (Stefan Howorka

and Jon Burns, UCL) to contain two (2C) or three (3C) cholesterol anchors (orange,

structure shown in Figure 5.23b) and a control with no cholesterol, 0C (Methods

Section 4.3.5). A DNA NB was designed with one cholesterol anchor, but these

were not included in the study due to time constraints. The chemical structure of

cholesterol is shown in Figure 5.23b. The expected dimensions of these NBs were

5 nm x 9 nm (Figure 5.23c). This was confirmed by AFM of NB-0C adsorbed on

mica, which showed structures with a height of 1.6 ± 0.3 nm, width of 5.5 ± 0.6 nm

and length 9.2 ± 0.8 nm (n = 11) (Figure 5.23d, data obtained by Alice Pyne).

This section discusses work to characterise the antimicrobial activity of these cholesterol-

anchored DNA nanobarrels on live bacterial membranes and understand the de-

pendence of that activity on the hydrophobic cholesterol anchors using AFM and

correlated fluorescence (Objective 4iii, Table 1.1).

5.5.0.1 Fluorescence Studies Show the Antimicrobial Activity of DNA-

cholesterol Nanobarrels

To investigate the antimicrobial activity of the DNA-cholesterol NBs, versions were

engineered to contain an Alexa647-tag on the second DNA duplex (Methods Sec-

tion 4.3.5). PI stain was used to stain membrane-compromised cells. Cells were

immobilised on a glass surface using 0.01% PLL, as for the other studies described

in this thesis. Cells were incubated with 300 nM NB-0C or NB-2C for 30 minutes

or NB-3C for 40 minutes. Cells were then washed and incubated with 5 µg/mL PI

in PBS for imaging.

NB-0C did not bind to E. coli (JM109) cell membranes and cells remained viable (no

PI stain). However, cells incubated with NB-2C and NB-3C showed the presence of

Alexa647 (blue) and PI (red), indicating NB binding and cell death (Figure 5.24).
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Figure 5.24: DNA nanobarrels 2C and 3C bind to E. coli and compromise
the membrane. Bright field images of E. coli (JM109) cells (left), and corresponding
fluorescence images after staining with Alexa647-tagged DNA NBs (centre) and propidium
iodide (PI) (right). Untreated cells (top), and cells after 30 min incubation with NB-
0C (upper middle) or NB-2C (lower middle), and after 20 min incubation with NB-3C
(bottom). Scale bars are 2 µm. Adapted from I. Bennett et al., in preparation.

Cells incubated with NB-3C were more extensively disrupted, with many cells ap-

pearing as round spheroplasts (small round vesicles) which indicates cell rupture.

Cells treated with NB-2C appeared to still have intact cell structures. This sug-

gests that although both NB-2C and NB-3C both bind to and cause membrane

disruption, NB-3C may be more active than NB-2C. To visualise what the effect of

NB-2C and NB-3C was on the surface of bacterial membranes, and to investigate

this discrepancy in activity between NBs, AFM was employed.
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5.5.1 Cholesterol Anchors Contribute to Antimicrobial Ac-

tivity on Live Bacteria

E. coli cells (JM109) were immobilised on glass slides as described in Section 4.3.5.

Cells were incubated with 300 nM NB-2C for 30 minutes or NB-3C for 40 minutes

at 37oC, as for the fluorescence experiments. Cells were then washed and incubated

with 5 µg/mL PI in PBS so that membrane status could be monitored for imaged

cells.

Figure 5.25 shows representative images for untreated and for NB-2C or NB-3C

treated cells (n=50, 8, and 7 bacteria for untreated, NB-2C, and NB-3C, respec-

tively). High resolution micrographs of entire bacteria showed untreated cells as

smooth rods, with a cell height of ∼0.8 µm indicative of healthy cells Figure 5.25a.

Cells treated with NB-2C showed membrane disruption in the outer membrane (Fig-

ure 5.25b). Deep pores were visible with areas of membrane disintegration spread

across the surface of the bacterial cells. The amount of membrane disruption varied

across cells, with some cells showing a few deep pores (Figure 5.25b,left), to more

extensive membrane disruption (Figure 5.25b, middle and right). However, the cells

showed only a small reduction in their cell height (∼0.7 µm), indicating the cells

had not ruptured or lost cell contents.

Cells treated with NB-3C were difficult to image due to the extensive membrane

damage exhibited (Figure 5.25c). Cells had either ruptured (Figure 5.25b, left) or

extensive membrane removal ((Figure 5.25b), middle and right). Possible membrane

blebbing was also observed for some cells (Figure 5.25b, middle). Cells had a greatly

reduced height (∼0.5 µm), indicating significant cell damage.

Analysis of the height distribution from the images shown in Figure 5.25 suggests cell

height dropped significantly for NB-3C (green), compared to untreated cells (-NB,

grey) and NB-2C (red) (Figure 5.26a). Height distribution analysis plots the height
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Figure 5.25: DNA nanobarrels with three anchoring cholesterols show greater
antimicrobial activity. AFM micrographs of height and phase data of E. coli cells prior
to addition of nanobarrels (a), after 30 min incubation with 300 nM NB-2C (b), and
after 20 min incubation with 300 nM NB-3C (c) at 37oC. Scale bar: 500 nm. Height
scale: a 900 nm; b middle and right 380 nm, left 900 nm; c 380 nm. Dashed lines in the
images correspond to the line height profiles which are shown on the right. n=50, 8, and
7 bacteria for untreated, NB-2C, and NB-3C, respectively. Adapted from I. Bennett et al.,
in preparation.
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of every pixel in an image to evaluate the height of features. The majority of the

image has 0 nm height as this represents the background surface of the image, shown

as the large peaks around 0 nm for all images (indicated with black star). All three

untreated cells showed peaks at ∼800 nm, indicative of viable cells (indicated with

4). There are then peaks visible at various heights which represent the average cell

height for the three images for NB-2C (red) and NB-3C (green) from Figure 5.25a-c.

The peak for each of these is plotted in Figure 5.26b. The error bars represent 1/2

peak height, indicating how broad each peak is and hence how the height of the

bacterium varies within a single image.

The spread of height distribution peaks for NB-2C both within a single bacterium

and across the three images confirms the varied levels of membrane degradation seen

in the AFM images. Local concentration variations may have affected the activity

of NB-2C, or this may indicate heterogeneity of how sensitive the population of cells

was to attack by NB-2C.

There is one anomalous cell height for one NB-2C cell, which appears to be greater

than 1 µm (indicated with * in Figure 5.26a and b). This may be due to cell swelling

in response to membrane disruption, which is a bacterial response to stress [365].

However this could also be an imaging artefact, perhaps due to the cantilever not

tracking closely over the bacterial cell.

Higher resolution images of immobilised cells in PB prior to NB treatment showed

the characteristic pattern of shallow ∼7 nm-wide porin structures across the surface

(Figure 5.27, left), as seen in other studies reported in this thesis (Sections 5.3 and

5.4).

Higher resolution images of sections of the membrane showed that on treatment with

NB-2C the surface was disrupted, with areas of membrane damage visible with ∼5

nm deep holes in the membrane surface (Figure 5.27, centre, inset and line profile).

NB-3C exhibited higher activity than NB-2C, as observed by almost total removal
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Figure 5.26: Height distribution of E. coli cells shown in Figure 5.25. a,
Height distribution calculated from images shown in Figure 5.25a-c. Black star indicates
the background surface at 0 nm. 4 indicates peak location for untreated cells around 800
nm. b, Data points correspond to average peak height measured in the series of height
distributions shown in a. Points follow left to right with AFM micrographs in Figure 5.25.
Error bars show width at 1/2 peak height. Adapted from I. Bennett et al., in preparation.
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Figure 5.27: DNA nanobarrels rupture membranes of E. coli cells. AFM micro-
graphs of E. coli cells prior to addition of NB (left), and after 30 and 20 min incubation
with NB-2C (centre), and NB-3C (right) at 37oC, 300 nM NB. Cells were imaged at RT,
data shown is height data with phase overlaid, insets show high-resolution micrographs of
the boxed areas (n=20 (-NB) and n=5 (NB-2C)). Height line profiles (bottom) were taken
along the white dashed lines. Scale bar: 500 nm, inset (left) 50 nm, (centre) 100 nm.
Vertical scale: (left) and (centre) 900 nm, (right) 380 nm, insets 12 nm. Adapted from I.
Bennett et al., in preparation.

of the outer membrane (Figure 5.27, right), showing large steps of ∼15 nm from

the outer to the inner surface visible in the line profile. Membrane clumping was

also observed. Higher resolution imaging of the surface was not possible due to the

extensive membrane damage.

The greater activity for NB-3C suggests the extra cholesterol provides the NBs with

more effective membrane binding, which may result a greater number binding. The

extra cholesterol may allow the NBs to bind together on the membrane forming

clusters or a DNA lattice, which together cause greater membrane disruption than

dispersed NBs. The cholesterol anchors could also cluster together forming lipid

rafts, often observed in biological membranes [363]. This ability to tune the activity

of the NBs is advantageous as the release of endotoxins resulting from bacterial cell

death can be controlled to avoid harm of the host [366].
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The mechanism of membrane disruption is most likely similar to that shown in

NETs, as discussed in Section 2.2.4.3. These are secreted DNA-peptide lattices

produced by neutrophils which bind to and disrupt bacterial membranes due to their

negatively charged phosphodiester backbone which chelates positive cations found

in anionic bacterial membranes. The cholesterol anchors in the DNA NBs may allow

the negatively charged DNA backbone of the nano-structures to come into contact

with bacterial membranes, causing chelation of the cations and disruption of the

bacterial membrane.

5.5.2 Conclusions

This section has investigated how a DNA-cholesterol nanostructure can be targeted

to bacterial membranes, having bactericidal activity (Objective 4iii). This addresses

one of the key needs identified in this thesis, namely that innovative technologies

are needed for the development of novel antibiotic compounds.

Understanding the interaction of lipid bilayers with synthetic nanomaterials, such

as DNA, is important in biomedicine for developing membrane-active antimicrobial

compounds. In this study combined AFM and fluorescence studies revealed that

the engineered DNA-lipid nanobarrels adhere at the negatively charged bacterial

membrane, facilitated by cholesterol anchors. This could be due to the cholesterol

increasing the rigidity of eukaryotic membranes, with the more dynamic nature

of cholesterol-deficient bacterial membranes facilitating interaction with the DNA-

cholesterol nanobarrels.

The antimicrobial mechanism is most likely via the interaction of the DNA with

the bacterial membranes, which causes rupture via electrostatic destabilization by

competing for cations in the membrane. The DNA nanomaterials discussed here

may inspire the development of polymeric or small-molecule antibacterial agents

that mimic the principles of the selective binding and rupturing.
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Future work on the DNA nanobarrels includes investigating further their mechanism

of membrane disruption - clustering was observed in some experiments, but this

would need further confirmation. This experimental set up would also benefit from

a 37oC in situ incubation so that the DNA nanobarrels could be added without the

need for external incubation. In addition, the DNA nanobarrel designed with one

cholesterol anchor could be studied to further correlate activity with the number

of cholesterol anchors. Finally, to reduce degradation by nucleases produced by

bacterial cells in vivo, chemical DNA variants resistant to degradation could be

used for future antimicrobial DNA nanostructures designed.

5.6 Conclusions of Chapter

The aim of this chapter was to study the mechanism of action of three membrane-

acting antimicrobials on single bacteria using AFM. This was addressed by achieving

Objectives 1-4 (Table 1.1). These were to optimise imaging control of AFM in liquid

and benchmark resolution obtainable on the AFM step using DNA minicircles as a

sample (1 and 2), and to study the mechanism of action of three membrane active

antimicrobials: a novel AMP (Objective 4i), the innate immune system antimicro-

bial, MAC (Objective 4ii), and an engineered pore-forming DNA-cholesterol origami

structure (Objective 4iii). Using AFM the activity of these compounds against the

membranes of single bacterial cells was observed in real time under physiological

conditions. Bacterial viability was monitored by cell height measurements which

were correlated to PI staining. This chapter demonstrated the capability of this

tool for providing in vitro mechanistic insights as a step towards their action in

vivo, invaluable for the development of new therapeutics. The main observations

and conclusions are summarised below.

Imaging live bacterial cells using AFM is challenging, and significant work was

carried out to benchmark the resolution of the JPK Nanowizard™ 3 ULTRA Speed
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AFM system, using DNA minicircles as the model sample. Secondary structure of

the DNA was observed; resolution obtained by only a few researchers in the world.

With the resolution of the system confirmed, the first antimicrobial investigated was

a novel AMP, tilamin (Section 5.3). This peptide was demonstrated to form small,

monolayer pores in model and bacterial membranes, which rapidly led to destructive

membrane exfoliation and cell death. This work supported a new molecular mecha-

nism where tilted peptide insertion across a single leaflet of the membrane bilayer is

sufficient for antimicrobial activity, and indeed showed greater activity (speed and

spectrum of species) than other AMPs [314]. This provides the basis for further

improvements in the design of broad spectrum therapeutic AMPs.

This chapter also described work to provide mechanistic insights to the formation

of active MACs by our innate immune system on bacterial membranes. For the

first time, MAC formation was visualised on live bacterial cells using AFM. This

showed the bacterial surface covered with protrusions ∼10 nm high and ∼17 nm

wide (peak to peak). These structures showed remarkable similarity to cryo-EM

structures, but as AFM is able to observe them on living bacterial cells, additional

mechanistic insights could be observed. Specifically, this work was a key component

of an international study which demonstrated that in situ of C5b6 by surface-bound

C5 convertases is essential for priming the efficient insertion of MAC pores into

bacterial membranes [315]. It has been shown that MAC-dependent cell lysis can be

specifically triggered via antibodies, this killing mechanism is now being exploited for

therapeutic development of antibodies that target drug-resistant bacterial infections.

Our understanding of the molecular assembly requirements of this complex hetero-

oligomeric pore will aid in the development of these rationally designed bacterial

therapeutics.

Finally, a nano-engineered antimicrobial was studied – a novel DNA-cholesterol

origami structure was rationally designed to interact with bacterial membranes,
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causing cell death. These ‘DNA nanobarrels’ were designed to bind to cholesterol-

free bacterial membranes while leaving cholesterol-rich eukaryotic cells unharmed.

The antimicrobial activity of these DNA structures was affected by the addition of

single cholesterol molecules. Specifically the presence of three cholesterol anchors

on the DNA nanobarrel caused more severe membrane disruption than structures

with two cholesterol anchors. Structures without cholesterol anchors showed no an-

timicrobial activity. This study represents the first DNA-lipid nanostructures found

to specifically kill bacterial cells, by a mechanism distinct from other peptides or

nanoparticles which bind electrostatically, paving the way for a new DNA therapeu-

tic route.

In the next chapter, the development of a novel diagnostic is explored. Here the use

of cantilever nanosensors to rapidly detect AMR in bacteria will be investigated in

Objectives 5-9 (Table 1.1).
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Chapter 6

Sensing Antimicrobial Resistance

at the Nanoscale

Antimicrobial resistance is a serious global issue, with improved bacterial diagnostics

urgently needed. Increased speed of measuring sensitivity to antibiotics is crucial

and will require the development of novel approaches to detect resistance. Here a

new nanomechanical sensing method reported by Longo et al. is investigated, with

challenges associated with the methodology described. Out of this work, a new optical

approach was discovered with a simpler and more robust methodology, which provides

readout of antibiotic susceptibility within 45 minutes.

6.1 Introduction

Despite the spread of AMR, methods to detect antibiotic resistance in bacteria have

remained relatively unchanged for several decades. As discussed in Chapter 2, AST

of patient samples have traditionally been determined phenotypically by measuring

bacterial growth, metabolism or viability in the presence of antibiotic, for example
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by broth microdilution (Section 2.3.3).

Phenotypic methods provide in vitro confirmation of resistances in isolated bacterial

species, which can only inferred from known resistance mechanisms by molecular

methods (Section 2.3.3.2). This is due to the complicated nature of resistance,

meaning genotype does not always mean phenotype - carriage of a resistance gene

does not necessarily mean expression, and lack of resistance gene does not mean

there are no other mechanisms operating. Hence phenotypic methods remain the

gold standard over molecular methods for measuring antibiotic susceptibility for

many bacterial infections (see Table 2.3 for comparison of phenotypic and molecular

diagnostics).

However, phenotypic methods are inherently limited by the speed of bacterial growth

(for example, the doubling time of E. coli is 20 minutes, whereas TB is 15-12 hours),

meaning these methods require long culture times (12-24 hours for E. coli, or longer

for some species) (Section 2.3). In addition these methods are difficult to standardise

as growth can be influenced by many factors, such as temperature, media type,

growth phase, strain, and initial inoculant concentration. Therefore a key need

identified from reviewing the literature in Chapter 2 was for a rapid phenotypic

diagnostic for AST.

The aim of this chapter was therefore to investigate a novel diagnostic method based

on cantilever sensors of AFM to rapidly detect antibiotic resistance phenotypically

within minutes. This is needed to enable earlier detection of AMR and better

antibiotic prescribing practices.

Initial work (Section 6.2) focussed on replicating the nanomechanical sensing results

described by Longo et al. [17] in collaboration with the group at EPFL, Lausanne

(Objective 5, Table 1.1). The methods involved were thoroughly investigated to

identify sources of variance, improve the reproducibility of the technique and deter-

mine the origin of the signal. The method proved challenging, and did not lead to
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a reproducible method using our setup (Section 6.2).

Out of this work, an alternate optical method was developed which shows consid-

erable promise for rapid AST (Objectives 6-9, Table 1.1). This new approach over-

comes the inherent limitations of bacterial immobilisation on cantilevers required by

the nanomechanical method. Importantly it is rapid (within 45 minutes of antibi-

otic application), achieves single cell sensitivity and has been piloted with a clinical

sample (Section 6.3).

6.2 Nanomechanical Sensing Studies

This section describes efforts to replicate Longo et al. [17], summarised below in

Figure 6.1. Briefly, bacteria were immobilised on a soft cantilever coated with a

non-specific attachment molecule ((3-aminopropyl)triethoxysilane, APTES). The

bacteria-coated cantilever showed an increase in vertical motion as compared to

uncoated, measured in the vertical deflection of the cantilever. This motion was

shown to decrease rapidly (within minutes) back to baseline levels after application

of antibiotic. This signal provided a rapid, phenotypic readout of antibiotic suscepti-

bility for both motile (E. coli) and non-motile (S. aureus) strains of bacteria. Using

this method, Longo et al. were also able to measure a MIC and MBC in line with

gold standard methods. This method has been used in subsequent publications,

including for slow growing B. pertussis and Mycobacteria [327, 367–369].

The aim of the work described in this section was to replicate and build upon this

nanomechanical method of detecting antibiotic resistance, taking it closer to a point

of care device for diagnosis. It was hoped that it could be transferred onto a multi-

cantilever system, as used in many other cantilever sensing studies (see Section 3.6),

which would have an internal reference cantilever and simpler components.

This section describes the challenges arising from the method, identifying several
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Figure 6.1: Summary of method of Longo et al. [17]. Bacteria are immobilised
covalently on a soft cantilever using a non-specific attachment molecule (APTES or glu-
taraldehyde). These immobilised bacteria coat the top and bottom of the cantilever, giving
rise to mechanical vertical movement of the cantilever. This is measured in the vertical
deflection signal on an AFM. This signal rapidly disappears after the influx of antibiotic
solution into the chamber for antibiotic susceptible bacteria (left), providing a read out of
antibiotic susceptibility. The fluctuations remain for antibiotic resistant bacteria (right).
Using this method Longo et al. were able to measure an MIC and MBC in line with the
gold standard. Reproduced with permission from [330].

areas causing poor reproducibility in the nanomechanical cantilever method, as fol-

lows:

• Bacteria immobilisation method (Section 6.2.1): two methods to immobilise

bacteria on the cantilever are tested, 1. in situ and 2. ex situ to the AFM. In

the in situ method, bacteria are immobilised on the cantilever using a semi-

closed system, where bacteria, PBS and LB are injected through the cantilever

flow cell. For the ex situ method bacteria are immobilised on the cantilever

before inserting into the AFM system. Both methods are shown to immobilise

bacteria with inconsistent or poor results.

• Bacterial seeding density and seeding location (Section 6.2.2): bacterial cov-

erage on the cantilevers varies both in terms of how many bacteria were im-

mobilised and where on the cantilever they are located (base, tip, clumps

etc). The source of this variability and the effect on the measured signal are

investigated.
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• Signal analysis (Section 6.2.3): the parameters used to calculate the readout

across experiments is affected by multiple factors in the analysis steps, includ-

ing averaging window size, and efforts to isolate the mechanical signal from

the raw data using analysis methods are also described.

6.2.1 Bacterial Immobilisation

The first stage of the methodology was to obtain consistent coverage of bacteria

immobilised on the cantilevers to achieve seeding number similar to those reported by

Longo et al. (∼600 cells) [329]. Initial efforts followed the methodology described by

Longo et al. Briefly, bacteria were immobilised in situ on APTES–coated cantilevers

using a closed fluid cell. Solutions (bacteria, PBS then LB) were then injected into

the chamber containing the cantilever, such that bacteria were immobilised on both

sides of the cantilever, followed by a washing step with PBS, and then left in LB,

ready for recording mechanical vibrations of the cantilever.

Prior to bacterial immobilisation, a baseline noise level was taken for bare cantilevers

immersed in a petri dish of LB. This was taken to indicate the vibration of the

cantilevers without any bacteria in the system. Cantilever chips DNP-S1 were used

(Bruker, USA), which have two triangular cantilevers on each side, A+B and C+D

(Figure 6.2). For these experiments cantilever ‘D’ and cantilever ‘B’ were tested.

These cantilevers were chosen as they are soft so should be more sensitive to small

mechanical forces caused by bacterial cells. These cantilevers were also used to match

those used in [17]. As described in Section 3.2.3, the stiffness of the cantilevers is

represented by the spring constant, k. For cantilever D k = 0.06 N/m and cantilever

B k = 0.12 N/m, indicating that cantilever D is softer than B.

As described in Materials and Methods Chapter 4, the cantilever vibration was

calculated by measuring the vertical deflection of the cantilever at 20 kHz. Sequential

800 second datasets were generated instead of a continuous dataset to keep the file
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Figure 6.2: Optical image of DNP-S1 cantilevers A-D. Silicon nitride cantilevers
B and D were used for this study. These are coated in reflective gold. Properties for
cantilever B: length = 205 µm, width = 40 µm, k = 0.12 N/m, fres = 23 kHz; cantilever
D: length = 205 µm, width = 25 µm, k = 0.06 N/m, fres = 4 kHz. Scale bars 100µm.

size manageable. A linear regression was subtracted from the data to remove drift

in the signal (as can happen slowly over time due to temperature fluctuations in the

system, which soft cantilevers are sensitive to). The variance of the signal was then

calculated, which was used as a measure of the cantilever vibration.

For cantilever B the vibration of the cantilever with no bacteria (baseline vibration)

was measured to be ∼0.03 nm2, Figure 6.3a. For cantilever D, the baseline vibration

was higher, ∼0.08 nm2 (Figure 6.3b). This is due to the lower k of cantilever D,

which according to Hooke’s Law (equation 3.2) will give a greater movement with

the same force (x=F/k).

With the baseline vibration of the cantilevers established, the cantilevers were func-

tionalised for bacterial immobilisation by treatment with 0.2% APTES. APTES is

an aminosilane which covalently attaches organic material to silicon surfaces. As

DNP-S1 cantilevers are made from silicon nitride, APTES chemically functionalises

the cantilever surface to react with and bind to the organic compounds (proteins,

sugars) found in bacterial membranes. Once functionalised, cantilevers were inserted

into the flow cell for in situ bacterial immobilisation.
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Figure 6.3: Baseline vibration of blank DNP-S1 cantilevers B and D in LB
media. a, Bare DNP-S1 cantilever B in LB media. b, Bare DNP-S1 cantilever D in LB
media. Parts i Optical images of bare cantilevers. Scale bars 50 µm. Parts ii, 5 seconds of
vertical deflection data (nm) with linear regression subtracted to remove drift. Variance is
calculated from flattened data. Parts iii, Average variance from five 800 second recordings
across n=3 experiments. Error bars indicates standard deviation. Cantilever parameters:
Cantilever B k = 0.12 N/m, fres = 23 kHz; cantilever D k = 0.06 N/m, fres = 4 kHz.

6.2.1.1 In Situ Immobilisation

To replicate a similar flow cell set up described by Longo et al. on the JPK Nanowiz-

ard™ 3 ULTRA Speed, a homebuilt flow cell was made from a glass-bottomed petri

dish with inlet and outlet tubings connected to syringe pumps (Figure 6.4a). A

functionalised cantilever (Figure 6.4b) was inserted into the AFM and immersed

into the flow cell. Using syringe pumps, a concentrated bacterial solution (BL21 E.

coli) was injected into the petri dish, where it was left to incubate for 30 minutes.

This was followed by flowing an excess of PBS through the flow cell to wash away

any non-adhered bacteria from the flow cell system.
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Figure 6.4: In situ immobilisation method. a, Diagram demonstrating the homebuilt
flow cell system used for in situ immobilisation of bacteria. An APTES-coated cantilever
(structure of APTES shown) was placed in the AFM system and immersed into the PBS-
filled petri dish. The solution in the petri dish was replaced with a concentrated bacterial
solution using syringe pumps. After 30 minutes incubation, the bacterial solution was
washed through with excess PBS solution, leaving bacteria immobilised on the cantilever.
b, APTES–coated triangular cantilever D on DNP-S1 chip prior to bacterial injection. c,
Cantilever after bacterial incubation and PBS wash. Here, E. coli cells expressing GFP
were used so visualisation of bacteria was clearer. Bacteria seen as white dots, some on
the triangular cantilever, and many on the chip body. Images taken with cantilever in situ
mounted in AFM with GFP filter on fluorescence microscope 20X optical magnification.
Scale bars = 100 µm.

This method resulted in limited bacterial immobilisation with low seeding num-

ber observed on the cantilevers (∼50 cells), but many bacteria immobilised on the

cantilever chip body (Figure 6.4c, representative image of n=5 experiments). In ad-

dition, bacteria were found to stick to all surfaces of the fluid cell system even after
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thorough washing with PBS, and loose bacteria were difficult to completely clear

from the petri dish fluid. These bacteria interfered with the measurement, causing

noise in the vertical deflection reading.

After initial efforts to reproduce the experiments using the in situ immobilisation

method described by Longo et al. [17] were unsuccessful, a visit was made to the

group at EPFL, Switzerland. Changes to the method were discussed, and a new

protocol for immobilising the bacteria ex situ to the AFM was employed for further

experiments, discussed in the next section (Section 6.2.1.2).

6.2.1.2 Ex Situ Immobilisation

For the new protocol, NP-O10 (Bruker, USA) cantilevers were used. NP-O10 have

the same properties (length, width, k, fres) as DNP-S1 cantilevers, but have no tip

so are more suitable for sensing rather than imaging experiments (see Table 4.1 for

comparison of cantilevers used in this Thesis). Cantilevers B and D were function-

alised with 0.5% glutaraldehyde. Glutaraldehyde cross-links amine and thiol groups,

which are found in proteins in bacterial cell membranes, and at low glutaraldehyde

concentrations (<2%) bacteria can be immobilised on the cantilever surface without

affecting cell function [352]. A low concentration of glutaraldehyde (0.5%) was used

to functionalise cantilevers, as this was recommended by the EPFL researchers as

sufficient to immobilise bacteria on cantilevers.

After being treated with 0.5% glutaraldehyde and washed, droplets of concentrated

bacterial solution were incubated on the functionalised cantilevers for 30 minutes,

and then washed in PBS in a petri dish to remove any non-adhered bacteria (Figure

6.5). Washed cantilevers were left in LB to ensure bacteria were never dried. The

cantilever was quickly transferred to the AFM where it was submerged in a petri

dish containing LB. Vertical deflection of the cantilever was measured on the AFM

as described previously to determine the motion of the cantilever.
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For this work K12 JM109 or DH5α E. coli (Promega, UK) were used. Unlike BL21

E. coli used above, these laboratory strains express flagella (H-antigen), which rotate

at ∼20 kHz and allow bacteria to move through solution [370]. The motion of flagella

was postulated to contribute to the nanomechanical signal, so K12 strains were used

for these experiments.
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cantilevers + E. coli
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Figure 6.5: Ex situ immobilisation of bacteria on cantilevers. (1) NP-O10 can-
tilevers were treated with 0.5% glutaraldehyde solution, washed, and then allowed to dry.
Droplets of concentrated bacterial solution were incubated on cantilevers B and D for 30
minutes, and then washed in PBS (2). If acceptable coverage was achieved (3), the can-
tilever was then inserted into the AFM (4), and placed in LB media (5). Antibiotic
solution was then added into the petri dish and mixed and the effect measured (6).

6.2.2 Bacterial Seeding Variability

The protocol of immobilisation of bacteria ex situ to the AFM led to a range of

seeding levels of bacteria on cantilevers. This was found even when using the same

reagents and conditions across cantilevers (Figure 6.6). Coverage ranged from zero

/ very low cell number (Figure 6.6a), to an even coverage of cells (“optimal”, Fig-

ure 6.6b), up to “hairy”, clumpy or with nets formed across the inner area of the
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cantilever (Figure 6.6c). In addition, the location of attachment varied - sometimes

bacteria attached near the apex and other times near the base of the cantilever.

Figure 6.6: Representative optical images of range in bacterial coverage. a,
Low bacterial coverage. b, “Optimal” (500-600 cells) bacterial coverage. c, “Hairy” (top),
net (middle) or clumpy (bottom) bacterial coverage. Scale bars = 50 µm.

Obtaining a consistent level of bacterial attachment is important to acquire repro-

ducible results from this method, which would be required for any diagnostic tool.

Therefore analysis to quantify the number of attached bacteria was developed to

understand how bacterial seeding number varied across these immobilisation exper-
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Figure 6.7: Bacterial cell counting image analysis. Image analysis was carried
out in Gwyddion and ImageJ software to crop, threshold and carry out grain analysis on
optical images of cantilevers. Here, a DNP-S1 cantilever D is shown, with bacterial cells
immobilised appearing as black dots (left). Bacterial cells identified by the image analysis
shown as red dots (right). The analysis shows ∼488 bacterial cells immobilised to this
cantilever. Scale bars = 50 µm. Images generated by M. G. Wojcicki, under supervision
by I. Bennett.

iments.

For this an image analysis protocol was developed by M. G. Wojcicki under su-

pervision of I. Bennett. Using a combination of Gwyddion and ImageJ software,

the image analysis carried out masking, thresholding and grain analysis on optical

images of cantilevers taken post-bacterial immobilisation (Figure 6.7). This ob-

tained an estimate of the number of bacteria immobilised on each cantilever in each

experiment. This analysis showed that across 28 cantilevers where bacteria were

successfully immobilised, seeding numbers varied from ∼90 to ∼1000 cells. This

did not include bacteria in nets or clumps which formed when very high numbers

of bacteria were immobilised on the cantilevers (Figure 6.6c). These 28 cantilevers

were chosen for image analysis as they had at least a low bacterial seeding number,

but there were >30 other cantilevers where there was no bacterial seeding after the

immobilisation step (success rate of >50%).

Aspects of the immobilisation method had been varied across these 28 cantilevers to
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try and identify the optimal method for obtaining consistent immobilisation. The

method parameters varied were:

• Bacteria solution concentration at the time of immobilisation (8x versus 20x

concentrated)

• Bacterial strain (DH5α versus JM109)

• Cantilever B versus D (which have different characteristics such as surface area

and k)

• Glutaraldehyde concentration (0.5% versus 0.8%)

As shown in Figure 6.8, across bacterial concentration (a), bacterial strain (b), can-

tilever B/D (c) and glutaraldehyde concentration (d), seeding number remained

seemingly random despite investigating each of these sources of variability with M.

G. Wojcicki and in collaboration with the group at EPFL. Increasing the concen-

tration of bacteria in the immobilisation step from 8x to 20x increased the number

immobilised on some cantilevers (Figure 6.8a, bottom, cantilever D), but on others

immobilisation number decreased (Figure 6.8a, top, cantilever B). Likewise, strain

type made little difference in some cases (Figure 6.8b, top, cantilever B), but in

other cases the number of immobilised bacteria more than doubled (Figure 6.8b,

bottom, cantilever D). The greater surface area of cantilever B was also not corre-

lated with greater immobilisation, with cantilever D showing higher immobilisation

numbers in some cases (Figure 6.8c). Finally increasing glutaraldehyde concentra-

tion for the functionalisation step from 0.5% to 0.8% did not consistently give higher

immobilisation (Figure 6.8d).

Obtaining consistent coverage of bacteria is an essential part of this protocol as

seeding number and cell attachment location are known to affect cantilevers in dif-

ferent ways [248, 371, 372]. Ramos et al. showed that the resonant frequency is
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Figure 6.8: Investigation of bacterial immobilisation conditions. Representative
images of JM109 E. coli-immobilised cantilevers (DNP-S1 or tipless NP-O10), comparing
different conditions and the number of bacteria immobilised. Other conditions are compa-
rable across the cantilevers shown apart from the one specified. a, Cantilevers incubated
with 8x (left) or 20x (right) concentrated bacterial solution for immobilisation step. b,
DH5α (left) and JM109 (right) used as the bacteria for immobilisation. c, Comparison
of immobilisation levels on the greater surface area of cantilever B versus the narrower
cantilever D. d, Cantilevers treated with 0.5% glutaraldehyde (left) or 0.8% glutaraldehyde
(right) prior to immobilising bacteria. Bacterial immobilisation number estimate shown
bottom right of each figure. Scale bars = 50 µm. Data collected by I. Bennett, image
analysis conducted by M. G. Wojcicki, under supervision by I. Bennett.
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shifted in different ways depending on where bacteria are immobilised on the can-

tilever [248, 371], caused by the added mass and change in stiffness of the cantilever.

When bacteria adsorb in areas of high vibrational amplitude (for example the apex

of the cantilever) mass changes will be the dominant force affecting the resonant

frequency. Variations in stiffness along the cantilever (for example at nodal points

along the cantilever length or the region close to the base of the cantilever which

are inherently stiffer) will lead to a non-uniform effect of added bacterial mass [372].

For these reasons, variable immobilisation levels and locations will affect the signal

and lead to sources of inconsistency.

6.2.3 De-convoluting the Signal

The signal processing described in this section was developed to allow systematic

analysis of the data across experiments, providing a standardised readout and re-

moving any bias of interpreting by eye. This was an important aspect of the work,

as the different parameters of the analysis were found to affect the readout obtained.

This section describes analysis of the signal from various bacterial seeding levels, as

well as disentangling the different components of the signal.

6.2.3.1 Signal from Range of Immobilised Bacterial Numbers

Firstly, it was investigated to see bacterial seeding number affects the vibration of

the cantilever.

As discussed above, the baseline level of cantilever vibration without bacteria immo-

bilised was measured to be ∼0.03 nm2 for B and ∼0.08 nm2 for D (shown again here

in Figure 6.9a and d, respectively). It was expected that the attachment of bacteria

to the cantilever would increase its motion. Taking the average variance in vertical

deflection recorded from the bacteria-coated cantilevers in media, low/medium and
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high coverage cantilevers were compared to this bare cantilever baseline vibration.

For cantilever Bs with low/medium bacterial numbers (∼100-500 cells), the average

variance was ∼0.03 nm2 (n=2) (Figure 6.9b). This is not above this baseline level

for cantilever B, suggesting that this low number of cells does not affect the motion

of cantilever B. To note, no data was collected for low/medium bacteria number

cantilever Ds, because at the time of data collection in collaboration with researchers

at EPFL it was decided that these would not give sufficient measurable motion

and effort should be focused on the higher bacterial immobilisation cantilever data

collection.

At high bacterial numbers (∼500-1000 cells), it was expected that more signal would

be observed. For cantilever B, the average variance was ∼0.09 nm2, an increase of

300% from baseline (Figure 6.9c, n=3). For cantilever Ds the average variance was

∼ 0.6 nm2, which was an increase of 750% from baseline (Figure 6.9e, n=5).

This average variance in vertical deflection measured with bacteria immobilised is

still significantly less than the average variance obtained by Longo et al. (12 nm2,

∼630 cells)[17], but indicates that there may be a measurable increase in average

variance if the bacterial coverage is sufficient. Therefore only cantilevers where opti-

mal (500-600 cells) bacterial number was obtained were chosen for further analysis.

Optimal bacterial seeding was designated for n=3 cantilever B and n=5 cantilever D.

To note, this was the total number of optimal bacterial coverage cantilevers obtained

despite attempting this procedure on >60 cantilevers. This low number of optimal

coverage cantilevers (∼15% success rate) highlights the difficulty of using this as a

reliable diagnostic method.

The full experimental datasets were analysed for these eight cantilevers. Full datasets

consisted of vertical deflection recorded at 20 kHz for 45 minutes with the bacteria-

coated cantilever to obtain an pre-antibiotic reading (analysed for the above result in
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Figure 6.9: Effect of immobilised bacteria on vertical deflection signal. a, Bare
cantilever B. b, Low bacterial numbers immobilised on cantilever B (∼200-500 cells). c,
High coverage of bacteria immobilised on cantilever (∼500-1000 cells). d, Bare cantilever
D. e, High coverage of bacteria immobilised on cantilever D (∼500-1000 cells). Parts
ii show raw vertical deflection data (nm) over 800 seconds. A fitted linear regression
has been subtracted to flatten data. Parts iii show zoomed in sections of the vertical
deflection data over 5 seconds. A linear regression fitted to the individual 5 second section
has been subtracted from the data. The variance across 5 second segments were used to
calculate average variance shown in parts iv (n=3, n=2, n=3, n=3, n=5 for number of
experiments used to calculate parts iv, respectively across parts a-e). Error bars indicate
standard deviation of the average variance. Scale bars in parts i = 50 µm. Cantilever B:
k = 0.12 N/m, fres = 23 kHz; cantilever D: k = 0.06 N/m, fres = 4 kHz.

Figure 6.9). Ampicillin solution was then added directly into the petri dish to a final

concentration of 125 µg/mL, and vertical deflection was recorded for a further 60

minutes. 125 µg/mL was used as this was well above the MBC measured for these

strains of E. coli (Methods Section 4.1.4). Average variance across the pre- and

post-ampicillin treatment was then calculated (Methods Section 4.5.3). Data for t

+15-45 minutes post-ampicillin treatment was used to calculate the post-ampicillin
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average variance so that any motion caused by the addition of the ampicillin solution

could settle over 15 minutes.

Average variance was seen to increase more than two-fold after the addition of 125

µg/mL ampicillin (from 0.09 nm2 to 0.20 nm2) for cantilever B (Figure 6.10a). This

increase in variance after antibiotic addition could be due to dead bacteria coming

loose from the cantilever, and either floating away or ‘waving’ on the surface of the

cantilever. This could cause optical disruption of the laser giving rise to an increase

in noise (i.e. variance).

Cantilever D showed a decrease from 0.60 nm2 to 0.42 nm2 but with overlapping

standard deviations for both values, indicating this decrease in variance is not sig-

nificant (Figure 6.10b).

Figure 6.10: Effect of ampicillin treatment on cantilever motion for experi-
ments with optimal coverage of E. coli bacteria for cantilevers B and D. Average
variance for high seeding number experiments on cantilever B (a, n=3) and cantilever D
(b, n=5). Pre- (green, pre-amp) and post- (red, post-amp) treatment with 125 µg/mL
ampicillin (above lethal dose). Pre-treatment values show 0.09 nm2 and 0.60 nm2 for B
and D, respectively. Post-treatment values of 0.2 nm2 and 0.42 nm2 for B and D, re-
spectively. P=0.3805 and P=0.0744 for a and b, respectively. Error bars show standard
deviation. Cantilever parameters: cantilever B k = 0.12 N/m; cantilever D k = 0.06 N/m.
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Figure 6.11: Representative one-sided Fourier transform power spectrum of
raw data for cantilever D bare and with E. coli immobilised. a, Bare cantilever
D. b, High number of E. coli cells (N=∼530 cells) immobilised on cantilever D. Cantilever
parameters: k = 0.06 N/m, fres = 4 kHz.

6.2.3.2 Investigating the Nanomechanical Signal

Despite difficulties in obtaining consistent coverage levels on the cantilevers, in the

cases where a high number of bacteria were immobilised the average variance was

significantly higher compared to a bare cantilever (Figure 6.9). However, treatment

with a lethal dose of ampicillin did not reduce this motion significantly as expected

(Figure 6.10). To better understand the source of this signal, the raw data was

further investigated to identify specific features contributing to the variance.

Firstly, the signal was analysed for any frequency components in the Fourier trans-

form of the vertical deflection data. Longo et al. postulated that metabolic processes

and flagella rotation could be the source of their nanomechanical signal. With any

mechanical biological process taking place within a 500 Hz timescale (flagella rotate

at 100 Hz, pumps operate at ∼10 ms [370]), a Fourier transform was performed on

the signal focussing on frequencies within the 0-500 Hz range (Figure 6.11).

The shape of the Fourier transform is non-linear due to the drift of the raw data

causing a high DC point at 0 Hz, but does no show any observable peaks in the
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frequency range for the blank cantilever apart from a small peak at ∼17 Hz which

could be due to noise from the AFM system (Figure 6.11a). When bacteria were

immobilised on the cantilever, there was an increase in frequency noise, reflecting

the significant increase in noise seen in the raw data signal (Figure 6.9e), but there

still were no observable peaks in this range. This indicates that there were no

specific repeating frequencies in the signal which would contribute to the source of

the signal.

With no clear frequency aspects of the signal produced by bacteria immobilised on

the cantilevers, the peaks in the vertical deflection data were then further analysed.

Looking across a raw dataset, large peaks can be seen in non-uniform positions

in the raw vertical deflection signal (Figure 6.12a, large peaks identified with *).

The amplitudes of these peaks vary (2-6 nm, Figure 6.12b) and are too large to be

caused by the mechanical action of bacteria on the cantilever. According to Hooke’s

Law, F=kx, where F is the force, k is spring constant and x is displacement, then

the bacteria would have to exert a force of 0.36 nN to achieve this motion. Given

that a single flagellar motor produces a force of ∼20 pN [370] (assuming flagella are

a contributing factor) that would mean more than 150 flagella would have to be

exerting force in the same direction on the cantilever to achieve this magnitude of

motion. With 500-600 cells on the cantilever, this is possible, but the flagella from

other cells would be exerting force in different directions, cancelling out forces acting

in opposite directions. In addition, the peaks have varying width. If the peaks were

caused by a common mechanical source, they would expect to have a consistent

width (frequency), and this would have appeared in the Fourier transform above.

As this method is meant to be reliant on detecting the mechanical motion caused

by living bacteria exerting force on cantilevers, it is important to disentangle the

mechanical signal from any non-mechanical parts of the signal.

If these larger peaks are not produced forces exerted by the immobilised bacteria,
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Figure 6.12: Average variance readout is affected by averaging window seg-
ment length. a, Raw vertical deflection data over 800 seconds. Drift in signal caused
by slow bending of the cantilever due to temperature effects. Large peaks identified with *
represent a non-mechanical signal. b, Vertical deflection data with linear regression fitted
and subtracted to remove drift in signal. c, Variance calculated in 30 second windows over
800 second dataset from b. d, Variance calculated in 10 second windows over 800 second
dataset from b. Parts i show the variance for each window over the 800 second dataset.
Parts ii show a zoomed in look at the baseline of variance, allowing smaller variances to
be seen without the dominance from the large non-mechanical peaks shown in a. Parts iii
show the average variance for the 800 second sample in b using 30 second or 10 second
segments.
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it was postulated that they could be caused by loose material (bacteria or other

matter) passing through and interfering with the laser, and hence do not form part

of a mechanical signal. To support this, it was observed that as it is difficult to wash

all loose or poorly adhered bacteria from the chip after immobilisation, exacerbated

by the bacteria often seeding on the chip body as well, these loose bacteria were seen

to float in solution (with optical microscope during experiments), often crossing the

laser beam and causing a peak in the signal.

These large peaks were therefore removed from the data to calculate the “true”

cantilever mechanical signal, as smaller fluctuations around the baseline would be

more on the scale of an expected bacterial mechanical signal (Figure 6.12c and

d, parts ii). These large peaks were removed by applying a Savitzky-Golay finite

impulse response (FIR) smoothing filter of polynomial order 2 to the data, with

a filtering frequency of 101 Hz. As the larger peaks occur over time scales <2.5

seconds, this filter will remove any peaks with width greater than this. A Savitzky-

Golay smoothing filter was chosen as this function can filter noisy data effectively

without removing high frequency data.

It was also observed that the length of averaging window used for calculating vari-

ance affects the average variance. Calculating the average variance using a 30 second

window versus a 10 second window shows a higher value for the 30 second window

data (Figure 6.12c and d, parts iii). This was due to the large peaks discussed above

biasing the average variance for the longer window length. With shorter window

length, these anomalous peaks had less of an affect on the average, leaving a clearer

representation of the underlying data. Therefore a 10 second window was selected

to provide a more granular picture of the cantilever motion, and was selected for

use in the final analysis.

With this new analysis to remove non-mechanical aspects of the signal and a more

granular averaging window, the data was re-analysed for the optimal cantilever D
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Figure 6.13: Comparison of variance for nanomechanical signal with new data
processing of cantilever D data. Average variance for pre- (green, pre-amp) and 15
minutes post-treatment (red, post-amp) with 125 µg/mL ampicillin for high immobilisa-
tion count cantilever D experiments (n=5). Raw data was processed to remove large peaks
caused by non-mechanical aspect of signal, and variance averaged over 10 second segments.
Green box is pre-antibiotic treatment, red is post-antibiotic treatment. P=0.4569. Can-
tilever D: k = 0.06 N/m, fres = 4 kHz.

experiments used for Figure 6.10. As shown in Figure 6.13, both the pre- and

post-ampicillin average variance values were less after the new analysis (0.39 nm2

and 0.32 nm2, respectively) than with the previous analysis (0.60 nm2 and 0.42

nm2, respectively). This is due to the removal of the larger peaks from the signal.

Although there was still a slight decrease in average variance seen from pre to post-

ampicillin treatment, this decrease was greatly reduced to 0.07 nm2, compared to

0.18 nm2 previously. This suggests that the large peaks were causing a significant

portion of this fall in “signal” with the addition of antibiotic for the previous analysis.

This non-mechanical aspect of the signal was therefore investigated.
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6.2.3.3 Separating Mechanical and Optical Effects on Signal

In an effort to separate a mechanical signal from a possible optical signal in ex-

periments with bacteria immobilised on cantilevers, a very stiff cantilever was used,

AC160 TS (k = 25 N/m, Olympus) which would not be actuated by the immobilised

bacteria. The same immobilisation protocol was used to immobilise E. coli cells on

these stiff cantilevers, and vertical deflection was recorded pre- and post-ampicillin

treatment as for the previous experiments on soft cantilevers.

A representative experiment is shown in Figure 6.14a, of n=4 experiments. An

optical image of the bacteria-coated cantilever is shown in part i. In addition to

being much stiffer, AC160 TS cantilevers are rectangular and smaller than NP-

O10s. The raw vertical deflection data for one data segment is shown in part ii. As

explained previously, data was segmented into 800 second segments as the data files

were very large. The raw data showed a significant amount of noise, very similar

to the filtered data from the soft cantilever experiments after removing the large

peaks. The average variance was calculated across all the data segments for the

experiment, with three segments from before ampicillin treatment and six segments

after the addition of 125 µg/mL ampicillin (between segment 3 and 4, marked with

*). The addition of ampicillin had little effect in the average variance before and

after addition (part iii).

This experiment highlights how difficult it is to separate out an optical effect from the

nanomechanical signal – the bacteria immobilised on the cantilever scatter the laser

beam as it is reflected off the surface, and some of these will be loose and moving, or

even detaching, causing noise in the vertical deflection data even without the very

stiff cantilever actually moving. Therefore a purely optical experiment was devised,

with bacteria in the solution but none on the cantilever.

The same experiment was then conducted with a stiff AC160 TS cantilever im-

mersed in LB media inoculated with a low concentration of E. coli cells (Figure
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Figure 6.14: Use of stiff cantilevers to isolate mechanical and optical features
in signal. a, E. coli cells immobilised on AC160 TS cantilevers in media. b, Bare AC160
TS with low concentration of E. coli cells free in media. Parts i, optical images of example
cantilevers used for experiments. Contrast adjusted so that bacteria immobilised on the
cantilever can be seen in a, and floating cells in the surrounding solution can be seen in
b. Scale bars = 50 µm. Parts ii, Single data segment of raw vertical deflection signal.
Data segments recorded for pre- and post-ampicillin treatment, used to calculate average
variance in part iii. Parts iii, Average variance for each data segment taken across a full
experiment. Error bars represent standard deviation.
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6.14b, representative experiment shown). These bacteria would mimic the floating

bacteria coming loose from the cantilever in previous experiments. This allows the

characterisation of a purely optical signal, as no bacteria are immobilised on the

cantilever scattering the laser.

Figure 6.14b,i shows an optical image of a blank AC160 TS cantilever, with bacteria

floating in the media around it. These floating bacteria gave rise to large peaks in the

vertical deflection signal, shown in part ii, but with less high frequency noise than

when bacteria were immobilised on the cantilever (Figure 6.14a, ii). This suggests

that the optical effect of immobilised bacteria gave rise to at least some of the noise

seen in the vertical deflection data for the soft cantilever data as well.

The average variance calculated for the data segments across the experiment (1-3

pre-ampicillin, 4-9 post ampicillin) showed an interesting pattern - at the point of

ampicillin addition there was an increase in noise (most likely caused by mixing the

solution), but this noise reduced to below pre-ampicillin treatment levels over time

(Figure 6.14b, iii).

This pattern held across n=3 experiments, suggesting that this purely optical signal

was providing a readout of antibiotic sensitivity. Initial testing with an ampicillin-

resistant strain of E. coli (BL21-ampR) showed an increase in average variance after

the addition of antibiotic.

This optical signal was then further explored as a method to detect antibiotic resis-

tance. This alternative method (from here on referred to as the ‘optical interference

method’) allowed easier methodology (no problematic bacterial immobilisation step

required) and appeared more reproducible with the pattern for ampicillin-sensitive

E. coli subsequently seen across n=12 experiments. Work to characterise this optical

method, develop an analysis method and test on lab and clinical strains is described

in the next sections (Objectives 5-9, Table 1.1).
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6.3 Novel Optical Interference Method for Detec-

tion of AMR

The principles of the optical interference method are summarised in Figure 6.15a.

For this a laser is reflected off a stiff reflective surface (AC160 TS cantilever, k = 26

N/m) immersed in media, onto a detector. As for the previous work, the movement

of the laser was recorded using the vertical deflection data, but as these experiments

are now not measuring the actual vertical deflection of the cantilever (too stiff to

move), the data is referred to as simply the ‘deflection signal’ from here on.

In the absence of bacteria, there is no noise seen in the deflection data (Figure

6.15b). AC160 TS cantilevers are very stiff (k = 26 N/m) and hence have a very

low level of baseline vibration (∼0.02 nm2). When bacteria are inoculated into the

media, individual bacterial cells floating freely in the growth media interfere with

the laser as it passes through the media. This interference causes the laser to shift

on the detector, and this is recorded as peaks in the signal (Figure 6.15c). When

antibiotic is added to the solution, this signal decreases for sensitive strains, and

provides a read out of sensitivity to a given antibiotic within 45 minutes (Figure

6.15d).

The work described in this section forms the submitted paper “Rapid antimicrobial

sensitivity testing by single cell nanoscale optical interference”, I. Bennett et al.

[373].

6.3.1 Investigating the Optical Signal

To confirm the origin of the peaks in the signal, the bacterial concentration level

was reduced to ∼ 105 CFU/mL. At this low bacterial concentration individual peaks

within the signal were observed (Figure 6.16a). The AFM is mounted on an optical
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Figure 6.15: Principles of nanoscale optical interference method. a, Illustration
of bacterial cells inoculated in growth media with antibiotic molecules, with laser reflecting
off cantilever surface onto photodiode detector. Bacteria in solution move into the laser
beam, which interfere and cause the laser to move on the detector. This results in peaks
in the measured signal. Photodiode signal measured in media solution without bacterial
inoculant (b), with bacteria in solution (c) and 45 mins after addition of antibiotic (d).
Signal decreases after addition of antibiotic for sensitive strains. From I. Bennett et al.
[373].

microscope so the cantilever can be observed during experiments. Using this, single

bacteria could be optically tracked crossing the path of the laser where it reflects off

the cantilever (Figure 6.16b, blue circle). The point of crossing could be correlated
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to a corresponding peak in the deflection signal. Figure 6.16c shows the peak caused

by the bacterium tracking in Figure 6.16b. These single bacterium-cased individual

peaks seen in the signal were of varying width and amplitude (observed in n=10

examples).
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Figure 6.16: Individual peaks in signal caused by single bacteria traversing
laser beam. a, At low bacterial inoculant concentration, individual peaks can be identified
within the signal. Combined optical tracking and vertical deflection signal measurement
shows movement of single bacterium (blue circle) through laser path (b, optical images) as
a single peak in the signal (c). Data representative of n=10 examples. Adapted from I.
Bennett et al. [373].

If the noise in the deflection signal was caused by individual bacteria crossing the

laser path, the number of peaks would be expected to correlate with bacterial con-
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Figure 6.17: Relationship between CFU/mL and number of peaks seen in sig-
nal. LB media was inoculated with small number bacterial cells at t=0. At 6 time points,
a sample of media was taken and plated out to calculated CFU/mL, at same time as 15
minute vertical deflection reading to calculate number of peaks (t+0.5, 1.5, 2.5, 4.5, 5, 5.5
hours). The number of peaks is plotted here with the CFU/mL calculated at these time
points. (n=1) R2=0.8448. Adapted from I. Bennett et al. [373].

centration. To demonstrate this relationship, the signal was measured as bacteria

replicated (i.e. increased in concentration) in the media over time. Samples of the

media were taken at six time points (t+0.5, 1.5, 2.5, 4.5, 5, 5.5 hours) and CFU/mL

calculated by plating out these samples on LB plates (Figure 6.17).

As shown in Figure 6.17, as bacterial concentration increased, the number of peaks

in the signal also increased. The calculation of the number of peaks is described

in Methods Section 4.5.3, and is discussed in detail in the next Section 6.3.1.1.

This suggests the amount of signal observed is related to the number of bacterial

cells in solution, adding to the evidence for the theory that individual bacterial

cells are causing the optical signal. However, due to time constraints, n=1 for this

experiment, and it should be repeated to confirm this relationship. Additionally a

control experiment where no bacteria are inoculated should be conducted to confirm

it is bacterial growth giving rise to the increasing signal.
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Figure 6.18: Addition of media control. Number of peaks in media (1), addition of
more media (2), inoculation with BL21 E. coli cells (3), and addition of more media (4).
Representative dataset, from n=2 experiments. From I. Bennett et al. [373].

To further confirm that it was the bacteria in the solution causing the observed

signal, and not simply the addition of media, the number of peaks in the signal was

calculated for a cantilever immersed in media (Figure 6.18, point 1). No increase

in number of peaks was observed on addition of more media to this (Figure 6.18,

point 2), suggesting the signal was not caused by the movement of the LB media,

or any material found in it. Adding bacteria to the media does cause the number of

peaks to increase by more than 100x (Figure 6.18, point 3). Adding more media to

a bacteria solution does cause the peaks to increase by ∼66% due to mixing of the

cells (Figure 6.18, point 4), but this settles back to an expected growth curve.

6.3.1.1 Data analysis for Optical Signal

The aim of the data analysis was to systematically identify and quantify bacterial

laser crossing events, which have now been shown to appear as peaks in the signal.

The raw deflection data (nm) was recorded at 20 kHz sampling frequency in 800
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second segments, as described before due to the size of the files generated. These

raw datasets (Figure 6.19a, red) were then processed using analysis code written in

Matlab (see Appendix A). This code applies the same Savitzky-Golay FIR filter of

polynomial order 2 with a filtering frequency of 101 Hz as for the nanomechanical

data. However this time instead of subtracting it from the data, just the filtered

data is used as all that remains are the lower frequency peaks caused by bacteria in

the solution (Figure 6.19b, dark blue).

To quantify the number of bacterial crossings, both local maxima and minima were

identified, as bacteria moving through the laser were observed to cause both peaks

and dips in the signal (Figure 6.19c, peaks labelled with light blue triangles). A

“Peak Finder” function was used to identify local minima/maxima in the signal,

where a significant “peak” was defined as having a threshold drop of at least 0.5 nm

on each side. This was to ensure that only the larger peaks were counted, which

correspond to bacteria moving across the laser. Noise with smaller amplitudes seen

in the signal was not attributed to actual bacterial crossings, but could be due to

partial crossings, or a change of orientation of bacteria within the laser during a

crossing. This threshold peak prominence value of 0.5 nm was applied empirically

across all files when carrying out the analysis to remove any bias of identifying peaks

in the signal.

Across the experiment, the number of bacterial crossings was calculated over 267

seconds (a third of an 800 second data segment) to increase the resolution of the

data. A representative plot of the number of bacterial crossings observed over the

course of an experiment is shown in Figure 6.19d. For the first 800 seconds, the

number of crossings is zero, as the cantilever is in media, prior to bacteria addition.

At 800 seconds, the media is inoculated with bacteria giving rise to a jump in the

number of crossings observed (green star). This settles within 800 seconds to a

baseline level of signal seen for bacterial cells. This is Sbaseline (blue box). After

this point, ampicillin solution is added to the petri dish to a final concentration of
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Figure 6.19: Data analysis steps applied to raw data. a, Example raw data trace
for deflection taken over 800 seconds. b, Savitzky-Golay FIR smoothing filter of polynomial
order 2 applied to the raw data, with a filtering frequency of 101 Hz. c, Peaks identified as
having peak prominence value of ±0.5 nm (light blue triangles). This threshold was applied
empirically across all files when carrying out the analysis to remove any bias of identifying
peaks in the signal. d, Representative plot of number of bacterial crossings (peaks) across
an experiment. Each point of plot represents the number of crossings collated for 267
seconds. Green star marks where bacteria were added to the media. Yellow star marks
where 125 µg/mL ampicillin was added. Sbaseline (blue box) is average of three points prior
to antibiotic addition. Santibiotic (orange box) is average of three points 45 minutes post-
antibiotic treatment. These two baselines are used to calculate rsensitivity. Adapted from I.
Bennett et al. [373].

125 µg/mL. This results in another jump in number of crossings observed due to

the mixing of the bacterial cells (orange star). The number of crossings then settles

and a post-ampicillin baseline is then taken 45 minutes after the point of treatment

(Santibiotic, orange box).

Comparing Sbaseline and Santibiotic gives a readout where there is either an increase
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or a decrease / no change in bacterial crossings after the addition of antibiotic.

This readout is called the antibiotic sensitivity (rsensitivity). rsensitivity provides a

binary readout of sensitivity where rsensitivity ≤1 indicates cell death or inhibition of

bacterial growth as Santibiotic ≤ Sbaseline, and therefore sensitivity to the antibiotic

in solution; rsensitivity > 1 indicates Santibiotic > Sbaseline. This means there was

an increase in crossings caused by a greater number of bacteria in solution (i.e.

bacterial growth), and therefore resistance to the antibiotic used. The rsensitivity for

the example in Figure 6.19d was 0.66 and therefore shows a sensitive strain.

6.3.1.2 Effect of Initial Inoculant Level

The magnitude of the signal observed was affected by the number of bacteria in

solution. This was shown in Figure 6.17, where a higher bacterial concentration gave

higher numbers of peaks in the signal (bacterial crossings). As shown in Figure 6.20a,

across repeats of the same experiment the magnitude of the number of bacterial

crossings observed varied. Normal inoculant levels (orange, yellow and dark blue

lines) gave the characteristic peaks for addition of bacteria and antibiotic (described

above for Figure 6.19). When initial inoculant level was lower (blue and purple

lines) a less prominent pattern was seen. Less prominent peaks were also seen in

some normal inoculant level experiments (green line).

Therefore to control for any variation in bacterial inoculant level at the start of

each experiment, the signal was normalised to the pre-antibiotic baseline (Sbaseline,

shown in Figure 6.20a highlighted in blue). This allowed better comparison between

experiments, even with lower levels of initial inoculant (Figure 6.20b).

However, the differences in initial inoculant level did not affect the use of rsensitivity

as a binary read out of sensitivity as it is a ratio value and unaffected by magnitude

(Figure 6.20c).
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Figure 6.20: Magnitude variability and baseline normalisation between exper-
iments. a, Bacterial crossings over five repeat experiments with BL21 E. coli (sensitive)
and 125 µg/mL ampicillin. Yellow, dark blue and orange experiments were inoculated
with a higher CFU/mL of bacteria than purple and light blue experiments. b, Normalised
data for same experiments as a. Normalisation of data to baseline pre-antibiotic treatment
(blue highlighted section) removed variability in bacterial inoculation level so experimental
data was comparable across experiments. c, rsensitivity for five experiments shown in a and
b. All show rsensitivity <1 (sensitive), demonstrating that initial inoculation level does not
affect rsensitivity read out. From I. Bennett et al. [373].

6.3.2 Antimicrobial Susceptibility Testing By Optical Inter-

ference

Having established a method to measure rsensitivity, a lab strain of E. coli was used

to assess this method for reliable antibiotic susceptibility testing. A lab strain

(BL21(DE3)pLysS, Promega) was used for a model sensitive strain, and the same

strain transformed with a plasmid conferring resistance to ampicillin (ampR) or

204



Chapter 6. Sensing Antimicrobial Resistance at the Nanoscale

kanamycin (kanaR) were used as model resistant strains.

The sensitive strain (BL21-WT) displayed a standard pattern (Figure 6.21a, green

line), where peaks occur on addition of bacteria (yellow dashed line) and antibiotic

(blue dashed line) due to mixing, but then bacterial crossings decrease within 45

minutes of the addition of 125 µg/mL ampicillin (n=12). With the resistant strain,

there was an increase in signal after addition of ampicillin, showing bacteria growth

and therefore resistance (Figure 6.21a, red line) (n=3).

Figure 6.21: Measuring susceptibility of BL21 E. coli to ampicillin. a, Repre-
sentative experimental data of BL21-WT E. coli (S, green) and BL21-ampR E. coli (R,
red) with 125 µg/mL ampicillin. Addition of bacteria (yellow dotted line) and antibiotic
solution (dark blue dotted line) to the system cause a jump in bacterial crossings in the
signal as the liquid is mixed, which dissipate within ∼800 seconds. Number of bacterial
crossings in a given time period, here in 800 seconds, is plotted. b, Determination of
resistance profile, with sensitivity readout (rsensitivity). rsensitivity was calculated using the
ratio of crossings post-antibiotic and pre-antibiotic at set time points marked in blue in
a. Strains were determined to be sensitive (S) if rsensitivity ≤1 (green); or resistant (R) if
rsensitivity >1 (red). Cut off between R and S (rsensitivity = 1) shown as blue dashed line.
Shown for five concentrations of ampicillin. Adapted from I. Bennett et al. [373].

A range of concentrations of ampicillin (0, 0.125, 12.5, 50, 125 µg/mL) were used

to determine a minimum bactericidal concentration (MBC) for BL21 E.coli (Figure

6.21b). The MBC value is defined as the lowest concentration of an antibiotic

that will result in bacterial cell death [185], and complements the MIC (lowest
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concentration to inhibit visible cell growth). These values are used to inform clinical

breakpoints and provide patient-dose information for prescribing treatment and are

therefore important for AST diagnostics to be able to measure.

At low ampicillin concentrations (0-12.5 µg/mL) rsensitivity >1, indicating bacte-

rial growth was not inhibited at these low concentrations(Figure 6.21b, red dots).

However at increased ampicillin concentrations (50-125 µg/mL) rsensitivity <1. This

indicates that cell death occurred at these concentrations (Figure 6.21b, green dots).

This suggests an MBC between 12.5-50 µg/mL ampicillin, which is within the range

determined by broth microdilution (16 µg/mL). However, due to time constraints

this experiment was only carried out once, and needs repeating to confirm MBC

value.

A second antibiotic, kanamycin, was also tested using the same method (Figure

6.22). Kanamycin-resistance was transformed into BL21 cells and used as a model

kanamycin-resistant strain. This method correctly identified kanamycin resistance

for BL21-kanaR (rsensitivity = 2.0) and sensitivity for BL21-WT (rsensitivity = 0.92).

However, due to time constraints n=1, and this should be repeated.

Figure 6.22: Testing kanamycin-resistant and sensitive strain of BL21 E.
coli. Bacterial crossings over course of experiment for BL21-WT and BL21-kanaR +
125 µg/mL kanamycin. rsensitivity = 0.92 for BL21-WT (sensitive strain, green) and
rsensitivity = 2.0 for BL21-kanaR (resistant strain, red). n=1. Adapted from I. Bennett et
al. [373].
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6.3.3 Determining Susceptibility in Clinical Isolate

A clinical isolate was obtained from Great Ormond Street Hospital (with thanks to

K. Harris and R. Doyle). The identity of the isolate was believed to be a Klebsiella

pneumoniae isolated from a UTI infection of an anonymous patient, with reported

resistance to ampicillin but sensitivity to trimethoprim. To demonstrate clinical ap-

plication to a uropathogenic E. coli (UPEC), it was of interest to test the sensitivity

of K. pneumoniae to trimethoprim using this method. However, resistances to both

ampicillin and trimethoprim were detected using the optical interference method

(Figure 6.23a,b)(n=2 for each antibiotic).

The identity of the isolate was then tested using a UTI Brill plate (OXA) and found

to be an E. coli (Figure 6.23(c)). Returning to the patient notes, it was found that

the patient had had two strains isolated, a K. pneumoniae and an E. coli, with

the E. coli reporting resistance to trimethoprim. This exercise therefore acted as

an unplanned blind test of the method, detecting resistance which matched those

reported by the gold standard hospital AST.

To date only one clinical isolate has been tested due to time restraints. However, this

assay described above demonstrates the ability of this method to detect resistance

in a blind test, which is an important check of the reliability of the method.

6.4 Conclusions of Chapter

This chapter described work to reproduce a nanomechanical method of detecting

AMR [17]. This nanomechanical procedure involved immobilising bacteria on small

soft cantilevers and measuring the effect on the motion of the cantilever before

and after the addition of antibiotic. The method is challenging, and it was not

reproducible in our hands. The main sources of error were inconsistent bacterial
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Figure 6.23: Antibiotic susceptibility testing of a clinical isolate of E. coli.
a, Susceptibility of a clinical isolate of E. coli, determined to be resistant to both ampi-
cillin (purple lines) and trimethoprim (blue lines). b, Determination of resistance profile.
rsensitivity for n=2 repeats of clinical isolate with 125 µg/mL trimethoprim and ampicillin.
Antibiotic concentrations are given in µg/mL. c, UTI Brill plate identifying patient isolate
as an E. coli. Adapted from I. Bennett et al. submitted.

coverage of cantilevers and an inability to completely wash away loose bacteria from

the system which passed through the laser and multiplied, artificially added to the

mechanical signal. Both of these challenges potentially limit its use as a clinical

diagnostic.

However, it was observed that loose bacteria floating freely in the system interfered

with the laser beam path, creating an artificial “movement” in the vertical deflec-

tion which gave rise to part of the mechanical signal observed. When this optical

component of the signal was removed from the data, the observed signal decreased
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by half, indicating that a portion of the signal was optical. The magnitude of this

signal was also significantly less than that reported by Longo et al., where variances

of 12 nm2 were measured, compared to less than 1 nm2 found here.

The optical signal was then further investigated as a possible method to detect

AMR, using the number of large peaks (bacterial crossings) as the signal. This

method was simpler, and removed the challenging step of immobilising bacteria on

the cantilevers. By comparing the bacterial crossing events before and after the ad-

dition of antibiotic, this method obtained a binary readout of sensitivity, rsensitivity.

This readout was normalised to avoid the variation in magnitude caused by initial

inoculant amount. This “optical interference method” was used to distinguish sen-

sitive and resistant strains of lab and clinical strains of E. coli, correctly identifying

resistances to ampicillin, kanamycin and trimethoprim where appropriate.

This optical technique represents a novel method of detecting resistance in bacteria

giving a simple binary readout, reducing the time for result down to just 45 minutes

post-antibiotic treatment, with the potential for bringing this down further with

optimisation of the method. Due to the simplicity of the method, it also could

be used almost direct from urine sample testing for UTIs, perhaps with a simple

filtering stage to remove larger cells from the sample.

Further work to characterise and bring this closer to a diagnostic tool includes:

• Optimising conditions to bring time to result to the minimum possible. In

this set up, temperature was controlled in a sound-proof container, holding

the AFM, at ∼28oC. However, E. coli replicate at a maximal rate in 37oC,

and so heating the set up to this optimal temperature could bring the time

to result down. In addition, further optimising of the analysis to identify the

earliest point at which rsensitivity allows for the differentiation between sensitive

and resistant strains could carried out, aided by many more experimental runs

across different bacterial species.
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• Further testing of bacterial isolates. This study used one clinical isolate of

E. coli, and further testing of different clinical isolates would support this

method as a diagnostic tool. Testing on K. pneumoniae would provide insight

into another UTI relevant Gram-negative but non-motile strain.

• Investigating the effect of heterogeneous populations. Mixtures of sensitive

and resistant populations, and motile and non-motile strains could be tested

to see how this affects the rsensitivity readout. In addition, the signal could

be further investigated to see if motile and non-motile strains cause different

types of interference which could be isolated from the signal.

• Investigating potential of filtered clinical samples for direct from sample UTI

testing. As this method looks at bacterial crossings interfering with the laser,

the effect of larger cells circulating in the system could be looked at. These

larger cells could cause very large peaks in the signal which could be removed

to allow the smaller peaks caused by bacteria to be measured. Alternatively,

if the bacterial signal could not be separated, the sample could be filtered to

remove the larger cells prior to carrying out the testing. For a diagnostic,

direct from sample testing is desirable as it removes steps and saves time.

Although only a proof of principle study, with one clinical isolate tested, work de-

scribed in this chapter represents a novel diagnostic method which shows promise

for its simplicity and speed.
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Chapter 7

Summary of Conclusions and

Future Work

This thesis presents results with the aim of improving our understanding of funda-

mental mechanisms of action of antimicrobials for therapeutic improvement, and the

aim of investigating a novel method for detecting AMR for diagnostic development.

This chapter summarises the conclusions from both results chapters and discusses

how these projects could be taken forward in future work.

The rise in resistant infections around the world is a serious threat to global health

(Section 2.1). It is a complex problem, requiring the coordination of many actions

including the development of novel therapeutics (Section 2.2) and innovating the

diagnostic landscape (Section 2.3).

Nanotechnology shows great promise in contributing to these two areas: our ability

to design and manipulate novel compounds at the nanoscale has led to new antimi-

crobials described in this thesis, with nanoscale methods such as AFM allowing us

to study their action at unprecedented resolution. We can exploit this resolution

to detect resistant bacteria faster and with greater sensitivity, as done with a novel
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cantilever sensing method described here. This unifying theme of nanoscale meth-

ods was used to address the global issue of AMR through the following aims of this

thesis:

• explore the therapeutic and diagnostic landscape, identifying areas where nan-

otechnology can contribute to combating AMR in these areas;

• to study the mechanism, kinetics and efficacy of three antimicrobials at nanome-

tre resolution on single bacteria at the nanoscale - including a novel AMPs,

an innate antimicrobial pore, MAC, and a DNA origami-based antimicrobial

structure;

• to explore the use of cantilever nanosensors to rapidly detect bacteria and

antimicrobial resistance within minutes, applied to both model strains and

clinical samples;

The main conclusions from the chapters addressing these aims are described below.

7.1 Summary of Individual Chapter Conclusions

7.1.1 Chapter 5: Mechanism of Action of Novel Antimicro-

bials

The aim of this chapter was to study the mechanism of action for three potential

antimicrobial classes: a novel AMP, the antimicrobial mechanism of the innate im-

mune system, MAC, and a de novo designed antimicrobial DNA-cholesterol origami

structure. AFM was chosen as an excellent tool for investigating the mechanism

of these novel antimicrobials, as their action on the surface of single cells can be

monitored in real time for living bacterial cells under physiological conditions. This
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chapter demonstrated the capability of this tool for providing in vitro mechanistic

insights as a step towards determining antimicrobial action in vivo, invaluable for

the development of new therapeutics.

To facilitate high resolution imaging on challenging surfaces (live bacterial mem-

branes), high resolution imaging was initially optimised on the AFM system using

DNA minicircles as a model sample. The secondary structure of the DNA was

visualised, benchmarking the resolution obtainable on the system to a nanometre

resolution level set by few other researchers around the globe for biological samples

in liquid.

Imaging live bacterial cells using AFM is challenging, and significant work was

carried out to develop protocols for high resolution imaging of live cells without

affecting viability. These protocols showed minimal reduction in viability during

imaging, with features such as porins (∼7 nm pores) observable on the bacterial

surface.

The first antimicrobial investigated was a novel AMP, tilamin [314]. This was en-

gineered and demonstrated to have antimicrobial activity through the rationally

designed mechanism of action of monolayer poration. The measurements carried

out in Section 5.3 support a molecular mechanism whereby tilted peptide insertion

across a single leaflet of the membrane bilayer triggers the formation of monolayer

pores causing local membrane rupture.

Specifically, using high resolution AFM imaging, the action of tilamin on flat (to

within ∼0.1 nm) SLBs was observed. These SLBs were composed of phospholipids

DLPC and DLPG designed to mimic anionic bacterial bilayers. On treatment with

tilamin, numerous pore-like features with depths of ∼1.4 nm were observed (∼half

the height of the lipid bilayer).

Next, this activity of tilamin was confirmed on live bacterial cells using real time
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AFM. Pores were observed to rapidly form in both the inner and outer bacterial

membranes, proliferating into larger deeper holes or ridges. This was postulated

to produce an energetically unfavourable configuration on the bilayer, exposing the

inner leaflet phospholipids, which subsequently caused localized membrane rupture

and cell lysis. This activity was shown to be faster than that of a native AMP (ce-

cropin B) and a previously rationally designed full porating AMP (amhelin), which

was correlated by fluorescence. Peptide activity and correlated cell death was con-

firmed with fluorescent staining (PI). A specific output of this work was the paper,

‘Engineering monolayer poration for rapid exfoliation of microbial membranes’, A.

L. B. Pyne, M-P Pfeil, I. Bennett et al., Chem. Sci., 2017 [314].

Continuing with the antimicrobials inspired by nature, the MAC was also investi-

gated. The MAC forms part of the innate immune system, responsible for attacking

invading bacterial cells in the body. The exact mechanism of this complex pore-

forming structure on Gram-negative bacteria is not known, and work described in

this thesis has contributed to the elucidation of the formation of active cell-lysing

MACs on bacterial membranes.

For the first time, MAC formation was visualised on live bacterial cells using AFM.

This showed the bacterial surface covered with protrusions ∼10 nm high and ∼17

nm wide (peak to peak). At high resolution a stalk extending upwards from the

pore was visualised. These dimensions and appearance are consistent with cryo-EM

images of MACs obtained on SLBs. MAC formation was shown to be dependent on

the in situ assembly of the oligomeric pore. Specifically, this work demonstrated that

in situ assembly of C5b6 by surface-bound C5 convertases is essential for priming

the efficient insertion of MAC pores into bacterial membranes. This has not been

observed by other studies using model systems and has large implications for the

functional activity of the MAC.

Since MAC-dependent cell lysis can be specifically triggered via antibodies, this
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killing mechanism is also exploited for therapeutic development of antibodies that

target drug-resistant bacterial infections [102]. Our understanding of the molecular

assembly requirements of this complex hetero-oligomeric pore will aid in the devel-

opment of these rationally designed bacterial therapeutics. A key output of this

work was contributing to the publication ‘Bacterial killing by complement requires

membrane attack complex formation via surface-bound C5’, D. A. C. Heesterbeek,

B. W. Bardoel, E. S. Parsons, I. Bennett et al., EMBO Journal, 2019 [315].

Finally, the promise of nano-engineering for bottom up designed therapeutics was

explored. Antimicrobial activity of a novel DNA-cholesterol origami structure was

shown. These ‘DNA nanobarrels’ were designed to bind to cholesterol-free bac-

terial membranes causing cell death while leaving cholesterol-rich eukaryotic cells

unharmed. Control over the antimicrobial activity of these structures was tuned

with molecular precision, with antimicrobial activity controlled by the addition of

single cholesterol molecules. Specifically the presence of three cholesterol anchors

on the DNA nanobarrel caused more severe membrane disruption than structures

with two cholesterol anchors. Structures without cholesterol anchors showed no

antimicrobial activity. This work represents the first demonstration of antimicro-

bial activity of DNA origami contributed to ‘Antimicrobial Membrane-Rupturing

DNA-Lipid Nanostructures’. I. Bennett et al.; In preparation.
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7.1.2 Chapter 6: Sensing Antimicrobial Resistance at the

Nanoscale

The objectives of this chapter included an assessment of the potential of cantilever

nanosensors as a diagnostic tool for detecting AMR. This involved work to repro-

duce a nanomechanical method of detecting AMR [17], which involved immobilising

bacteria on small soft cantilevers and measuring the vibration of the cantilever be-

fore and after the addition of antibiotic. The method was challenging, and it was

found to not be reproducible in our hands.

The main sources of error were found to be inconsistent bacterial coverage of can-

tilevers and an inability to completely wash away loose bacteria from the system. It

was observed that these loose bacteria floating freely in the system interfered with

the laser beam path, creating an artificial “movement” in the vertical deflection

signal. When this optical component of the signal was removed from the data, the

observed signal decreased by half, indicating that a significant portion of the signal

was optical. The magnitude of this signal was also significantly less than what was

reported by Longo et al., where variances of 12 nm2 were measured, compared to

less than 1 nm2 found here.

The challenging method and sources of error described in this chapter limit the

potential of the nanomechanical method as a clinical diagnostic for sensing AMR.

However, out of this first objective of assessing the nanomechanical method (Objec-

tive 5), a second set of objectives emerged (6-9, Table 1.1). The optical signal was

investigated as a possible method to detect AMR, using the number of large peaks

in the vertical deflection data (bacterial crossings) as the signal. This method was

simpler, and removed the challenging step of immobilising bacteria on the cantilevers

required by the nanomechanical method.

Significant work was conducted to develop an analysis method to identify and quan-
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tify peaks in the signal in an unbiased manner. By comparing the bacterial crossing

events before and after the addition of antibiotic, this method obtained a binary

readout of sensitivity, rsensitivity. This readout was normalised to avoid the variation

in magnitude caused by initial inoculant amount.

This novel “optical interference method” was used to successfully distinguish sensi-

tive and resistant strains of lab and clinical strains of E. coli, correctly identifying

resistances to ampicillin, kanamycin and trimethoprim where appropriate.

This optical technique represents a novel method of detecting resistance in bacteria

using nanosensors giving a simple binary readout, reducing the time for result down

to just 45 minutes post-antibiotic treatment. A key output for this work is the paper,

‘Rapid antimicrobial sensitivity testing by single cell nanoscale optical interference’,

I. Bennett, A. L. B. Pyne, R. A. McKendry, bioRxiv, 2019 [373].

7.2 Overall Thesis Conclusions

The main motivator of this thesis was to harness the potential of nanotechnology to

aid in the development of novel therapeutics and diagnostics against AMR. There is

an urgent need for innovation in both of these spaces to combat AMR, and nanotech-

nology presents a set of tools where single cells can be probed and sensed, paving

the way for better mechanistic insights for therapeutics and faster, more sensitive

diagnostic tools.

Beginning with novel therapeutics, three antimicrobial compounds or complexes

were studied using the high resolution imaging technique, AFM. Taken together,

this set of three mechanistic studies demonstrate the potential of AFM for the

development of new therapeutics to combat AMR. This study has shown that the

action of various antimicrobials can be imaged on live cells at high resolution, in real

time and in buffer. No other technique can provide this type of in vitro mechanistic

218



Chapter 7. Summary of Conclusions and Future Work

information. This is invaluable for bringing new therapeutics closer to clinical use.

A cantilever sensor was then investigated, giving rise to a novel method of detect-

ing resistance in bacteria using nanosensors and optical interference. This method

provides a simple binary readout and reduces the time for an antibiotic sensitivity

result down to just 45 minutes post-antibiotic treatment.

7.3 Future Work

Much of the work described in this thesis forms the basis of a significant body of

future work to further develop the findings reported. Below is a summary of how

these projects could be taken forward from this point.

7.3.1 Further Imaging of Antimicrobial Mechanism of Ac-

tion Work

The mechanism of action of the AMP tilamin was described in this thesis. This AMP

represents just one of a range of engineered AMPs with many different mechanisms

of action which could be investigated on live bacterial cells using AFM. Future work

would include investigating the AMP ‘amhelin’, which was designed by collaborators

at NPL to porate the bilayer by a novel mechanism of action, the ‘expanding pore

state’. This has been confirmed on SLBs, but not on live bacterial cells.

Other AMPs have been designed to investigate the structure/function relationship

between peptide sequence and mechanism of action, for example using the well

known natural AMP cecropin B. These include ‘ChoC’ and ‘ChoM’, which are mod-

ified versions of cecropin B, designed by collaborators at the NPL. A greater un-

derstanding of the structure/function relationship of these engineered AMPs and

their relationship to natural AMPs would allow further refining of these structures
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to make more active or more targeted antimicrobials.

The work on MAC could be further expanded by investigating the different initiation

steps via the recognition of antibodies and lectins, and the labelling of bacteria with

C3b and subsequent recruitment of the convertases, sealing the fate of the bacterium.

Also the kinetics of the formation of MAC structures on live bacterial cells could

be studied. This has been shown on model membranes [301], but studying this

on live cells could bring greater understanding to how MACs form and insert in

bacterial membranes. The protocol employed in this thesis involves incubating the

MAC components at 37oC outside of the AFM, prior to imaging. By performing

the experiments at 37oC, the addition of MAC components could be added in situ,

observing each step in real time and allowing kinetics to be studied. Imaging with

AFM at this high temperature would come with its own technical difficulties, as

drift of the cantilever would be significant.

Future work on the DNA nanobarrels includes investigating further their mechanism

of membrane disruption - clustering was observed in some experiments, but this

would need further confirmation. This experimental set up would also benefit from

a 37oC in situ incubation so that the DNA nanobarrels could be added without the

need for external incubation.

Imaging on a wider range of bacterial species would be of interest, including other

clinically burdensome Gram-negatives, such as K. pneumoniae, and Gram-positives

which would require optimising immobilising and imaging conditions.

7.3.2 Further Sensing of AMR Work

A proof of principle study for a novel optical method for sensing AMR was described

in Chapter 6, Section 6.3. Further work to characterise and bring this work closer to

a diagnostic tool includes optimising conditions and incubation steps to bring time
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to result to the minimum possible. In this set up, temperature was controlled in a

sound-proof container, holding the AFM, at ∼28oC. However, E. coli replicate at a

maximal rate in 37oC, and so heating the set up to this optimal temperature could

bring the time to result down. In addition, further optimising of the analysis to

identify the earliest point at which rsensitivity allows for the differentiation between

sensitive and resistant strains could carried out, aided by many more experimental

runs across different bacterial species.

Secondly, further testing of bacterial isolates would be beneficial. Due to time, this

study applied the method to one clinical isolate of E. coli, and further testing of

different clinical isolates would support this method as a diagnostic tool. Testing

on K. pneumoniae would provide insight into another UTI relevant Gram-negative,

but non-motile strain. Repeats of low n number experiments is important future

work as well.

Next, investigating heterogeneous populations using this method would be inter-

esting. Mixtures of sensitive and resistant populations, and motile and non-motile

strains could be tested to see how this affects the rsensitivity readout. In addition,

the signal could be further investigated to see if motile and non-motile strains cause

different types of interference which could be isolated from the signal.

One potential advantage of this method would be using filtered clinical samples

for direct from sample UTI testing. As this method looks at bacterial crossings

interfering with the laser, the effect of larger cells circulating the in system could

be looked at. These larger cells could cause very large peaks in the signal which

could be removed to allow the smaller peaks caused by bacteria to be measured.

Alternatively if the bacterial signal could not be separated the sample could be

filtered to remove the larger cells prior to carrying out the testing. For a diagnostic,

direct from sample testing is desirable as it removes steps and saves time.

Finally, transferring this proof of principle closer to an actual diagnostic tool could
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Figure 7.1: Optical interference diagnostic setup. a, Possible layout for integration with
96-well plate. Each well would have a reflective ‘sieve’ which would reflect the laser, but
allow sinking bacteria through and not interfere with the laser reflection. An antibiotic
range could be tested across several wells, with repeats or different strains included. The
laser would run along each well taking a reading of bacterial crossings, measuring the effect
of the antibiotic over time. b, Multiple cantilevers integrated with DVD head. Bosco et al.
have shown that using microfluidics, multiple cantilever chips (here the 8 cantilever IBM
chips) can be integrated with a DVD head for simultaneous readout, each with its own fluid
well. Adapted from [374] with permission.

explored. For example, sensing experiments be carried out in a 96 well plate, with a

small reflective surface (or sieve) submerged in each well. A laser would be reflected

off the sieve in each well, running along the rows of the well plate, monitoring
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bacterial crossing numbers for a given time for each well (Figure 7.1a). This way

different antibiotic concentrations, different bacteria and repeats could be carried

out simultaneously.

To keep this low cost, a blu-ray head could be used in place of a more expensive

laser and detector as used in this thesis [375–377]. Blu-ray heads cost ∼$5 and

contain a laser and detector. This could resemble the DVD platform with integrated

cantilever chips reported in [374], Figure 7.1b. The disc is fabricated from glass and

SU-8 polymer.

There is potential to combine this optical assay with a mobile phone to make a

portable device for detecting AMR. Aydogan Ozcan’s research has demonstrated the

power of the mobile phone camera for image tracking of single cells [241, 242, 378,

379]. A small project (2 months) was conducted with the Ozcan research group to

develop a mobile connected plate reader to detect a fluorescent MIC readout (Figure

7.2). This used the fluorescent sugar, fluorescein di-D-glucuronide (FDGlcU) (Fig-

ure 7.2a), which is specifically metabolised by E. coli (Figure 7.2b) [380]. This was

shown to provide the same MIC as conventional optical density assays (Figure 7.2c).

This could be combined with a mobile-connected readout similar to other devices

developed by the group (Figure 7.2d) [378]. There would be the potential to com-

bine this fluorescent assay with the optical interference assay on a mobile-connected

device, providing identification as well as antibiotic sensitivity information.

223



Figure 7.2: Summary of preliminary work on fluorescent MIC for mobile device.. a,
Structure of fluorescein di-D-glucuronide (FDGlcU). The central fluorescein is released on
digestion by the E. coli-specific enzyme β-glucuronidase (GUS). b, Specificity of FDGlcU
metabolism was tested with E. coli and B. subtilis. Both species showed growth (OD600),
but only E. coli released fluorescein in the presence of FDGlcU. c, Fluorescein release gave
same MIC values as conventional growth assay (OD600) for ampicillin and kanamycin with
E. coli. d, Mobile-connected device developed by Ozcan group for fluorescence detection in
cell plate. From [378].

***

Work in this thesis lays the foundation for a greater understanding mechanisms

of action for antimicrobials needed to develop new therapeutics, and has shown a

novel method which shows great potential as a diagnostic. Taken together, this

thesis has addressed aims to contribute to efforts to tackle the growing problem of

AMR. Finally this thesis has demonstrated the potential of applying nanotechnology

approaches for combating AMR.
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Chapter 8

Appendix A

8.1 Matlab Code for Analysis of Optical Interfer-

ence Data

Run analysis, calling functions

%% Settings

% Parameters
p.fs = 20000; % Raw data sampling frequency
p.fs size reduce = 500; % Sampling frequency of file size reduction
p.fs SG = 101; % SG filtering frequency

%% Load deflection data
p.outfiles = file list(p);
[vals,p] = load data(p);

%% SG filter the sampled data

% Get the filtered data
[SGfiltsampledvals,p] = get sg filtered data(p,sampledvals);

% Plot if required
p.plot.SG filtered

%% Get minima and maxima

% Calculate the minima and maxima
[pks,locs,num minmax] = get minima and maxima with binning(sampledt,
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SGfiltsampledvals,barbinning);

% Plot
plot min max(p,sampledt,SGfiltsampledvals,sampledvals,pks,locs)

plot num bacterial crossings(num minmax)

%% FFT raw data
p.plot.fft analysis

%% Calculate and plot the variance
p.plot.variance

calculate and plot variance(p,vals);

Apply Savitzky-Golay Filter

function [SGfiltsampledvals,p] = get sg filtered data(p,sampledvals)

fprintf('Filtering sampled data \n')

% Initialise
Ff = p.fs SG;
numouts = p.numouts;
p.actualfilteringtime = (p.fs SG-1)/(p.fs/p.fs size reduce);

SGfiltsampledvals = cell(1,numouts);

% Main loop
for K = 1:numouts

SGfiltsampledvals{1,K} = sgolayfilt(sampledvals{1,K},2,Ff);

end

end

Label peaks (local minima and maxima)

function [pks,locs,num minmax] =
get minima and maxima with binning(sampledt,SGfiltsampledvals,barbinning)

N = length(SGfiltsampledvals);

pks = cell(1,N);
locs = cell(1,N);
num minmax = zeros(1,N*barbinning);

for n=1:N

226



Chapter 8. Appendix A

[pks{n},locs{n}] = peak finder func(sampledt,SGfiltsampledvals{n});

num temp = zeros(1,barbinning);

for i=1:barbinning
num temp(i)=sum(locs{n}>(i-1)*800/barbinning

& locs{n}<i*800/barbinning);
end
num minmax((n-1)*barbinning+1:n*barbinning) = num temp;

end

Find and count peaks

function [pks,locs] = peak finder func(xvals,yvals)

% Settings

% Find maxima
[pks max,locs max] = findpeaks(yvals(:),xvals(:),

'MinPeakProminence',0.5);

% Find minima
[pks min,locs min] = findpeaks(-yvals(:),xvals(:),

'MinPeakProminence',0.5);

% Store maxima and minima together
pks = [pks max ;-pks min];
locs = [locs max;locs min];

end

Calculate rsensitivity

%% Get the X and Y data from each file
X={}; Y = {};
ratio=zeros(length(D),1);
for d=1:length(D)

AX = openfig(D(d).name,'invisible');

h = findobj(AX,'Type','bar');
X{d}=get(h,'Xdata');
Y{d}=get(h,'Ydata');
ydat=get(h,'Ydata');
set(h,'YData',ydat);
drawnow
ratio(d)=mean(ydat(7:9)/mean(ydat(16:18)));

end
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126. Burns, J. R., Göpfrich, K., Wood, J. W., Thacker, V. V., Stulz, E., et al.
Lipid-bilayer-spanning DNA nanopores with a bifunctional porphyrin anchor.
Angewandte Chemie International Edition 52, 12069–12072 (Nov. 2013).
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force microscopy of supported lipid bilayers. Nature Protocols 3, 1654–1659
(Oct. 2008).

295. Das, C., Sheikh, K. H., Olmsted, P. D. & Connell, S. D. Nanoscale mechanical
probing of supported lipid bilayers with atomic force microscopy. Phys Rev E
Stat Nonlin Soft Matter Phys 82, 041920 (Oct. 2010).

296. Picas, L., Milhiet, P.-E. & Hernández-Borrell, J. Atomic force microscopy:
A versatile tool to probe the physical and chemical properties of supported
membranes at the nanoscale. Chemistry and Physics of Lipids 165, 845–860
(Dec. 2012).

250



REFERENCES

297. Seantier, B., Giocondi, M.-C., Le Grimellec, C. & Milhiet, P.-E. Probing sup-
ported model and native membranes using AFM. Current Opinion in Colloid
& Interface Science 13, 326–337 (Oct. 2008).

298. Shaw, J. E., Alattia, J.-R., Verity, J. E., Privé, G. G. & Yip, C. M. Mecha-
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