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Abstract 

Antimicrobial resistance (AMR) is one of the top ten threats to public health according to the 

World Health Organization (WHO), with approximately 700, 000 deaths recorded per year due 

to infections with drug-resistant bacteria. Furthermore, antibacterial treatments are often 

initiated with the wrong antibacterials without proper identification of the causative agent 

and/or empirical antimicrobial therapies are prescribed that can result in increased mortality 

and healthcare costs. Conventional methods used to diagnose infection and determine 

antimicrobial susceptibility often have long turnaround times, are expensive and labour 

intensive. There is a need for methods and technologies to enable rapid antimicrobial 

susceptibility testing (AST) with potential for point-of-care testing (POCT) to combat AMR.  

The hypothesis for this research was that a reporter/detector-based assay could be developed 

that would enable real-time, in situ, testing of antibacterial resistance. The reporter would be 

modified/activated by an enzyme that was upregulated in bacteria cells in response to the stress 

induced by exposure to an antimicrobial agent. The proposed AST would involve injecting a test 

dose of an antimicrobial agent into the patient along with the inactive reporter, co-

encapsulated into a particulate delivery system. A highly sensitive assay would then be utilised 

to detect the modified/activated reporter in a drop of blood at the patient’s bedside. 

Four different enzymes known to be upregulated in stressed human pathogens (Escherichia coli 

and Staphylococcus aureus) were investigated; caseinolytic protease proteolytic (ClpP) subunit, 

the endoribonuclease toxin (MazF), recombination protein A (RecA) and sortase A (SrtA). The 

expression of the genes encoding these enzymes was investigated in antimicrobial susceptible 

and resistant clinical isolates of E. coli and S. aureus grown in vitro, after treatment with 

antibacterials, using quantitative reverse transcription polymerase chain reaction (qRT-PCR). 

Following treatment susceptible, but not resistant, S. aureus were found to upregulate all four 

genes. This upregulation was not detected in E. coli, likely due to assay-related issues. These 

findings were further investigated in both antibacterial-treated and untreated bacteria by a 

proteomics approach to assess protein levels. Proteomics results supported the upregulation of 

RecA in both E. coli and S. aureus; and ClpP and SrtA in antibacterial-treated S. aureus. A RecA 

protein assay was able to confirm the functional activity of RecA in antibacterial-treated 

susceptible, but not resistant, E. coli.  

In order to achieve co-delivery of antibacterial and reporter, a liposomal delivery system was 

developed. Optimisation of both cationic and neutral non-PEGylated and PEGylated liposomes 

was performed to produce liposomes with the required size, polydispersity, drug loading and 
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zeta potential. Optimised cationic non-PEGylated liposomal-cefotaxime showed comparable in 

vitro antibacterial activity compared to free cefotaxime (a broad-spectrum antibiotic) when 

tested against E. coli. To further investigate the mechanism of uptake of liposomal-antibacterial 

in bacteria, a novel assay for the determination of subcellular drug delivery in E. coli lacking the 

TolC outer membrane efflux pump (tolC) was utilised. The bacteria were further modified such 

that streptavidin which has high affinity for biotin was localised into the periplasm or cytoplasm 

thereby allowing compartment-specific localisation of drug to be examined. Bacteria were 

incubated with a cyclooctyne-biotin probe which would attach to the localised streptavidin 

before being incubated with azido-containing compounds (luciferin or cefoxitin) delivered as 

free drug or encapsulated into liposomes. Any azido-containing compound taken up would 

undergo a click reaction with the cyclooctyne-biotin, with any unreacted cyclooctyne -biotin 

probe then being measured. Improved uptake of both azido compounds into the periplasm of 

tolC E. coli and decreased cytoplasmic localisation was observed for cationic liposomal 

formulations as compared to neutral formulations or free drug. This study provided the 

potential formulation to be used to deliver both antibacterial and reporter.  

The next steps in development of the in situ AST were the design and development of reporters 

for ClpP and RecA. High performance liquid chromatography (HPLC)-based techniques were 

developed and optimised to measure activation of the proposed reporters after exposure to 

the recombinant enzymes. A ClpP reporter consisting of a modified synthetic peptide was 

cleaved at Met-Ala bonds in the presence of acyldepsipeptide (ADEP)1 and ClpP. For RecA, a 

modified and truncated version of LexA protein was synthesised and purified to use as the 

reporter. Recombinant RecA was able to cleave the reporter in the presence of ssDNA and ATP-

γ-S at Ala-Gly bonds. The detection of RecA-mediated cleavage of the LexA reporter was then 

further developed using aptamer-based technologies and mass spectroscopy. Analysis of 

antibacterial-treated and untreated E. coli samples by MS could detect the presence of the 

cleaved LexA reporter product, however the product was present in all samples. The 

background level of cleavage could be attributed to RecA expression in cultures due to the stress 

of in vitro culture.  

The aim of this study was to investigate if a real-time in situ AST could be developed. The thesis 

provides important data on the feasibility of this approach. A number of potential bacterial 

targets upregulated by antibacterial-treated susceptible bacteria were identified along with 

potential reporters. A formulation suitable for the co-delivery of antibacterial and the reporter 

was identified and the mechanism of uptake of the formulation was investigated. The need for 

a sensitive and quantitative assay for detection of the reporter was confirmed. Based on the 
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work in this thesis, the findings confirmed the potential of this approach for the development 

of a rapid, point-of-care testing for AST in future, using the LexA reporter to detect in vitro and 

in vivo resistance of bacteria to killing with antimicrobial agents.  
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1 General Introduction  

1.1  Antimicrobials and antimicrobial resistance (AMR): past and 

present 

Antibiotics are natural compounds made by living organisms that are able to inhibit growth and 

proliferation of bacteria, or kill bacteria. There are multiple classes of antibiotics that target a 

variety of bacterial proteins and metabolic pathways. They are often grouped together, 

regardless of the significant differences in their mechanism of action 1. In addition, many 

antibacterial drugs are chemically synthesised (synthetic), meaning they are technically not 

antibiotics and not all antibacterial agents are antibiotics 2. However, these drugs are commonly 

called antibiotics by both members of the public and healthcare professionals. The term 

‘antibacterials’ covers both natural and synthetic agents while ‘antimicrobials’ is a more general 

term that also encompasses antiviral and antifungal agents. The term anti-infectives, which 

include antibacterials, antivirals, antifungals and antiparasitic medications is also used. These 

terms, along with antimicrobial resistance (AMR), are commonly used terms in the scientific 

literature.  

 

1.1.1 Antimicrobials and emergence of resistance 

The discovery of penicillin by Alexander Fleming in 1928 and the introduction of antibiotics into 

clinical practice in the 1930s has changed the paradigm of treatment of infectious disease. 

Between 1940 and 1980, a large number of antibiotic classes were discovered by antimicrobial 

activity screening of microorganisms cultured from soil. Bacteria are known to produce 

secondary metabolites which have biological activities with pharmacological properties and 

antimicrobial activities 3.  

Since the discovery of antibiotics 93 years ago, these substances have been used widely to treat 

infection, which was the leading cause of death at the time 4. This has also resulted in a 

considerable reduction in mortality 4. Not only were they used in humans, extensive drug 

innovation and implementation in animals and agriculture also took place 5. In animals, the use 

of antibiotics was recognised in 1948 as growth-promoting and non-therapeutic amounts of 

antibiotics were often used for this purpose, as well as for prophylaxis, metaphylaxis and for 

therapeutic purposes. Prophylactic or metaphylactic treatments in livestock were considered 

necessary in specific situations such as before transportation or for potential outbreaks, where 
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whole flocks may be given antimicrobials 4. It was reported that in the U.S., more than 80% of 

the antibiotics manufactured are used in agriculture since the 1980s 6.  

 

 
Figure 1.1 Timeline of key antimicrobial resistance events.(Source: modified from CDC 2020. 
https://www.cdc.gov/drugresistance/about.html)  

Abbreviations: MRSA (methicillin-resistant S. aureus), E. faecium (Enterococcus faecium), K. 
pneumoniae (Klebsiella pneumonia), N. gonorrhoeae (Neisseria gonorrhoeae), C. auris 
(Candida auris) and KPC (Klebsiella pneumoniae carbapenemase). 

 
With each passing decade, the effectiveness of these compounds are being threatened by the 

alarming increase in resistance of bacteria to currently available antimicrobials (Figure 1.1). The 

natural phenomenon of AMR is related in part to the over- and mis-use of antimicrobials 4. 

However, recent studies have reported that antimicrobial resistant genes are components of 

natural microbial populations 7. This was proven by a research team in Canada who discovered 

different antibiotic resistant genes in bacteria over 30, 000 years old in permafrost sediments 5. 

Later, they also found bacteria with daptomycin and tigecycline resistant genes from a 4 million-

year-old sample gathered from a cave in USA 8.  

While these studies show the development of AMR is not new, the number of resistant 

organisms and the spread of resistance are increasing at an alarming rate 9. For example, just a 

few years after penicillin was introduced into clinical practice, there was a marked increase in 

the number of deaths linked to S. aureus resistance 10. Sulfonamides were first introduced in 

1937 but specific resistance mechanisms were reported in the late 1930s. Streptomycin, an 

antibiotic used to treat tuberculosis was introduced in 1944. However, mutant strains of 

Mycobacterium tuberculosis with resistance to therapeutic level of streptomycin were soon 

found in the community. Subsequently, other antibiotics which have been discovered and 

introduced into clinical practice have faced the same course of events 7. With quinolones, it was 

thought that bacterial resistance would not be a problem due to high bacterial susceptibility 

https://www.cdc.gov/drugresistance/about.html


  Chapter 1 
 

5 
 

accompanied by a low frequency of resistance. Unfortunately, mutations of at least two 

chromosomal genes have led to resistance being observed in 50-60% of E. coli 11.  

Several complex mechanisms lead to the development of multiple mechanisms of resistance in 

particular strains (Section 1.5) 12. Bacteria resistant to multiple drugs (multidrug-resistant, MDR) 

emerged in the late 1950s to 1960s in bacteria such as E. coli, Shigella spp. and Salmonella spp. 

13. These MDR pathogens, sometimes termed “superbugs”, can result in high mortality with 

multiple mutations giving them resistance to many first-line drugs used for treatment. For 

example, gram-positive S. aureus, which is a major cause of nosocomial infection, was initially 

readily treated with penicillin until resistance developed in 1940s due to the presence and 

spread of a gene encoding a β-lactamase enzyme 7. In the 1950s methicillin, a semi-synthetic β-

lactam antibiotic resistant to the effects of the β-lactamase, was used until to the appearance 

of methicillin-resistant S. aureus (MRSA) within 3 years, due to a low affinity penicillin binding 

protein 7. Vancomycin was then increasingly used as a ‘drug-of-last-resort’ to treat nosocomial 

MRSA. The first vancomycin-resistant S. aureus (VRSA) infection was reported in 2002 14. Other 

MDR organisms include vancomycin resistant enterococci (VRE), penicillin-resistant 

Streptococcus pneumoniae, and multi-resistant gram-negative microbes including Klebsiella 

spp., Enterobacter spp., and Pseudomonas aeruginosa. Infection with these microbes 

compromises effective treatments and increases the length of treatment to at least two-fold 

compared to treatment of susceptible strains of similar species 9. Higher rate of fatality are also 

observed 4. 

 

1.1.2 Impact of Antimicrobial Resistance 

Worldwide deaths caused by AMR have been estimated at around 700, 000 per year with these 

numbers projected to rise to 10 million per year by 2050 15. The U.S.A Centers for Disease 

Control and Prevention (CDC) reported that in 2019 more than 2.8 million bacterial infections 

occur yearly in the U.S. with more than 35, 000 deaths attributable to AMR. Several studies have 

also shown that the emergence of resistance often leads to a delay in the administration of 

microbiologically effective therapy which leads to adverse outcomes 16. Immunocompromised 

patients, including transplant recipients and those receiving cancer chemotherapy, and patients 

in hospital intensive care units (ICUs) are at greatest risk from AMR infections. Such infections 

are difficult to treat due to the limited availability of second-line treatments options that often 

have unfavourable pharmacokinetic and pharmacodynamics profiles 17.  
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The extensive use of antimicrobials has also resulted in the presence of MRSA in the community 

4, 11. Emergence of bacterial strains resistant to one or two key antimicrobials may cause 

resistance to all available therapies in developing countries with limited budgets. AMR is more 

prevalent in low-income countries due to the lack of effective surveillance systems, laboratory 

equipment and technologies and lastly, restricted access to appropriate therapeutic agents 

caused by financial limitations 9, 17.  

AMR also has negative impact on the worldwide economy. The net economic impact of 

resistance is explained as the cost of treatment of infections caused by resistant-isolates plus 

the cost to prevent these infections. Patients infected with resistant bacteria need more 

intensive and expensive care and hospitals spend an additional ten thousand U.S. dollars on 

average treating these patients 18. A study conducted by the Institute for Research on Poverty 

at the University of Wisconsin-Madison (USA) also demonstrated that antimicrobial resistance 

leads to medical expenses which significantly contributed to medical poverty and this was 

observed especially among the elderly. The risk of antimicrobial resistance induced medical 

poverty, which is exacerbated in low-resource settings, places vulnerable communities in a 

poverty trap with high morbidity and mortality 18.  

  

1.1.3 Combating Antimicrobial Resistance 

Based on statistics obtained from PubMed timeline, the number of papers published linked to 

antimicrobial resistance was seen to increase gradually starting from the 1990s as shown in 

Figure 1.2. This depicts a rise in publications regarding antibacterial resistance studies which 

includes principles of antibacterial resistance, resistance mechanisms, strategies to enhance 

antibacterial testing and many others.  

 
Figure 1.2 Timeline history of papers published on antimicrobial resistance over the years. 
(https://pubmed.ncbi.nlm.nih.gov/?term=antibiotic%20resistance&timeline=expanded) 

https://pubmed.ncbi.nlm.nih.gov/?term=antibiotic%20resistance&timeline=expanded
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In order to deal with AMR, several approaches and strategies have been proposed. The most 

promising way to combat resistance is to develop new novel antibacterial drugs. This includes 

the use of new combinations of drugs with different modes of action or the introduction of new 

classes of antibacterials. Vaccinations have also been considered in this strategy 19. Often, 

chemical modifications are made to antibacterials to produce drug derivatives that are not 

affected by existing mechanisms of resistance 20. However, the development of new drugs often 

involves high costs and low rates of success, accompanied by challenging logistics and costly 

and time-consuming clinical trials 15. These problems have impacted negatively on the 

development of new antibacterial agents and an antibacterial drug discovery void occurred in 

the 1990s. Government intervention has been required to overcome these issues, reducing the 

burden of substantial losses from antibiotic R&D projects by providing economic incentives 15, 

20.  

Another way to control antimicrobial resistance is to promote antibacterial stewardship, 

including the importance of controlling and improving antibacterial use and discontinuing the 

unnecessary use of these drugs in agriculture 20. In clinical settings, optimising antibacterial use 

in antimicrobial prophylaxis for surgery, the duration of therapy and the establishment of 

protocols for antibiotic usage are essential strategies to minimise the use of antibacterials 9. A 

study conducted by Klein et al. examined consumption of antibacterials in 76 countries and 

showed that antibacterial consumption increased by 65% between 2000 and 2015, from 21.1 

to 34.8 billion defined daily doses (DDD). The increase was observed mainly due to increased 

consumption of antibacterials in low and middle-income countries (LMICs). However, in 2000, 

high-income countries (HIC) such as France, New Zealand and Hong Kong reported the highest 

antibacterials consumption rates (per 1, 000 inhabitants per day) 21. In recent years, the United 

States, France and Italy were the HICs with the highest amount of antibacterial usage, whereas 

for LMIC, they were India, China and Pakistan. In addition, the use of broad-spectrum penicillins 

increased 36% from 2000 to 2015 globally, and the same trend was observed for newer and 

last-resort antibacterial classes 21. This study supports the hypothesis that increases in 

worldwide antibacterial consumption would lead to the rise of antimicrobial resistance and 

therefore, must be controlled.  

Lastly, it is also important to control hospital infection. Resistant microbes thrive in the hospital 

environment and spread by person-to-person transmission and via contaminated medical 

equipment 9. To prevent the spread of multidrug-resistant infections in hospitals, affected 

patients should be placed in a separate room and attended using appropriate protective 

equipment 22. Five strategies to detect, report and prevent transmission in hospital have been 
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proposed. They are a) recognition of trends in resistance through established systems, b) rapid 

detection and action following the emergence of resistant bacteria in patients, c) improvement 

in compliance with procedures and policies in controlling infection, d) development of 

institutional strategic goals for detection, prevention and control of AMR, and lastly, e) 

strategies to identify, transfer or admit patients infected by resistant strains. The containment 

of both resistant pathogens and their transmissible resistance genes may then be possible if 

cross-infection within hospitals and community is stopped 9.  

 

1.2 Antimicrobial mechanism of action 

In general, antimicrobials are classified as having a bacteriostatic or bactericidal mechanism of 

action. Antibacterials which kills bacteria by targeting the cell wall, cell membrane or interfering 

with the function of essential bacterial enzymes are bactericidal. Bacteriostatic agents inhibit 

the growth of bacteria via inhibition of protein synthesis and other bacterial metabolic 

pathways 23. Antibacterials can be described as narrow or broad spectrum. Narrow-spectrum 

antibacterials are effective against limited species of bacteria and broad-spectrum 

antibacterials treat a wider range of infections caused by both gram-positive and gram-negative 

bacteria 24. Antibacterials can then be further categorised based on their mode of action as 

described in Figure 1.3.  

 
Figure 1.3 Mechanism of action of different classes of antibacterials . Figure taken with 
permission from Eyler and Shvet, 2019 25. 

Some antibacterials act at the intracellular level, which requires penetration of these 

compounds through the cell membrane at therapeutic concentrations. The membrane 

permeability and susceptibility of bacteria toward antibacterial agents is dependent on 

composition of the membrane, bacterial porins and membrane lipids 26. Antibacterial entry into 
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bacteria is also based on the drug’s chemical composition with more hydrophobic compounds 

such as rifampicin and macrolides passively diffusing through lipid bilayers. More hydrophilic 

compounds such as β-lactams, chloramphenicol and fluoroquinolones enter the cell via 

channels such as porins, specific channels and active transporters. Outer membrane proteins 

(OMPs) which are involved in bacterial intake of nutrients also allow the internalisation of small 

hydrophilic compounds 27. 

 
Figure 1.4 Structure and permeability of the cell envelope of gram-negative (top) and gram-
positive bacteria (bottom). Examples of OMPs are porin, CymA and FadL channels in gram-
negative bacteria. Figure taken and adapted with permission from Santos et al., 2018 27. 

Gram-negative bacteria are intrinsically resistant to many antibiotics due to the nature of their 

cell envelope. This presents a significant challenge especially in combating AMR gram-negative 

ESKAPE pathogens (Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa 

and Enterobacter spp.) 28. The cell wall of gram-negative bacteria has the outer membrane (OM) 

as an additional barrier (Figure 1.4). Lipopolysaccharides (LPS) are negatively charged 



Chapter 1 
 

10 
 

phospholipids held at the OM surface by divalent cations 27. The presence of LPS can result in 

an innate resistance to hydrophobic antibacterials 27. Hydrophobic antibacterials which can 

successfully cross the LPS layer will then diffuse through the lipid bilayers of the outer and/or 

cytoplasmic membranes into the cytosol. The dense packing of the gel-like periplasm retards 

the diffusion of some substances but peptidoglycan is permeable to uncharged hydrophilic 

proteins and can promote diffusion 27. The cytoplasmic membrane contains a variety of passive 

and active transport proteins which can facilitate entry of hydrophilic substrates into the cytosol 

27.  

The cell wall of gram-positive bacteria is made up of teichoic acids and peptidoglycan (Figure 

1.4). Teichoic acids are negatively charged polysaccharides which bind to metal cations such as 

magnesium ions (Mg2+) and control the permeability and rigidity of the bacterial cell envelope 

(made up of cell wall and cytoplasmic membrane). Teichoic acids also limit the transport of 

hydrophobic substances, although to a lesser extent compared to LPS 27. The peptidoglycan 

layer in gram-positive bacteria is thicker than in gram-negative bacteria which results in higher 

resistance to mechanical stress, and reduces the access of foreign compounds to the 

cytoplasmic membrane. Hydrophilic and hydrophobic compounds cross the cytoplasmic 

membrane into the cytosol in a similar way to that observed in gram-negative bacteria 27. 

 

1.3 Response of bacteria to antimicrobials  

There are many ways bacteria respond to antimicrobials such as by altering their morphology, 

metabolism, gene expression and even mutation rate 29. The mechanisms of cell death of 

bactericidal drugs are not fully known, but it has been proposed that antibacterial-mediated cell 

death begins with the interaction between the drug compound and its target in bacteria 30. 

Three classes of antibacterial-target interactions have been identified, which are inhibition of 

DNA replication and repair, inhibition of protein synthesis and inhibition of cell wall synthesis 

31. Although antibacterials have distinct mechanism of actions, the end result of exposure of 

susceptible bacteria to therapeutic concentrations of an antibacterial is the production of lethal 

hydroxyl radicals through a common oxidative damage cell death pathway 30. This was observed 

with almost all major classes of bactericidal antibacterials such as β-lactams, aminoglycosides 

and quinolones despite having different mechanism of actions 30. In fact, work done by Hong et 

al. showed that the level of reactive oxygen species (ROS) continues to increase and kill bacteria 

even after the removal of antibacterials 32. 
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Bacteria are also known to alter their global gene expression when they are stressed by 

antibacterials. The stress response networks which are activated in response to environmental 

change increase their survival rates. This can be done in two ways: compensation of primary 

drug target by upregulating its expression and expression of genes necessary for the repair of 

damage caused by the drug 29. An example is the ‘SOS’ response, a coordinated cellular 

response, which is often linked to survival from DNA damage 33. Single stranded DNA, generated 

when DNA polymerase halts due to template damage, initiates the SOS response 34. This 

response results in numerous events such as increased DNA repair capacity, mutagenesis, and 

prophage induction, which are controlled by RecA 33. RecA activation results in the inactivation 

of the repressor LexA, which in turn increases expression of more than 50 genes responsible for 

diverse functions. These genes are induced at different times and at different levels according 

to the level of damage and time elapsed from damage induction 34. Another example of a gene 

found to be essential in quality control system of cellular proteins in stressed cells is the heat- 

shock protein HSP100/Clp family protein ClpP 35, while sortases were also reported to be 

regulated by stress response elements 36. 

Programmed cell death (PCD), a genetically encoded program, leads to cell death when bacteria 

are exposed to bactericidal antibacterials 37. Bacteria communicate through quorum sensing 

(QS) which synchronises gene expression and leads to activation of death pathways in part of 

the bacterial population to favour the survival of the colony under stress conditions 38. PCD is 

induced through a common mechanism in bacteria known as the toxin-antitoxin (TA) system, 

comprising of a stable toxin and a labile antitoxin. These genetic units can be found encoded in 

bacterial chromosomes, plasmids and other mobile elements 39. In addition to being involved in 

programmed cell death they have been suggested to be involved in formation of persistent cells, 

synthesis of peptidoglycan and resistance to antibacterials. Five types of TA systems have been 

identified and examples of TA systems that have been characterised are MazEF, ToxIN (antitoxin 

which inactivate cognate toxin via RNA-protein interaction), and the hok/sok system 38, 40.  

 

1.4  Classes of Antibacterial Agents  

Natural antibiotics, such as those obtained from fungal sources, often have high toxicity such as 

gentamicin 23. Semi-synthetic (chemically modified natural products) antibacterials such as 

ampicillin and amikacin were developed to increase efficacy and lower toxicity. The same was 

observed for synthetic antibacterials such as moxifloxacin and norfloxacin 23. Over the years, 

many classes of antibacterials have been developed and they can be classified based on their 
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chemical structure, spectrum of activity and mechanism of action. Some common classes of 

antibacterials are the β-lactams, aminoglycosides, macrolides, tetracyclines, sulfonamides, 

quinolones, glycopeptides and oxazolidinones 41. Table 1.1 shows some examples of 

antibacterials from different classes, year of discovery and year of approval by Food and Drug 

Administration (FDA).  

Table 1.1 Common classes of antibacterials, origins and year of discovery and approval by 
FDA. Table adapted and modified from Durand et al., 2019 42.

Class Antibacterials Origins Discovery FDA 
approval 

Aminoglycosides Gentamicin Micromonospora purpurea 1963 1979 
 Kanamycin Streptomyces kanamyceticus 1957 1973 
 Plazomicin Semisynthetic 2009 2018 
β-lactams Carbapenem Streptomyces cattleya 1976 1986 
 Penicillin 

Cephalosporin 
Penicillium notatum 

Acremonium strictum 
1928 
1945 

1938 
1964 

 Monobactam Chromobacterium violaceum 1981 1987 
Glycopeptides Vancomycin Amycolatopsis orientalis 1953 1958 
 Dalbavancin Semisynthetic 2002 2014 
Macrolides Erythromycin Streptomyces erythraeus 1948 1951 
 Fidaxomicin Dactylosporangium 

aurantiacum subsp. 
hamdenesis 

1975 2011 

Oxazolidinones Linezolid Synthetic 1987 2000 
 Tedizolid Synthetic 2008 2014 
Quinolones Norfloxacin Synthetic 1961 1968 
 Delafloxacin Synthetic 2000 2017 
Sulfonamides Sulfamethoxazole Synthetic 1961 1961 
 Trimethoprim Synthetic 1968 1974 
Tetracyclines Tigecycline Synthetic 1999 2005 
 Eravacycline Synthetic 2010 2018 

     
Two classes of antibacterials used in this thesis are the β-lactams and quinolones. 

 

1.4.1 β-lactams 

This class of drugs contains a highly reactive and strained cyclic amide called a β-lactam. There 

are derivatives which have the penam, penem, carbapenem, cephem and monobactam ring 

structures (Figure 1.5) 43. Modifications are often made to the basic penam and cephem 

structural units (R1, R2, R3 in Figure 1.5) to improve antibacterial potential. For example, most 

changes have been made to the cephem unit at positions 7 and 3 and this gives cephalothin and 

cephaloridine, among others, which have good activity against gram-positive bacteria 23. 
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Figure 1.5 The basic structure of β-lactam, penicillins and cephalosporins. R1, R2 and R3 
reperesnts different side chains in the penam and cephem structures.  

Depending on the overall chemical structure and core ring structure, β-lactam antibacterials are 

divided into different groups, each with a particular spectrum of activity (eg. Sections 1.4.1.1 

and 1.4.1.2). β-lactams are widely used due to their excellent bactericidal activity and low 

toxicity 44. 

 

1.4.1.1 Penams (Penicillins) 

Penicillins are penams and were the first antibacterials to be discovered. Penicillins have a 6-

animopenicillanic acid (6-APA) core, with various side chains. Modification on the side chain 

(Figure 1.5, -R1) leads to different penicillins. Penicillin class antibacterials include penicillin G, 

oxacillin, amoxicillin, methicillin and others 41. Penicillins and their related compounds are 

susceptible to degradation owing to the reactive nature of the β-lactam. In view of this, semi-

synthetic penicillins such as ampicillin and amoxicillin have been developed. These have 

different side chains which, as well as being resistant to bacterial enzymes, can better facilitate 

their movement across the outer membrane of bacterial cell walls 41.  

 

1.4.1.2 Cephems (Cephalosporins) 

Cephalosporins are similar to penicillin in their structure and mode of action. The first member 

of this group was isolated from the fungus Cephalosporium acremonium in 1945 41, 43. 

Cephalosporins contain a 7-aminocephalosporanic acid (7-ACA) core (Figure 1.5). Variation in 



Chapter 1 
 

14 
 

cephalosporin side chains (R2 and R3) can influence efficacy by resulting in attachment to 

different penicillin-binding proteins (PBPs), which can facilitate movement across the blood 

brain barrier. This modification also provides resistance to breakdown by penicillinase 

producing bacterial strains and facilitates entry into gram-negative bacteria 41. Therefore, 

cephalosporins show a broader spectrum of activity compared to penams and are 

subcategorised into five different generations according to their target organism 44. Table 1.2 

shows examples of cephalosporins and their target organism. 

Table 1.2 Major group of cephalosporins and their target organism 24, 45. 

Group Examples Common use 

First-generation Cephalothin, Cephapirin, cefazolin, 
Cephalexin, Cephradine 

Gram-positive bacteria 

Second-
generation 

Cefamandole, Cefuroxime, Cefonicid, 
Ceforanid, Cefoxitin 

Gram-positive, gram-negative 
bacteria 

Third-
generation 

Cefotaxime, Ceftizoxime, Ceftriaxone, 
Ceftazidime, Cefoperazone 

Gram-positive, gram-negative 
bacteria 

Fourth-
generation 

Cefepime, Cefpirome, Cefiderocol As per 3rd generation but 
resistant to AmpC β-lactamase 

Fifth-generation Ceftobiprole, Ceftaroline MRSA 

 

1.4.1.3 Monobactams 

The first monobactam was obtained from the bacterium Chromobacterium violaceum. Unlike 

many other β-lactam antibacterials, the β-lactam of monobactams is not fused to another ring 

(Figure 1.6). Monobactams are effective only against gram-negative bacteria, not gram-positive 

bacteria or anaerobes. An example of this class of antibacterial is aztreonam (Figure 1.6), which 

has a narrow spectrum of activity against facultative anaerobes (E. coli) and aerobic gram-

negative bacteria such as Neisseria and Pseudomonas spp 41. 

 
Figure 1.6 An example of monobactam (Aztreonam) and carbapenem with 6-trans-
hydroxyethyl group (circled). 
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1.4.1.4 Carbapenems 

Carbapenems possess wider antibacterial activity than other β-lactams 41. They differ from 

other β-lactams by having a carbon atom instead of a sulphur or oxygen atom in the bicyclic 

core (R1) and a trans hydroxyethyl side chain (Figure 1.7). Owing to these features, carbapenems 

are more stable against most β-lactamases and have high affinity for multiple PBPs 44. 

Imipenem, which was the first drug of this type, is effective against many gram-negative and 

gram-positive organisms, including anaerobes. Meropenem demonstrated a similar 

pharmacology and antibacterial spectrum of activity to imipenem but it was not inactivated by 

dipeptidases (Figure 1.7) 43. 

 
Figure 1.7 Examples of carbapenems: imipenem and meropenem. 

 

1.4.2 Quinolones 

Quinolones have broad-spectrum antibacterial activity against both gram-negative and gram-

positive bacteria, including anaerobes and mycobacteria. Due to their high potency, good 

bioavailability, and relatively low side effects, they have been a favoured antibacterial for more 

than five decades 46. The first drug of this class to be discovered, in the early 1960s, was nalidixic 

acid 47. The core structure of quinolones consists of a bicyclic structure with six important 

positions that can impact on the activity of the drug (Figure 1.8) 46. It was reported that R6
 and 

R8 modifications improve the efficacy of quinolone analogues 48. The most promising alterations 
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in the basic structure of quinolones are the substitution of fluorine at R6 and a key ring 

substituent piperazine or methylpiperazine at R7 (Figure 1.8) 48. Examples of quinolone 

antibacterials include ciprofloxacin, norfloxacin and ofloxacin 41.  

 
Figure 1.8 Core structure of quinolones with R1, R5, R6, R7, and R8  as important positions for 
modifications.  

 

1.5 Mechanisms of antimicrobial resistance (AMR)  

Antimicrobial drugs require three conditions for effective antibacterial activity which are: (a) 

the presence of antimicrobial targets in the bacterial cell, (b) the ability of the antimicrobial to 

reach the target in a quantity that allow the desired biological effect and, (c) that the 

antimicrobial remains active. A change in any of these conditions will lead to AMR 26.  

Resistance can be categorised into intrinsic and acquired. Intrinsic resistance occurs naturally 

without antimicrobial selection pressure 49. Acquired resistance involves gene mutation driven 

by the selection pressure of the antibacterial agent 49-50. In both cases, the bacteria can develop 

the mutation de novo or can obtain the mutated genetic material from other bacteria via 

horizontal gene transfer (HGT). Many resistance genes are found on highly mobile transposons, 

integrons or plasmids which facilitate transfer to bacteria of the same or different species 51. 

HGT may occur in the gut of animals and humans and AMR can also spread from environmental 

microbes to commensal and pathogenic organisms 4, 52.  
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Figure 1.9 Gene transfer in bacteria: Conjugation, transduction and transformation. 

Transfer of resistance genes occurs via three ways (Figure 1.9), (a) conjugation which requires 

bacteria to be in a close physical contact where adhesion (via pili) between bacteria favours the 

transfer of plasmids, resistance genes and transposons, (b) incorporation of bacterial DNA into 

a bacteriophage (transduction), and (c) transformation, a process which involves the uptake of 

DNA released by dead bacterial cells 26.  
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Figure 1.10 Antibiotic bacterial resistance mechanisms with examples. (A) Antibiotic 
modification involves the addition of acetyl, phosphate, or adenyl groups to aminoglycosides 
by N-acetyl transferases (AAC), O-phosphotransferases (APH), orO-adenyltransferases (ANT) 
respectively. (B) Antibiotic degradation is observed with β-lactamases, which hydrolyse the 
antibiotic. (C) Antibiotic efflux pumps remove the antibiotic from the cell using energy from 
ATP hydrolysis in ABC pumps or proton gradients in major facilitator superfamily (MFS), 
multidrug and toxic compound extrusion (MATE), small multidrug resistance (SMR), and 
resistance nodulation cell division (RND) family pumps. (D) Target modification such as 23S 
rRNA or 16S rRNA methylation, alterations in the peptidoglycan precursors or synthesis of 
alternate low-affinity targets (PBPs) that reduce or completely block antibiotic (eg. penicillins) 
from associating with the target. (E) Antibiotic sequestration where proteins associate with 
the antibiotic and prevent them from reaching their targets. (F) Target bypass involves 
generation of additional antibiotic targets or subunits that are not susceptible to binding of 
the antibiotic. Figure taken with permission from Peterson and Kaur, 2018 53. 

There are several mechanisms which result in resistance (Figure 1.10) 53. With these different 

mechanisms of resistance, in some situations, increasing the amount of antibacterial agent 

getting into the bacteria may restore antibacterial sensitivity 54. However, if for example, the 

target has been modified then increasing drug will have no impact. If resistance is being 

mediated by decreased influx, increased efflux or through the acquisition of an enzyme that 

inactivates the antibacterial, then increasing the drug coming into the bacteria may overwhelm 
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these resistance mechanisms. This can be done by simply increasing the dose of antibacterial 

taken by the individual or alternatively modifying the drug or drug formulation. 

 

1.5.1 Modification of Target Sites 

Changes in antibacterial target sites include protection of the target and modification of target 

sites which consist of changes due to point mutations in the genes, enzymatic alterations of 

binding sites and/or the replacement or bypass of original target 55. Modification of molecular 

target sites by mutation, leading to reduced susceptibility to inhibition while still retaining 

cellular functions of the target 26, can cause resistance to develop.  

A well-studied example of acquired AMR via complete replacement of target site is the MRSA, 

which have high levels of resistance to methicillin and almost all β-lactam antibacterials 50. 

MRSA has done this by evolving new targets, with similar biochemical function as the original 

target, but which are not inhibited by an antibacterial 55. β-lactams interact with PBP firstly via 

a rapid, reversible non-covalent complex accompanied by a serine of penicillin-binding protein 

(PBP) undertaking a nucleophilic attack on the β-lactam carbonyl carbon 56. S. aureus utilises 

multiple PBPs during cell wall biosynthesis under normal growth conditions: (a) PBP2 with both 

transpeptidase and transglycolase activities and (b) PBP2a for transpeptidase activity. However, 

when MRSA is treated with methicillin, PBP2 acts as transglycolase while PBP2a functions as 

transpeptidase and these confer resistance to nearly all β-lactams 50.  

In the case of target site mutations, resistance to fluoroquinolone antibacterials can develop 

through chromosomal mutations in the genes encoding DNA gyrase (gyrA and gyrB) and 

topoisomerase IV 55. Resistance is caused by the reduced drug affinity for the altered gyrase-

DNA complex 56.  

 

1.5.2 Decreased permeability to the antibacterial 

Resistant strains have often developed mechanisms to prevent the antibacterial from reaching 

its intracellular or periplasmic target at therapeutic concentrations by reducing uptake and 

through lipid or membrane protein modification 55. Reduced cell permeability commonly occurs 

due to the loss of porins, which affects the uptake of many hydrophilic drugs across the outer 

membrane of gram-negative bacteria 49, 57. Modifications of porins are attained by 3 general 

processes, (a) a shift in the type of porins expressed, (b) changes in porin expression level, and 

(c) impairment of porin function. These factors normally cause low-level resistance, as bacteria 
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cannot shut these off completely and still survive, and are often linked with other resistance 

mechanism such as increased expression of efflux pumps 55. Although loss of porins and 

functional changes in porins contribute to acquired antibacterial resistance, some bacterial 

species are intrinsically more resistant to antibacterial treatments due to low abundance of 

general diffusion porins and highly efficient drug efflux mechanisms 57.  

 

1.5.3 Efflux pumps 

Efflux pumps are present in almost all bacteria and genes encoding this class of proteins are 

found on chromosomes or plasmids. The ubiquitous chromosomally encoded efflux pumps 

contribute greatly to antimicrobial resistance and are a challenge in antibacterial development 

58. Efflux pumps can eject a wide range of substrates (not just antibacterials) such as heavy 

metals, organic pollutants, quorum sensing signals and bacterial metabolites 26. There are three 

different levels at which efflux pumps contribute to antibacterial resistance: (a) intrinsic 

resistance at a basal level of expression under any condition, (b) acquired resistance by 

mutations causing high-level of efflux pumps expression and lastly, (c) transient, non-inheritable 

and phenotypic resistance when bacteria are growing under specific conditions that trigger their 

overexpression 59. Efflux pumps vary in terms of specificity and mechanism of action where 

some only export one molecule, others which are broad-spectrum expel structurally different 

classes of molecules which leads to multi-resistance 26.  

They are classified into five families according to their composition, number of transmembrane 

spanning regions, energy sources and substrates: the resistance-nodulation-division (RND) 

family, major facilitator superfamily (MFS), ATP (adenosine triphosphate)-binding cassette 

(ABC) superfamily, small multidrug resistance (SMR) family and finally, the multidrug and toxic 

compound extrusion (MATE) family. MFS, ABC, SMR and MATE are widely present in both gram-

positive and gram-negative bacteria while the RND superfamily is only found in gram-negative 

bacteria 60. While the ABC family utilises ATP hydrolysis to drive drug efflux, other families utilise 

the proton motive force as the energy source and therefore function as secondary transporters 

or proton/drug antiporters 61. Bacterial efflux pumps can be single component transporters or 

multiple-component systems.  
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1.5.3.1 RND Transporter 

Efflux pumps of the RND superfamily such as AcrB of E. coli and MexB of P. aeruginosa are 

widely known for causing both intrinsic and elevated resistance in gram-negative bacteria 62. 

RND pumps are situated in the inner membrane (IM) and includes interaction with periplasmic 

adaptor protein and an outer membrane (OM) channel to make a tripartite complex (eg. AcrB-

AcrA-TolC) (Figure 1.11) spanning the IM, periplasm and the OM. Owing to their tripartite 

composition, drugs are excreted directly into the external media where drug re-entry requires 

slow traversal of the OM which is an effective permeability barrier 62. AcrB is the prototype of 

RND pumps and has extremely wide specificity for compounds such as cationic dyes, 

antibacterials and simple organic solvents. Although there is no structural similarity between 

these compounds, one common feature among these is that they are lipophilic or have lipophilic 

domains. Therefore, it has been proposed that the substrates will interact with the membrane 

lipid bilayer before getting captured either from within the bilayer or from the bilayer-aqueous 

interface 62. RND pumps have also been demonstrated to act in synergy with singlet pumps that 

extrude drugs only into the periplasm. This was seen in P. aeruginosa in which the level of 

resistance increased significantly when both the RND tripartite pump MexB-MexA-OprM and 

the simple pump, TetA, were present. They work synergistically, with TetA pumping tetracycline 

from cytoplasm into the periplasm followed by MexB capturing the drug molecule and 

exporting it outside the cell 62.  

 
Figure 1.11 Model of the AcrAB-TolC efflux pump. Figure adapted from Pos, 2009 63. 
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1.5.3.2 MFS Transporter 

The MFS group is one of the largest families of secondary transporters. The MFS efflux pumps, 

which are responsible for intrinsic and acquired antimicrobial resistance in gram-positive and 

gram-negative bacteria, are of drug/proton antiporter types which make use of the proton (H+) 

gradient across the membrane for exporting the antibacterial 64. They possess a high degree of 

structural conservation (all having 12 or 14 transmembrane (TM) helices), although having 

limited sequence similarity with distinct substrate specificities and coupling mechanisms 65. 

Most MFS transporters are comprised of two domains with six helix bundles and a pseudo two-

fold axis of symmetry 65. Both domains are functionally essential for the transport mechanism 

where ligand binds to the central transmembrane cavity at the interface between the two 

domains 66. Most MFS transporters are free-standing in the inner membrane and export drugs 

from cytosol to periplasm. As most antibacterial agents diffuse through the membrane bilayer 

into the cytosol, the exported drug molecules tend to re-enter the cytosol by passive diffusion 

and hence, transporters of this class do not confer high-level resistance 58.  

 

1.5.3.3 ABC family 

ATP-binding cassette or ABC transporters form one of the largest protein families found in all 

living organisms including bacteria, archaea and eukaryotes. These proteins are involved in 

transport of a variety of substrates across cell membrane such as drugs, ions, metabolites, lipids, 

vitamins, and also organic compounds. These substrates are either translocated in an outwards 

direction from the cytoplasmic region to the extracellular side of membrane or in an inwards 

direction from the extracellular side to the cytoplasm (Figure 1.12). They consist of two units of 

intracellular nucleotide-binding domain (NBD) dimer, which binds and hydrolyses ATP at the 

dimer interface, and two transmembrane domain (TMD) in the plasma membrane, which 

provides a trans-membrane pathway for substrates 65. ABC proteins utilise energy from ATP 

hydrolysis to carry out primary active transport of substrates through directed transmembrane 

movement, to open or close membrane channels, or regulate the permeability of receptors. As 

active transporters, the NBD binds cytoplasmic ATP independently and the close interaction 

with TMDs provides conformational changes caused by substrate binding and the hydrolysis of 

ATP 67.  
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Figure 1.12 Structure of ABC transporter and the ATP-switch model of transport cycle. The 
transport cycle starts by the binding of a substrate (purple octagon) to a high-affinity pocket 
formed by the TMDs (blue and yellow pentagon). Subsequently, a conformational change is 
transmitted to the NBDs (green and red), which facilitates ATP (orange oval) binding and 
closed NBD-dimer formation. The closed NBD dimer induces in a major conformational 
change in the TMDs, with TMDs rotating and opening toward the outside, initiating substrate 
translocation (step II). ATP hydrolysis initiates dissolution of the closed NBD dimer, resulting 
in further conformational changes in the TMDs (step III). Finally, phosphate and ADP release 
restores the transporter to the open NBD-dimer conformation (step IV). Figure taken with 
permission from Dermauw and Van Leeuwen, 2013 68. 

 

1.5.3.4 SMR and MATE family 

The small multidrug resistant protein family belongs to the drug/metabolite transporter (DMT) 

superfamily. They consist of around 100-120 amino acid residues with only four predicted 

transmembrane helices 65. SMR proteins act similarly to MFS superfamily proteins in exporting 

drug via an electrochemical proton gradient, making it a proton-dependent multidrug efflux 

system 69. SMR transporters contribute to high levels of resistance to many different 

antibacterials including β-lactam, cephalosporins, and aminoglycosides 69.  

MATE proteins exist as 400-700 amino acids in length and they have 12 putative transmembrane 

helices 65. They are a part of a new superfamily called the multidrug/oligosaccharidyl-

lipid/polysaccharide (MOP) flippase family and can be found in bacteria as well as in higher 

animals and plants 58. They function as efflux systems for endogenous cationic, lipophilic 

substances and xenobiotics. They couple transport with influx of either Na+ or H+ as the energy 

source 65. These transporters account for multidrug resistance not only in bacterial pathogens 

but also cancer cells.  
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1.5.4 Antibacterial modification or degradation 

One of the most common bacterial strategies to overcome antibacterial exposure is to produce 

enzymes that inactivate the drug by chemically modifying the drug or that destroy the drug 

itself. This results in the inability of the drug to interact with its target and hence, increase the 

concentration of drug required for effective antibacterial effect 55.  

 

1.5.4.1 Chemical modifications of the antibacterial  

Chemical modification is a common method for rendering the antibacterial agent ineffective 

and is a common mechanism of acquired resistance in both gram-negative and gram-positive 

bacteria. Many different modifying enzymes have been identified that catalyse different 

biochemical reactions such as (i) acetylation, (ii) phosphorylation and (iii) adenylation. These 

biochemical reactions often lead to steric hindrance which reduces the affinity of the drug for 

its target and thus, increases the bacterial minimum inhibitory concentration (MICs) 55. 

Examples of common aminoglycoside modifying enzymes (AMEs) are aminoglycoside N-acetyl 

transferase (AAC), O-phosphotransferases (APH), and O-adenyltransferases (ANT) that 

acetylate, phosphorylate or adenylylate aminoglycoside antibacterials. 

 

1.5.4.2 Degradation of antibacterials 

Many antibacterials are susceptible to hydrolysis of chemical bonds, the integrity of which is 

central to biological activity. Examples of enzymes that are able to target and cleave these highly 

susceptible bonds are β-lactamases, which cleave the amide of the β-lactam drug class (Figure 

1.13) 70. Extended-spectrum β-lactamases (ESBLs) and carbapenemases found in various 

bacteria with different structures and enzymatic characteristics are examples of β-lactamases 

which lead to AMR . Other examples are esterases, which account for macrolide antibacterial 

resistance, and epoxidases, which are reported to destroy fosfomycin activity 71. These enzymes 

are often excreted by bacteria and therefore, destroy antibacterials prior to their interaction 

with the bacteria 71.  



  Chapter 1 
 

25 
 

 
Figure 1.13 Hydrolysis of β-lactam drugs by β-lactamases lead to degradation via breaking 
open the ring and thus eliminates antibacterial activity. Figure taken with permission from 
Pan et al., 2017 70. 

 

1.6 Formulation and delivery of antimicrobials 

While antimicrobial agents have been used for many years, limitations to optimal activity 

including low bioavailability and restricted penetration to infection sites and uptake into 

bacteria, still exist 72. Before reaching bacteria at the site of infection the antimicrobial, unless 

delivered by injection, must cross physical barriers that include skin and mucosal barriers such 

as those in the gastrointestinal tract. Antibacterials need to cross either one or two bacterial 

membranes (outer and cytoplasmic membrane) to reach their target sites. They cross the outer 

membrane through passive diffusion and facilitated diffusion, which is dependent on the 

molecular size, charge and lipophilicity of the drug, to gain access to the transmembrane pores. 

In contrast to the outer membrane, the transport of antibacterials through the cytoplasmic 

membrane takes place via active transport which requires an energy source 73. The limited entry 

impedes the delivery of sufficient antibacterials to achieve maximal bactericidal effect without 

imposing toxicity issues. This is a problem among orally administered drugs which are generally 

absorbed slowly or eliminated before absorption is complete meaning intravenous 

administration is often preferred 74. Moreover, low lipid solubility, increased plasma protein 

binding and low tissue protein binding of the drug contribute to low distribution into infected 

tissues 74. Protein binding affects the delivery and tissue distribution of drug molecules 

especially when they are bound to large proteins such as albumin that hinders their movement 

to the target sites 75. Depending on the drug characteristics, some penetrate via passive 

diffusion less easily through lipid membranes. This is observed in β-lactams as they are 

predominantly ionised at physiological pH, making them lipid insoluble 75. With the increase in 

AMR rates, new strategies to improve the effectiveness of current antibacterials, their delivery 

and uptake would be highly beneficial 72.  
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1.6.1 Nanoengineered Drug Formulation and Delivery Systems 

Nanosized drug formulation and delivery systems are promising due to their unique 

physiochemical properties such as their large ratio of surface area to mass and small size, 

facilitating interactions with microorganisms. Additional potential advantages include targeted 

delivery, improved cellular internalisation, sustained drug release and minimal side effects. 

Absorption of orally administered drug can also be improved by using a nanodrug system. The 

encapsulation of antimicrobials in nanoparticles forms a protective shell against pH variation 

and enzymes. This altogether enhances the stability and solubility of a drug 76. Besides, the co-

delivery of several antimicrobials within these nanosystems may promote synergistic effects 

which overcome microbial resistance mechanisms. For example, the combination of ampicillin 

with an antimicrobial peptide containing tryptophan (Trp) demonstrated synergistic effect due 

to the ability of Trp to interact with the bacterial cell membrane 77. Examples of nanodelivery 

systems for antimicrobials are liposomes, polymeric nanoparticles (PNPs), solid lipid 

nanoparticles (SLNs), dendrimers, nanoemulsions (NEs), micellar systems and others (Figure 

1.14) 78.  

 
Figure 1.14 Overview of various nanoparticles classes utilised for antimicrobial therapy. 
Figure taken with permission from Yeh et al., 2020 79. Abbreviations; NLCS- nanostructured 
lipid carriers, SLNs- solid lipid nanoparticles. 
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The first generation of nanosystem approved for use in the 1970s was liposome based, which is 

an early version of lipid nanoparticles (LNPs). These spherical vesicles consist of a lipid bilayer 

membrane structure which encapsulates and protects hydrophilic and hydrophobic agents such 

as drugs, nucleotides and proteins during their circulation throughout the body 72. An additional 

advantage of such formulations is reduced off-target toxicity. An example of this is the liposomal 

amphotericin B (Ambisome®) which was the first generation of liposome approved over 20 

years ago for treatment of fungal infections. Liposomes bind to the fungal cell wall and releases 

Amphotericin B which exerts its activity, leading to cell death 80. Owing to this, intravenous 

Ambisome® can be delivered safely at high concentration with less toxicity 81.  

The use of liposomes for antimicrobial therapy has been the subject of much research and this 

includes numerous formulations of antibacterials in liposomes 78. Advantages of liposomes 

include biodegradability, biocompatibility, controlled release, as well as increased specific 

target affinity 82. Antibacterials are commonly administered orally, intravenously and topically, 

but owing to convenience and safety, oral administration has been preferred. However, these 

drug molecules have to overcome various physical and chemical barriers in the gastrointestinal 

(GI) tract such as the mucus layer and drug metabolic enzymes 76. This is a particular problem 

for hydrophobic drugs due to their low water solubility and low permeability across epithelial 

cell membranes. Within liposomes, these drugs are protected from degradation, have improved 

drug retention and increased permeability which results in increased oral bioavailability 83-84. In 

a study on targeted liposomal delivery systems conducted by Nicolosi et al., surface modified 

liposomes containing vancomycin exhibited enhanced antibacterial activity against clinical 

isolates compared to ‘free’ vancomycin. This targeted delivery system was possible due to the 

presence of phospholipid-cholesteryl hemisuccinate which interacts strongly with cell 

membranes 84. It has been reported that liposomes penetrate through the extracellular 

polymeric substances present in biofilm matrix, allowing direct delivery of drug and therefore, 

reducing toxicity 85. For example, antibacterial liposomes inhibited the growth of P. aeruginosa 

in biofilms 85. Therefore, LNPs have emerged as a promising drug delivery platform of 

antibacterials as well as the vital components of COVID-19 mRNA vaccines 86.  

Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) which are the next 

generations of LNPs are composed of a solid matrix which promotes controlled release of drug, 

increased stability and reduced cost compared to other nanosystems 86-88. SLNs were first 

introduced as tiny spherical particles, made of lipids at room temperature. Lipophilic drugs are 

accommodated between fatty acid chains (drug-enriched shell) 87. Other models include drug 

incorporation by solid solution and drug-enriched core 88. Rifabutin-loaded SLNs demonstrated 
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a 5-fold increase in oral bioavailability for treatment of M. tuberculosis infections 76. In the next 

generation of lipid nanoparticle, NLCs were introduced with enhanced stability and increased 

loading capacity 88. They are made of solid and liquid lipids at a defined ratio and maintain their 

solid features at room temperature 76. NLC systems of anti-tuberculosis drugs, such as rifampicin 

and isoniazid, exhibited slower chemical degradation and ultimately an increase in drug oral 

bioavailability 76. Cationic NLC loaded with oxacillin also demonstrated enhanced antibacterial 

activities against MRSA biofilms 89.  

Nanoemulsions (NEs) are heterogeneous systems composed of dispersed oil droplets stabilised 

by surfactant molecules in an aqueous media. They appear to be kinetically stable over a long 

period of storage due to their nanometer size. NEs possess numerous advantages which include 

biocompatibility, biodegradability, ease of preparation, as well as good physical stability 78. Oil 

in water nanoemulsions have been widely used for encapsulation of lipophilic antibacterials 

which can be entrapped in dispersed oil droplets 90. The higher surface-to-area ratio of NEs 

make them as an effective transport system, with increased absorption and ultimately, 

enhanced bioavailability and absorption of drug 91. A water in oil emulsion technique was used 

to prepare amoxicillin NE particles 78. Amoxicillin-loaded NE particles demonstrated sustained 

drug release with a significant improvement in inhibitory effects on Helicobacter pylori (H. 

pylori) infected cells in vitro and in vivo 92.  

Other common NPs include polymeric nanoparticles (PNPs). They are colloidal particles with 

size ranges from 1 to 1000 nm. They are composed of biocompatible polymeric materials such 

as poly(lactic-co-glycolic acid) (PLGA) and chitosan whereby the therapeutic moiety is either 

entrapped, adsorbed or covalently attached 78,93. Commonly used materials to prepare PNPs are 

polysaccharides and proteins 94. The ultimate advantages of polymeric nanocarriers are 

improved therapeutic benefits by delivering drug efficiently to the target site while minimising 

toxicity 78. An example of polymer-based system is polymeric micelles. Micelles are self-

assembled, spherical core-shell structures made of single layers of surfactant. They have 

hydrophilic head-groups and hydrophobic tail-groups making them capable of loading only 

hydrophobic antibacterials. Advantages of micelles are low leakage of hydrophobic cargo as 

well as easy functionalisation 95. Work done by Morteza et al. demonstrated improved efficacy 

of piperacillin/tazobactam-loaded PLGA-PEG micelles against P. aeruginosa infection. Their 

studies revealed significantly lower MIC values and motility inhibition for 

piperacillin/tazobactam in the micelle formulation compared to free drug 96. Other examples of 

PNP are nanocapsules and nanospheres. These consist of a liquid or a solid core in which drugs 

are incorporated, which is surrounded by a polymeric membrane 97. Nanospheres are 
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commonly prepared using PLGA polymer for enhanced entrapment and drug release and have 

also been used widely for macrophage-targeted drug delivery 98. 

Mesoporous silica nanoparticles (MSNs) are used as drug delivery systems due to their small 

size (2-50 nm) and hence, large surface area to volume ratio. Advantages of this system includes 

good thermal stability, controlled release of drug and acid stability. Different strategies have 

also been developed for the targeted delivery of antibacterials to bacteria by MSN 99. Mudakavi 

et al. showed that lipid-coated MSN containing ciprofloxacin improved the antibacterial activity 

compared to free ciprofloxacin at low doses 76.  

Overall, nanosystems have shown many advantages in improving dug stability, solubility, 

permeability and oral bioavailability. Even though many different types of nanosystems for the 

delivery of antibacterials have been proposed (Table 1.3), finding a suitable delivery system 

requires extensive optimisation and this depends on the drug characteristics and desired 

application.



 

 
 

Table 1.3 Summary of various nanosystems available for the delivery of antibacterials, their targeted bacteria and their advantages.  

Type of 
nanosystems 

Active Ingredients Target bacteria 
strains 

Advantages Additional information 
 

Ref. 

Liposomes Tobramycin, 
amikacin, 
ciprofloxacin, 
meropenem, 
gentamicin  

Planktonic and 
biofilm eg:  
P. aeruginosa, S. 
aureus, E. coli  

Versatile, good 
biocompatibility, 
biodistribution, and 
selectivity towards 
intracellular and 
extracellular pathogens 

Have been used for in vitro and in vivo 
studies 

 

76 
85 100 

SLN Clarithromycin, 
rifabutin, 
vancomycin  

Lactobacillus 
plantarum, 
Candida albicans, 
M. tuberculosis, 
MRSA, E. coli  

Relatively low cost, high 
entrapment efficiency, 
sustained release of drug 

Used for cancer treatment, adjuvant 
of vaccines 

 

76, 89, 84, 100 

Polymer-
based 

Ciprofloxacin, 
rifampicin, 
cefotaxime  

S. aureus, K. 
pneumoniae, H. 
pylori  

Improved stability, 
targeting of drugs and 
versatility of drug-loading 
protocols 

Examples are PLGA and micelle.  
Lack of toxicity information  
Have been used for in vitro and in vivo 
studies 

76 
78 

Nanoemulsion Cetylpyridinium 
chloride, amoxicillin 

MRSA, S. 
epidermis, H. pylori 

High surface charge, low 
lipophilicity  

Better against biofilm suppression 
compared to liposomes  
Can be formulated using different oils 
Have been used for in vitro and in vivo 
studies 

79 
78 

NLC Rifampicin, isoniazid S. aureus, S. 
epidermis, E. coli 

Slower chemical 
degradation, increased 
bioavailability  

Better biocompatibility and 
entrapment efficiency than SLNs 
Have been used for in vitro and in vivo 
studies 

76 
79 

MSN Lysozyme, E. coli, M. 
tuberculosis 

Controlled drug release, 
improve bioavailability of 
pH sensitive drugs 

Have been used for in 
vitro and in vivo studies 

 76 
79 
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1.7 Antimicrobial susceptibility and resistance detection 

In order to improve patient management and reduce the impact of AMR, antimicrobial 

susceptibility testing (AST) is required 101.  

Ideally, the identification of susceptibility or resistance of bacteria to the selected antibacterial 

should be determined within a short period of time to improve clinical management. However, 

current methods of AST commonly first require overnight growth of bacteria in liquid media 

and/or on solid agar to isolate the bacteria 102. Isolated colonies from the overnight incubation 

are then used to make a standardised inoculum for use with conventional phenotypic AST 

methods as described below, taking a further 18-24 h. Advantages of these well-established 

assays are cost efficiency, simplicity and standardised interpretation criteria. However, due to 

the long total turnaround time (TAT), initiation of treatment with an appropriate antibacterial, 

where the bacteria is resistant to empirical antibacterial treatment, is often delayed leading to 

increased mortality and morbidity 103.  

Bacterial sepsis is the most common situation where timely treatment with the correct 

antibacterial is crucial. In order to perform AST, blood cultures must first be collected, with 

proper skin disinfection performed to prevent contamination, and an adequate volume of blood 

will be collected to allow detection 104. Together with other factors such as the timing of the 

blood draw as well as the presence of viable organisms, the sensitivity of blood culture is overall 

low 105. Moreover, the rather long TAT (> 24 h) for a blood culture result usually leads to the 

empiric use of broad-spectrum antibacterials while the test result is pending 105. With the use 

of automated blood culture systems, microbial growth can be detected within the first 48 hof 

incubation but in some cases, 5-7 days of incubation time is required 104. Therefore, current 

laboratory methods hinder the rapid diagnosis of the microorganisms and their resistance to 

antibacterials treatment that is fundamental for appropriate antimicrobial therapy 106.  
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Figure 1.15 Different techniques for AST applications . Figure taken with permission from 
Behera et al., 2019 107. Abbreviations; SERS- surface-enhanced Raman spectroscopy, SPR- 
surface plasmon resonance, MFD- microfluidic. 

 
Several ways to accelerate clinical diagnostics are being investigated, many of which aim to 

replace conventional culture with direct detection of resistance in pathogens 103. To achieve 

this, automated rapid antimicrobial susceptibility testing methods and emerging biochemical 

and imaging tools are being widely studied and developed (Figure 1.15). 

 

 

1.7.1 Phenotypic Techniques 

1.7.1.1 Dilution method 

Dilution methods (broth dilution and agar dilution) are currently the gold standard for 

determining AMR. These establish a MIC value for a specific pathogen to a specific antimicrobial. 
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The MIC is defined as the lowest concentration of the antibacterial that prevents visible growth 

of a microbe with resistant bacteria having MIC values higher than cut-offs defined by 

international organisations, such as the European Committee on Antimicrobial Susceptibility 

Testing (EUCAST). Both broth and agar dilution methods allow quantitative analysis of in vitro 

antibacterial activity against pathogens 108. In the agar dilution assay, bacteria are grown on 

agar plates containing titrated amounts of antibacterial 101. A final concentration (5  104 

CFU/mL) of the tested organism is placed on each of the plates containing different 

concentrations of antibacterial 109. Plates are incubated for 16-20 h and bacterial growth is 

determined 110. This technique is suitable in cases where more than one isolate is being tested 

against a single antibacterial 108. Despite its reproducibility, this technique is laborious and 

requires larger volumes of antibacterial agents 101, 110.  

The broth dilution method consist of micro- and macro-dilution susceptibility testing. Like agar 

dilution, this procedure involves two-fold dilutions of antibacterial agents prepared in a growth 

medium containing either a minimum volume of 2 mL (macrodilution) or smaller volumes (< 0.2 

mL), using a 96- well plate for the microdilution method. Microbial suspensions are inoculated 

into the medium before incubation and the MIC recorded as the lowest concentration of drug 

that inhibits the growth of organism completely 108. Results from the macrodilution method are 

determined visually while microdilution assays can be assessed visually or through automated 

instruments 101, 108.  

 

1.7.1.2 Diffusion method 

Agar disk-diffusion was developed in 1940s and is routinely used in many clinical laboratories 

for the testing of common, rapidly growing infectious pathogens. This procedure involves 

inoculating bacteria onto an agar plate. Commercially available filter paper disks of about 6 mm 

in diameter containing predetermined concentrations of test compounds are then placed on 

the agar surface. The agar plates are further incubated for 16-24 h at 37 C 101, 108. Antibacterial 

susceptibility is determined by measuring the diameter of growth inhibition zones surrounding 

the disks. These results are then evaluated against international standards (for example 

EUCAST, https://eucast.org/clinical_breakpoints). Disk zones are set to correlate with 

sensitive/intermediate/resistant characterisation by MIC. While this method is low cost and 

amenable to testing large number of organisms, it is time consuming 111.  

 

https://eucast.org/clinical_breakpoints
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1.7.1.3 Antimicrobial gradient assays 

An alternative method developed by Wanger and Mills is the epsilometer test (E-test) 112. This 

quantitative technique is based on the combination of both dilution and diffusion principles in 

order to determine the MIC value. Bacteria are enriched and plated as for the diffusion test and 

then a test strip with an increasing concentration of antibacterial is placed on the agar surface 

108, 112. Post overnight incubation, the results are obtained by determining the point of 

intersection of the strip with an elliptical growth inhibition zone (Figure 1.16) 113.  

 
Figure 1.16 An example of an E-test . Results show MICs of different antibacterials tested on 
Pseudomonas aeruginosa NCIMB. Adapted and taken with permission from Benkova et al., 
2020 113. 

This test is rapid, easy to use and allows for as many as five strips to be placed in a radial pattern 

on the surface of the agar plate. However, this technique is relatively expensive especially if 

more than a few drugs are tested. Generally, it is used for fastidious microbes where enriched 

medium or a special incubation conditions are required 113.  

 

1.7.2 Genotypic techniques 

1.7.2.1 Polymerase chain reaction (PCR)-based methods  

Conventional and real time PCR-based techniques are commercially available as automated or 

semi-automated assays. This approach depends on the amplification of DNA sequences which 

are specific for a pathogen and its susceptibility or resistance towards a drug. Although it was 

first used for rapid identification and quantification of the pathogen, it has been developed to 
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also detect genes commonly responsible for resistance to different antimicrobial agents. In real-

time PCR, the amplification of the target sequence can be measured using hydrolysis probes, 

hybridisation probes, or double-stranded DNA-binding fluorescent dyes which quantify the 

number of copies of specific nucleic acid sequences 113. Many PCR-based assays are available in 

the market such as the Film Array (BioMérieux), BD GeneOhm MRSA, Cepheid Xpert, and Roche 

SeptiFAST which can detect specific bacteria or antimicrobial resistance genes from primary 

samples, or the presence of the resistance genes in isolates 114. The main advantage of 

quantitative PCR (qPCR) assays is the ability to simultaneously (in some assays) and accurately 

detect resistance genes within 3 h 103. Drawbacks of this methods are only known resistance 

genes can be detected, the cost of reagents and equipment, and the potential contamination 

from non-pathogenic bacterial species 114.  

 

1.7.2.2 Fluorescence in situ hybridisation (FISH) 

One of the methods to rapidly detect AMR is fluorescence in situ hybridisation (FISH). This 

hybridisation-based detection method detects the presence or absence of genes of interest in 

microorganisms using fluorescently labelled DNA probes (Figure 1.17) 115. In some cases, FISH is 

coupled with multiplexed automated digital microscopy (MADM) which can be used to evaluate 

growth every 10 min. Susceptibility of bacteria to antibacterials can be determined by the 

inhibition of the growth of cells compared to no-antibacterial controls 101. FISH-based resistance 

testing has been further developed to examine mechanisms of resistance. For example, 

clarithromycin resistance in H. pylori was examined where three point mutations in the 

ribosomal 23S rRNA were detected using three different probes. The mutations were associated 

with different clarithromycin MICs and therefore, provided information on clarithromycin-

sensitive and -resistant H. pylori strains 103. 

Modifications of this procedure involve the use of commercial peptide nucleic acid (PNA) probes 

or probes with locked nucleic acids (LNA). LNAs are made up of a class of RNA analogues with 

high affinity towards complementary DNA and RNA. By substituting DNA oligonucleotide probes 

with LNA, the discrimination between match and mismatched target nucleic acids has been 

shown to improve significantly 116. PNA, which mimics DNA, has better hybridisation features 

with increased resistance to nucleases and proteases. PNA-FISH technology also reduces 

nonspecific probe attachment due to an uncharged backbone 117. In order to improve 

identification time, modifications have been made to PNA-FISH with the development of the 

QuickFISH testing platform. This reduced the usual turnaround time of 3 h to 30 min 118.  
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Figure 1.17 Fluorescence in situ hybridisation (FISH) assay, a) Denaturation of double stranded 
DNA to a single stranded DNA, b) Denaturation of double stranded probe to single stranded 
probe and c) Hybridisation of complimentary DNA strand from fluorescence tagged probe and 
denaturated DNA. Figure adapted with permission from Dey, 2018 119. 

More technical modifications have been made to FISH since its early use for microbe 

identification more than 20 years ago. Among the developments of this technology are (i) signal-

amplified catalysed reporter deposition (CARD) FISH, (ii) doubly-labelled oligonucleotide probe 

(DOPE) FISH and lastly, (iii) combinatorial labelling and spectral imaging (CLASI) FISH. CARD uses 

a horseradish peroxidase (HRP) probe 120 to amplify signal 26- to 41-times in order to identify 

cells with low ribosomal contents where signal intensity is usually low in standard FISH 121. 

DOPE-FISH has a similar approach of signal amplification using a 5’-3’-double-labelled 

oligonucleotide probe where different fluorescent dyes can be attached to the 5’-and 3’- ends 

121-122. CLASI-FISH involves combinatorial labelling and spectral imaging where probes with the 

same sequence again have different fluorophores 121-122. Different combinations of probes and 

fluorophores can be used to identify 20 targets simultaneously 123. Moreover, FISH technology 
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can be used in combination with other diagnostic approaches such as in situ rolling circle 

amplification (RCA-FISH) to amplify target gene within the cell prior to detection by using short 

padlock probes for circularised target detection after hybridisation 124.  

FISH has been shown to be very effective, with one study reporting identification of 96.5% 

microorganisms in 115 bacteraemia cases down to species level within 2.5 h 115. However, 

limitations of this techniques include the cost of probes, the requirement for microscopic 

observation by a highly trained individual and a lack of sensitivity, with a detection limit of 103 

CFU/mL sample 115. In addition, FISH can detect only known ribosomal antimicrobial-drug 

resistance mechanisms 121.  

 

1.7.2.3 DNA microarrays and DNA chips 

DNA microarrays and DNA chips are examples of technologies used for screening antimicrobial 

susceptibility 125. These robust techniques simultaneously screen for the presence of a large 

number of target genes in a single test 126. DNA arrays utilise cDNA fragment as gene probe and 

cDNA microarrays are created by spotting amplified cDNA directly on a glass or silicon platform 

DNA chip which enable probe binding 125, 127. The specific hybridisation of labelled probes with 

target allows for the determination of resistance 125. An example of this technology in current 

use is the FilmArray Blood Culture Panel (FA-BC, bioMérieux) which has the ability to identify 

more than 25 pathogens and 4 antimicrobial resistance genes with high specificity 115.  

Advantages of array/chip technology is that multi-pathogen infections can be identified 115. 

Further benefits of genotypic methods are the rapid, sensitive and specific detection of 

resistance genes. However, there are some limitations in clinical utility, for examples (i) the 

requirement for a specific assay for detection of each antimicrobial agent tested, (ii) only certain 

key resistance genes are detected, (iii) lack of sensitivity when only limited organisms are 

present in the sample, (iv) the genetic profile for bacterial resistance is not always defined, (v) 

contamination of samples which lead to false-positive results and lastly, (vi) the need for costly 

machinery and reagents which also lead to the importance of skilled personnel 125.  

 

1.7.3 Automated systems 

Conventional AST methods often involve the determination of MICs, which are the current 

reference standard to measure antibacterial activity 128. However, automated systems have 

been widely used for identification and AST, especially from positive blood culture bottles 
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where gram-negative and gram-positive bacteria have been identified 128. It has also been 

reported that these systems are able to identify key species of bacteria in 2-3 h, in addition to 

conducting AST 115. Currently, there are four automated instruments approved by the FDA for 

in vitro diagnostics (IVD). They are the VITEK 2 (bioMérieux), MicroScan WalkAway (Siemens 

Healthcare Diagnostics), BD Phoenix (BD Diagnostics) and Sensititre ARIS 2X (Trek Diagnostic 

Systems). Although they allow high throughput and extensive testing of various microorganism-

antibiotic combinations, they have different accuracy and assay times. These rapid techniques 

also require a standardised microbial inoculum which involves growing the specimen for 24-48 

h prior to AST 128.  

 

1.7.3.1 VITEK 2 (bioMérieux) 

The VITEK 2 system utilises compact plastic reagent cards, containing microliter amounts of 

antibacterials and test media, in a 64-well format 128. This system, which can run 30-240 tests 

simultaneously, monitors the turbidity of bacterial growth over the incubation period 129. As this 

system employs an optical method for detection, the samples placed into the cards must consist 

of pure bacteria isolates 130. Rapidly growing gram-positive and gram-negative bacteria can be 

tested in a period of 4-10 h 129. However, in normal cases, the instrument monitors the growth 

of bacteria in each well over a period of 18-24 h. Although this system is less laborious, pure 

colonies from a positive culture sample (1-5 days incubation period) still have to be produced 

before analysis using the VITEK system 130.  

 

1.7.3.2 MicroScan WalkAway 

MicroScan WalkAway is a large self-contained incubator and reader device comprising 

microdilution modules, which are inoculated manually, before being incubated for an 

appropriate period of time, with growth being examined using either a photometer or 

fluorometer 128-129. This system consists of 40 or 96 modules, for either a medium or large-scale 

operation. Since this method requires bacteria with a threshold concentration of 2107 CFU/mL 

for detection, AST profiles of fast-growing bacteria can be determined within 7 h while for slow-

growing organisms, it can take up to 18 h 130. This system can be time consuming although it is 

easy to operate due to its automation 130.  
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1.7.3.3 BD Phoenix (BD Diagnostics) 

BD Phoenix Automated Microbiology System consists of a large incubator reader which 

processes 99 test panels containing 84 wells of antibacterial dilutions. A software system is used 

to allow MIC determination for the tested antibacterial as well as susceptible, resistance or 

susceptible increased dose interpretation 130. The assays utilise a redox indicator, in addition to 

turbidity, to detect growth of organisms in the microwell panels every 20 min 129-130. Test panels 

are available for common gram-negative and gram-positive isolates 129 and this system requires 

an average of 6-16 h to obtain bacterial MICs 101. Although easy to use due to its automation, 

the need for the isolation of pure bacteria culture again makes this approach time consuming 

130.  

 

1.7.3.4 Sensititre ARIS 2X (Trek Diagnostic Systems).  

The automated Sensititre ARIS 2X system comprises overnight incubation and a reading system 

with a 64-panel capacity. The test panels utilise 96-well microdilution plates which are 

inoculated using a Sensititre Autoinculator 129. Detection of bacterial growth can be done 

manually, semi-automated or fully automated. Visual turbidity is used for manual interpretation 

while for automated detection, fluorescence is measured to observe microbial enzymatic 

activity. Fluorescence intensity is dependent on the growth of the organism which leads to MIC 

interpretations. The advantage of this technique is the capability to handle several samples at 

a time, with a high sample throughput taking between 18-24 h to get results 130. However, 

similar to other automated systems, this method still requires culturing the specimen for at 

least 24 h to get a pure bacterial culture before inoculating into the system 128. 

 

1.7.3.5 Summary and Future of Automated AST systems 

A comparison of the ability of current systems to correctly identify common clinical isolates 

showed that the VITEK 2 Compact system successfully identified 91.4% of isolates and the 

Phoenix system, identified 75.5% isolates, compared to standard phenotypic techniques 102. 

Although direct inoculation of samples for identification and AST shortens the analysis time, 

these automated systems are not compatible with low-inoculum sizes and the presence of 

polymicrobial cultures. With a low inoculum size, the system can misidentify bacteria while with 

polymicrobial cultures, direct identification and AST became unreliable. Despite having these 
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disadvantages, direct AST from positive blood cultures has been shown to be a reliable method 

for the determination of antimicrobial resistance facilitating early therapeutic decisions 102.  

More recently, new automated AST systems have been introduced that are based on real-time 

microscopy and are reported to further reduce turn-around and preparation time. These 

technologies have been developed by USA-based Accelerate Diagnostics and the Korean 

company Quantamatrix, with several tests having been approved by the FDA 128. The fully 

automated Accelerate Pheno system is able to identify bacteria within 4 h and determine AST 

directly from positive blood cultures within 9 h. This system used the combination of gel 

electrofiltration and FISH to identify bacteria and automated microscopy to evaluate the growth 

rates and MIC values 131. The Quantamatrix multiplexed assay platform (QMAP), which uses 

encoded microdisk technology, was developed for the rapid identification of mycobacteria 

including M. tuberculosis complex 132. The microdisks, when coupled with probes 

complementary to the target sequence, show high fluorescent intensity. Therefore, this 

technology allows for the differentiation of bacterial species with similar phenotypic 

characteristics with better accuracy 132. 

While it is encouraging to see the development of automated AST technologies that cover many 

drug-organism combinations, these technologies can be expensive and require access to 

laboratory facilities which can limit their use for routine clinical AST.  

 

1.7.4 Future Technologies and Directions 

1.7.4.1 Nanomechanical sensor- Atomic Force Microscopy (AFM) cantilevers 

Nanomechanical biosensors are micro-electromechanical systems (MEMS) comprised of 

movable suspended microstructures which are capable of converting biological processes into 

mechanical motion. Several factors affect the sensitivity of nanomechanical sensors such as 

shape, dimensions, material, operation mode and the surrounding medium. Many 

nanomechanical biosensors have been developed and utilised including AFM and microfluidic 

cantilevers 133.  

Novel microfabricated cantilevers can detect the presence and movement of bacteria and other 

cells 134. For AST the AFM cantilever is coated with the bacteria to be tested and bacterial 

metabolism is detected through the deflection of the microcantilever (Figure 1.18) 101. 
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Figure 1.18 Schematic figure showing the set-up and the fluctuation of the cantilever . Left 
panel (1), Top: attachment of living bacteria (B) on the cantilever (C). Bottom: optical image 
of a cantilever where adsorbed bacteria can be distinguished. Middle panel (2), Top: 
representation of the cantilever set up. The acquisition chamber (A.C.) is flushed by different 
liquids through the injection system with input (In) and output (Out) tubes. Bottom: AFM 
illumination-detection system using a laser (L) to measure fluctuations of C with a detector 
(D) . Right panel (3), depiction of the fluctuations of C produced by B adsorbed on the surface 
of the AFM cantilever as applied for AST . Figure taken with permission from Longo et al., 
2013 134. 

Longo et al. examined how ampicillin, a β-lactam, affected the metabolism of E. coli and S. 

aureus. Changes in fluctuation were detected in 1-5 min with resistant strains being able to 

restore their metabolic activity after approximately 15 min, which was not observed in the case 

of susceptible strains 134. Other studies have demonstrated AST within 2 h for E. coli and S. 

aureus strains with a number of different antibacterials 101, 133. A key limitation for this approach 

is the need to isolate the target bacteria to coat onto the cantilever, and to remove any 

contaminating cells which could bind non-specifically 133. Another disadvantage is the 

requirement for a high bacterial concentration due to the small area of the cantilever, which 

limits the number of the bacterial cells attached to the surface 101. This strategy also involves 

high precision and expensive instrumentation, when cheaper and robust technologies would be 

more useful 133.  

 

1.7.4.2 Microfluidics Technologies  

In microfluidic systems, only a small amount of fluid is required to measure biophysiochemical 

changes and effects. The size of these devices range from nanometer to centimeter scales 107. 
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This strategy was first introduced in the semiconductor and MEMS industries and these systems 

can be manufactured using different materials such as polydimethylsiloxane (PDMS), glass, 

silicon, or plastics 107, 125. The readout of physical or chemical behaviours of biological samples 

can be monitored using optical, magnetic and electrical techniques 107. A microfluidic lab-on-a-

chip device can allow for complex multistep analyses which could include bacterial culture, cell 

lysis, nucleic acid purification, detection of target and sequence amplification. As bacteria are 

confined in a small volume, cross contamination is reduced while accelerating the biochemical 

responses. This leads to high sensitivity with a low volume which provides high-throughput 

analysis 135. Malmberg et al. had previously evaluated a microfluidic based assay for the rapid 

phenotypic AST of bacteria in blood samples. Bacteria/agarose mixtures were prepared and 

injected into the growth chamber of the assay and a linear gradient of antibacterial was 

generated by diffusion through the chamber (Figure 1.19). The assay was monitored with a 

microscope every 10 min for 6 h to determine the MIC 136.  

 
Figure 1.19 a) Schematic overview of the CellDirector 3D assay setup  and b) close-up of the 
microfluidic growth chamber with an antibacterial concentration gradient and MIC readout. 
Figure taken with permission from Malmber et al., 2016 136. 

Although this technology may allow for rapid AST testing in the future, most of the current 

microfluidic systems are not fully automated, and require time consuming and labour intensive 

pipetting, handling and measurement steps. These may result in reduced consistency and 

potential contamination 135.  

 

1.7.4.3 Flow cytometry (FC) 

Flow cytometry can be used to assess bacterial morphology, cell numbers and viability for AST. 

Viability is determined using dyes (e.g., SYTO9 and propidium iodide) and stained bacteria are 

channelled in a single stream past lasers where morphology (detected by measuring light 

scattering) and fluorescent emission of cells are measured 101, 114. In the context of AST, the 
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effect of antibacterials on morpho-functional and physiological characteristics such as DNA 

amount, membrane integrity and membrane potential can be measured. Several studies have 

been conducted using this technique 107. Balouiri et al. stained Listeria monocytogenes with 

propidium iodide (to detect viability) and carboxyfluorescein diacetate (for esterase activity 

detection), to examine the antibacterial activity of essential oils 108. With reproducible results 

within 2-6 h, this method distinguished bacteria into three subpopulations; dead, viable and 

injured cells 108. Another study conducted by Fonseca e Silva et al. demonstrated the application 

of flow cytometry on colistin susceptibility from positive blood cultures. Here, susceptible and 

resistant isolates were distinguished by the difference in fluorescent signal in bacterial cells 

after exposure to different concentrations of colistin. This assay, which evaluates antibacterial-

dependent bacterial cell membrane lesioning, utilises probes which penetrate damaged cell 

membranes. Owing to this strategy, early detection of susceptibility testing was achieved 

compared with other growth-dependent assays. This rapid and highly accurate method takes 

less than 2 h 137. Although this method clearly provides rapid AST, it is not widely used due to 

the high cost and inaccessibility of the equipment in clinical laboratories 108. Other limitations 

of this method include the lack of efficiency for complex samples, staining efficiency of dyes, 

auto-fluorescence of some bacteria, and the inability to discriminate between bactericidal or 

bacteriostatic antibacterials effects 107.  

 

1.7.4.4 Aptamer-Based Technologies 

RNA and DNA aptamers, oligonucleotides (10-100 nucleotides) capable of specific interaction 

with specific targets, have gained attention as a tool to be exploited in biosensors 138-139. They 

possess the same specificity and affinity as monoclonal antibodies but with advantages such as 

the ability to be created against any target and the ease with which they can be chemically 

modified 138. Targets for aptamer binding include amino acids, nucleotides, antibacterials, 

proteins, viruses, bacteria and other cells 139. Aptamers can be selected and identified using a 

process known as Systemic Evolution of Ligands by Exponential Enrichment (SELEX) (Figure 

1.20). Suitable binding sequences are isolated from large oligonucleotide libraries prior to 

subsequent amplification 140.  
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Figure 1.20 Schematic diagram of aptamer selection against live bacterial cells using whole-
cell SELEX. The method involves repeated cycles of incubation of oligonucleotides library with 
targets, followed by the removal of unbound DNA. Next, amplification of bound sequences 
was performed and utilised for the next round of selection. Figure taken with permission from 
Zhang et al., 2015 141. 

Numerous biosensors and assays have been designed for aptamer-based analysis of various 

targets. These aptasensors are modified with numerous reporters that are mass, optically, or 

electrochemically sensitive. Optical biosensors have colorimetric or fluorometric based 

detection while with electrochemical aptamer biosensors, conformational changes due to 

target binding leads to an electron transfer which makes an electrochemical readout possible 

140. Recently, Lee et al. developed an electrical AST (e-AST) aptamer system. In their work, an e-

AST comprised of 60 aptamer-functionalised capacitance sensors was used. This assay detects 

the changes in capacitance when dielectric particles (bacteria) are bound to the sensor surface 

via the aptamer. This allows for rapid AST by real-time monitoring of bacterial activities such as 

growth and death. This method is also useful for clinical use where antibacterial susceptibility 

of bacteria to different antibacterials at different concentrations can be tested simultaneously 

142. 

Advantages of aptamer-based technologies include the small size and defined nature of the 

detector, low production costs, and versatility for chemical modifications. DNA aptamers are 

also known to be physically stable and they can withstand extreme conditions such as high 

temperature, extreme pH values or high salt concentrations. RNA aptamers do have issues with 

stability 143. Despite their many advantages, aptasensors have been reported in some cases to 

have issues with limited detection of small molecules and cross reactivity which leads to false 
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positive results. There have also been problems with immobilisation protocols which affects 

precision 144.  

 

1.7.5 Summary and Challenges 

Evaluation of AST utilises both qualitative and quantitative methods and numerous techniques 

have been developed to study growth inhibition and bacterial populations following exposure 

to antimicrobials 145. Table 1.4 shows the summary of various AST technologies in use so far, 

including their advantages and drawbacks. Current techniques such as bioassays and screening 

methods which are commonly used to measure the efficacy of antibacterials are limited by the 

requirement to first isolate the infecting bacteria, which are often present at only low 

concentrations in patient tissues that may be difficult to sample 107. Conventional and 

automated phenotypic AST approaches require more than 24 h to obtain results while most of 

the rapid testing methods still need 4-8 h from sample collection to AST results, causing a delay 

in specific antimicrobial treatment 107, 114. Genotypic methods offer rapid, specific, and sensitive 

detection of resistance genes but they are limited by the lack of sensitivity where testing 

samples with only few organisms present and sometimes, the occurrence of false-positive 

results from contamination of test samples 125. In addition, they only test for selected resistance 

genes. Other drawbacks are the cost of reagents and machinery required, intensive labour, and 

difficulty to achieve point-of-care platform in most of the cases 107.  

New automated AST systems utilising real-time microscopy have been introduced. These look 

promising with a rapid TAT, although this still needs to be fully determined. A key limitation 

with these will be the cost of specialised equipment, which may be burdensome 128. Future 

technologies should be developed to provide faster bacterial identification and AST results 

while being cost effective, reliable, robust with low labour demands 113, 129. 

Emerging methods such as microfluidics-based diagnostics are potential tools for AST profiling. 

Since the quantity of sample has been a significant issue for biological studies, this method 

allows the analysis of minimal sample volumes and of single-cells. These techniques have the 

potential to overcome many of the shortcomings of conventional strategies. Owing to these 

features, microfluidic devices coupled with an imaging system are commonly used for 

morphological and growth studies of bacteria in which bacterial MIC is detected within a few h 

125. Despite being highly sensitive, emerging technologies are limited by the complexity and cost 

of the system 107.  
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In summary, with the increasing rates of AMR, it is critical to develop technologies that can 

discriminate between bacteria that are resistant or susceptible to antimicrobials 107. At the same 

time, AST technologies must overcome the major drawback associated with the slow culturing 

steps with the aim that new approaches could be used directly on clinical samples without 

sample enrichment or selection. By preference, these test should be robust and simple to use 

allowing results to be delivered at the point-of-care (patient’s bedside) 101. Other factors which 

could enhance AST profiling are removing the requirement to take invasive samples from the 

patient or at the very least increased sensitivity which would require smaller samples to be 

taken while still allowing early detection of infectious microorganisms, as well as evolving drug 

resistance during treatment 103. Rapid diagnosis will then assist with preventing the spread of 

AMR bacteria and also ensure correct treatments can be applied 146. Therefore, accurate 

diagnostic technologies which simultaneously perform bacterial identification and antimicrobial 

susceptibility profiling in a second-to-minute timeframe would allow for immediate treatment 

with the appropriate narrow spectrum antibacterial agent 147.



   
 

 
 

Table 1.4 Summary of AST technologies 

AST Technologies 
AST 

time (h) 

Direct 
from 

Sample 
Advantages Disadvantages 

CLSI/FDA 
approved 

MIC 
detected 

Ref. 

Agar/ broth 
dilution  

>16 No 
Low cost, quantitative results, 
reproducible, allows more than 
one isolate to be tested 

Laborious, high reagent volume Yes ✓ 108,101 

Disk diffusion >16 No 
Low cost, allows more than one 
isolate to be tested 

Time consuming Yes  
101, 108, 

111 

E-test >16 No Rapid, easy to use 
May be expensive, reserved for 
fastidious bacteria only 

Yes ✓ 108, 112 

PCR 2 Yes 
Short turnaround time, some 
assays are multiplexable  

Does not cover rapid and 
complex evolving mechanisms, 
variable clinical sensitivity  

Yes   
113-114 
103 

FISH 0.5-3 No 
Rapid identification of 
microorganisms, cost lesser than 
PCR 

Expensive probes, requires 
other instrumentation like 
microscope 

Yes  
115, 117, 

121 

DNA 
microarrays/chip 

1-8 
No 

  
Rapid, sensitive and specific  

Prone to contamination, 
involves expensive machinery  

Yes   
115, 125 
146 

MicroScan 
Walkaway 

4-7 No 
Accurate bacterial ID and AST, easy 
to use 

Time consuming Yes ✓ 130 

VITEK2 4-10 No 
Automated, simultaneous ID and 
AST 

Time consuming Yes ✓ 128, 130 

BD Phoenix 4-16 No 
Automated, bacterial ID, easy to 
operate 

Low performance for 
polymicrobial samples 

Yes ✓ 
130 101, 

148 



 

 

Sensititre 18-24 No 
Automated, sensitive, 
simultaneous AST 

Time consuming Yes ✓ 130 

AFM Cantilever <2 No Rapid,  
Expensive machinery required, 
high sample concentration 

No ✓ 101, 133 

Microfluidics 6 Yes 
Small sample volume, rapid, 
automatic 

Expensive equipment needed, 
complicated chip design 

No ✓ 
135-136 
147 

Flow Cytometry  2-6 No 
Semi-automated, low detection 
limit 

High cost, No ✓ 
107-108, 

149 

Aptamer <6 Varies 
Easy and controllable, high 
specificity and affinity 

High cost, time consuming for 
selection 

Yes ✓ 
138-139, 

150 142 

Accelerate Pheno 
System 

<9 Yes Fully automated, fast and accurate 
Cost, sufficient growth of 
organism are essential for 
analysis 

Yes ✓ 131 

Quantamatrix <3  Yes Easy interpretation, high accuracy 
Low performance for 
polymicrobial samples 

No ✓ 132 
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1.8 Thesis aims  

AMR has attracted great research interest in the recent years due to its significant impact on 

the medical community, individual and global health, and the worldwide economy. Numerous 

strategies have been developed and investigated to overcome antimicrobial resistance as well 

as potential ways for treating infections. However, conventional AST still requires removing a 

pathogen-containing sample from the patient for laboratory testing. These conventional 

approaches are time consuming and involve expensive technologies or laboratory analysis 

which directly impact the effectiveness of treatment received by patients.  

Therefore, the aim of this thesis was to develop a potential reporter which could be used for 

future development of a rapid, in situ, method of AST. The objective was to developed a 

reporter that would activated/unmasked through the action of proteins rapidly upregulated in 

antibiotic-sensitive bacteria, following exposure to antibiotic. The first stage of the research was 

to identify genes and proteins rapidly upregulated in only in susceptible bacteria exposed to an 

antibacterial agents. Next, as it was hypothesised that co-delivery of the reporter along with 

the antibacterial agent would improve uptake of the compounds into bacteria, different 

formulations of liposomes were optimised for use as delivery systems and the impact of this on 

uptake was evaluated in a novel whole-cell assay. Finally, two proteins (ClpP and RecA) 

identified as being upregulated, were used to design reporters. Based on in vitro validation 

studies of the reporters, the RecA reporter (truncated LexA) was taken forward into studies to 

develop a sensitive a detection system utilising different approaches such as aptamer-based 

assays and HPLC/MS. 
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2 Identification of proteins upregulated in 

antibacterial-treated bacteria 

2.1 Introduction  

Bacteria respond to both intracellular and environmental alterations such as nutrient 

deprivation, oxidative stress, osmolarity, toxins (including antibacterials) and UV radiation by 

moving to better locations or by rapidly and reversibly altering their metabolism 151-153. 

Responses can be specific or generalised termed “general stress response” (GSR) (Figure 2.1) 

151. The GSR, is a generalised system where broad molecular responses promote survival via 

complementary pathways and is crucial in stress priming that enhances bacterial fitness to 

unrelated subsequent stressors 154.  

 
Figure 2.1 Specific stress responses versus general stress response. Figure adapted from 
Gottesman, 2019 151. 

Stress responses occur via complex transcriptional and post-transcriptional regulatory 

mechanisms. Such stress responses can result in up or down regulation of sigma factors, bi- or 

tri-component regulatory systems, small noncoding RNAs, chaperones, DNA repair, toxin-

antitoxin systems, efflux pumps and many others. In gram-negative bacteria, two alternative 

transcription factors, sigma factors 32 and E, mediate responses to increased temperatures 

which leads to the stress response 155. Stress response can also be controlled by repressors 

binding to a DNA control element 155. 

While there are many stress adaptations which are tailored to the inducing stress, many 

genes are found to help deal with the stress non-specifically. For example, the so-called SOS 

response, named after the naval ‘Save Our Souls’ distress signal, is a general response found in 

many bacterial species that manages damage to DNA 156. This response includes induction of 
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repair proteins, to promote the integrity of DNA for survival and continuous replication in the 

presence of extensive DNA damage 34.  

 

2.1.1 Stress Response proteins 

Stress responses in bacteria lead to regulation of the expression of various proteins for the 

survival or death of bacteria. A review of the literature identified a number of proteins that are 

involved in general stress responses, including those to antibacterials. 

 

2.1.1.1 Caseinolytic protease proteolytic subunit (ClpP) 

Cells and organelles are full of proteins which are intrinsically disordered or in the process of 

folding. Proteolysis is the process by which proteins are turned over and malfunctioning or mis-

translated proteins are degraded by proteolytic machines such as the ClpP system. Functional 

ClpP protease requires AAA+ ATPases (ATPases Associated with diverse cellular Activities) an 

unfoldase partner for the recognition of desired substrates and the ATP-dependent mechanical 

unfolding of the protein prior to translocation to the proteolytic active site 157. The ClpP 

proteolytic machine (21 kDa) consists of a barrel shaped structure of roughly 90 Å in height and 

diameter with heptameric rings of fourteen subunits (active sites) whereby access to the 

chamber is regulated by small narrow pores (Figure 2.2) 158-159. The N-terminus, located in the 

axial region of this protein, is very flexible and each of the active sites possesses the catalytic 

triad of serine-histidine-aspartate 157.  

 
Figure 2.2 The structure of the ClpP system. (a) Cross section of a barrel shaped ClpP which 
shows the inner proteolytic chamber accommodating the catalytic triads (in triangles) of the 
core unit. (b) Top view of the ClpP 14-mer with small entrance pore to the proteolytic chamber 
which impede access to the catalytic triads. Figure taken with permission from Brotz-
Oesterhelt and Sass, 2013 159. 

To allow for entry of folded proteins and degradation, substrates must interact with the Clp-

ATPase component which recognises, unfolds and subsequently translocates them into the 

chamber (Figure 2.2) 160. An example of Clp-ATPases is the Hsp100 family which acts together 



  Chapter 2 
 

55 
 

with ClpP to degrade proteins. There are many species which possess more than one Clp-ATPase 

such as ClpA and ClpX in E. coli and ClpX, ClpC and ClpE in Bacillus subtilis (B. subtilis) 159. Another 

level of regulation is established by adaptor proteins which enhance the affinity of specific Clp-

ATPases for specific substrates, with examples including SspB and UmuD for E. coli ClpX and 

MecA for B. subtilis ClpC 157.  

Unlike the degradation of polypeptides and large proteins, small peptides up to 8 residues can 

be degraded by ClpP without the presence of AAA+ components 161. ClpP is also capable of killing 

bacteria through uncontrolled proteolysis after deregulation by antibacterials 161. The ClpP 

protease system performs important physiological functions including coordinating cellular 

differentiation programs and removal of protein debris under stress conditions and 

dysregulation of this system may lead to major physiological defects in bacteria, which 

ultimately lead to bacterial death 161.  

A number of assays have been developed to investigate ClpP activity. The protease activity of 

ClpP was assessed by measuring the degradation of proteins such as casein while the peptidase 

activity was measured using peptide substrates 162. One study investigated the chymotrypsin-

like-activity of purified recombinant ClpP which can hydrolyse small fluorogenic peptides with 

(7-methoxycoumarin-4-yl)acetyl (MCA) fluorophore such as N-Suc-LY-MCA, N-Suc-LLVY-MCA, 

and N-Suc-AAF-MCA in an ATP-independent manner. The peptidase activity was analysed using 

several synthetic fluorogenic peptides consisting of either aromatic or nonpolar amino acids. It 

was found that ClpP has higher affinities for more hydrophobic peptides and that longer peptide 

substrates reduce both the rate of reaction and substrate saturation 163.  

 

2.1.1.2 Recombinant protein A 

Recombination protein A (RecA), found in all free-living bacteria, is important for repair and 

maintenance of DNA 164. Bacterial RecA proteins have an approximately 60-70% sequence 

homology. E. coli Rec A was first discovered in 1965 and has been extensively studied since then. 

It is a 38 kDa protein composed of 352 amino acids and has three main structural domains: a 

central core ATPase domain (CAD) and smaller N-terminal (NTD) and C-terminal domains (CTD). 

RecA has different sites relating to its activities: an ATP binding site, a single-stranded DNA 

(ssDNA) binding site, a double-stranded DNA (dsDNA) binding site, a domain that interacts with 

dsDNA (dsDNA gateway), a catalytic region responsible for ATP hydrolysis and finally the C-

terminus tail which interacts with magnesium ions 165. RecA proteins possess three distinct 

biological-related functions (Figure 2.3): general genetic recombination, the SOS response to 
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DNA damage and the mutagenic repair of DNA which requires binding of the processed 

mutagenic complex, Umu(D’)2C 166.  

 
Figure 2.3 Multiple roles of RecA in DNA metabolism. Figure adapted and modified from 
Bianco and Kowalczykowski, 2005 166. 

The bacterial DNA damage response, also known as SOS response, is required for the survival 

of the bacteria and adaptation to genotoxic stressors, which include antibacterials. The active 

and inactive state of RecA in this response are regulated by the conserved repressor-protease 

LexA 167. LexA blocks the transcription of around 15-40 SOS promoter genes in the absence of 

stress. However, upon DNA damage, RecA detects and interacts with LexA causing self-cleavage 

(autoproteolysis) which prevents DNA binding and eventually leads to expression of SOS genes 

(Figure 2.4) 168. 

 
Figure 2.4 A schematic diagram showing the macromolecular interactions in which 
transcriptional repressor LexA participates during repression (left) or activation (right) of the 
SOS response. Figure taken with permission from Hostetler et al., 2020 167. 

This leads to the upregulation of genes (eg. uvr, recA, polB and dinB) involved in adaptive 

processes such as nucleotide excision, cell division arrest and activation of mobile genetic 

elements. Therefore, expression of SOS genes allows bacteria to adapt to various genotoxic 

stresses like UV radiation, reactive oxygen species (ROS) and lastly, antibacterials 34, 169.  
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Assays to detect RecA or LexA activity have been developed by a number of research groups in 

order to understand bacterial SOS response and for use in the development of antibacterials 

170. Giese et al. developed an assay for RecA-mediated cleavage of LexA by using radiolabelled 

LexA. Cleavage reactions were performed in a reaction buffer containing ssDNA, ATP-gamma-S 

and RecA and incubated at 30 °C. The reaction was run on Tris-N-[2-hydroxy-1,1-

bis(hydroxymethyl)ethyl] glycine gels and percentage of cleavage was analysed using a laser 

scanner 171. Dwyer et al. showed that bacteria treated with an antibacterial induced the 

expression of RecA and this could be detected using a FITC-conjugated peptide pan-caspase 

inhibitor, Z-VAD-FMK (Carbobenzoxy-Val-Ala-Asp-Fluoromethyl Ketone). The increased 

fluorescence detected by flow cytometry indicated an increase in the concentration of the RecA 

protein in dying bacterial cells. However, in untreated cultures, no detectable changes in FITC-

Z-VAD-FMK-mediated fluorescence were detected 172. In this assay, the presence of RecA can 

be detected without measuring LexA cleavage and hence, ssDNA and ATPγS are not required.  

 

2.1.1.3 MazF 

Programmed cell death (PCD) is a genetically programmed cellular event critical in both the 

development and homeostasis of multicellular organisms, as well as an active process resulting 

in cell suicide. In single-celled organisms, this event is used to adapt to the changing 

environment. In eukaryotes, this process is known as apoptosis with its specific characteristics 

of DNA fragmentation and membrane depolarisation 173-174. In bacteria, PCD is mediated 

through a unique “addiction module” system which comprises a pair of genes encoding a stable 

toxin and an unstable toxin. MazF, with a molecular weight of 12 kDa is a stable toxin 175. It 

interacts with MazE (labile antitoxin) to form a complex 175. Bacteria are known to adapt to 

environmental stresses utilising this toxin-antitoxin (TA) system which was first discovered on 

plasmids as a plasmid maintenance system via a post-segregational killing (PSK) mechanism 176. 

In response to stress, antitoxins are rapidly degraded, liberating the corresponding stable toxins 

which then halt prokaryotic growth in different ways such as preventing DNA replication, cell 

wall synthesis, translation, cell division and also ATP production 177. It has been reported that 

translation inhibition caused by intracellular digestion of RNA is the most common effect of 

increased MazF toxin level 177. MazF-mediated cell death is triggered by several stressful 

conditions including extreme amino acid starvation, antibacterials that inhibit transcription 

and/or translation, DNA damage, UV irradiation and oxidative stress (H2O2) 178. In this TA system, 

it is important to ensure continued production of the co-expressed MazE antitoxin, which 
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prevents the release of the MazF toxin and killing of the cell, as could occur if bacteria lose the 

plasmid/chromosome or if labile MazE is degraded by the Lon or Clp proteases 176. In most cases, 

MazE has a modular structure with the N-terminal DNA-binding domain involved in 

autoregulation and a C-terminal domain which neutralises the MazF toxin 179. The toxic effect 

of MazF has been exclusively associated with its ribonuclease activity which is specific for ACA 

sequences in single-stranded RNA, with cleavage before or after the first A being reported 180. 

Erental et al. showed that in addition to MazF cleaving at ACA sites, it can cut upstream of the 

AUG start codons of some specific mRNAs, generating leaderless mRNAs 174.  

 
Figure 2.5 A chimeric RNA oligonucleotide (5’-AAGTCrGACATCAG-3’) cleaved by MazF was 
labelled with 6-carboxyfluorescein (6-FAM) on the 5’-end and with Black Hole Quencher 
(BHQ1) on the 3’-end. Cleavage of the oligonucleotide at the RNA base by MazF releases 6-
FAM from BHQ1, thus increasing the fluorescence of 6-FAM. 

MazF activity can be detected by utilising promoted ribosome-dependent messenger RNA 

cleavage 181. In vitro analysis of RNA cleavage was conducted using RNAs 5′‐end‐labelled with 

[γ‐32P]ATP. The cleavage reactions were carried out at 37 °C and the separation of RNAs was 

done on polyacrylamide gel 181. Wang et al. developed an assay utilising an oligonucleotide with 

a fluorophore on the 5’-end and a quencher on the 3’-end to assess the ribonuclease activity of 

MazF (Figure 2.5). This fluorometric substrate for MazF facilitated real-time quantitation of 

MazF enzymatic activity and a full kinetic analysis of this enzyme 180.  

 

2.1.1.4 Sortase A 

Gram-positive bacteria commonly cause nosocomial and community-acquired infections with 

high morbidity and mortality 182. They display proteins on their surface which interact with host 



  Chapter 2 
 

59 
 

cells and tissues, thus playing a role in virulence 183. A number of cell surface proteins of gram-

positive bacteria are linked covalently through their C-termini to cell wall peptidoglycan. They 

function in (i) adhesion and invasion, (ii) antiphagocytic activities, (iii) degrading host cell surface 

components, and (iv) hydrolysing molecules for nutrient utilisation 184. These surface proteins 

are anchored to the bacterial cell wall by the enzyme sortase. Composed of 200-300 amino 

acids, the molecular weight of sortases is typically between 20-30 kDa. Sortase A (SrtA), which 

was the first sortase isolated from S. aureus in 1999, plays a significant role in this protein sorting 

pathway. SrtA enzymes are also known as housekeeping sortases and are present in almost all 

gram-positive bacteria 36.  

The activity of SrtA requires a C-terminal cell wall sorting signal (CWSS) with a conserved LPXTG 

(Leu-Pro-X-Thr-Gly, where X can be any amino acid except cysteine) motif, followed by 

hydrophobic amino acids and a tail of positively charged residues 185-187. The transpeptidation 

reaction involves two parts. First, the highly conserved nucleophilic cysteine in SrtA attacks a 

peptide bond in the substrate LPXTG recognition motif, typically between the threonine and 

glycine, giving a tetrahedral enzyme-substrate intermediate. The C-terminal domain of the 

substrate is then released when the intermediate collapses. Next, nucleophilic acyl substitution 

by the amino group of Lipid II on the enzyme-substrate intermediate results in a new peptide 

bond in the substrate and regenerates the enzyme 36, 188. This general pathway occurs in many 

gram-positive bacteria and can be further explained in Figure 2.6 189.  

 
Figure 2.6 Cell wall sorting pathway of surface protein in gram-positive bacteria. Surface 
protein (P1) synthesised in cytoplasm contains an N-terminal signal sequence and C-terminal 
sorting signal, which is cleaved by signal peptidase, giving P2. Cleavage of peptide bond at 
threonine (T) and glycine (G) generates an acyl intermediate (AI), which is attacked by the 
amino group of pentaglycine cross bridge from Lipid II. This generates P3 and regenerates the 
active site of sortase. P3 acts as a substrate for penicillin binding proteins and is incorporated 
into the cell wall, giving mature anchored surface protein (M). Figure taken with permission 
from Marraffini et al., 2006 189. 
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The regulation of both sortase enzymes and their substrates has not been widely studied 36. 

Sortases and their substrates have been proposed to be regulated by stress response elements. 

For example, SrtA along with some of its substrates are thought to be upregulated around mid-

log phase during growth or upon oxidative stress conditions 36. A study conducted by Anderson 

et al. demonstrated an increase in SrtA expressed by S. aureus when subjected to cold shock 

condition. SrtA was also among the 73 genes which were induced after exposure to 

antibacterials 190.  

Several assays have been developed to study the chemistry of sortase enzymes. Förster 

resonance energy transfer (FRET)-based peptide substrates with LPXTG recognition motifs have 

commonly been used for determining the activity of SrtA. While FRET assays allow for 

qualitative analysis of SrtA activity, they are not suitable for quantitative analysis due to the 

large amount of peptide substrate needed to perform the assays 36. A fluorometric-based assay 

was also devised to monitor SrtA activity. Fluorogenic peptide substrate [Abz-LPETG-Dap(2,4-

dinitrophenyl (Dnp))-NH2] was employed and changes in fluorescence were measured 191. A 

commercially available fluorometric assay kit has been developed by Anaspec, USA to detect 

SrtA activity. This involves the use of internally quenched 5,6-carboxyfluorescein (FAM)/QXL® 

FRET substrate, cleaved by SrtA to give two separate fragments. Kinetic and endpoint analysis 

can be performed by monitoring the change in fluorescence as a result of the release of 5-FAM 

(https://www.anaspec.com/products/product.asp?id=57863) 192.  

 

2.1.2 Mechanism of Action of β-lactams 

β-lactams inhibit cell wall synthesis in both gram-negative and gram-positive bacteria. The 

bacterial cell wall is made of peptidoglycan which consists of linear glycan strands of alternating 

β-1,4-linked N-acetylglucosamine acid (GlcNAc) residue and N-acetylmuramic acid (MurNAc) 

residue. The carboxyl group of each MurNAc is linked to a pentapeptide subunit composed of 

L- and D- amino acids and a dibasic amino acid 44, 193. Transpeptidases, also known as penicillin 

binding proteins (PBPs), are involved in the cross linking of the D-alanyl-alanine portion of the 

peptide chain from MurNAc to adjacent oligopeptides from other glycan chains (Figure 2.7). 

Bacterial cells produce different PBPs, resulting in different types of cross-linkage which 

strengthens the bacterial cell wall. These proteins, which are involved in the last stage of 

peptidoglycan (PG) synthesis, are the target of β-lactam antibacterials 194. β-lactams possess 

stereochemical similarity with D-alanyl-D-alanine and bind irreversibly to the PBP. This prevents 

https://www.anaspec.com/products/product.asp?id=57863
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transpeptidation as PBPs are unavailable for new peptidoglycan synthesis, which then 

compromises the structural integrity of the bacterial cell wall 44.  

 
Figure 2.7 Schematic structure of peptidoglycan. Sugars are represented by hexagons while 
rectangles resemble stem amino acids. The cross linkage between the top and bottom glycan 
strands is D-Ala → meso-diaminopimelic acid (meso-A2pm) by PBP. Figure adapted and taken 
with permission from Zeng and Lin, 2013 194. 

Therefore, the lethal activity of β-lactams is mediated through the loss of wall integrity followed 

by cell lysis. A case study also demonstrated that cell wall damage post β-lactam treatment 

leads to drug-induced imbalance between the activities of cell wall synthases and hydrolases 

195.  

2.1.3 Bacterial responses to antibacterials 

Central to this project is the determination of bacterial responses to antibacterials. 

Antibacterials can be bactericidal or bacteriostatic. As mentioned previously in Chapter 1, 

antibacterial agents which prevent the growth of bacteria are known as bacteriostatic while 

those that kill bacteria are known as bactericidal 196. The responses of bacteria can be assessed 

at the level of gene expression or protein expression. Each method provides different types of 

information and has its own advantages and disadvantages. 
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2.1.3.1 Analysis of gene transcription 

Protein molecules are encoded by genes in DNA. Briefly, the information in DNA is transcribed 

into RNA and translated into proteins 197. The transcription of genes into their complementary 

RNA molecules determines the identity of a cell and is responsible for the regulation of 

biological activities within the cell 197. Therefore, the pattern of gene expression changes in 

response to internal and external stimuli over time and can be studied by monitoring RNA 198. 

This leads to a better understanding of development and disease 197.  

Several ways have been developed to study gene expression. Conventional methods include 

northern blots, nuclease protection and plaque hybridisation. However, these methods only 

allow for single mRNA measurement at a time and are difficult to perform. To overcome these, 

new techniques have been developed such as serial analysis of gene expression (SAGE), total 

gene expression analysis (TOGA), real time-PCR and high-density cDNA arrays 199.  

In recent years, RNA-seq, which is a RNA profiling method based on next-generation-

sequencing, has replaced microarrays for increased precision and rapid clinical genetic diagnosis 

200-201. RNA-seq which is used for detection and quantitative analysis of messenger RNA is 

utilised to study cellular responses 202. Other advantages of RNA-seq are identification of single 

nucleotide polymorphisms (SNPs), high dynamic range and the use of direct sequence 

alignment 203. RNA-seq can be used to detect the expression levels of multiple genes, including 

those with sequence variations, concurrently at a reasonable cost. Not only that, it is a useful 

platform for related studies including gene characterization and for validation of microarray 

data 204. However, they impose several limitations such as high set up cost, the requirement for 

high power computing facilities as well as being time consuming for assay design and data 

analysis 203.  

Reverse transcription PCR (RT-PCR) is a 2-step process that extended the utility of this technique 

into the investigation of RNA expression. This first step involves reverse transcription of RNA 

into cDNA transcripts with the second step being amplification of the transcripts using a 

thermostable DNA-polymerase enzyme and small oligonucleotides, known as primers, that are 

specific for the transcript of interest. Multiple cycles (DNA denaturation, primer annealing, DNA 

amplification) of PCR are carried resulting in amplification of billions of copies of specific DNA 

sequences 205.  

There are numerous real time PCR formats which utilise end point, competitive and real time 

formats 205. Real time PCR allows accurate quantification of nucleic acids with greater 

reproducibility with improved sensitivity and precision, rapid analysis, better control of quality 
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and a lower risk of contamination 205. This technique involves a thermocycler with an optical 

system which detects fluorescence in real time 205. There are two different ways to analyse data 

obtained by real-time PCR: a) the standard curve method (absolute quantification) and b) the 

comparative threshold method, also known as relative quantification. Absolute quantification 

requires generation of a standard curve which allows correction for differences in primer 

efficiencies and product fluorescence 152. Relative quantification can assess changes in steady-

state mRNA levels of target genes across different samples by comparison to housekeeping 

genes that do not change 152. Quantification of amplified DNA is done using specific probes (eg 

Taqman) or using non-specific fluorescent dyes such as SYBR Green (Figure 2.8).  

TaqMan, was the first fluorescent probe used for real time PCR. The probes are short 

oligonucleotides consisting of 5’ terminal reporter fluorophore and a 3’ terminal quencher. The 

reporter fluorophore emits fluorescence following cleavage of 5’ terminal of the probe by Taq 

polymerase, which will occur only if the probe is bound to its complementary DNA strand, 

removing it from the quencher (FRET) 205. Although this leads to enhanced specificity, this 

approach is more expensive owing to the requirement of a dual labelled oligonucleotide probe 

206. SYBR Green has a binding affinity to dsDNA 100 times better compared to ethidium bromide, 

which is used in conventional PCR 205. Although it appears to be highly specific, it tends to bind 

to any dsDNA including non-specific amplification products and primer dimers. Thus, 

optimisation is necessary to avoid non-specific amplification and the formation of dimer primers 

can be detected by analysing melting curves 205. The advantage of SYBR Green is its economical 

value with high throughput and ease to perform 206-207.  
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Figure 2.8 Principles of two popular PCR techniques: - SYBR green and TaqMan techniques. 
Figure taken and adapted from Smith and Osborn, 2009 208. 

 

2.1.3.2 Analysis of protein expression and function 

The “Proteome” is defined as the overall protein content of a cell and can be further 

characterised based on protein localisation, interactions, post-translational modifications and 

turnover. Marc Wilkins first introduced the term “proteomics” which denotes the “PROTein 

complement of a genOME” 209. Proteomics is a series of technologies used for the identification 

and quantification of proteins found in complex protein mixtures, including eukaryotic and 

prokaryotic cell lysates and clinical tissue samples where thousands of proteins are present 209. 

It is used in various research settings to detect diagnostic markers, alteration of expression 

patterns in response to different signals, and to interpret functional protein pathways related 

to diseases 210. Proteomics has mainly used mass spectrometry (MS) - based techniques to 

identify proteins by utilising its integration with high-resolution separation techniques and 

protein databases 211. Other advantages include its high sensitivity and specificity, high mass 

capability, short analysis time and straightforward sample preparation steps, although there are 

still issues identifying many proteins 212-213. 

There are five sub-areas of proteomics: (a) characterisation, also known as profiling, that 

identifies all proteins present in a cell, tissue or biofluid; (b) differential proteomics, which 

studies expressed proteins under different physiological conditions; (c) functional proteomics, 

which identifies a network of proteins interacting with each other to carry out a specific cellular 
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function; (d) structural proteomics, which provides 3D structures and dynamics of proteins and 

their complexes; and finally, (e) posttranslational modification proteomics, to study proteins 

that have undergone phosphorylation or glycosylation. A proteome analysis consists of five 

steps: (a) sample preparation, (b) protein separation, (c) protein cleavage, (d) mass 

spectrometry analysis, and (e) database searching 214.  

While proteomics can provide a snapshot of the proteins present in the cell it does not provide 

information as to whether the proteins are functional. Functional assays, while being the 

ultimate proof that the protein is present and active, are time consuming and often difficult to 

develop. By preference they should also have clear and reliable readouts, be easy to scale-up, 

sensitive and specific 215. 

 

2.1.4 Analysis of bacterial growth 

Bacterial growth and proliferation in liquid media are most commonly measured based on 

optical density (OD). This provides a simple and reliable way of measuring growth over time. 

Conventional measurements are performed in cuvettes at the wavelength of 600 nm using 

photometry 216. Evolution of methods include automation and parallel measurements which 

result in higher throughput. For example, the use of turbidostats and microplate readers are on 

the rise for monitoring of bacterial growth. However, the application of microplate readers have 

numerous disadvantages. In some cases where the antibacterial effect was investigated, the 

antibacterial may affect the scattering or absorption at the same wavelength at which bacterial 

growth was measured 216.  

An important step in OD based assays is cell density standardisation and often the McFarland 

method is used to estimate bacterial concentration. This is especially required in studies of 

antibacterial resistance to determine the minimum inhibitory concentration (MIC) and 

minimum bactericidal concentration (MBC) 217. Originally, McFarland turbidity standards were 

made of precipitates of barium sulphate (BaSO4) from the addition of barium chloride to 

sulphuric acid. By adjusting the ratio of these two reagents, different degrees of turbidity were 

achieved to represent different bacterial concentrations, with the 0.5 McFarland standard (a 

reading between 0.08 to 0.13 at OD 625 nm) correlating to a population of 1.5  108 CFU/mL. 

Although used widely, this scale was developed for estimation of the concentration of E. coli, a 

gram-negative bacilli 218. However, McFarland Turbidity Standards become uncertain when it 

comes to other organisms due to variation in size and shape of bacteria which affect the 

transmission and scattering of light 218.  
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In antimicrobial susceptibility testing (AST), microorganisms are grown to a final concentration 

of approximately 106 CFU/mL in media. The cultures are then exposed to serially diluted pre-

prepared antibacterial solutions. Cultures are then incubated at specific temperature and 

conditions which vary by the organism tested. Absorbance is then measured post incubation to 

determine the inhibitory effect of the antibacterials tested. The MIC, which is defined as the 

lowest concentration of antibacterial that inhibits growth of the microorganism, can then be 

determined 219. To determine the MBC, the concentrations of antibacterial with no visible 

growth are then seeded onto agar plates (with no antibacterial) and incubated overnight. MBC 

endpoint is termed as the lowest concentration of antibacterial which kills 99.9% of bacteria 220. 

Several factors including the inoculum, culture medium, antibacterial agent, and incubation 

conditions affect the reproducibility and accuracy of the MIC. However, MBCs are less 

frequently determined due to poor reproducibility and lack of uniformity in technical 

procedures 219, 221. 
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2.2 Chapter aims 

The aim of this research was to identify proteins that are upregulated by bacteria stressed by 

exposure to antibacterial treatment. This protein could then potentially be used to develop an 

AST reporter assay.  

Specific objectives were to:- 

• Examine levels of clpP, srtA, mazF and recA gene by carrying out quantitative reverse 

transcription polymerase chain reaction (qRT-PCR) 

• Examine levels of ClpP, SrtA, MazF and RecA proteins using proteomics method and 

functional assays.  

Specifically, these assays were performed to investigate the expression of genes and proteins 

in susceptible and resistant gram-negative and gram-positive bacteria post exposure to the β-

lactam antibacterials, cefotaxime and cefoxitin.  
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2.3 Materials and methods 

2.3.1 Materials 

Cation-adjusted Mueller Hinton (CAMH) broth and casamino acid were purchased from BD 

Bioscience, USA. TE buffer (pH 8.0), Luria-Bertani broth (LB), LB agar and Muller Hinton agar 

were purchased from ThermoFisher Scientific, USA. Nucleospin RNA Mini kits were supplied by 

Machery-Nagel, Germany. KAPA SYBR FAST 2X qPCR Master Mix, KAPA dNTP Mix and N-Suc-LY-

MCA peptide were obtained from Sigma Aldrich, USA. All forward and reverse primers including 

random hexamer and oligonucleotides of the sequence 5′-AAGTCrGACATCAG-3′ labelled with 

6-carboxyfluorescein (6-FAM) on its 5′ end and with Black Hole Quencher-1 (BHQ1) on its 3′ end 

were designed and obtained from IDT Technology, USA. Purified recombinant ClpP and MazF 

were both purchased from MyBiosource, USA. Purified RecA and Protoscript II Reverse 

Transcriptase were purchased from New England Biolabs, USA. Sensolyte 520 Sortase A Activity 

assay kit and S. aureus recombinant Sortase A were both purchased from Anaspec, USA. 

Cefoxitin sodium (Actavis, USA) and cefotaxime sodium (Hospira, Australia) were purchased 

from the Southern District Health Board Pharmacy, New Zealand. ApoStat Intracellular Caspase 

Detection (FITC-VAD-FMK) was purchased from R&D Systems, USA and Recombinant RNasin® 

RNase Inhibitor was from Promega, USA. Flat-bottomed 96-well black plate was obtained from 

ThermoFisher Scientific, USA.  

 

2.3.2 Bacterial strains 

E. coli HB101 was supplied by the Ireton Laboratory and ESBL was supplied by the Ussher 

Laboratory, both from the Department of Microbiology and Immunology, University of Otago, 

New Zealand. E. coli DH10B strains, S. aureus BB255 and S. aureus RA120 were gifted by 

Professor Gregory Cook 222-223, Department of Microbiology and Immunology, University of 

Otago, New Zealand.  

 

2.3.3 Determination of bacterial concentration (CFU/mL) and optical density  

Bacteria were grown overnight in 10 mL LB (Appendix Table 1) at 37 C, with shaking at 200 

rpm. Overnight cultures were adjusted to OD625 ranging from 0.08-0.13, equivalent to a 0.5 

McFarland standard. Serial dilution up to 10-5 were performed in 1.7 mL Eppendorf tubes using 

phosphate buffered saline (PBS). 10 µL of each dilution was plated on LB agar plates in triplicate. 
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Plates were incubated overnight at 37 C. Colony counts were performed and the mean CFU/mL 

for each bacterial strain was calculated. 

 

2.3.4 Determination of minimum inhibitory concentration (MIC) and 

minimum bactericidal concentration (MBC) 

Each strain was grown overnight in LB at 37 C with continuous shaking at 200 rpm. 1.5 mL of 

overnight bacterial cultures were pipetted into 10 mL of fresh LB. The newly transferred cultures 

were further incubated for 2 hr under the same conditions before absorbance measurement at 

625 nm. Culture volume was adjusted accordingly to achieve the desired inoculum density (106 

CFU/mL) based on results obtained in Section 2.3.3.  

In a 96 well plate, 10 µL of bacteria culture (final concentration of 5x105 cells) was added to 

each well containing serially diluted antibacterials and the final reaction volume was made up 

to 100 µL with CAMH broth (Appendix Table 2). E. coli strains were treated with cefotaxime 

sodium while S. aureus strains were treated with cefoxitin sodium. The highest antibacterial 

concentration used to treat susceptible strains was 512 µg/mL and 8.2 mg/mL for resistant 

strains, with the lowest concentration used at 0.0625 µg/mL. The plates were covered with tin 

foil and incubated overnight at 37 C, 200 rpm shaking. The following day, the growth of bacteria 

was observed for each well and absorbance of each well was measured using a ThermoFisher 

Scientific Varioskan Flash plate reader at 625 nm. 

Determination of MBCs followed with the plates centrifuged at 2270 g for approximately 10 

min in a Heraeus Multifuge X1R (ThermoFisher Scentific, USA). The cells were then washed 

three times with PBS and pellets were resuspended in 100 µL PBS. 10 µL of each suspension was 

plated onto MH agar plate in duplicate. Plates were incubated at 37 °C overnight and the 

presence or absence of growth was recorded the following day.  

 

2.3.5 Analysis of gene transcription 

2.3.5.1 Bacteria culture preparation 

Bacteria were grown overnight for approximately 18 h in 10 mL LB at 37 °C with continuous 

shaking at 200 rpm. The following day, 1.5 mL of the overnight culture was pipetted into 10 mL 

fresh LB and further incubated to log phase for 2 h. The OD625 nm was measured and adjusted 

to obtain a bacterial suspension at 5.0 x 106 CFU/mL. In a final volume of 10 mL CAMH broth, 
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bacterial suspensions with a final concentration of 5.0 x 105 CFU/mL were treated with 

antibacterials for 5 min, 10 min, 15 min, 20 min, 30 min, 45 min and 1 hr. E. coli were exposed 

to 0.125 µg/mL cefotaxime and S. aureus were exposed to 2 µg/mL of cefoxitin. Treated samples 

were kept on ice before RNA extraction. Controls used for this experiment included bacteria in 

the absence of antibacterials incubated for 1 hr under the same conditions.  

 

2.3.5.2 Killing assays of susceptible bacterial strains at different timepoints 

Overnight cultures were transferred to LB broth and incubated for another 2 h to achieve log 

phase. To a final concentration of 5105 CFU/mL E. coli HB101, 0.125 µg/mL of cefotaxime was 

added. This was then incubated at 37 C for 5, 10, 15, 20, 30, 45, or 60 min. Post incubation, 

samples were 10-fold serially diluted with PBS and plated onto LB agar plates. The same dilution 

was performed for untreated control at 0 h and 1 h. The same protocol was followed for the S. 

aureus BB255 strain treated with cefoxitin.  

2.3.5.3 RNA extraction 

RNA extraction was performed on bacterial samples treated at different timepoints using 

Machery Nagel Nucleospin RNA kits (Machery Nagel, Germany) as per the manufacturer’s 

protocols provided. Briefly, samples were transferred to 15 mL tubes (Corning, USA) and 

centrifuged at 2270 g for 10 min. The bacterial cell pellet was resuspended in 100 µL RNAse- 

free TE buffer (Invitrogen, USA) containing lysosyme (2 mg/mL for S. aureus and 1 mg/mL for E. 

coli), and subjected to vigorous vortexing to homogenise the sample. The samples were 

incubated at 37 C for 10 min. The cells were then lysed by adding lysis buffer supplemented 

with β-mercapthoethanol as per the protocol. The solution was then added to NucleoSpin filters 

and centrifuged at 11, 000 g in a ScanSpeed 1730R (Labogene, Denmark) for 1 min. The 

homogenised lysate was mixed with 70% ethanol, transferred to NucleoSpin RNA columns and 

centrifuged for 30 s at 11, 000 g. For desalting, 350 µL of membrane desalting buffer was 

added and the columns centrifuged at 11, 000 g for 1 min. DNase was then added to the 

membrane of the column and incubated for 15 min at room temperature. The silica membrane 

was then washed three times using the washing buffers provided and spun at 11, 000 g for 30 

s. To ensure that the membrane was completely dry, the column was centrifuged for 2 min after 

washing. The RNA was eluted from the membrane in 60 µL of RNase-free water and centrifuged 

again for 1 min. The collected samples were then stored at -80 C prior to reverse transcription 

and quantitative polymerase chain reaction (qPCR) analysis.  
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2.3.5.4 cDNA synthesis and qRT- PCR 

The concentration of RNA was determined using a Nanodrop One (ThermoFisher Scentific, 

USA). 1 µL of the extracted RNA was placed on the pedestal where the concentration, A230/260 

and A260/280 values were recorded. MasterMix solution consisting of the reagents shown in Table 

2.1 was prepared for cDNA synthesis.  

Table 2.1 MasterMix solution for cDNA synthesis.  

Reagents  Volume required (µL) 

60 µM Random hexamer 2 

5X Protoscript II buffer 4 

0.1 M DTT 2 

Protoscript II RT (200 U/µL) 1 

10 mM dNTP 1 

RNase inhibitor (40 U/µL) 0.2 

 

10.2 µL of the MasterMix was pipetted into each sterile 200 µL tube (Axygen, USA). A final 

concentration of RNA at 1 ng/µL, measured using Nanodrop One was added into each tube and 

diethyl pyrocarbonate (DEPC, Invitrogen, USA) water added to make up to a final volume of 20 

µL. Samples were then incubated in a ProFlex™ 3 x 32-well PCR System (Applied Biosystem, 

USA) at 25 C for 5 min, followed by 42 C for 1 h and lastly 65 C for 20 min. Samples were 

stored at -20 C prior to qRT-PCR analysis. 

A KAPA SyBr Green kit was used for qRT-PCR. To each tube, a MasterMix consisting of the 

reagents shown in Table 2.2 was added. Forward and reverse primers of both E. coli and S. 

aureus used are shown in Table 2.3. Primers were designed by Rachel Hannaway, Department 

of Microbiology and Immunology, University of Otago, based on Uniprot and NCBI primer blast.  

Table 2.2 MasterMix solution for qRT-PCR . The sequence of primers are shown in Table 2.3. 

Reagents  Volume required (µL) 

2X KAPA SYBR FAST mix  10 

10 µM Forward primer 0.4 

10 µM Reverse primer 0.4 

ROX (Low) 0.4 

DEPC water 4.8 
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Table 2.3 Sequences of forward and reverse primers for qRT-PCR assays. 

Primers Forward Sequence Reverse Sequence 

ClpP E. coli 
(P0A6G7) 

5’-ACTGCCGGGATGTCTATCTA-3 5’-GCTCGGTATCACGTTCAATCT-3’ 

ClpP S. aureus 
(Q2G036) 

5’-GCGCAAGACTCAGAGAAAGA-3’ 5’-TCCTTGAGCACCACCTAA TG-3’ 

RecA E. coli 
(P0A7G6) 

5’-GGCTGAATTCCAGATCCTCTAC-3’ 5’-CTTTACCCTGACCGATCTTCTC-3’ 

RecA S. aureus 
(P68845) 

5’-CGGTAAAGGTGCCGTAATGA-3’ 5’-CACCTACACCTAGCGCATTATC-3’ 

MazF E. coli 
(P0AE70) 

5’-CTGTTGTCCTGAGTCCTTTCA-3’ 5’-CACGTTCCTGACCGGATAAA-3’ 

MazF S. aureus 
(Q7A4G9) 

5’-CAGTACAGGGATCTGAACAAGG-
3’ 

5’-GCCGCAACAATAACTGTAGGA-3’ 

SrtA S. aureus 
(Q9S446) 

5’-GTATGCTGGCCAAGGTCTAAA-3’ 5’-ACAACGTAAGCATGAGCCTATC-3’ 

 

The previously prepared cDNA samples were diluted 10-fold in DEPC water and 4 µL of diluted 

cDNA was added into each tube containing the qPCR MasterMix. For the no template control 

(NTC), DEPC water was added instead of cDNA. The same protocols were followed for all genes 

(clpP, mazF, recA and srtA).  

qRT-PCR was performed over 40 cycles using a QuantStudio 6 (Applied Biosystem, USA) with 

the following conditions:- enzyme activation at 95 C for 3 min, followed by 40 cycles of 

denaturation at 95 C for 3 s annealing at 58 C for 20 s. The cycle threshold (CT) of each sample 

at different timepoints were automatically determined by the software (QuantStudio TM Real-

Time PCR Software v1.3) and normalised against the untreated 1 h sample. The change in CT 

was presented as (1/normalised data).  

 

2.3.6 Analysis of Protein 

2.3.6.1 Proteomic Analysis 

2.3.6.1.1 Sample Preparation 

E. coli HB101 and ESBL were grown overnight at 37 C in M9 minimal media made up of 5X M9 

minimal salt (Appendix Table 3) supplemented with different ingredients (Table 2.4).  
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Table 2.4 Minimal media for growth of bacterial culture. 

5X M9 minimal salt 100 mL 
Glucose  0.4% (w/v) 
MgSO4 2 mM 
CaCl2 0.1 mM 
Casamino acid 1% (w/v) 

 

Overnight cultures were transferred into 10 mL of fresh minimal media and incubated for 

another 2 h. Cell density was adjusted to 106 CFU/mL before the addition of cefotaxime 0.125 

µg/mL to susceptible and resistant E. coli for 1 h and control cultures were left untreated. Post 

incubation, samples were transferred into 1.7 mL tubes and centrifuged at 20 000 g for 5 min 

at 4 C. The supernatant of each sample was carefully pipetted into a new 1.7 mL tube and 

stored at -80 C. This assay was repeated with 10-fold increase in cefotaxime concentration 

against HB101 and ESBL. 

For S. aureus BB255 and RA120 assays, the bacterial cultures were all prepared in CAMH media. 

Cefoxitin was used to treat these cultures at two different concentrations:- 2 µg/mL (MIC of the 

susceptible strain) and 20 µg/mL (10X MIC of the susceptible strain).  

Killing assays were done based on the method in Section 2.3.5.1 with 107 CFU/mL bacteria and 

10X MIC.  

 

2.3.6.1.2 Protein concentration and digestion 

These protocols were performed in conjunction with Dr Torsten Kleffmann from the Centre for 

Protein Research, University of Otago, using samples optimised and concentrated by Ms Ooi. 

The collected supernatant from each sample was subjected to a protein concentration 

procedure. 80 µL of protease inhibitor was added to 4 mL of sample and concentrated using a 

Amicon Ultra 0.5 mL centrifugal filter, MWCO =10 kDa (Merck, USA) at a speed of 13, 700 g, 

20 C for approximately 15 min. 300 µL of 100 mM tetraethylammonium tetrahydroborate, 

(TEAB, Sigma Aldrich, USA) was added, samples were centrifuged under the same conditions 

and filtration was repeated twice more with 400 µL TEAB. 10 µL of 10% sodium deoxycholate 

(DOC, Sigma Aldrich, USA) was added to 20 µL of concentrated filtrate before incubation at 

room temperature for 10 min. This was followed by the addition of 5 µL (tris(2-

carboxyethyl)phosphine) (TCEP) at 0.05 mM and 50 µL of 500 µM iodoacetamide to the samples 

which were left to incubate for another 5 min. 900 µL of 50 mM TEAB was added and samples 

were centrifuged three times. Finally 80 µL of TEAB was added to the filtrate prior to protein 
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concentration determination with a Bradford assay. To perform the Bradford assay, 2 µL of each 

sample was diluted to 800 µL with purified water in a 1.7 mL tube. 200 µL of Bradford reagent 

(ThermoFisher Scientific, USA) was then added and the absorbance was measured at 

wavelength 595 nm. 

100 µL of filtrate containing 0.5% DOC was vortexed and spun for 3 s. 5 µL of 0.33 µg/mL trypsin 

(ThermoFisher Scientific, USA) was added to each sample and was incubated overnight at 37 

C. This step was repeated the next day with the addition of another 5 µL of 0.33 µg/mL trypsin 

and incubated overnight again. After incubation, the filtrate was collected into a new tube and 

the filter membrane was washed with 50 µL Solution B (0.2% DOC in 20% ACN in purified water). 

To precipitate DOC out, 50 µL of 2% formic acid (FA) was added and mixed vigorously. The tubes 

were then centrifuged at 14, 000 g, 20 C for approximately 15 min to pellet DOC. The 

supernatant was carefully transferred into a new tube and this was repeated for further removal 

of remaining DOC in the samples. For LCMS/MS analysis, 4 µL of prepared sample was diluted 

to a total volume of 20 µL Solution A (5% ACN in 0.1% FA). 

 

2.3.6.1.3 Liquid Chromatography and Mass Spectrometry 

These studies were performed by Dr Torsten Kleffmann from the Centre for Protein Research, 

University of Otago. 

An Exigent 410 nano-flow uHPLC coupled with Triple TOF 5600+ system (AB Sciex, USA) was used 

to perform qualitative analysis of the protein samples. 5 µL of the sample was run through a 

Luna 3 µM C18-column (Phenomenex, USA), at a flow rate of 400 nL/min. The mobile phase 

consisted of 97% A (0.1% formic acid in purified water v/v) and 3% B (0.1% formic acid, 90% 

acetonitrile in purified water) before increasing to 22% B over 30 min. After 30 min, B was 

further increased to 38% in 8 min followed by 98% B over 5 min. The column was flushed before 

returning to starting conditions. The total time of each analysis was 45 min. Global protein 

identification using data dependent acquisition (DDA) mode was employed. Targeted analysis 

by parallel reaction monitoring (PRM) was performed with up to 12 precursor masses selected 

to be monitored over the entire gradient. PRM runs were analysed using the Skyline software 

(AB Sciex, USA) and DDA analyses were analysed using the ProteinPilot software (AB Sciex, USA).  
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2.3.6.2 Functional analysis 

Bacteria (E. coli or S. aureus) were grown overnight in LB at 37 C with continuous shaking at 

200 rpm. The next day, overnight cultures were transferred into fresh LB and incubated again 

to achieve log phase. Bacteria cultures were adjusted in CAMH at a final concentration of 

approximately 106-107 CFU/mL and treated with antibacterials for 1 h and 4 h at 37 C with 

shaking at 200 rpm. These cultures were treated with either cefotaxime or cefoxitin at 1 (1X) 

and 10 times (10X) the MIC.  

 

2.3.6.2.1 ClpP  

Assay Optimisation 

In a total volume of 50 µL, different amounts of fluorogenic peptide, N-Suc -LY-MCA (0.7-41 µg) 

or different amounts of purified ClpP (0.2-1.25 µg) 163 were prepared in a buffer of 50 mM Tris-

Cl, pH 7.4, and 1 mM DTT. The concentrations of both compounds needed for peptide cleavage 

to occur were optimised and the fluorescence was measured with different excitation and 

emission wavelengths using Varioskan LUX (ThermoFisher Scientific, USA). The wavelengths 

with the lowest media-only background signal were selected and the assay was monitored for 

1 h. Controls prepared for this assay included assay buffer only, and ClpP or peptide substrate 

alone.  

Biological assay 

1 h or 4 h post treatment with antibacterial, bacteria cultures (106 to 107 CFU/mL) were 

transferred directly into wells of black 96- well plate containing 85 µg/mL of peptide substrate. 

Controls were prepared with bacteria cultures with no peptide added. The fluorescence signal 

from each well was monitored for 1 h at 37 C using a Varioskan Lux, ThermoFisher Scientific, 

USA.  

 

2.3.6.2.2 RecA  

FITC-conjugated peptide pan-caspase inhibitor Z-VAD-FMK (Apostat) 

Different growth media and conditions were tested to minimise background noise overlapping 

with the gating of bacteria. 

The FITC-conjugated peptide pan-caspase inhibitor Z-VAD-FMK (Apostat) assay was conducted 

as per the manufacturer’s protocol. Cefotaxime (0.125 µg/mL) was added to 1 mL of E. coli 
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HB101 culture and incubated for 1 h and 4 h. Apostat at a final concentration of 0.5 µg/mL was 

then added and samples were incubated in the dark for 30 min at 37 C with continuous shaking 

at 300 rpm. After incubation, the samples were transferred to 1.7 mL centrifuge tubes (Axygen, 

USA) and spun down at 8000 rpm for 5 min at 4 C. Cells were washed with 1 mL PBS buffer and 

centrifuged again. The supernatant was discarded and samples were resuspended in 500 µL of 

2 % paraformaldehyde at 4 C for 20 min. The samples were centrifuged and washed twice with 

PBS buffer and finally resuspended in 1 mL PBS. Samples were finally stored at 4 C prior to flow 

cytometry analysis on the FACSCanto II (BD Biosciences, USA). Untreated samples and samples 

without Apostat addition were also prepared the same way and controls prepared included: - i) 

LB medium only, ii) LB medium and Apostat and iii) bacteria only. The same method was 

repeated for other strains include E. coli ESBL, S. aureus BB255 and RA120. The assay was also 

repeated with 10-fold increase in antibacterial concentration and samples were assayed by flow 

cytometry. Data were analysed using FlowJo V10 software (Tree Star, Inc, USA) and bacteria 

cells were gated based on forward scatter (size) and side scatter (granularity) and FITC+ 

populations were determined.  

 

2.3.6.2.3 MazF  

Assay Optimisation 

In a total volume of 50 µL, different amount of fluorogenic oligonucleotide, 5′-/56-

FAM/AAGTCrGACATCAG/3BHQ1/-3′ (0.5-5 µM) and purified MazF (0.1-22 µM) were prepared 

in a buffer of 50 mM Tris-Cl, pH 8.0, 300 mM NaCl and 250 mM imidazole. The fluorescence was 

measured with an excitation wavelength of 485 nm and emission wavelength of 530 nm using 

a Varioskan LUX (ThermoFisher Scientific, USA). The fluorescence of quenched oligonucleotide 

was monitored for 1 h. Controls prepared for optimisation included assay buffer only, and MazF 

or oligonucleotide substrate alone. 

Biological Assay 

All bacteria cultures were treated for 1 h and 4 h with respective antibacterial according to their 

MIC values. After treatment, samples with and without antibacterial treatment were directly 

transferred into black 96-well plate wells containing 0.5 µM oligonucleotide (5′-/56-

FAM/AAGTCrGACATCAG/3BHQ1/-3′). Controls for this experiment included: - i) growth medium 

and buffer, ii) growth medium and oligonucleotide substrate and iii) bacteria culture and buffer 

only. The fluorescence signal of the assay was measured using plate reader with similar settings 

as above.  
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2.3.6.2.4 SrtA 

Calibration and Optimisation 

To measure the level of SrtA protein in treated bacterial samples, a commercially available 

Sensolyte 520 Sortase A assay kit (ANASPEC, USA) was utilised as per the manufacturer’s 

instructions. Fluorescence standard solutions ranging from 0.06 µM to 4 µM were prepared in 

1 assay buffer. Into 50 µL per well of these serially diluted reference solutions, 50 µL of 4 µM 

sortase substrate solution was added before incubation in the dark at 25 C for 1 h or 37 C for 

2 h. Fluorescence was measured at Excitation/Emission=490 nm/520 nm. 

Biological Samples 

To measure sortase A activity in bacterial samples, 106 to 107 cells with or without antibacterial 

treatment were transferred to wells containing 2 µM sortase substrate. Controls prepared 

included CAMH only, substrate in CAMH, and SrtA enzyme. Plates were incubated at 25 C or 

37 C for 1 or 2 h after shaking for 30 s.  

 

2.3.7 Statistical Analysis 

Graphing and data analysis were carried out using Microsoft Excel 2010, GraphPad Prism 7, and 

FlowJo V10 software. All experiments were conducted in triplicate and error bars in all figures 

represent standard deviation from the mean (SD). Statistical comparisons between the groups 

were carried out using two-way (ANOVA) followed by Sidak’s or Tukey’s multiple comparison 

post hoc test to determine statistical significance. Statistical significance are indicated as: *, p ≤ 

0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001. 
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2.4 Results and Discussion 

2.4.1 Density of cell population 

Six different bacterial strains were used in this research. S. aureus and E. coli strains were chosen 

as they are common causes of infections. Isogenic strains that were either susceptible or 

resistant to β-lactams (mecA+ S. aureus, blaCTX-M-15
+ E. coli) were used (Table 2.5).  

The mean calculated CFU/mL for all bacteria strains incubated overnight were determined 

through colony counting after measuring the optical density at 625 nm. These values allow for 

standardisation of cell densities of each strain used in all experiments in this project. ODs at 625 

nm and their corresponding calculated CFU/mL are shown in Table 2.5.  

Table 2.5 Colony forming unit per millilitre of each bacterial strain corresponding to optical 
density measured at 625 nm after overnight incubation (n=3). 

Bacterial strains 

 
Susceptibility to β-lactams 

(resistance mechanism) OD625 

 
 

CFU/mL 

E. coli HB101 Susceptible 0.096 6.5 ± 1.5 107 
E. coli ESBL Resistant (blaCTX-M-15

+) 0.093 6.6 ± 2.4 107 

S. aureus BB255 Susceptible 0.092 4.8 ± 2.2 107 

S. aureus RA120 Resistant (mecA) 0.098 5.0 ± 0.9 107 

E. coli DH10B Susceptible 0.092 5.9 ± 2.0 107 

E. coli DH10B BH4 Resistant (blaCTX-M-15
+) 0.092 6.8 ± 3.0 107 

 

2.4.2 Evaluation of antibacterial susceptibility patterns of bacterial strains  

To assess the antibacterial susceptibility of bacterial strains, two antibacterials were used. -

lactams are commonly used to treat both gram-positive and gram-negative infections. -

lactams work by targeting the cross-linking of peptidoglycan in the cell wall by penicillin binding 

proteins (PBPs). Cefoxitin was used to treat S. aureus strains due to its efficacy against gram-

positive bacteria and to detect the presence of the mecA resistant gene while cefotaxime was 

used for E. coli studies for the detection of ESBLs (blaCTX-M-15
+) (based on CLSI standards). 

The resistant strains of E. coli ESBL and DH10B BH4 showed higher MIC values of 64 µg/mL and 

512 µg/mL for cefotaxime respectively (Table 2.6), while the MIC was lower for all susceptible 

strains (ranging from 0.125-0.25 µg/mL). All strains exhibited MBCs similar to their MICs. This 

shows that the same concentration of cefotaxime is able to inhibit the growth and also kill the 

bacteria.  
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Table 2.6 Cefotaxime MIC and MBC of E. coli strains.  

Bacterial strains 
Cefotaxime sodium 

MIC (µg/mL) MBC (µg/mL) 

HB101 0.125 0.125 
ESBL  64 64 
DH10B  0.125 0.125 
DH10B BH4  512 512 

 

Results for S. aureus assays are shown in Table 2.7. As expected, the susceptible strain BB255 

had a lower MIC at 2-4 µg/mL compared to the resistant strain RA120. The same trend was also 

observed for the minimum bactericidal concentration. The MBC of cefoxitin for resistant RA120 

was 2-fold higher than its MIC value. This was expected as a higher concentration of drug is 

required to kill resistant bacteria compared to susceptible bacteria.  

Table 2.7 Cefoxitin MIC and MBC of S. aureus strains. 

Bacteria strains 
Cefoxitin sodium 

MIC (µg/mL) MBC (µg/mL) 

BB255 2 2 
RA120 64 128 

 

2.4.3 Regulation of proteins in bacteria after antibacterial exposure 

2.4.3.1 qRT-PCR analysis of bacterial cultures treated with antibacterial at different 

timepoints 

To determine the regulation of clpP, recA, mazF and srtA in bacteria after antibacterial 

exposure, qRT-PCR was performed using a standardised amount of template RNA (0.04 ng) 

extracted from each sample. This analysis allows for the relative quantification of expression of 

genes of interest by comparing the change in cycle threshold (CT) at different timepoints. The 

CT is defined as the number of cycles required for the fluorescent signal to cross the background 

threshold and is therefore, inversely proportional to the amount of target nucleic acid in the 

sample. 

Results from qRT-PCR were analysed by normalising the cycle threshold (CT) obtained at 

different timepoints to the CT at 1 h without antibacterial treatment. First, gene expression after 

treatment with cefoxitin at 2 µg/mL (MIC for strain BB255) and the comparison between S. 

aureus susceptible BB255 and resistant RA120 strains was assessed (Figure 2.9). There was an 

overall significant increase in ClpP expression observed in the susceptible BB255 strain after 

incubation with cefoxitin while the resistant RA120 strain did not show an increase in ClpP 

expression up to 30 min of antibacterial treatment. The same trend was also observed for the 
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other genes. RecA was upregulated significantly in the susceptible BB255 strain throughout the 

incubation period compared to the resistant RA120 strain. MazF and srtA were both expressed 

at higher levels in the susceptible S. aureus strain and this trend was observed until 45 min into 

treatment. These results provide insight into the relationship between the treatment period 

and its effect on gene expression with suggestion that a marked difference in gene expression 

between resistant and susceptible strains was observed at the beginning of antibacterial 

treatment but after prolonged exposure, both resistant and susceptible bacteria upregulate the 

expression of some of the stress molecules.  

 
Figure 2.9 The change in expression of four different genes; clpP, recA, mazF and srtA in S. 
aureus BB255 (S) and RA120 (R) after cefoxitin (2 µg/mL) treatment at various timepoints (0, 

5, 10, 15, 20, 30, 45 and 60 min) at 37 C. Change in 1/CT was based on the normalisation to 1 
h untreated control. Data was analysed using two-way ANOVA, followed by Sidak’s multiple 
comparison post hoc test (n=3, SD ± mean, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

In contrast, in E. coli strains, both susceptible and resistant strains treated with cefotaxime at 

0.125 µg/mL (MIC for strain HB101) demonstrated no noticeable increase in expression of the 

selected stress genes after treatment with cefotaxime. MazF was only detected in the 
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susceptible strain and did not show upregulation (Figure 2.10). As srtA is not found in gram-

negative bacteria, the regulation of this gene was only performed on S. aureus strains.  

 
Figure 2.10 The expression of clpP, recA and mazF genes in E. coli HB101 and ESBL strains after 
exposure to cefotaxime at 0.125 µg/mL at various timepoints (0, 5, 10, 15, 20, 30, 45 and 60 

min) at 37 C. Change in 1/CT was based on the normalisation to 1 h untreated control (n=3, 
mean ±SD). 

These assays were repeated again with E. coli strains DH10B (susceptible) and DH10B BH4 

(resistant) to determine if the same trend was observed. Results showed no observable 

difference in cycle threshold throughout treatment time (Figure 2.11).  
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Figure 2.11 The expression of clpP, recA and mazF genes in E. coli DH10B resistant and 
susceptible strains after exposure to cefotaxime at 0.125 µg/mL at various timepoints (0, 5, 

10, 15, 20, 30, 45 and 60 min) at 37 C. Change in 1/CT was based on the normalisation to 1 h 
untreated control (n=3, mean ±SD). 

It is unclear why there was no differential expression of genes in all E. coli strains. The PCR 

protocol was based on the manufacturer’s protocol and the primers were designed specifically 

for the genes in E. coli, with no primer dimers observed. It may be that changes are only 

observed at protein level and not at the gene expression level. Finally, the method for analysis 

could be responsible. Generally, the changes in gene expression are compared to levels of a 

housekeeping gene but this was not possible here because it was a challenge to identify a gene 

that was not regulated by bacteria under specific conditions. Therefore, the data was 

normalised to levels of gene expression in bacteria not treated with antibacterial. There may 

also be a possibility that the E. coli cultures were already upregulating the expressions of these 

genes which would have made the effect of antibacterials exposure not being able to be 

determined. 

In conclusion, only S. aureus strains showed the upregulation of the selected stress genes post 

antibacterial treatment. Due to problems studying the level of gene expressions in E. coli, 
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protein assays using commercially available kits and other strategies were employed to study 

the expression at protein levels.  

 

2.4.3.2 Killing assays of E. coli HB101 and S. aureus BB255 at different timepoints 

Killing assays were performed with susceptible strains of E. coli and S. aureus to confirm the 

efficacy of antibacterial treatment at specific timepoints and to correlate between the 

previously obtained qRT-PCR results and the inhibition of bacterial growth.  

The number of CFUs were determined at each timepoint and compared with untreated samples 

after 1 h incubation. Figure 2.12 shows that for both strains, there was a modest but significant 

reduction in colony count after 1 h of treatment, with a further reduction at 3 h incubation. 

These results confirmed that both E.coli and S. aureus were being killed by the antibacterials 

even though there were no detectable changes in the expression of the selected genes in E. coli 

HB101 when quantified by qRT-PCR (Figure 2.12). 

 
Figure 2.12 Killing of E. coli HB101 and S. aureus BB255 by cefotaxime (0.125 µg/mL) and 
cefoxitin (2 µg/mL) respectively. Data shows the colony forming unit per millilitre of bacteria 
cultures at each timepoint of antibacterial treatment. Data was analysed using one-way 
ANOVA, followed by Dunnett’s multiple comparison post hoc test (n=3, SD ± mean, *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001). 

Further tests were performed to investigate protein expression in bacteria treated with 

antibacterial.  
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2.4.3.3 Identification of proteins from bacterial samples by proteomic analysis 

2.4.3.3.1 Growth of bacterial culture in minimal media 

Minimal media was used to culture bacteria overnight to reduce interference from proteins 

present in rich growth media. 1 % (w/v) of casamino acid (as a sole protein source) was added 

to minimal media and the growth of strains observed after overnight incubation. It was found 

that this recipe was sufficient to grow E. coli bacteria for proteomic analysis. In order to support 

the growth of S. aureus strains, more elements were supplemented according to studies 

reported by Washburn et al. 224. M9 minimal media was further supplemented with arginine, 

cysteine, glutamate, glycine, leucine, methionine, proline, and thiamine. However, overnight 

incubation showed reduced growth of bacteria when compared to growth in CAMH media. S. 

aureus BB255 showed normal growth with the addition of L-tryptophan while for the resistant 

S. aureus RA120 strain, yeast extract promoted normal growth (Table 2.8). Since different 

additions to the minimal media were required to achieve normal growth of each S. aureus 

strain, CAMH was used to perform the proteomic analysis of S. aureus strains.  

Table 2.8 Table shows the compositions necessary to support normal growth of each bacteria 
strain in M9 minimal media. 

Composition (w/v) 
 

E. coli S. aureus 

HB101 ESBL BB255 RA120 

Casamino acid ✓ ✓ ✓ ✓ 

Glucose ✓ ✓ ✓ ✓ 

Niacin    ✓ ✓ 

Thiamine HCl   ✓ ✓ 

L-tryptophan   ✓ ✓ 

Yeast    ✓ 

 
 

2.4.3.3.2 Bacterial growth after antibacterial exposure at different concentrations 

As the original MIC was predominantly used to inhibit growth of 106 cells, it was anticipated 

that more antibacterial would be required to kill the 107 cells. To achieve adequate protein 

concentrations for downstream analyses, increased numbers of bacteria were required per 

sample. Therefore, to assess whether treatment at the MIC was sufficient to also inhibit 

bacterial growth with a higher inoculum, bacterial cultures at 107 CFU/mL were treated at the 

original MIC and a 10-fold increase in concentration and bacterial growth compared against a 1 

h UT sample.  
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Figure 2.13 Killing of E. coli HB101 and S. aureus BB255 by original 1X MIC cefotaxime (0.125 
µg/mL) and cefoxitin (2 µg/mL) respectively or at 10X MIC. Data shows the colony forming 
unit per millilitre of bacteria cultures after antibacterial exposure (treated, T and untreated, 
UT). Data was analysed using one-way ANOVA, followed by Dunnett’s multiple comparison 
post hoc test (n=3, SD ± mean, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

With E. coli HB101, both 1X MIC and 10X MIC of cefotaxime resulted in inhibition of growth and 

killing of cells with a significant difference in CFU/mL. With S. aureus BB255, only the 10X MIC 

of cefoxitin significantly inhibited the growth of bacteria (Figure 2.13). This could be explained 

by the killing effect of β-lactams (time-dependent antibacterials) which is relatively slow and 

exhibit an inoculum effect. At a lower bacterial density, a lower concentration of antibacterial 

agent is required to inhibit growth. The minimal concentration of drugs required to inhibit 

growth decreases progressively with time as bacterial counts fall during exposure. The 

difference in inhibitory effect of the two different β-lactams may be due to the susceptibility 

difference of bacteria to the tested antibacterials 225.  

 

2.4.3.3.3 LCMS/MS identification of target proteins in bacterial supernatant 

The first approach to proteomics was performed on cefotaxime (0.125 µg/mL) treated E. coli 

HB101 strain using LC-Orbitrap MS and un-targeted analysis. Preliminary results showed the 

presence of ClpP in the supernatant of the antibacterial-treated sample compared to the media 

control. The experiment was repeated with E. coli HB101 (S) and ESBL (R) strains subjected to 

both original (0.125 µg/mL) and a 10-fold increase in cefotaxime concentration (1.25 µg/mL) for 

1 h. Results were first interpreted using volcano plots to identify proteins with significant 

changes in HB101 treated (1X MIC and 10X MIC) samples compared to ESBL treated samples 
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with both 1X MIC and 10X MIC (Figure 2.14). Two different approaches were used to analyse 

the data obtained. Proteins that were more highly expressed in treated (10X MIC) susceptible 

HB101 strain were first identified. Next, data from 1X MIC and 10X MIC treated samples were 

compared to determine the identity and level of proteins expressed. 

 
Figure 2.14 Volcano plot showing the log10 fold change (x) versus the t-test p-value (y). For 
this analysis, a log fold change of > 0.3 and a p-value of <0.002 as significant were employed 
to identify proteins of interest (shown in red). WP codes for some of the proteins are shown. 
Data provided by Dr Torsten Kleffmann. 

Along with the many other proteins that were identified, RecA was found to be more highly 

expressed in antibacterial-treated HB101 (S) samples compared to resistant ESBL (R) samples 

(Table 2.9). In the HB101 sample treated with 1.25 µg/mL cefotaxime (10X MIC), 5 proteins 

appeared to be upregulated compared to the 1X MIC sample (Table 2.10).  

Table 2.9 Proteins which are expressed higher in E. coli samples treated with cefotaxime at 1-
fold or 10-fold (10X) MIC, and with log10 fold greater than 0.3. 

Group t-value log10 fold change 

Long-chain fatty acid transporter  35.026 1.196 

Bifunctional Ribulose 5-phosphate reductase  5.832 1.074 

Adenine permease  12.541 1.026 

Thiamine-binding periplasmic protein  15.249 0.919 

NADH-quinone oxidoreductase subunit A  16.158 0.899 

Polysialic acid transporter KpsD 11.825 0.884 
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ybl129  5.317 0.829 

Glycerol dehydrogenase 6.049 0.783 

Soluble cytochrome b562  9.267 0.733 

Cell division protein ZipA homolog  14.237 0.720 

Zinc-dependent alcohol dehydrogenase  5.588 0.715 

Outer membrane receptor FepA 18.638 0.675 

Ribonucleotide monophosphatase NagD  12.176 0.667 

Transcriptional regulator  4.772 0.662 

Ketol-acid reductoisomerase  6.611 0.650 

RNA polymerase-associated protein RapA  12.373 0.607 

Cob(I)yrinic acid a,c-diamide adenosyltransferase 7.380 0.603 

Iron uptake system component EfeO  13.811 0.530 

Catalase/peroxidase HPI 5.402 0.513 

Phosphoenolpyruvate synthase  5.843 0.499 

GTP cyclohydrolase II  9.226 0.482 

Acrylyl-CoA reductase AcuI  4.652 0.474 
Glycine betaine/L-proline ABC transporter ATP-binding 
protein  5.217 0.471 

*DNA recombination/repair protein RecA  9.816 0.456 

Acetyl-CoA carboxylase carboxyltransferase subunit beta 5.150 0.448 

Glutamine transport ATP-binding protein GlnQ  13.209 0.448 

UDP-N-acetylmuramate--L-alanine ligase  6.021 0.433 

NAD(P)-dependent oxidoreductase  5.191 0.431 

NAD(P)(+) transhydrogenase 7.990 0.429 

Non-heme ferritin 11.475 0.378 

ABC-F family ATPase 9.468 0.377 

Asparagine synthetase B  11.721 0.362 

Lon protease  4.516 0.357 
tRNA preQ1(34) S-adenosylmethionine 
ribosyltransferase-isomerase QueA  10.320 0.354 

Molecular chaperone  5.983 0.346 

Xaa-Pro aminopeptidase 13.278 0.344 

30S ribosomal protein S14  5.549 0.331 

30S ribosomal protein S20  6.851 0.323 

Fructose 1,6-bisphosphatase  5.289 0.321 

 

Table 2.10 List of proteins found higher in the supernatant of susceptible E. coli sample 
treated with 10X MIC cefotaxime, analysed by untargeted DDA approach. 

Group  t-value log10 fold change 

Bifunctional Ribulose 5-phosphate reductase 5.509 0.767 

Non-canonical purine NTP pyrophosphatase, RdgB/HAM1  4.387 0.475 

ybl129 5.660 0.682 
Capsule polysaccharide export inner-membrane protein 
KpsE  9.002 0.652 

Diaminopimelate decarboxylase 5.661 0.745 
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For S. aureus strains, due to the growth of the bacteria in complete media and the higher 

background, a targeted approach was used to identify the proteins of interest. Protein 

identification and the peak intensities of proteins were compared between treated (10X MIC) 

and untreated samples and quantified by PRM. Results for all three target proteins are shown 

in Figure 2.15. All proteins of interest except for MazF were detected in treated and untreated 

susceptible and resistant strains. RecA was found to be upregulated in both BB255 (S) treated 

and untreated samples. When ClpP was examined, both susceptible and resistant strains 

showed higher expression following antibacterial treatment. Lastly, there were no discernible 

differences in SrtA expression between the two strains, treated and untreated.  

 
Figure 2.15 Parallel reaction monitoring (PRM) analysis of S. aureus samples. Figure shows the 
mean quantification of peptides of each protein in susceptible BB255 and resistant RA120 S. 
aureus with and without cefoxitin treatment (2 µg/mL), reflected by the peak intensities.  

Sequential Window Acquisition of All Theoretical Mass Spectra (SWATH-MS) was also 

performed on the same set of samples. SWATH is a data-independent acquisition (DIA) based 
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platform for concurrent protein identification and quantification. Results from Figure 2.16 

shows proteins upregulated in cefoxitin treated S. aureus BB255 sample compared to all 

samples; untreated BB255 and treated and untreated RA120, while Table 2.11 shows the 

identity of these proteins. This approach did not identify the RecA, ClpP and MazF, which were 

identified from the previous PRM analysis. Although SWATH-MS covers a wide range of m/z of 

precursor ions, it uses a shorter dwell time for each individual peptide. The PRM method, which 

focuses on a small number of predefined target proteins, possess higher sensitivity, specificity 

and reproducibility compared to DIA-based approaches 226.  

 

 
Figure 2.16 Untargeted profiling by SWATH-MS of S. aureus treated (T) and untreated (UT) 
with antibacterial for 1 h. ‘S’ denotes S. aureus BB255 (susceptible) and ‘R’ denotes S. aureus 
RA120 (resistant). Data provided by Dr Torsten Kleffmann. 

Table 2.11 Proteins identified to be expressed higher in treated BB255 sample compared to 
all others.  

Peak number Identity 

SAR1630 sodA superoxide dismutase  
SAR0594 pta putative phosphate acetyltransferase  
SAR0553 tuf translation elongation factor Tu  
SAR2311 rpsM 30S ribosomal protein S13  
SAR2213 SAR2213 putative tagatose-bisphosphate aldolase  
SAR0739 SAR0739 MarR family regulatory protein  

 

Results obtained suggest that the techniques used might not be suitable as data were 

inconsistent within different types of analyses. There were a number of possible explanations 

for this. Due to problems growing S. aureus strains in minimal media, they were grown in rich 
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CAMH, which made protein analysis more complicated, and while the samples were 

concentrated, the signals were still of weak intensity. The Centre for Protein Research had not 

previously done many analyses using prokaryotic samples and encountered difficulties with 

sample digestion and processing. Although MS-based identification in proteomic studies is 

developing, the inability to detect proteins at low concentration and the presence of small 

number of proteins in this dataset remain major limitations. Based on these results, expression 

of these genes at the protein level was further investigated using functional assays. 

 

2.4.3.4 Functional analyses 

2.4.3.4.1 ClpP peptidase activity 

In previous work done by Arribas et al. 163, the peptidase activity of ClpP and the release of the 

fluorochrome reporter was assayed at 25 C at excitation and emission wavelengths of 380 and 

460 nm respectively. To optimise the assay conditions, ClpP was serially diluted from a starting 

concentration of 4 µg/mL and was incubated with 20 µg/mL of the fluorogenic peptide 

substrate, N-Suc-LY-MCA. As demonstrated in Figure 2.17A, no peptidase activity was observed 

at any concentration tested. Therefore, another experiment was conducted with a range of 

peptide substrate concentrations, as shown in Figure 2.17B, and results demonstrated there 

were again no observable change in fluorescence signal compared to controls (ClpP only and 

buffer only). The same trend was observed when the assay was performed at 37 C. In these 

experiments, the peptide substrate was in suspension due to low solubility in assay buffer, 

which may have affected the results. Therefore, for subsequent experiments, peptide substrate 

stock was prepared in DMSO.  
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Figure 2.17 A. Different concentrations of ClpP was added to 20 µg/mL of fluorogenic peptide 
substrate and assayed at 37 °C for 1 h; B. Different concentrations of substrate were assayed 
with 4 µg/mL of ClpP. Both assays were repeated twice and monitored at Ex; 380 nm and Em; 
460 nm (n=2, mean ± SD). 

In order to determine if the lack of observed enzymatic activity was due to insufficient ClpP, the 

assay was re-run with a 6-fold increase in ClpP concentration (Figure 2.18A), however there was 

still no change in fluorescence signal. As there were concerns over the activity of the purchased 

enzyme, an experiment was performed using culture supernatant from E. coli treated for 1 h 

with cefotaxime, or left untreated. The supernatant was incubated with 20 µg/mL of peptide 

substrate. Controls prepared included bacteria without peptide substrate and MH media only 

(Figure 2.18B). Treated bacteria samples did not show changes in fluorescence signal. This again 

suggests the absence of peptidase activity.  

 
Figure 2.18 A. Higher concentration of ClpP was assayed with 20 µg/mL of fluorogenic peptide 

substrate at 25 C; B. E. coli HB101 culture, treated or untreated with cefotaxime at 0.125 
µg/mL concentration, was assayed with or without 20 µg/mL peptide substrate. Both assays 
were measured at Ex; 380 nm and Em; 460 nm (n=3, mean ± SD). 
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The CAMH control exhibited high fluorescence signal which required optimisation of the 

excitation and emission wavelengths in order to reduce the background noise. In the study 

conducted by Wong et al. 227, peptidase activity was measured at an excitation wavelength of 

360 nm and emission wavelength of 440 nm, while Woo et al. 228 showed peptidase activity with 

peptide substrate concentrations starting from 55 µg/mL, measured at excitation wavelength 

of 380 and emission wavelength at 440 nm. Different combinations of excitation and emission 

wavelengths were therefore investigated in order to reduce the background signal from growth 

media (Figure 2.19). At an excitation wavelength of 360 and emission wavelength of 385 nm, 

the signals from LB and CAMH media were minimal and at an excitation wavelength of 360 and 

emission wavelength of 440 nm, the signals recorded were the highest. The results from both 

media were compared to the uncleaved substrate control prepared at 825 µg/mL in assay 

buffer. Excitation/emission of 360/385 nm was selected due to the significant difference of 

fluorescence signals between peptide substrate and growth media which could potentially 

improve assay sensitivity. 

 
Figure 2.19 Different combinations of excitation and emission wavelengths were optimised. 
The fluorescence signals were observed and compared to the uncleaved peptide substrate 
prepared at 825 µg/mL in assay buffer. 

To test the peptidase activity, 16 µg/mL of ClpP was added to different concentrations of 

peptide substrate and fluorescence measured at excitation/emission of 360/440 nm. The 

results showed detectable fluorescence with a linear increase in fluorescence with increasing 

concentration (Figure 2.20). However, peptide substrate without ClpP (control) in assay buffer 

(825 µg/mL) gave a comparable fluorescence signal to the same concentration of substrate 

assayed with 16 µg/mL of ClpP. This indicates that the signal was from the increasing 

concentration of fluorogenic substrate and was not due to peptidase activity. 
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Figure 2.20 Fluorescence signal measured at excitation/emission of 360/440 nm for the 
concentration dependent assay of peptide substrate (825 µg/mL-13.8 µg/mL) assayed with 

16 µg/mL ClpP for 1 h at 37 C. The fluorescence signal of peptide substrate only (825 µg/mL) 
is indicated in the box (n=2, mean ± SD). 

Next the signal from peptide substrate with and without ClpP was assessed using two different 

sets of excitation/ emission wavelengths. Peptide substrate in assay buffer (control) fluoresced 

higher than when ClpP was present, and this was observed for both sets of wavelengths; 

360/385 nm and 360/440 nm (Figure 2.21A and B), with excitation/emission of 360/385 nm 

wavelengths enhancing the background signal. Therefore, it was still not possible to 

demonstrate ClpP-mediated cleavage of the substrate. 

 
Figure 2.21 Fluorescence intensity of different substrate concentrations assayed with ClpP (16 

µg/mL) and without ClpP for 1 h at 37 C and the comparison between two sets of 
excitation/emission wavelengths:- A) 360/385 nm and B) 360/440 nm 

Although it had not been possible to generate a positive control, the assay was performed on 

bacteria treated for 1 h or 4 h with antibacterials, or untreated. The fluorescence intensity 

between treated and untreated samples demonstrated no observable difference for any of the 

bacterial strains, as demonstrated in Figure 2.22, and was similar to the substrate control. 

Increasing the incubation time to 4 h did not result in any cleavage of the substrate.  
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Figure 2.22 ClpP peptidase activity of bacterial samples. Susceptible (A) and resistant (B) S. 
aureus and susceptible (C) and resistant (D) E. coli, treated (T) and untreated (UT) with 

antibacterial for 1 h and 4 h at 37 C. 85 µg/mL of peptide substrate, N-Suc-LY-MCA was added 
and samples were measured at Ex; 360 nm and Em; 385 nm after 1 h. The dotted line indicates 
the substrate control for comparison (n=3, mean ± SD). 

In conclusion, ClpP peptidase activity could not be demonstrated, either with commercial 

recombinant ClpP or with bacterial samples. The lack of peptide cleavage by purified 

recombinant ClpP purchased from MyBiosource was confirmed by the comparable fluorescent 

intensity from peptide substrate assayed with ClpP and peptide substrate alone. This may 

reflect a lack of activity of the recombinant ClpP or instability of the peptide substrate, which is 

perhaps supported by the high background fluorescence of the peptide substrate. Based on 

previous work, peptidase activity of ClpP has always been performed in the assay conditions 

used here. These studies were also performed using a known concentration of ClpP, expressed 

and purified prior to assay 162, 228-230. However, the concentration of ClpP from bacterial samples 

were not known and there has not been any work reported so far which worked directly with 

bacterial samples.  
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2.4.3.4.2 RecA enzymatic activity detected by caspase substrate peptide binding 

It was hypothesised that lethal stress caused by antibacterials would induce the expression of 

RecA, which could then be detected using the caspase substrate peptide FITC-Z-VAD-FMK 

(Apostat). Apostat has a strong binding affinity for this bacterial protein and an increase in 

bacterial fluorescence measured by flow cytometry would reflect an increase of RecA 

concentration 172. Figure 2.23 depicts the optimisation of gating based on different controls. 

CAMH media alone contributed a high number of events and this was higher than bacterial 

sample (Figure 2.23). This could be due to the presence of particulate matter from the cationic 

adjusted CAMH media. Indeed, filtering CAMH media resulted in a reduction in events to a level 

comparable to the PBS control.  

 
Figure 2.23 Optimisation of gating strategy measuring the population of bacteria. Figure 
shows results based on side scatter (SSC) against forward scatter (FSC).  

LB media was also tested and both filtered and unfiltered LB media had very minimal 

background events, similar to the PBS control (Figure 2.24). Filtered and unfiltered LB media 

were used to grow bacteria and results gave a similar number of events in the bacterial gate, 

with minimal events in the absence of bacteria. Therefore, LB media was used to grow bacteria 

for this experiment.  
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Figure 2.24 Optimisation results using LB media. Events comparison between filtered and 
unfiltered media (i and ii), PBS (iii-iv) and bacterial samples grown in filtered and unfiltered 
LB media (v-vi). Figure shows results based on side scatter (SSC) and against forward scatter 
(FSC). 

In a previous studies done by Dwyer et al. 172, experiments were conducted directly in culture 

medium and involved a 30 min incubation with Apostat. Therefore, the effect of antibacterial 

exposure (1 and 4 h) on the expression of RecA, with incubation with Apostat in the culture 

media for the final 30 min was assessed. Mean fluorescence intensity (MFI) of FITC was assessed 

and normalised to the non-Apostat control.  

Assays were performed for both resistant and susceptible strains of E. coli and S. aureus with 

cefotaxime and cefoxitin respectively, at 1X MIC. Susceptible E. coli HB101 showed an increase 

in fluorescence at 4 h incubation, indicating higher RecA expression upon exposure to 

cefotaxime (Figure 2.25 and Figure 2.26A) 
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Figure 2.25 FITC positive susceptible E. coli HB101 (HB101) untreated (UT) and treated (T) with 
cefotaxime at 0.125 µg/mL for 1 h and 4 h, followed by incubation with Apostat for 30 min. 
Control (4 h UT) was prepared without addition of Apostat. Data is from one representative 
experiment of 3 and shows FITC+ against forward scatter (FSC) measured by flow cytometry. 

At 1 h, there was no significant difference in MFI between treated and untreated susceptible E. 

coli HB101 (Figure 2.26A), however at 4 h, the MFI increased by 3 fold compared to the 1 h 

treatment (p= 0.001). There was also a 3 fold change between the treated and untreated 

samples (p= 0.001). This suggests that with longer exposure to antibacterial, the bacteria are 

more stressed and increase their expression of RecA. RecA is involved in SOS response and is 

expressed according to the amount of damage including the time since damage was detected 

34. The increase of activated RecA stimulates the cleavage of LexA which results in derepression 

of SOS genes. LexA is constantly produced during the SOS response until repair of DNA takes 

place 34. In contrast to the susceptible strain, the resistant E. coli EBSL treated with cefotaxime 

showed no increased fluorescence (Figure 2.26A).  

In the event of a high-stress environment induced by antibacterials, RecA, ClpXP protease 

complex and other proteins encoded by the SOS stress response regulon are known to 

participate in bacterial cell death, which involves ROS generation, DNA fragmentation and 

membrane depolarisation 172. Dwyer et al. had previously employed Apostat to detect whether 

antibacterial-treated bacterial cells induce the expression of bacterial proteins which are 

capable of binding to caspase substrate peptides. Using proteomic-based approach, their 

results identified RecA as the caspase substrate binding partner 172. Based on the findings of 

Dwyer et al., the increase in fluorescent intensity in cefotaxime-treated E. coli HB101 was due 

to increased expression of RecA which binds the Apostat.  
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For S. aureus, neither the susceptible nor resistant strains showed a change in MFI between 

cefoxitin treated and untreated samples, at either 1 h or 4 h (Figure 2.26B). 

 
Figure 2.26 RecA activity of antibacterial-treated bacterial samples. Resistant (R) and 
susceptible (S) E. coli (A) and S. aureus (B) strains were treated with cefotaxime and cefoxitin 

at 1X MIC values for 1 h or 4 h and incubated with Apostat for 30 min at 37 C. Comparison 
were made between susceptible and resistant strains of S. aureus and E. coli and each data 
was based on the change in MFI relative to its non-Apostat control. Data was analysed using 
two-way ANOVA, followed by Tukey’s multiple comparison post hoc test (n=3, SD ± mean, *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

The lack of any observable change in MFI in susceptible and resistant S. aureus could potentially 

have been due to insufficient killing, therefore the assay was repeated with a 10-fold higher 

cefoxitin concentration (Figure 2.27). Results revealed that MFI of both strains (cefoxitin treated 

and untreated) for both time points did not show significant differences, with no observable 

increase in MFI in treated samples.  

 
Figure 2.27 RecA activity of S. aureus treated with 10X MIC. Susceptible (S) BB255 and 
resistant (R) RA120 strains were treated with 10-fold increase in cefoxitin concentration for 1 

h and 4 h at 37 C, followed by incubation with Apostat for 30 min. Each data was normalised 
based on the change in MFI relative to its non-Apostat control. Data was analysed using two-
way ANOVA, followed by Tukey’s multiple comparison post hoc test (n= 3, mean ±SD). 



  Chapter 2 
 

99 
 

Apostat was used in this experiment to identify and measure RecA expression based on previous 

research using E. coli. It appears the assay does not work S. aureus potentially due to differences 

in the RecA proteins.  

 

2.4.3.4.3 Enzymatic activity of MazF 

Wang et al. 180 previously reported that MazF can cleave a fluorescently-labelled chimeric 

oligonucleotide 5′-AAGTCrGACATCAG-3′ with 6-FAM on the 5′-end and BHQ1 on the 3′-end. 

Wang et al. monitored the cleavage of fluorescent oligonucleotide by the release of 6-FAM from 

BHQ1 at an excitation wavelength of 485 nm followed by emission at 530 nm.  

A series of MazF concentrations were prepared and incubated with 5 µM of oligonucleotide at 

37 C for 1 h (Figure 2.28). Results indicated no cleavage of oligonucleotide at low 

concentrations of MazF, but there was a significant increase in fluorescence signal at 

concentrations above 10 µM (Figure 2.28).  

 
Figure 2.28 Optimisation of MazF assay with different MazF concentration. Cleavage of 
fluorescently labelled oligonucleotide (5 µM) by different concentrations of MazF assayed at 

37 C for 1 h. Assay was monitored at excitation/emission of 485/530 nm. Data was analysed 
using ordinary one-way ANOVA, followed by Tukey’s multiple comparison post hoc test (n=3, 
SD ± mean, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

Next, the optimal concentration of oligonucleotide (substrate) required for the assay was 

investigated using a fixed amount of MazF (5 µM) as shown in Figure 2.29. The fluorescence 

intensity of samples were normalised (in ratio) to substrate alone (control). A significant 

increase in fluorescence was detectable with oligonucleotide concentrations above 0.5 µM. A 

final optimisation experiment was carried out using 0.5 µM of fluorogenic oligonucleotide with 
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different concentrations of MazF, where peptide cleavage was shown to be dependent on MazF 

concentration.  

 
Figure 2.29 Optimisation of MazF assay. A. Different concentration of oligonucleotide assayed 

with 5 µM MazF and the fluorescence signal was measured at 37 C for 1 h. B. Different 

concentrations of MazF were assayed against 0.5 µM oligonucleotide substrate at 37 C for 1 
h. Assays were monitored with an excitation wavelength of 485 nm and emission wavelength 
of 530 nm. Data was analysed using one-way ANOVA, followed by Dunnett’s or Tukey’s 
multiple comparison post hoc test (n=3, SD ± mean, *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001). 

The assay was then performed on susceptible and resistant strains of E. coli and S. aureus, 

treated or not, with antibacterials for either 1 or 4 h. The cefoxitin susceptible S. aureus BB255 

strain did not show changes in fluorescence intensity with cefoxitin treatment even after 4 h 

incubation. It was noticeable that samples showed comparable signal to CAMH control (Figure 

2.30). With the cefoxitin resistant S. aureus RA120 strain, the same trend was observed, which 

also suggests cleavage of oligonucleotide by MazF did not occur. Similar results were observed 

with both E. coli strains.  
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Figure 2.30 MazF activity of antibacterial-treated bacterial samples. Susceptible (S) and 
resistant (R) S. aureus and E. coli strains untreated (UT) or treated (T) with cefoxitin and 
cefotaxime at 1X MIC respectively for 1 h and 4 h. Samples were assayed with oligonucleotide 

for 1 h at 37 C and the cleavage was observed by measuring change in fluorescence intensity 
(n=3, mean ±SD). 

Previous studies showed that the oligonucleotide was cleaved by MazF in assay buffer, which 

was confirmed in this study (Figure 2.29). However, testing of the bacteria culture supernatants, 

did not show any MazF activity. It has previously been established that bacteria exposed to 

stressful conditions activate toxin production which inhibits cellular processes and bacterial 

growth 231. MazE antitoxin of the MazEF toxin-antitoxin (TA) module is known to be degraded 

by ClpAP under stressful environmental conditions and leads to release of MazF from the 

complex. MazF degrades single-stranded RNA at ACA sequences. However, at exponential 

growth, the expression of MazEF is strongly repressed 231. Most in vitro studies of RNA cleavage 

were performed with purified bacterial MazF, with known concentration between 0.005-4 µM 

181, 232. However, no studies have been reported so far on the quantification of MazF level in 

stressed bacteria. Therefore, this assay may not work in bacterial supernatants. 

 

2.4.3.4.4 Enzymatic activity of SrtA 

Using a commercially available Sensolyte 520 SrtA assay kit, the enzymatic activity of SrtA in 

biological samples was investigated. Initial optimisation experiments were done to assess 

cleavage of sortase substrate at 25 C, the temperature recommended by the manufacturer 

(Anaspec, USA). Concentrations of sortase A above 0.5 µg/mL were found to cleave the 

substrate, as shown by an increase fluorescence (Figure 2.31). An increase in temperature to 37 

C improved cleavage with a significant increase in fluorescence being observed at 0.50 µg/mL 

SrtA.  
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Figure 2.31 SrtA activity assayed at two different temperatures. Assays were performed using 
different concentrations of SrtA against 2 µM of sortase substrate, assayed either 25 °C or 37 
°C for 2 h. The assay was monitored at excitation/emission wavelength of 490/520 nm for 1 
h. Data was analysed using two-way ANOVA, followed by Tukey’s multiple comparison post 
hoc test (n=3, SD ± mean, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

Susceptible and resistant strains of S. aureus were then treated with cefoxitin for 1 and 4 h and 

sortase A activity was assessed. Incubation of bacteria with antibacterial for 1 or 4 h did not 

have any impact on fluorescence, for both strains of S. aureus (Figure 2.32A). In order to 

enhance the interaction between the added sortase substrate and SrtA from bacterial samples, 

the assays were repeated with 2 h incubation, and with an increased number of bacteria, at 37 

C prior to fluorescence measurement (Figure 2.32B). Susceptible and resistant S. aureus strains 

exhibited similar fluorescence signal irrespective of the presence of antibacterial, duration of 

treatment, and assay incubation time (1 or 2 h).  

 
Figure 2.32 SrtA activity of antibacterial-treated bacterial samples in CAMH media. 
Susceptible (S) and resistant (R) S. aureus strains with (T) and without (UT) antibacterial 

treatment at 1 h and 4 h incubation time. (A) 106 CFU of bacteria were assayed at 37 C for 1 
h after addition of sortase substrate. (B) 107 CFU of bacteria were incubated for 2 h with 

sortase substrate prior to measurement at 37 C for 1 h (n=3, mean ±SD). 
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Although this kit was used to determine the SrtA activity and expression, to date, it has only 

been used for SrtA inhibitor studies, as a strategy to improve antibacterial activity 233. 
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2.5 Conclusions 

Results showed upregulation of all four genes (clpP, recA, mazF and srtA) in susceptible S. aureus 

BB255 5 min after exposure to cefoxitin. E. coli strains however, did not show changes in genes 

expression when treated with cefotaxime. In order to look at other genes, proteomic analysis 

was utilised. Initial results identified ClpP and RecA proteins as being expressed at higher levels 

in susceptible strains treated with antibacterials. Due to issues with sample preparation, results 

were inconsistent and this approach was not pursued further. Protein assays demonstrated a 

significant increase in RecA in antibacterial-treated susceptible E. coli HB101 at 4 h treatment, 

which was not observed in resistant ESBL E. coli. For both S. aureus strains, treatment with 

cefoxitin did not show a change in RecA expression. RecA mapping was done and suggested that 

the caspase substrate (Apostat) may be specific only to RecA E. coli and targets the non-

conserved sites of this protein, leading to differences in bacterial binding. We were not able to 

establish assays to investigate regulation of other target proteins.  

Overall, although all four functional assays were previously used to measure the activity of ClpP, 

RecA, MazF and SrtA they were mainly performed using purified proteins and in specific assay 

buffers. Other than detection of RecA expression in antibacterial-treated E. coli, none of the 

assays could be used to measure enzymatic activity directly in bacteria. Other approaches, such 

as the use of polyacrylamide gel for in vitro RNA cleavage by MazF have been reported but it 

was not commonly used 181. Moreover, these assays did not focus on the direct analysis of 

protein expression in bacteria and therefore limited protocols were available for the direct 

analysis of bacterial samples. By adapting these protocols to use in bacteria some pitfalls were 

identified including a lack of clarity over reagent quality and assay conditions. 

Based on the data gained from the studies on gene and protein expression in antibacterial 

stressed susceptible and resistant bacteria, ClpP and RecA were selected as potential targets to 

be developed into AST assays.  
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3 Preparation, Evaluation, and Testing of Liposomes for 

AST 

3.1 Introduction 

One of the main aims in this thesis was to develop a method of AST in which a test dose of 

antibacterial will be co-delivered with an inactive reporter. In order to achieve this, a delivery 

system where these will be co-encapsulated was investigated. Liposomes were utilised in this 

study due to their various advantages 79. 

Nanoparticles have been used with bacteria in order to combat resistance caused by reduced 

entry of antibacterials into the cell. As discussed previously in Chapter 1, teichoic acids in gram-

positive bacteria and LPS in gram-negative hinder the permeation of hydrophobic antibacterial 

agents while peptidoglycan also acts as a general barrier. After crossing the LPS, hydrophobic 

antibacterial agents rely on passive diffusion across the cytoplasmic membrane into the cytosol. 

While for small hydrophilic antibacterial agents, they must cross the OM of gram-negative 

bacteria through porins and/or specific passive channels 27. In gram-positive bacteria, passive 

and active protein channels, found in the cytoplasmic membrane facilitate the internalisation 

of hydrophilic antibacterial drugs into the bacterial cytosol 27. It has been hypothesised that 

drug internalisation could be improved if antibacterial agents were “carried” into bacterial cells 

27. Therefore, antibacterials have been encapsulated into liposomal formulations to improve 

therapeutic effects as well as to minimise any adverse effects 234. 

 

3.1.1 Liposomes as drug carriers 

Liposomes were first described in 1964 and used for drug delivery applications in 1971 by 

Gregory Gregoriadis 234. It was later shown that liposomes can change the in vivo distribution of 

drugs in the body and improve cellular uptake 234. The first injectable liposomal antimicrobial 

drug, AmBiosome, was introduced in 1990 and has since been used in clinical setting for 

treatment against fungal infections 80, 234.  

Liposomes are microscopic spherical vesicular structures comprised of one or several natural or 

synthetic phospholipid bilayers surrounding a small volume of aqueous phase 235. Hydrophobic 

and the van der Waals interactions between hydrocarbon tails contribute to the formation of 

lipid bilayers 234. Due to the size, amphiphilic properties and biocompatibility, liposomes have 

been extensively used as model biomembranes as well as delivery vehicles 235. Liposomes can 
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be categorised based on lipid composition, number of lipid bilayers, size, surface charge and 

method of preparation. They vary in size, ranging from 0.025 µm to 2.5 µm in diameter. Two 

broad categories of liposomes are unilamellar vesicles (UV) or multilamellar vesicles (MLV) 

based on the number of layers, also known as lamellae (Figure 3.1) 236. Unilamellar liposomes 

can be further divided into three subcategories: small unilamellar vesicles (SUV), large 

unilamellar vesicles (LUV) (Figure 3.1) and giant unilamellar vesicles (GUV) 234. It has been 

reported that the size and lamellarity of the liposomal structure has significant effects on the 

vesicle half-life and on drug encapsulation efficiency 236. Liposomes are widely used as 

nanocarriers due to their capability to carry both lipophilic and hydrophilic compounds. While 

hydrophilic compounds are entrapped in the aqueous areas in the centre of UV and MLV, as 

well as between bilayers of MLV, hydrophobic compounds are incorporated in the lipid 

bilayer(s) (Figure 3.2A). 

 
Figure 3.1 Different types of unilammellar and multilamellar vesicles and their range of sizes. 
Figure taken and adapted with permission from Gonzalez Gomez et al., 2020 234. 

Liposomes can be further classified based on their design and physicochemical characteristics. 

Conventional liposomes are regarded as rigid, bare liposomes without any surface modification 

and consist of phospholipids with or without the addition of cholesterol, which improves 

stability 237. They are further divided into three groups based on the surface charge of lipids 

used: positively, negatively and uncharged/neutral liposomes. Another type of liposome known 

as fluidosomes have soft lipid bilayers compared to the conventional liposomes. This is achieved 

by the use phosphotidylethanolamine (PEA) which makes vesicles more fluid 237. Some 

liposomes are surface-modified with polyethylene glycol (PEG) to prolong their blood 

circulation time as it has been reported that the PEG moiety prevents liposome removal by the 

reticuloendothelial system 238. Depending on the application, many other liposome-type 
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formulations have been developed. This includes ethosomes, in which elastic lipid vesicles are 

formulated with high concentrations of ethanol to improve transcutaneous permeation of 

vaccines 239. Virosomes are made from virus membranes in which antigens of interest are either 

encapsulated or adsorbed onto the surface for efficient delivery into cells. Archaeosomes are 

made of polar L-glycerol ether lipids which contributes to enhanced membrane stability 

compared to liposomes 239. Finally, a variety of polymers can be used instead of lipids to make 

polymersomes 239. They are more stable than liposomes and are commonly used for targeted 

delivery 240. 

Liposomes are therefore very versatile in that they can be made from many different lipids and 

also can be readily modified or decorated with targeting molecules, enzymes, drugs and 

reporters 241. Figure 3.2 shows the evolution of liposomes from ‘plain’ liposome containing 

either hydrophobic or hydrophilic drugs (A), to antibody modified liposomes (B) and new 

generation liposomes in which the surface is modified in multiple ways (C).  

 

Figure 3.2 Evolution of liposomes. (A) Liposome with (a) hydrophilic or (b) hydrophobic drug, 
(B) Antibody-targeted liposomes with (c) covalently coupled or (d) anchored into liposomal 
membrane, and finally, (C) A surface modified liposomes with (e) polymer, (f) polymer with 
antibody, (g) incorporation of diagnostic tool, (h) incorporation of positively charged lipids, (i) 
complex formation with DNA, (j) the insertion of stimuli-responsive lipids, (k) the insertion of 
stimuli-responsive moiety, (l) attachment of cell-penetrating peptide, and (m) the 
incorporation of viral components. Besides drug, liposomes can be used to encapsulate 
magnetic particles (n) and/or (o) imaging particles for electron microscopy. Figure adapted 
with permission from Torchilin, 2005 241.  

Encapsulation of drugs, for example antibacterials, inside the liposomes allows for protection 

of the drug and can enhance its biodistribution. Controlled drug release can be achieved with 
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minimal toxicity and antibacterial retention at the site of infection can be improved. This leads 

to better selectivity towards both intracellular and extracellular bacterial strains 237.  

Overall, considering the advantages of liposomal drug delivery and the diversity of liposomes, 

the development of liposomal formulations for antibacterial drug delivery remains promising 

242.  

 

3.1.2 Preparation of Liposomes 

Preparation methods of liposomes, lipid type, lipid composition, organic solvent and surfactant 

affect the physical properties of liposomes, particularly in terms of size, size distribution and 

lamellarity 235. Three major categories of liposome preparation are mechanical dispersion, 

solvent dispersion, and detergent removal. More recently, microfluidic methods have also been 

developed. The method used depends on the physicochemical characteristics of the compound 

to be encapsulated, the desired size and size distribution (also known as polydispersity index, 

PDI) of the liposomes and finally, the desired bilayer properties 234.  

Thin film hydration, ethanol injection, reverse-phase evaporation (REV) and detergent dialysis 

are routinely used laboratory methods of liposome preparation. These conventional methods 

involve dissolving lipids in an appropriate solvent or medium followed by the addition of an 

aqueous phase (water or PBS) and then removal of medium/solvent which promotes the self-

assembly of lipid vesicles which can then be further processed 243. Lamellarity and polydispersity 

can be altered with processing procedures such as extrusion, freeze-thawing, sonication and 

high-pressure homogenisation 243. In the thin film method used by Bangham and Horne to 

prepare liposomes, MLVs are produced which can later be reduced to LUVs and SUVs by 

extrusion 235. This method involves the formation of thin lipid film in a round-bottom flask, 

followed by the resuspension with dispersion medium to form heterogeneous liposomes 244. In 

REV, inverted micelles or water-in-oil emulsions are usually formed. The slow elimination of 

organic solvent containing lipids resulted in the conversion of inverted micelles into viscous 

state and gel form. At a critical point in this process, the gel state collapses, giving liposomes 

with a large internal aqueous space which results in large unilamellar liposomes that can entrap 

large macromolecules 245. The ethanol/ether injection method uses organic solvents to dissolve 

lipids prior to injection through a fine needle into the aqueous phase, followed by evaporation 

of the organic solvent to yield heterogeneous MLVs 245-246. Lastly, in the detergent removal 

method, LUV liposomes are formed after the removal of detergent by dialysis, column 

chromatography or adsorption. This can be time consuming which is a major limitation of this 
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technique. In addition, only few detergents are suitable to use for this method 246. Conventional 

preparation methods have a number of limitations such as poor entrapment of drug, high 

polydispersity, complexity and the length of procedures. Therefore, new procedures have been 

developed to overcome these drawbacks 243.  

 

3.1.2.1 Microfluidic Technologies for the Synthesis of Liposomes 

Microfluidics is a precise, scalable, nano-precipitation method used to produce liposomes with 

controlled and reproducible size and lamellarity 247. It can be categorised into two different 

classes: (a) continuous-flow microfluidics and (b) droplet-based microfluidics. Generally, the 

continuous-flow method is more preferred for nanoparticle production 243. In brief, this 

technique involves the mixing of an organic phase, which contains the lipids, with an aqueous 

phase in a cartridge within micro channels (Figure 3.3). As mixing happens, the organic phase 

containing the lipids diffuses and is diluted into the aqueous phase in which lipids assemble into 

liposomes 247.  

 
Figure 3.3 Schematic illustration of the formulation of liposomes using microfluidics method. 
Figure taken with permission from Kastner et al., 2014 248. 

Optimisation of microfluidic production of liposomes involves three main parameters which are 

the total flow rate (TFR), flow rate ratio (FRR) and concentration of lipid 247. The effects of these 

parameters on the characteristics of liposomes has been extensively investigated. The TFR, 

which controls the rate of aqueous and organic phase mixing was found to have a small effect 

on the size of liposome 249. The FR, defined as the mixing ratio between the aqueous and organic 

phases, is inversely related to the mean diameter of particles 249. The formation of smaller sized 

liposomes is favoured when higher aqueous volumes are used 247. The FR has also been reported 

to impact on the PDI of liposomes with a study conducted by Kastner et al. demonstrating a 
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higher PDI when the FR was increased 248. Higher lipid concentrations have also been reported 

to increase the size of liposomes 249.  

 

3.1.3 Characterisation of Liposomes 

Characterisation of the prepared liposomes, including physical and chemical properties, is 

important for determining if they are suitable for their desired application. The most important 

characteristics that should be examined are: (a) morphology, size and polydispersity; (b) surface 

charge; (c) encapsulation efficiency; (d) stability 250.  

 

3.1.3.1 Morphology, size and polydispersity  

Electron microscopy is one of the methods commonly used to determine the shape and size of 

particles. A disadvantage of this method is that only a small population of particles is assessed 

246. Atomic force microscopy is another technique available to study the size and morphology 

of liposomes with high resolution. However, it is again time consuming, requiring a great deal 

of technical input, along with access to the necessary equipment and again examines only a 

small sample of particles 250.  

Liposome size can also be measured by dynamic light scattering (DLS) and size exclusion 

chromatography, with DLS being the more common method used for this purpose 234. This 

method, also known as quasielastic light-scattering, measures the fluctuations of scattered light 

at a 90° angle over time. Colloidal particles in Brownian motion scatter light due to the collisions 

between the colloids and solvent particles. Liposomes with sizes ranging from 3 nm to 3 µm can 

be measured using this method 250. Besides providing the size measurement of liposomes, this 

method can also determine size distribution or PDI. Small PDI values close to zero indicates a 

population of monodisperse particles while large values greater than 0.4 indicate 

heterogeneous particles 251. 

 

3.1.3.2 Surface charge  

Zeta potential, which is not equivalent to surface charge, is used as an indirect indicator of the 

surface charge for colloidal particles 234. The zeta potential or electrokinetic potential is the 

potential at the slipping plane of a colloid particle moving under an electric field. It is the 
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potential difference between the electric double layer (EDL) of electrophoretically mobile 

particles and the dispersant layer surrounding them at the slipping plane (Figure 3.4) 252.  

 
Figure 3.4 Illustration showing the EDL on a negatively charged particle with a strongly 
adhered layer (Stern layer) comprising ions of opposite charge. Beyond this layer, a diffuse 
layer of both negative and positive charges forms. The particle with adsorbed EDL moves 
towards the electrodes (eg. positive electrode) during electrophoresis, with the slipping plane 
becoming the interface between the mobile particles and dispersant. Figure taken with 
permission from Bhattacharjee, 2016 252. 

The zeta potential is affected by three factors which are the ionic strength and pH of the 

dispersant, and the concentration at which colloidal particles are dispersed 252. A minimum level 

of conductivity of the dispersant is necessary to obtain an electric field without causing 

electrode polarisation. Owing to this, International Organization for Standardization (ISO) and 

American Society for Testing and Materials (ASTM) standard guides suggest 10 mM NaCl, PBS 

0.1 or PBS at 10 mM is used to disperse the colloids (European Nanomedicine Characterization 

Laboratory, EUNCL) 253. A large negative or positive zeta potential suggests that particles will 

remain separate and are less likely to aggregate 234. Therefore, the zeta potential can be used 

to provide information on the stability of liposomes in medium, with liposome suspensions 

having a zeta potential greater than 30 mV or less than -30 mV being considered to have better 

physical colloidal stability 234, 250 
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3.1.3.3 Encapsulation efficiency 

Encapsulation efficiency indicates the amount of drugs entrapped in the formulation. On the 

other hand, drug loading efficiency reflects the mass of the encapsulated compound in the 

nanoparticles divided by the mass of nanoparticle used. With hydrophilic drugs, encapsulation 

refers to the entrapment within the aqueous core, or between bilayers for multilamellar 

vesicles; while for lipophilic drugs, it means entrapment within the lipid bilayers (Figure 3.2A) 

246. The determination of encapsulation efficiency and drug loading starts with the removal of 

free un-encapsulated drug from the liposomal suspension. This can be done in several ways 

including: (a) size exclusion chromatography, (b) dialysis, (c) ultracentrifugation and lastly, (d) 

ultrafiltration 234, 250. After the removal of free drug, total lysis of liposome vesicles is performed 

and the drug can be quantified. Liposomes are lysed using an organic solvent (for example 

acetonitrile, ethanol or dimethyl sulfoxide (DMSO) or a surfactant (such as Triton X-100) 246, 250. 

The quantification of released drug can be carried out via a number of methods such as 

spectrophotometry, fluorescence and enzyme-based methods, among others, although high 

performance liquid chromatography (HPLC) is more commonly used. However, the techniques 

used depend on the nature of the entrapped compound 246.  

 

3.1.3.4 Stability of Liposomes 

The physical and chemical stability of liposomes is important for drug delivery 236. Stability can 

be assessed by monitoring for changes in particle size, size distribution and encapsulation 

efficiency over time at 4 °C, 25 °C and at physiologic temperature (37 °C) 254. Physical instability 

can be indicated by an increase in liposome size and the loss of encapsulated materials 246. 

Chemical degradation of liposomes occurs at the phospholipid bilayers level by two different 

mechanisms: (a) hydrolysis of ester bonds between fatty acids and the glycerol backbone and 

(b) peroxidation of unsaturated acyl chain. This causes lipid destruction which leads to 

aggregation and flocculation of liposomes and a significant loss of the encapsulated compound 

236. Physical stability can be enhanced by storing liposomes at low temperatures. For example, 

Geusens et al. studied the stability of cationic liposomes stored at 4C and 25C for 28 days and 

found that the particle size increased from 100 nm to 160 nm at higher temperature. To improve 

long term chemical and physical stability, lyophilisation is usually preferred 246.  
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3.1.3.5 Drug release 

The rate of release of drug from liposomes is variable, depending on lipid composition, particle 

morphology and drug characteristics. The type and rate of release required depends on the 

biological application. Drug release can be determined using methods such as continuous flow, 

dialysis, and sample and separate methods. Dialysis is commonly used to test the in vitro release 

kinetics and utilises a semi-permeable membrane to separate nanoparticle from the free drug 

255.  

 

3.1.4 Interaction of liposome with cells 

Four different types of interactions occur between liposomes and cell membranes. They are 

fusion, adsorption, lipid exchange and endocytosis 246. In lipid exchange, hydrophobic 

compounds are passed from liposomes to the cell membrane and this is mediated by lipid 

exchange proteins present at the cell surface. Adsorption of liposomes to cell membranes takes 

place when attractive forces (electrodynamic interactions, van der Waals and hydrogen 

bonding) are greater than the repulsive forces such as steric hindrance and protrusion 246. 

Alternatively, liposomes can be engulfed into endosomes in endocytosis where lysosomal 

enzymes digest the lipids, releasing entrapped drugs intracellularly 246. The fusion interaction 

has been utilised for antibacterial delivery 95. Here, the close contact of liposomes with bacteria 

allow for fusion of liposomal lipids with the lipids of the target plasma membrane and this 

results in the entry of entrapped active compounds into the cell directly (Figure 3.5) 95, 246.  

 
Figure 3.5 Interaction of liposome with bacteria. Fusion of liposomes into bacteria cell 
membranes and the release of entrapped antibacterial compound in the aqueous 
compartment into the bacterium. Figure taken with permission from Wang et al., 2020 95.  

 



Chapter 3 
 

116 
 

3.1.5 Liposomal drug delivery  

In general, there are three key types of liposomal drug delivery systems. They are conventional, 

sterically-stabilised, and ligand-targeted liposomes 256. As discussed in Section 3.1.1, 

conventional liposomes are composed of cationic, anionic or neutral lipids and cholesterol 

without any modifications on the surface, while sterically stabilised liposomes are modified by 

the addition of polymer coatings such as PEG to the surface of liposomes. Ligand-targeted 

liposomes have antibodies, peptides and/or carbohydrates attached at the surface for specific 

targeting 256. Other types of commonly used liposomes for antibacterial delivery are fusogenic, 

antibacterial-metal co-encapsulating liposomes and liposome-hydrogel systems 237. Fusogenic 

liposomes, also known as fluidosomes are usually in the liquid crystalline phase but lose their 

bilayer arrangement under specific chemical conditions 257. A number of metal ions have shown 

promising antibacterial activity and hence, are co-delivered with antibacterials liposomes 237. In 

liposome-hydrogel systems, antibacterial liposomes are incorporated within a gel base (eg. 

carbopol and chitosan) which gives a robust formulation 237, 258. The different types of liposomes 

utilised for the delivery of antibacterial drugs are further summarised in Table 3.1. 

Table 3.1 Types of liposomes used for drug delivery and their advantages.  

 

The evaluation of liposome-encapsulated antibacterial activity is widely performed through in 

vitro studies. Microdilution is commonly used to investigate bacterial susceptibility towards 

encapsulated antibacterials compared to free antibacterials 261-262. Oh et al. had previously 

investigated the antibacterial effect of liposomal ciprofloxacin against cells infected with 

Mycobacterium avium. Using this method, M. avium-infected cells were incubated with free or 

liposomal ciprofloxacin. The lysed cells were then plated and the MBC was determined 263.  

Types of 
liposomes 

Example of 
antibacterials 

Advantages Ref 

Conventional Ofloxacin, ciprofloxacin, 
meropenem 

Reduced toxicity in vivo, improved 
therapeutic index of encapsulated 
drug 

256 

Sterically-
stabilised (PEG) 

Gentamicin, 
ciprofloxacin 

Prolonged circulation time. Increased 
stability, reduced uptake by RES 

256 259 

Ligand-targeted Vancomycin, gentamicin Site-specific delivery in vivo, 
reduction of treatment dose 

260 

Fusogenic Tobramycin, 
vancomycin 

Enhanced anti biofilm activity in vitro 237 257 

Antibiacterial-
metal 

Bismuth-tobramycin, 
gallium-gentamicin 

Improved in vivo and in vitro activity, 
effective against biofilm formation 

237, 242 

Liposome-
hydrogels 

Tetracycline, 
ciprofloxacin, rifampicin 

Prolonged release of drugs, 
enhanced antibacterial activity 

237, 258 
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Despite the current techniques to determine the efficacy of liposomal-encapsulated 

antibacterials, uptake studies of these formulated antibacterials into bacteria have not been 

widely performed. Therefore, it would also be useful to develop an assay to look at the initial 

uptake into bacteria.  

 

3.1.6 Analysis of liposome uptake and liposomal drug delivery into bacteria 

Various assays have been developed for determining small molecule permeation into bacteria 

264-267. However, only a limited number of assays have been developed for examining liposome 

uptake into bacteria. Assays utilising liposomes composed of fluorophore labelled lipids have 

been used to measure liposomal fusion with bacterial membranes 268-270. These assays, 

however, do not provide information on the fate of encapsulated drug, nor do they determine 

the efficacy of liposomal delivery systems compared to unformulated free drug. Therefore, an 

assay was developed to provide important insight into liposome uptake by gram-negative 

bacteria and subsequently the specific compartment localisation of encapsulated drug, 

compared to unformulated free drug.  

In this chapter, a novel fluorescence-based assay for detection of uptake of reporter compounds 

into E. coli, that utilises strain-promoted alkyne-azide cycloaddition between cyclooctynes and 

azides, was modified for use to detect uptake of liposomes into bacteria 267, 271.  

The E. coli utilised in the assay have been genetically engineered for compartment-specific 

localisation (periplasmic or cytoplasmic) of streptavidin in order to explore in detail the 

mechanism of uptake. Streptavidin was used due to its high affinity for biotin reagents and its 

localisation to the periplasm was achieved using the OmpA signal peptide. Cytoplasmic 

localisation was achieved by omitting this sequence 267. Both wild type and tolC E. coli were 

modified. TolC is the outer membrane efflux pump commonly responsible for antibacterial 

resistance. Therefore, bacteria deficient in TolC (efflux-deficient) are more susceptible towards 

antibacterial treatment 272.  

This assay was first developed by Dr Ben Spangler (from Novartis, USA) and was used to 

determine subcellular compound exposure profiles within the specific compartments of E. coli 

via mass spectroscopy (MS) 267. Modifications were made by Dr Jess Fairhall (University of 

Otago) to develop a fluorescence-based assay in place of MS analysis, to improve time and cost 

efficiency 271.  
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The general method of the fluorescence-based assay involves an initial incubation of bacteria 

with a cyclooctyne-containing biotin probe (bicyclo[6.1.0]nonyne, BCN-biotin). Following 

attachment of the probe to the localised streptavidin, azide-bearing compounds are added to 

the bacterial suspension. Any azide-containing compound that reaches the localised BCN-

biotin-streptavidin would then bind via bioorthogonal strain-promoted azide-alkyne 

cycloaddition (SPAAC) 267. Finally, the bacteria are lysed and the remaining unreacted BCN-

biotin-streptavidin probe is measured. This is done by incubating lysed bacteria with a 

fluorescence dye, where fluorescence is quenched due to FRET. When the quenched probe 

(tetrazine-BDP-FL) reacts with BCN-biotin-streptavidin, an inverse-electron demand Diels-Alder 

cycloaddition (IEDDA) occurs which inhibits FRET and generates a fluorescent signal (Figure 3.6).  

Here, the assay was further modified to detect the localisation of liposomal encapsulated 

antibacterial, or unformulated free antibacterial. In order to examine uptake via the 

fluorescence-based assay, it was necessary to modify the antibacterials of interest to bear an 

azide functional group. This would allow for binding of the antibacterial to the BCN-biotin 

localised in either the periplasm or cytoplasm of the GE E. coli.  
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Figure 3.6 Schematic diagram of fluorescence based assay for determination of compound 
uptake and accumulation in gram-negative bacteria. Upper Panel: live intact bacteria are 
preincubated with BCN-biotin which binds to streptavidin (SA) located in the cytoplasm (or 
periplasm). Azide-bearing compounds (represented by the green triangle) encapsulated in 
liposomes (shown in black) enter into the cell (shown here to occur due to fusion between 
liposomal lipids and the outer membrane of the bacterial cell) and react with BCN-biotin-SA. 
Lower panel: After incubation cells are washed and lysed. The amount of unreacted BCN-
biotin-SA is quantified using a tetrazine-containing fluorescent dye. IEDDA cycloaddition 
results in inhibition of FRET and fluorescence is measured by plate reader. 
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3.1.6.1 Synthesis of azide-containing antibacterials 

Organic azides are important industrially, agriculturally and pharmaceutically. They possess 

highly intrinsic energy, low molecular weight, have neutral overall charge and are kinetically 

stable under physiological conditions 273. Organic azide chemistry has been developed for these 

reasons, as well as to make explosives. Azides consist of three nitrogen atoms in a linear 

geometry and each nitrogen has different chemical reactivity as shown in Scheme 3.1. 

 
Scheme 3.1 A. Structure and resonance forms of azides and B. the property of azides.  

The Huisgen reaction is useful especially in chemical biology owing to cycloadditions with 

unsaturated bonds which gives triazolines, triazoles and tetrazoles 274. This has been widely used 

and published, for example the copper catalysed azide-alkyne cycloaddition. There are several 

methods to prepare organic azides which can be summarised in Scheme 3.2. Although there are 

many methods established, azidation of alkyl halides and acyl halides by nucleophilic azides 

such as sodium azide, NaN3 or azidotrimethylsilane (TMSN3) in (Scheme 3.2, (1)) are the most 

commonly used methods. Other methods include the transformation of alcohols or carboxylic 

acids using diphenylphosphoryl azide (DPPA), diethyl azodicarboxylate (DEAD), diisopropyl 

azodicarboxylate (DIAD) with either zinc azide (Zn(N3)2)) or triphenylphosphine (PPh3) (2 and 3). 

Azides can also be prepared from primary amines via nucleophilic azidation (4) by the formation 

of diazonium ions 274.  



  Chapter 3 
 

121 
 

 
Scheme 3.2 General methods of azide preparations. The symbol X denotes a halide.  

 

3.1.6.2 Bioorthogonal reactions and click chemistry 

Azides are widely used for bioorthogonal reactions and click chemistry 273. Click chemistry which 

is a group of reactions which are fast, versatile, easy to purify and provide high product yield 

have transformed bioconjugate chemistry by giving facile reaction conditions to biomolecules 

and small molecule probes such as fluorophores, toxins or therapeutics 275-276. Bioorthogonal 

chemistry is defined as a chemical reaction which occurs selectively in biological environments 

without affecting endogenous functional groups 277. It was first introduced in 2000 when a 

modified Staudinger reaction was used to ligate two compounds in a biological environment 278. 

Since then, the field has evolved and many additional reactions have been developed. Among 

all click reactions, the copper-catalysed azide-alkyne cycloaddition reaction (CuAAC) was most 

widely used before the introduction of the strain-promoted azide-alkyne cycloaddition reaction 

(SPAAC) 278. The discovery of the CuAAC click reaction has significantly evolved the production 

of 1, 2, 3-triazoles 279. CuAAC reactions involve the use of copper (II) salts in the presence of a 

reducing agent such as sodium ascorbate or metallic copper. This results in the reduction of 

copper (II) to copper (I) 280. However, this method often leads to undesirable toxic copper (Cu) 

residue as well as formation of reactive oxygen species which can degrade amino acids in living 

cells 275. The SPAAC click reaction overcomes these toxicity problems 275. Advantages of SPAAC 

reaction include its bioorthogonality, high reactivity and high yield compared to other click 

reactions, and the reaction can proceed without the need for a catalyst or for UV-light exposure 

281.  
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Scheme 3.3 A. Copper-catalysed azide-alkyne cycloaddition (CuAAC); B. A concerted 
mechanism of the strain-promoted alkyne-azide cycloaddition (SPAAC). 

In SPAAC, a cyclooctyne reacts with an azide via a 1, 3-dipolar cycloaddition, giving a highly 

stable 1, 2, 3-triazole linkage as shown in Scheme 3.3. The pre-distortion of the cycloalkyne 

allows for the transition state geometry to be achieved at a lower energy and improves the 

orbital interactions between the distorted reactants. Owing to its significant low activation 

barriers, this reaction proceeds at room temperature without the need for a catalyst 278.  

 
Figure 3.7 Cyclooctynes for SPAAC applications, commonly used in literature.  

Extensive studies have been made to enhance SPAAC reaction kinetics, with a focus on the 

development and application of modified cyclooctynes. This has resulted in the development 

of new derivatives such as bicyclo[6.1.0]nonyne (BCN) and azadibenzocyclooctyne (ADIBO), 

which are widely used cyclooctynes in SPAAC reactions for labelling, bioconjugation or 

molecular imaging purposes (Figure 3.7) 278.  

In this project, BCN is used for the study of antibacterial delivery in gram-negative bacteria. For 

this purpose, two azide-functionalised model compounds were incorporated into liposomal 

formulations. Following bacterial uptake of the liposomal formulations, released azido-

compound reacted with localised BCN-biotin via SPAAC. 



  Chapter 3 
 

123 
 

3.2 Chapter Aims 

The main aim of this chapter was to prepare liposome formulations that could be used to 

encapsulate antibacterials and reporter and be used for AST.  

Specific objectives were to: 

• Use microfluidics to reproducibly prepare liposomes with acceptable stability and 

encapsulation efficiency. Both cationic and uncharged liposomes were prepared to test 

the hypothesis that cationic liposomes would have better encapsulation and activity in 

bacteria.  

•  Investigate the impact of formulation into liposomes of the ability of cefotaxime to kill 

E. coli.  

• Synthesise azide-containing antibacterials 

• Investigate uptake of formulated and unformulated azido-compound into tolC E. coli.  
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3.3 Materials and methods 

3.3.1 Materials  

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 3β-[N-(N’,N’-dimethylaminoethane)-

carbamoyl] cholesterol hydrochloride (DC-Cholesterol·HCl), and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino (polyethylene glycol)-2000] (DSPE-PEG (2000) amine) were 

obtained from Avanti Polar Lipids, USA. Dimethyl sulfoxide (DMSO), L-rhamnose monohydrate, 

sodium  azide (NaN3), hexafluorophosphate azabenzotriazole tetramethyl uranium (HATU), 

ethylcarbodiimide hydrochloride, 3-azido-1-propanamine and 5-cholesten-3β-ol were all 

purchased from Sigma Aldrich, USA. 4-azido-1-butanamine was obtained from AK Scientific, Inc. 

Bicyclo[6.1.0]nonyne (BCN)-biotin was developed and gifted by Dr Spangler of Novartis 

Institutes for BioMedical Research, USA. Tetrazine-BODIPY(BDP)-FL was obtained from Jena 

Bioscience, Germany. 6-[(4-azidobenzyl)oxy]-luciferin was synthesised by Dr Fairhall from the 

School of Pharmacy, University of Otago. All other solvents and reagents were obtained from 

Sigma Aldrich, USA. 

 

3.3.1 Synthesis 

Modification of three antibacterials was performed; ciprofloxacin, cefotaxime and cefoxitin. All 

reactions were set up in anhydrous state, unless otherwise stated. A rotavap (Heidolph, 

Germany) was used for concentration in vacuo. High resolution electrospray ionisation mass 

spectra (HRMS-ESI) were done on a microTOFQ mass spectrometer. Proton (1H) and carbon (13C) 

nuclear magnetic resonance (NMR) spectroscopy were carried out using a 400 MHz or 500 MHz 

Varian NMR spectrometer. Chemical shifts are listed on the 𝛿 scale in part(s) per million (ppm) 

and the coupling constants (J), recorded in hertz (Hz). Signal multiplicities are assigned as: s, 

singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublets; or m, multiplet. 

 

3.3.1.1 Synthesis of azido-ciprofloxacin  

Several reactions were optimised and employed for the substitution of the carboxylic (-COOH) 

side group of ciprofloxacin to an azide (-N3) bearing group . The synthesis of azido-ciprofloxacin 

was based on previous work done where the modification of a carboxylic group to an azide 

group was performed on different compounds 279, 282-284.  
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Scheme 3.4 Modification of ciprofloxacin. The modification of carboxylate functional group 
to produce ciprofloxacin-azide (CIP_1). Method A. (i) SOCl2 (ii) NaN3 in H2O, or Method B. (i) 
SOCl2 (ii) NaN3 in acetone. 

Attempt Method A 

Ciprofloxacin (1.0 g, 3.01 mmol) was added into a 50 mL round-bottomed flask, followed by 

thionyl chloride (2 mL, 27.6 mmol). Tetrahydrofuran (THF) (10 mL) was added and the reaction 

was refluxed at 60C overnight. The reaction mixture was cooled to room temperature (rt) and 

THF was removed in-vacuo. Cooled THF (5 mL) at 0 °C was added to the residue followed by the 

addition of NaN3 (0.29 g, 4.52 mmol), pre-dissolved in water (10 mL). The reaction mixture was 

stirred at 0C for 3 h. This mixture was extracted 3 times with ethyl acetate (EtOAc). The pooled 

organic solution was dried over magnesium sulphate (MgSO4), filtered and concentrated in-

vacuo. The crude residue was analysed using mass spectrometry but the mass of desired 

product was not found. 

 

Attempt Method B 

Ciprofloxacin (250 mg, 0.75 mmol) and thionyl chloride (3 mL, 41.1 mmol) were added into a 

round-bottomed flask. The reaction mixture was stirred overnight at rt. The reaction mixture 

was cooled to rt and thionyl chloride was removed in-vacuo. NaN3 (67.2 mg, 1.03 mmol) in 

acetone (5 mL) was added and the reaction was stirred at rt for two days. Acetone was removed 

in-vacuo and water was added. This mixture was extracted 3 times with EtOAc. The pooled 

organic solution was dried over MgSO4, filtered and concentrated in-vacuo. The crude residue 

was analysed using mass spectrometry but the mass of desired product was not found. 
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3.3.1.2 Synthesis of azido-cefotaxime  

 
Scheme 3.5 Modification of cefotaxime. Synthesis cefotaxime sodium derivatives bearing an 
azide functional group using two approaches: Method C. i) DCC in DCM, or Method D. i) 
EDC.HCl in H2O  

The aim of these experiments was to modify the carboxylate group (-COONa) of cefotaxime 

sodium to an azide (-N3) bearing group according to previous work done by Majewski et al. and 

Zhang et al. 285-286. Method C involved an N,N'-dicyclohexylcarbodiimide (DCC) azidation to 

convert (-COONa) to an amide group (-CONH2). This was followed with amidation using an azide 

compound to yield cefotaxime with an azide functional group. In Method D, 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC.HCl) was used instead. 

 

Attempt Method C CFTX_1 

Cefotaxime sodium (220 mg, 0.5 mmol) was added into a round-bottomed flask containing DCC 

(100 mg, 0.5 mmol) and dichloromethane (DCM) (5mL). 3-azido-1-propanamine (100 mg, 1.0 

mmol) was added and the reaction mixture was stirred at rt for two days. Solvent was removed 

in-vacuo and the residue was dissolved in water (10 mL). The suspension was filtered and the 

filtrate residue was collected and dried using a rotary evaporator. The crude compound was 

analysed by mass spectrometry but the mass of desired product was not found. 

 

Attempt Method D CFTX_2 

In this approach, amidation using EDC.HCl was utilised. This water-soluble carbodiimide was 

used as a coupling reagent to yield an amide bond. Cefotaxime sodium (250.0 mg, 0.52 mmol) 

and 4-azido-butanamine (170 mg, 1.4 mmol) was added into a round-bottomed flask containing 

water (10 mL). The mixture was allowed to dissolve completely and the pH was adjusted to 4.5 
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with 1 M hydrochloric acid (HCl). EDC.HCl (410 mg, 2.2 mmol) was added and the pH of reaction 

mixture was again adjusted to 4.5 with 1 M HCl . The reaction mixture was stirred at rt for 1 h. 

The reaction mixture was filtered and the crude residue was analysed by mass spectrometry 

but the mass of desired product was not found.  

 

3.3.1.3 Synthesis of azido-cefoxitin 

 

 
Scheme 3.6 Modification of cefoxitin.The synthesis was based on two different methods: 
Method E. (i) DCC in DMF, or Method F. (i) HATU in DMF. 

Attempt Method E CFXT_J1 

Cefoxitin sodium (170 mg, 0.3 mmol) was added into a round-bottomed flask containing DCC 

(158 mg, 0.8 mmol). 3-azido-1-propanamine (45 mg, 0.5 mmol) was added, followed by the 

addition of dimethylformamide (DMF) (3 mL) and the reaction mixture was stirred at rt for two 

days. The reaction mixture was diluted with water (10 mL) and ethyl acetate. The aqueous layer 

was extracted with 3 portions of EtOAc. Both organic and aqueous phases were concentrated 

in-vacuo and the residues were analysed by mass spectrometry but the mass of desired product 

was not found. 

 
Method F CFXT_N3 

Cefoxitin sodium (2.7 g, 6.0 mmol) and DMF (10 mL) were added into a round-bottomed flask. 

HATU (2.3 g, 6.0 mmol) was added and the reaction mixture was stirred at rt for 25 min. 4-

azidobutanamine (0.53 g, 4.6 mmol) pre-dissolved in DMF (2 mL) was added dropwise over 2 

min. The reaction mixture was stirred at rt overnight. Water was added to the mixture and the 

aqueous layer was extracted 3 times with EtOAc. The pooled organic layers were dried over 
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MgSO4, filtered and concentrated in-vacuo. The residue was purified using flash column 

chromatography with silica gel (following column elution with 10-80% EtOAc in hexane) to give 

azido cefoxitin, CFXT_N3 (1.8 g, 4.02 mmol, 67.5 % yield) as a pale-yellow liquid. 1H NMR (400 

MHz, MeOD): 𝛿 1.62 (m, 4H), 3.19-3.35 (m, 4H), 3.45 (s, 3H), 3.85 (q, J = 15.6 Hz, 2H), 4.50 (q, J 

= 12.8, 2H), 4.87 (s, 1H), 5.32 (s, 1H), 6.49 (m, 1H), 6.94-6.97 (m, 1H), 6.98-7.00 (m, 1H), 7.28 

(dd, J = 5.2, 1.6 Hz, 1H). 13C NMR (400 MHz, MeOD): 𝛿 27.30, 27.45, 37.44, 40.15, 52.07, 52.42, 

53.78, 61.49, 66.92, 97.44, 121.27, 124.34, 125.99, 127.76, 127.97, 137.03, 159.28, 162.15, 

169.45, 174.04. HRMS (ESI) calculated for C20H25NaN7O6S2
+ [M+Na]+ 546.1200 and 

C20H25KN7O6S2
+ [M+K]+ 562.0939; found m/z 546.1180 and 562.0916. 

 

3.3.2 Preparation of Liposome formulations 

Microfluidic mixing was used to prepare liposomes using NanoAssemblr microfluidic cartridges 

on a NanoAssemblr Benchtop platform (Precision NanoSystems, Canada). Absolute ethanol was 

used as the organic solvent to dissolve lipids and phosphate buffer saline (PBS) pH 7.4 was used 

to dissolve water-soluble components.  

Prior to formulation, all lipids were solubilised by pre-heating to 55 °C in a water bath and the 

solutions were loaded into 1-5 mL syringes (BD Biosciences, Singapore). Syringes loaded with 

lipid mixture and PBS were loaded onto the NanoAssemblr Benchtop platform. The 

formulations were collected in 15 mL tubes. 

 

3.3.2.1 Optimisation and preparation of non-PEGylated cationic and neutral 

liposomes using the microfluidic technique  

Total flow rate (TFR) and flow rate ratio (FRR) were varied in order to produce liposomes with 

the required size (200-300 nm) and PDI below 0.3 287-288. DSPC was combined with either DC-

cholesterol or cholesterol (73:27) to prepare cationic or neutral liposomes respectively 289. For 

the optimisation of total flow rate, the lipids were dissolved in absolute ethanol at a 

concentration of either 10 mg/mL or 100 mg/mL. A range of total flow rate were tested with a 

number of different flow rate ratios (PBS: ethanol) as shown in Table 3.2. The effect of varying 

these parameters on size, PDI and zeta potential of particles was investigated. 
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Table 3.2 Parameters used for optimisation of non-PEGylated liposomes prepared using 
microfluidic mixing. 

Parameters Tested range  

Total flow rate 4; 5; 7; 10; 12; 14 mL/min 

Flow rate ratio 2:1; 3:1; 4:1 

 

Two different liposomal formulations were prepared for the studies investigating the ability of 

liposomal antibacterial to kill bacteria. In the first formulation a 12.5 mg/mL solution of 

cefotaxime in PBS was prepared. DSPC:CHOL or DC-CHOL lipids were dissolved in absolute 

ethanol at 73:27 molar ratio (10 mg/mL). For the second formulation, a 62.5 mg/mL solution of 

cefotaxime in PBS was prepared and 100 mg/mL of lipid was used to formulate particles. The 

following microfluidic parameters were used: total flow rate 10 mL/min and flow rate ratio of 

4:1. Liposome suspensions were dialysed for 24 h against PBS (replaced every 3 h) using a 100 

kDa molecular weight cut-off (MWCO) membrane in order to remove ethanol and free un-

encapsulated drug from the formulations.  

For the mechanistic studies examining uptake in gram-negative bacteria, a solution of 6-[(4-

azidobenzyl)oxy]-luciferin (270 µM) or azido-cefoxitin (19 mM) in DSPC: CHOL or DC-CHOL 

(73:27) (concentration of 10 mg/mL) was prepared in absolute ethanol. The following 

microfluidic parameters were used: total flow rate 10 mL/min and flow rate ratio of 4:1 (PBS: 

absolute ethanol). Liposome entrapped azido-luciferin was dialysed against PBS, as above, while 

liposomal-azido cefoxitin was centrifuged at 17, 200 g for 2 h at 4 C to remove ethanol and 

un-encapsulated drug. 

 

3.3.2.2 Optimisation and preparation of PEGylated liposomes using the microfluidic 

technique 

DSPC, DC-Cholesterol and DSPE-PEG2000 lipids were used to prepare PEGylated cationic 

liposomes and DSPC, cholesterol and DSPE-PEG2000 to prepare a neutral PEGylated 

formulation 289. A fixed molar ratio of DSPC:DC-CHOL:PEG (70:26:4) was used to prepare the 

cationic PEGylated liposomes 290, where lipids were dissolved in absolute ethanol at a 

concentration of 10 mg/mL. Using this mixture, different total flow rates and flow rate ratios 

were tested as shown in (Table 3.3).  
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Table 3.3 Different parameters used for cationic PEGylated liposome optimisation using 
microfluidic mixing. 

Parameters Tested range  

Total flow rate 5; 8; 10; 13 mL/min 

Flow rate ratio 4:1 

 

For neutral formulations, the molar ratio of lipid composition, flow rate ratios and total flow 

rates (Table 3.4) were varied to optimise liposome of size (200-300 nm) and PDI below 0.3 287-

288. The concentration of lipid mixture prepared was 10 mg/mL. 

 

Table 3.4 Different parameters used for neutral PEGylated liposome optimisation using 
microfluidic mixing. 

Parameters Tested range  

Total flow rate 5; 10 mL/min 

Flow rate ratio 2:1; 3:1; 4:1 

Molar ratio 
(DSPC:CHOL:PEG) 

70:26:4; 76:20:4; 80:16:4;  
and 60:35:5 

 

To prepare PEGylated liposomal antibacterial for bacterial killing assays, the cationic 

formulation was prepared using a flow rate ratio of 4:1 (aqueous: solvent), at a total flow rate 

of 13 mL/min. Neutral liposome formulations were prepared with a lipid mixture consisting of 

DSPC:CHOL:PEG (molar ratio of 60:35:5) with a flow rate ratio of 2:1 and a total flow rate of 5 

mL/min. 10 mg/mL of lipid mixture and 12.5 mg/mL of cefotaxime were used for the 

preparation of both formulations.  

 

3.3.3 Characterisation of Liposomes 

Dynamic Light Scattering (DLS; Zetasizer Nano, Malvern Instruments Ltd, UK) was used to 

measure the size and PDI of liposome particles in PBS (1:50 dilution) using an acryl/acrylic 

cuvettes (Sarstedt, Germany). The zeta potential was measured in 10 mM sodium chloride 

solution (1:50 dilution) using a folded capillary cell at 25 °C (Malvern Instruments, Ltd, UK). 

Samples were all freshly prepared prior to measurements.  
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3.3.4 Encapsulation studies of entrapped compounds 

Cefotaxime sodium and 6-[(4-azidobenzyl)oxy]-luciferin were used for encapsulation studies in 

two different liposomal formulations. Following the preparation of liposome suspensions with 

cefotaxime sodium, non-encapsulated cefotaxime sodium was removed by dialysis using a 100 

kD MWCO cellulose ester membrane (Spectrum Laboratories Ltd, USA) against PBS with 

continuous stirring at 4 C. PBS was replaced three times in a period of 24 h. A small volume of 

liposome formulation was then centrifuged using a Prism R Microcentrifuge (Labnet Inc) at 17, 

200 g for 2 h at 4 C. The obtained pellet was lysed using DMSO and the concentration of 

cefotaxime was measured using a microplate reader (ThermoFisher Scientific Varioskan Flash) 

at 260 nm wavelength and quantified against a standard curve of cefotaxime sodium in DMSO 

(Appendix Figure 1).  

The same protocol was repeated for the encapsulation efficiency studies of 6-[(4-azidobenzyl) 

oxy]-luciferin. A standard curve of 6-[(4-azidobenzyl) oxy]-luciferin in DMSO was prepared and 

measured at 327 nm (Appendix Figure 1). The concentration of entrapped 6-[(4-azidobenzyl) 

oxy]-luciferin was calculated against this standard curve and the encapsulation efficiency of 

each formulation was determined.  

For azido-cefoxitin, the un-entrapped drug was first removed by centrifugation at 17, 200 g 

for 2 h at 4 C. The pellet was lysed with DMSO and the amount of entrapped azido-cefoxitin 

was measured at 260 nm based on the standard curve prepared in DMSO (Appendix Figure 1).  

The encapsulation efficiency (EE) and drug loading were calculated using the formula below:  

% 𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖𝑛 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
 𝑥 100% 

% 𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖𝑛 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑𝑠 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
 𝑥 100% 

 

3.3.5 Stability studies of liposomes 

3.3.5.1 Liposomal cefotaxime 

Liposome suspensions were prepared as previously described and dialysed against PBS in a 100 

kDa MWCO membrane throughout the stability studies. The formulations were stored at 4 °C 

for 7 days. The size, PDI, zeta potential and cefotaxime loading (EE) were analysed on days 0, 1, 

4, and 7. For stability studies at 37 °C, the formulations were monitored up to 24 h, at different 
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timepoints: 0 h, 2 h, 4 h, 18 h and 24 h. The stability studies were replicated 3 times with freshly 

prepared liposome suspensions. 

 

3.3.5.2 Liposomal azidobenzyl-luciferin 

The stability studies of liposomal 6-[(4-azidobenzyl)oxy]-luciferin at 37 °C were performed as 

previously described in Section 3.3.5.1. Liposome suspensions were first dialysed to remove 

ethanol. The size, PDI, zeta potential and loading concentration (EE) were analysed at two 

timepoints: 1 h and 3 h. The stability studies were replicated 3 times with freshly prepared 

liposome suspensions. 

 

3.3.5.3 Liposomal azido-cefoxitin 

Freshly prepared liposomes were centrifuged to remove ethanol and free azido-cefoxitin. 

Liposomes were incubated for 3 h at 37 °C, and the particle size, PDI and retaining drug were 

analysed. The stability studies were replicated 3 times.  

 

3.3.6 Optimisation of growth media  

tolC E. coli strains were generated as described in Spangler et. al. 267. The two strains were 

genetically-engineered (GE) TolC deficient with compartment-specific localisation (periplasmic 

or cytoplasmic) of streptavidin. Strains were generated and provided by Dr Ben Spangler, 

Novartis, United States. Minimal media was optimised for the growth of the GE E.coli strains. 

M9 minimal media comprising of M9 minimal salts, supplemented with 0.2% glycerol and 

kanamycin sulfate (50 µg/mL) was prepared and the overnight growth of bacterial strains at 37 

C was measured at an optical density at 600 nm. Different supplements were added into the 

minimal media and tested (Table 3.5) to provide optimal growth of these bacterial strains and 

optimal assay condition.  

Table 3.5 Optimisation of minimal media . Supplements added to minimal media to support 
growth of each bacteria strain and optimal assay condition. 

Supplements  1 2 3 

Casamino acid (1%) + + + 
Glucose (0.4%) +   
Maltose (0.2%)  +  
CaCl2 (0.1 mM) + + + 
MgSO4 (2 mM) + + + 
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For optimisation assays, the bacterial cultures were prepared as in Section 3.3.7, using 40 µM 

of biotin. Overnight cultures were harvested by centrifugation at 1400 g for 10 min and 

washed three times with 10 mL minimal media supplemented with 0.2% L-rhamnose. Cells were 

resuspended in 2 mL minimal media and were transferred into a 96-well plate (100 µL), followed 

by incubation at 37 C for 1 h. Samples were centrifuged at 1000 g for 10 min and resuspended 

in 50 µL PBS. Bacteria were then lysed with 50 µL ACN containing 2 µM tetrazine-BDP-FL (Jena 

Bioscience) for 1 h at room temperature. Samples were centrifuged and the supernatant was 

collected for fluorescence intensity measurement using a POLARstar Omega Microplate reader 

(BMG Labtech, Germany) at Ex; 485 nm and Em; 520 nm. 

 

3.3.7 Preparation of genetically engineered (GE) E. coli strains culture 

tolC E. coli strains with compartment-specific localisation of streptavidin expression were 

grown overnight in the optimised minimal media (Composition 3 in Table 3.5) at 37 °C, 200 rpm. 

Bacterial cultures were diluted to OD600 0.05 in 10 mL minimal media, and allowed to grow back 

to mid log phase for 4 h at 37 °C. Cultures were diluted back to OD600 0.05 in 20 mL minimal 

media and incubated for another 3 h at 37 °C. Streptavidin expression was induced by adding 

0.2% L-rhamnose for 10 min before the addition of the 20 µM of (BCN)-biotin probe and 

overnight incubation.  

 

3.3.8 Assay optimisation 

The concentration of azido-functionalised compounds to be used in this assay was determined 

in optimisation experiments. Azidobenzyl-luciferin with a final concentration of 20 µM was 

serially diluted two-fold in PBS and added into minimal media containing 2 µM of BCN-biotin 

probe. After incubation at 37 °C for 3 h, ACN containing 2 µM of tetrazine-BDP-FL was added 

and fluorescence was determined at an excitation wavelength of 485 nm and emission at 520 

nm. The same procedure was repeated with azido-cefoxitin, with a starting concentration of 

400 µM in PBS. 

 

3.3.9 Assessing the toxicity of azido-functionalised compounds on GE bacterial 

strains 

To study the effect of azido-benzyl-luciferin on both tolC E. coli strains, overnight cultures 

grown in minimal media were diluted to OD 0.05 and allowed to grow to mid-log phase. The 
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diluted bacterial cultures were then incubated at 37 °C with azidobenzyl-luciferin. 

Concentrations tested were 5 and 50 µM, at three different timepoints: 0, 3, 6, 18 h. The 

absorbance reading at each timepoint was recorded using a plate reader at 600 nm (POLARstar 

Omega Microplate reader, BMG Labtech). 

This procedure was repeated for the assessment of azido-cefoxitin on bacterial strains. For this 

experiment, the effect of azido-cefoxitin at three different concentrations (75, 150, and 750 

µM) on the growth of bacterial samples was monitored at each timepoint.  

 

3.3.10 In vitro assay for the determination of liposomal drug delivery in gram-

negative bacteria 

Overnight bacteria cultures treated with BCN-biotin probe were harvested by centrifugation at 

1400 g for 10 min and washed three times with 10 mL of minimal media supplemented with 

0.2% L-rhamnose. Cells were resuspended in 2 mL of minimal media and incubated at 37 °C for 

20 min. 100 µL aliquots of the resuspended cultures were transferred to the wells of a 96-well 

plate. 100 µL of each liposomal 6-[(4-azidobenzyl)oxy]-luciferin formulation and free 6-[(4-

azidobenzyl)oxy]-luciferin (final concentration of 5 µM) were added and the plate was 

incubated for 3 h at 37 °C. Samples were centrifuged at 1000 g for 10 min and resuspended in 

50 µL PBS. Bacteria were then lysed with 50 µL ACN containing 2 µM tetrazine-BDP-FL (Jena 

Bioscience) for 1 h at room temperature. Samples were centrifuged and the supernatant was 

collected for fluorescence intensity measurement using a POLARstar Omega Microplate reader 

(BMG Labtech, Germany) at Ex; 485 nm and Em; 520 nm. The fluorescent intensities of both 

free and formulated 6-[(4-azidobenzyl)oxy]-luciferin assays were determined and compared. 

For the azido-cefoxitin assay, the same protocol was repeated with 75 µM of azido-cefoxitin 

used. The fluorescence for the samples was normalised to PBS control cultures according to the 

following formulae: 

 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝐹𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 = 1  
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑃𝐵𝑆 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
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3.3.11 Bacteria killing 

Freshly prepared cefotaxime formulations were serially diluted two-fold from 96 µg/mL and 

incubated with log phase E. coli bacteria cultures at a final concentration of 5105 CFU/mL. The 

experiment was designed as previously described in Chapter 2 (2.3.4) and the obtained MIC and 

MBC results were compared against unformulated cefotaxime.  

 

3.3.12 Statistical Analysis 

Graphing and data analysis were carried out using Microsoft Excel 2010 and GraphPad Prism 7 

software. All experiments were conducted in triplicate and error bars in all figures represent 

standard deviation (SD) from the mean. Statistical comparisons between the groups were 

carried out using one-way (ANOVA) followed by Dunn’s, Dunnett’s or Tukey’s multiple 

comparison post hoc test to determine statistical significance. Statistical significance are 

indicated as: *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001. 
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3.4 Results and Discussion  

3.4.1 Synthesis of antibacterials bearing an azide group 

Different antibacterials were modified to contain an azide group in order to study their uptake 

into bacteria. For this purpose, ciprofloxacin, cefotaxime and cefoxitin were chosen. 

Ciprofloxacin, which belongs to a different class of antibacterials compared to cefotaxime and 

cefoxitin, was modified for the study of liposomal-antibacterial uptake into bacteria. 

Ciprofloxacin, a fluoroquinolone antibacterial inhibits bacterial growth by interfering with DNA 

replication, which is fundamental for cell survival and reproduction. They target DNA 

topoisomerases which are enzymes essential for DNA replication, transcription, and introducing 

transient single- and double-strand breaks 48. Therefore, ciprofloxacin along with cefotaxime 

and cefoxitin, which are the β-lactams used in Chapter 2, were modified.  

Table 3.6 Overall results of antibacterial modifications. Reaction conditions and the 
observations for the modification of ciprofloxacin, cefotaxime and cefoxitin.  

Method  Reaction conditions Observations 

A i. 1 eq. of ciprofloxacin, 9 eq. of 
SOCl2, in THF, rt 
ii. 1.5 eq. of NaN3, 0 °C 

Reaction progress was monitored with MS 
and TLC. MS spectra of starting material 
(ciprofloxacin) was identified with no 
presence of CIP_1.  

B i. 1 eq. of ciprofloxacin, 55 eq. of 
SOCl2, rt 
ii. 1.4 eq. of NaN3, in acetone, rt 

MS spectra of starting material (ciprofloxacin) 
was observed with no presence of CIP_1. FTIR 
analysis also did not show the presence of 
azide peak 

C i. 1 eq. of cefotaxime, 1 eq. of DCC, 
2 eq. of 3-azido-1-propanamine in 
DCM, rt 

Reaction progress was monitored with MS. 
MS spectra of starting material (cefotaxime) 
was observed with no presence of CFTX_1. 

D i. 1 eq. of cefotaxime, 4 eq. of 
EDC.HCl, 3 eq. of 4-azido-
butanamine in H2O, rt 

Reaction progress was monitored with MS. 
MS spectra of starting material (cefotaxime) 
was observed with no presence of CFTX_2. 

E i. 1 eq. of cefoxitin, 2.6 eq. of DDC, 
1.5 eq. of 4-azido-butanamine in 
DMF, rt 

Reaction progress was monitored with MS. 
MS spectra of starting material (cefoxitin) was 
observed with no presence of CFXT_J1. 

F i. 1 eq. of cefoxitin, 1 eq. of HATU, 
0.8 eq. of 4-azido-butanamine in 
DMF, rt 

Reaction progress was monitored with MS 
and TLC. MS spectra of CFXT_N3 was 
observed with high intensity and TLC analysis 
showed a new spot was formed. 1HNMR, 
13CNMR and FTIR analyses confirmed the 
successful modification of azido-cefoxitin, 
CFXT_N3.  
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Figure 3.8 1HNMR spectra of cefoxitin (top) and modified cefoxitin (bottom), CFXT_N3. The red boxes indicate the proton peaks associated with 4-azido-
butanamine. 
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For all reactions, the crude compound was analysed by mass spectrometry to determine if the 

mass corresponding to the desired products were identified. However, the mass spectra of the 

crude compounds produced with Methods A-D were shown to contain the starting materials 

(Table 3.6). Therefore, these crude compounds were not taken any further. In Method A and 

Method B, the modification of ciprofloxacin involved two steps: i) the conversion of (-COOH) 

group to an acid chloride and ii) azidation step that was performed by the addition of NaN3. 

These reactions did not generate CIP_1 and this could be due to the unsuccessful conversion 

into acid chloride, which was not monitored during reaction set up. For Method C and D, both 

the coupling reaction and amidation were carried out simultaneously. The failure to synthesise 

CFTX_1 and CFTX_2 could be due to the unsuccessful coupling reaction failing to yield amide 

group (-CONH2) for azidation to take place. This may also be one of the reasons Method E did 

not yield CFXT_J1. Finally, Method F was successful in giving cefoxitin containing an azide group, 

CFXT_N3. The reaction mixture spotted onto a TLC plate and then placed into a beaker 

containing EtOAc as the solvent system. A new spot was formed and this was isolated by silica 

column chromatography. The purified product was analysed by 1H NMR and 13C NMR 

spectroscopy and FTIR (Appendix Figure 2) analyses to confirm the modification. Figure 3.8 

shows the 1HNMR spectra of both cefoxitin and the azido cefoxitin. Results showed a low 

chemical shift at 1.59-1.64 ppm (mulitplet) with an integration of 4 which corresponded to the 

two -CH2 groups. Chemical shifts at 4.50 ppm (quartet) and 3.29-3.34 ppm (triplet) both with an 

integration of 2 corresponded to the -CH2 next to -NH group and N3 group respectively.   

 

3.4.2 Preparation and characterisation of liposome formulations  

In this study, DSPC was chosen to prepare liposomes. DSPC is a saturated and symmetric 

phospholipid made up of 44 carbon atoms. DSPC is zwitterionic due to the presence of equal 

number of positively and negatively charged groups and it has a transition temperature of 55 

C 291. DSPC has been widely used in preclinical studies and is used in formulations for in vitro 

studies, and therefore safety data is known 242. Optimisation studies using a microfluidic mixing 

technique were done in order to obtain liposomes for drug delivery.  

3.4.2.1 Microfluidic parameters for the formulation of non-PEGylated liposome 

particles  

The effect of formulation parameters (flow rate ratio and total flow rate) on the size and PDI of 

cationic and neutral non-PEGylated liposomes were studied and compared. The flow rate ratio 

between aqueous and solvent phases passing through the microfluidic cartridge was adjusted 
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to achieve the desired characteristics of liposomes. It was found that at a flow rate ratio of 2:1, 

the size of both cationic and neutral liposomes formulated were larger compared to when 

higher aqueous: solvent flow rate ratios used (Figure 3.9).  

These results are in agreement with previously published work by Kastner et al. which also 

reported the significant effect of flow rate ratio in controlling the overall size of liposomes 

prepared using microfluidics 248. Liposomes are formed by the increase in polarity of the lipid-

alcohol mixture during mixing with the aqueous phases, making them less soluble and inducing 

self-assembly into lipid bilayers. Therefore, at lower flow rate ratios, alcohol depletion occurs 

slower which allows bilayers more time to grow and stabilise 292. A similar trend was observed 

for the PDI of liposomes formed at 2:1 flow rate ratio where the obtained PDI value is highest 

compared to liposomes formed at higher aqueous: solvent flow rate ratios. Recent work by 

Sedighi et al. 293 demonstrated the correlation between FR and PDI. From their work, it was 

shown that the PDI values of lipid compositions without surface-modifying lipids increase at 

lower FRs.  

Total flow rates (TFR) also showed a significant impact on the particle size of both cationic and 

neutral liposomes (Figure 3.9). However, the size of particles produced was only significantly 

affected at the highest total flow rate used at 12 mL/min. Previous studies conducted by Forbes 

et al. and Joshi et al. demonstrated that at a fixed FR, varying the TFR did not show any 

significant difference on the average size of liposomes produced 294-295. Varying the TFR did not 

have any effect on the PDI values of cationic particles but did impact on the PDI of the neutral 

liposomes. The PDI varied over the lower TFRs (5 - 10 mL/min) the but overall, 12 mL/min was 

significantly higher (p= 0.0001) compared to the lowest TFR used.  

Based on these optimisation studies a FR of 4:1 and a TFR of 10 mL/min were selected as the 

microfluidic parameters for preparation of liposomes. These parameters yielded empty cationic 

liposomes of 150.6 ± 13.6 nm and neutral liposomes of 176.4 ± 12.0 nm in size. The surface 

charge of the two formulations were also measured with the cationic liposomes having a charge 

of 33.49 ± 7.14 and neutral liposome at -5.07 ± 0.30. The prepared cationic and neutral non-

PEGylated liposomes were used for the encapsulation of different compounds.  
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Figure 3.9 Optimisation of microfluidic parameters for non-PEGylated, cationic (A) and neutral 
(B) liposome formulations. The impact of different flow rate ratio (FRR) at a fixed TFR of 10 
mL/min and the effect of varying total flow rate (TFR) at a fixed FR of 4:1 on particles size and 
PDI were investigated. Data was analysed using a one-way ANOVA test followed by Dunnett’s 
multiple comparison post hoc test (n=3, SD ± mean, *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001). 
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3.4.2.2 Microfluidic parameters for the formulation of PEGylated liposome particles  

DSPE-PEG2000 is commonly used for many nano-platforms such as liposomes to reduce uptake 

by cells of the reticuloendothelial system (RES) in order to increase circulation time in the body 

95, 296. Modification with PEG increases the hydrophilicity of liposomes which could improve the 

affinity to bacteria as well as enhancing the permeation within biofilm bacteria 297. PEGylated 

liposomes also increases the bioavailability of the encapsulated drug compared to free drug 298. 

For the optimisation of cationic PEGylated liposomes, a molar ratio of DSPC: DC-Chol: PEG 

(70:26:4) with an initial concentration of 10 mg/mL and flow rate ratio of 4:1 were used. 

Different total flow rates were investigated and a TFR of 13 mL/min demonstrated the 

formation of the desired liposome particles (Table 3.7 and Figure 3.10).  

Table 3.7 Optimisation results of cationic PEGylated liposomes. Table shows results of using 
a flow rate of 13 mL/min and flow rate ratio (FRR) of 4:1 (n=3, SD ± mean). 

Flow rate 
ratio 

Size, nm PDI Lipid concentration 
(mg/mL) 

4:1 115.5  8.9 0.18 ± 0.01 2.0 

 

 
Figure 3.10 Optimisation of microfluidic parameters for cationic PEGylated liposome 
formulations. The impact of total flow rate (TFR) on particles size and PDI were investigated. 
Data was analysed using a one-way ANOVA test followed by Dunnett’s multiple comparison 
post hoc test (n=3, SD ± mean, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

Interestingly, while increasing the TFR did not have a significant effect on liposome size, the 

lowest tested TFR (5 mL/min) had a higher PDI value compared to other flow rates used. The 

trend observed can be explained by the presence of DSPE-PEG, whereby an increase in TFR 

resulted in more effective mixing between aqueous and solvent phase 299.  

Different molar ratios of DSPC: Chol: PEG were tested in combination with different flow rate 

ratios and total flow rates as shown in Table 3.4. However, only a molar ratio of 60:35:5 formed 

liposomes at specific flow rate ratio and flow rate (Table 3.8).  
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Table 3.8 Optimisation results of neutral PEGylated liposomes, 60:35:5 (DSPC:CHOL:PEG) 
using different microfluidic parameters (n=3, SD ± mean). 

Flow rate 
ratio 

Flow rate Size, nm PDI Lipid concentration 
(mg/mL) 

2:1 5 98.9 ± 14.2 0.13 ± 0.02 3.3 

 

The optimised PEGylated liposomes were both significantly smaller than the nonPEGylated 

liposomes (115.5  8.9 nm compared to 150.6 ± 13.6 nm, p = 0.05) for the cationic and (98.9 ± 

14.2 nm compared to 176.4 ± 12.0 nm, p = 0.001) for the neutral liposomes (Figure 3.11). These 

results were in line with work done by Sriwongsitanont and Ueno, 2004 where they showed the 

effect of PEG lipid on particle size. In their studies, they demonstrated that the addition of DSPE-

PEG200 reduced the diameter of particles and it was concentration dependent 300. It was 

proposed that PEGylated liposomes are more dispersible and more uniform as PEG addition 

prevents the aggregation of liposomes.  

Based on these optimisation results, microfluidic parameters with flow rate ratio of 2:1 and flow 

rate of 5 mL/min were used to prepare neutral PEGylated liposome in future experiments. As 

for the preparation of cationic liposome, a flow rate ratio of 4:1 with a total flow rate of 13 

mL/min was used.  

 
Figure 3.11 Size of liposome formulations with and without PEG modification. Data was 
analysed using a one-way ANOVA test followed by Tukey’s multiple comparison post hoc test 
(n=3, SD ± mean, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

Overall, the particles produced by microfluidics were homogeneous as regards to particle size 

and size distribution. This can be explained by the fact that microfluidic technique generates 

smaller and more homogenised size distribution 301 due to the ability to precisely control the 

flow and mixing conditions.  
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3.4.3 Characteristics and encapsulation efficiency studies (EE) of prepared 

liposomes containing active compounds 

3.4.3.1 NonPEGylated liposomal formulations of hydrophilic antibacterial  

After the optimisation of liposome formulations, liposomes carrying cefotaxime (in the aqueous 

core) were prepared and characterised. The entrapment of cefotaxime resulted in a significant 

decrease (p= 0.05) in size (117.1 ± 7.1) for cationic formulations as compared to empty cationic 

liposomes (150.6 ± 13.6) (Table 3.9).  

Table 3.9 Measurements of two liposomal formulations of cefotaxime prepared using 10 
mg/mL lipid mixture and 12.5 mg/mL of cefotaxime (n=3, mean ± SD). 

Formulations Size, nm PDI Zeta potential, mV EE (%) 

Cationic 117.1 ± 7.1 0.11 ± 0.12 21.50 ± 1.95 0.63 ± 0.12 
Neutral 131.9 ± 6.4 0.24 ± 0.08 -7.08 ± 2.64 0.53 ± 0.06 

 

Although a minor population of larger liposomes ( 1000 nm) was observed (Figure 3.12A), the 

PDI remained in the acceptable range of 0.11 ± 0.12.  

 
Figure 3.12 Histograms of the size distributions of prepared cefotaxime-loaded non-
PEGylated liposomes: (A and B) cationic and neutral liposomes prepared with 10 mg/mL of 
lipid mixture and 12.5 mg/mL cefotaxime, and (C and D) cationic and neutral liposomes 
prepared with 100 mg/mL of lipid mixture and 62.5 mg/mL cefotaxime. 

There was also a significant change in size of neutral liposomes loaded with cefotaxime (Table 

3.9) when compared to empty liposomes (131.9 ± 6.4 and 176.4 ± 12.0 nm, p= 0.01). The two 
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drug loaded formulations were also of a similar size. The encapsulation efficiency, (EE) 

measured after dialysis of freshly prepared liposomes showed a low encapsulation efficiency of 

less than 1% for both formulations  

Table 3.10 Measurements of two liposomal formulations of cefotaxime prepared using 100 
mg/mL lipid mixture and 62.5 mg/mL of cefotaxime (n=3, mean ± SD). 

Formulations Size, nm PDI Zeta potential, 
mV 

Drug loading, 
% 

EE, % 

Cationic 199.6 ± 23.1 0.17 ± 0.05 32.93 ± 7.70 10.65 ± 2.81 4.23 ± 0.90 
Neutral 151.8 ± 17.4 0.24 ± 0.13 -5.13 ± 1.61 13.32 ± 2.97 5.42 ± 1.01 

 
To increase the encapsulation efficiency, the total amount of lipid used was increased 10-fold. 

This resulted in an increase in the size of the liposomes, especially for cationic liposome (117.1 

± 7.1 compared to 199.6 ± 23.1, p= 0.001) (Table 3.10). These results are in agreement with 

previous work conducted by Yanar et al. which showed that increasing lipid concentration 

increased the diameter of liposome and their polydispersity 299. The encapsulation of 

cefotaxime was significantly improved when 100 mg/mL of lipid was used (0.63 ± 0.12 compared 

to 4.23 ± 0.90, p =0.001 for cationic liposomes and 0.53 ± 0.06 compared to 5.42 ± 1.01 p 

=0.0001 for neutral liposomes). The enhanced encapsulation is related to the increased number 

of liposomes formed with more lipid and the larger volumes of hydrophilic drug able to be 

entrapped inside the larger liposomes 251.  

The amount of drug was also increased in order to increase drug loading. The increase of 

cefotaxime from 12.5 mg/mL to 62.5 mg/mL, along with the increased encapsulation efficiency 

from the increased lipid concentration, resulted in a drug loading of more than 10% was 

achieved. This was suitable for the biological studies of antibacterial activity of liposome-

encapsulated cefotaxime. 

 

3.4.3.2 PEGylated liposomal formulations of hydrophilic antibacterial 

PEGylated cefotaxime formulations were prepared and then characterised (Table 3.11). The 

drug-loaded formulations were comparable in size (115.5  8.9 to 91.1 ± 0.70) for cationic, and 

(98.9 ± 14.2 to 91.0 ± 14.16) for neutral formulations. However, the polydispersity values for 

both formulations were high and significantly increased compared to empty formulations (0.18 

± 0.01 to 0.38 ± 0.01, p= 0.05) and (0.13 ± 0.02 to 0.35 ± 0.12, p= 0.01).  
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Table 3.11 Measurements of two PEGylated liposomal formulations of cefotaxime (n=3, mean 
± SD). 

Formulations Size, nm PDI Zeta potential, mV 

Cationic 91.1 ± 0.70 0.38 ± 0.01 20.9 ± 1.74 
Neutral 91.0 ± 14.16 0.35 ± 0.12 5.59 ± 0.47 

 

Histograms of the size distribution demonstrated two populations which was the cause of high 

polydispersity (Figure 3.13).  

 
Figure 3.13 Histograms of the size distributions of prepared PEGylated liposomes : (A) cationic 
and (B) neutral liposomes containing cefotaxime. 

Due to the poor size distribution of these formulations, they were not used for bacterial assays. 

 

3.4.3.3 Liposomes containing hydrophobic, azide-functionalised compounds 

Optimisation studies of liposomes were performed as previously described. Liposomes 

containing azidobenzyl-luciferin (Figure 3.14) were prepared according to the parameters from 

Section 3.3.2.1.  

 
Figure 3.14 Structure of 6-[(4-azidobenzyl) oxy]-luciferin. 

There was no difference in liposome size and PDI between the cationic and neutral azido 

luciferin-loaded liposome formulations (Table 3.12). However, both formulations were 

significantly smaller compared to unloaded formulations (150.6 ± 13.6, p= 0.01) for cationic 

non-PEGylated and (176.4 ± 12.0, p= 0.01) for neutral non-PEGylated liposomes. The 

encapsulation efficiency of azidobenzyl-luciferin was significantly higher for the cationic 

formulation as compared to the neutral formulation (p= 0.05) and that of cefotaxime (Table 
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3.12 and Table 3.9). This could be explained by the overall positively charged surface of cationic 

liposome which would have favoured electrostatic interactions with the ionisable hydrophobic 

azidobenzyl-luciferin and its incorporation into the bilayers of DSPC liposomes. However, for 

hydrophilic cefotaxime, the aqueous center of liposomes limits the encapsulation of the 

molecule and a larger amount of it may have remained in the solution 302. 

Table 3.12 Measurements of two liposomal formulations of azidobenzyl-luciferin prepared 
with 10 mg/mL lipid mixture (n=3, mean ± SD). 

Formulations Size, nm PDI Zeta potential, 
mV 

Drug 
loading (%) 

EE (%) 

Cationic 108.0 ± 10.90 0.19 ± 0.03 24.7 ± 1.70 0.57 ± 0.14 51.8 ± 10.37 
Neutral 129.6 ± 3.48 0.27 ± 0.08 -4.52 ± 0.60 0.18 ± 0.01 16.9 ± 1.08 

 

Next, the successfully modified cefoxitin, containing the azide functional group, (CFXT_N3) was 

incorporated into the different liposomal formulations (Table 3.13). The drug-loaded neutral 

liposome was larger compared to cationic liposomes (221.8 ± 66.24 compared to 181.8 ± 45.75). 

However, due to the variability between replicates this was not significant. When compared to 

unloaded liposomes, both cationic and neutral liposomal formulations of azido-cefoxitin did not 

show a significant difference in size. The variability was also observed within formulations with 

the PDI value recorded for the neutral formulation being 0.31 ± 0.10.  

Table 3.13 Measurements of liposomal formulations of azido-cefoxitin (CFXT_N3) prepared 
with 10 mg/mL lipid mixture (n=3, mean ± SD). 

Formulations Size, nm PDI Zeta potential, 
mV 

Drug loading 
(%) 

EE (%) 

Cationic 181.8 ± 45.75 0.25 ± 0.07 22.4 ± 2.80 15.2 ± 1.11 15.2 ± 1.11 
Neutral 221.8 ± 66.24 0.31 ± 0.10 -5.74 ± 0.47 14.0 ± 1.07 14.0 ± 1.07 

 

The increase in polydispersity could also be attributed to the two populations (~220 nm and 

1000 nm) observed in the size distribution graph shown in (Figure 3.15). 
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Figure 3.15 Histograms of the size distributions of prepared non-PEGylated liposomes: 
cationic (A and C) and neutral (B and D) liposomes containing azidobenzyl-luciferin and 
CFXT_N3. 

These liposomal formulations were used to investigate the mechanism of liposomal uptake in 

gram-negative bacteria.  

 

3.4.4 Stability of formulated liposomes 

3.4.4.1 Stability of cationic and neutral non-PEGylated cefotaxime liposomes 

The stability of freshly prepared liposomes was monitored at 4 °C and 37 °C. Changes in size, 

PDI, zeta potential and drug loading in the liposomes were monitored over time. Both cationic 

and neutral liposomes were stable upon storage at 4 °C throughout 7 days (Figure 3.16). The 

size and PDI of both liposomes did not show any statistical difference compared to the initial 

diameter and PDI of each formulation. The zeta potential of both liposome formulations also 

remained stable and the amount of cefotaxime retained after seven days did not show 

significant change (Figure 3.16C and D). These results suggest that both liposomal formulations 

were stable upon storage at 4 °C for over a week.  
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Figure 3.16 In vitro stability of cefotaxime-loaded liposomes; cationic non-PEGylated 
(+NonPEG) and neutral (NonPEG) liposomes over 7 days of incubation at 4 °C. Size (A), PDI (B), 
zeta potential (C) and drug encapsulation (D) of each formulation are shown (n=3, mean ± 
SD).  

The physical stability of formulations was also monitored at 37 °C for 24 h (Figure 3.17). The 

studies were performed to determine the stability of each formulation during bacterial assays 

over a period of 24 h. The size, PDI and zeta potential and drug loading of the two formulations 

did not show changes with time. Overall, stability studies have shown that cefotaxime-loaded 

liposomes were stable for 7 days at 4 °C storage as well as for up to 24 h at 37 °C. 
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Figure 3.17 In vitro stability of cefotaxime-loaded liposomes; cationic non-
PEGylated(+NonPEG) and neutral non-PEGylated (NonPEG) liposomes over 24 h of incubation 
at 37 °C (A-B) particle size and PDI of liposomes (C) zeta potential of both formulations and 
(D) drug loading in liposomes are shown (n=3, mean ± SD). 

 

3.4.4.2 Stability of azido-luciferin liposomes 

The liposomes containing azido-luciferin were subjected to incubation at 37 °C for 3 h, as this is 

the incubation period of the liposomal uptake assay. Based on the results shown in Figure 3.18, 

both cationic and neutral liposomes did not show significant alterations in liposome size, PDI 

charge or drug loading. These results indicate that they were stable at 37 °C for the time 

required to perform the bacterial liposome uptake assay. 
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Figure 3.18 In vitro stability of luciferin-loaded liposomes; cationic non-PEGylated (+NonPEG) 
and neutral non-PEGylated (NonPEG) azido-luciferin liposomesover 3 h of incubation at 37 °C 
(A) particle size, (B) PDI of liposomes, (C) zeta potential and (D) drug loading in liposomes are 
shown (n=3, mean ± SD). 

 

3.4.4.3 Stability of azido-cefoxitin (CFXT_N3) liposomes 

Azido-cefoxitin liposomes were incubated at 37 °C for 3 h and any changes in size, PDI and drug 

loading were monitored. Cationic and neutral non-PEGylated liposomes did not show significant 

changes in size and PDI value after 3 h incubation period (Figure 3.19). The concentration of 

drug retained in formulations, measured by UV-Vis spectrometry method also did not show 

changes after incubation. These results suggest that the prepared liposomal formulations of 

azido-cefoxitin were stable at 37 °C for 3 h.  
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Figure 3.19 In vitro stability of CFXT_N3 -loaded liposomes; cationic non-PEGylated (+NonPEG) 
and neutral non-PEGylated (NonPEG) liposomes over 3 h of incubation at 37 °C: (A) particle 
size, (B) PDI of liposomes and (C) drug remaining in liposomes are shown (n=3, mean ± SD). 

 

3.4.5 Mechanism of liposome uptake by gram-negative bacteria 

One major obstacle to treating AMR gram-negative infections is the lack of compounds with 

properties allowing them entry into the bacterial cytoplasm. The outer membrane (OM) 

imposes a permeability barrier and contains efflux pumps, for example the large tripartite 

AcrAB-TolC efflux pump from E. coli, which functions to export compounds from the periplasm 

across the OM out of the cell (Figure 1.11) 303. Entry to the periplasm occurs via transmembrane 

porins which span the OM 304. Passage through the inner membrane (IM) is via energy-

dependent transporters that promote the passage of hydrophilic and strongly charged small 
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molecules 304. Most of the available clinically used drugs are required to pass through one or 

both of the membranes in order to be effective.  

Here we have utilised cutting edge click chemistry to investigate uptake of free and liposome 

formulated drug into the periplasm and cytoplasm of E. coli. 

 

3.4.5.1 Optimisation of growth media and assay conditions 

The composition of the growth media was optimised by the addition of various supplements 

(Table 3.5). Compositions 1 and 2 consist of glucose or maltose, respectively, while Composition 

3 was prepared without the addition of hexoses. When bacterial samples were incubated with 

biotin (40 µM) in Composition 1, there was no observable difference in fluorescence intensity 

compared to samples without biotin addition (Figure 3.20A). The same was observed for assays 

done with Composition 2. However, for Composition 3, there was a significant increase in 

fluorescence (p= 0.0001) for samples with biotin which indicated the successful localisation of 

streptavidin-biotin in bacteria which is then reacted with tetrazine-BDP-FL (Figure 3.20B). 

Previous work done by Choudhury and Saini had showed that in a glucose-containing media, 

glucose was preferentially utilised by bacteria compared to other secondary sugars such as 

rhamnose and arabinose due to the maximum growth rate provided by glucose 305. This finding 

was also in line with work conducted by Rosano and Ceccaralli where they demonstrated the 

utilisation of lactose by bacteria only after the depletion of glucose 306. Therefore, a growth 

media without the presence of other sugars such as glucose or maltose would allow for the 

utilisation of rhamnose by bacteria to induce streptavidin expression.  
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Figure 3.20 Optimisation of growth media, when supplemented with glucose (Composition 1) 

(A) or without the addition of glucose (Composition 3) (B). tolC E. coli were incubated with 
or without 40 µM biotin, for 1 h at 37 °C. A blank control was prepared without the addition 
of biotin and without tetrazine-BDP-FL. Samples were analysed at excitation/emission 
wavelength of 485/520 nm. Data was analysed using a two-way ANOVA test followed by 
Sidak’s multiple comparison post hoc test (n=3, SD ± mean, *p < 0.05, **p < 0.01, ***p < 0.001, 
**** p < 0.0001). 

Initial experiments were carried out to determine the lower limit of detection (LLoD) for the 

azido modified compounds (luciferin or cefoxitin). In order to do this, 2 µM of biotin was 

incubated with increasing concentrations of azido compounds for 3 h followed by the addition 

of 2 µM of tetrazine-BDP-FL and the fluorescence was measured (Figure 3.21). For luciferin, the 

LLoD for detection was 1.25 µM while for CFXT_N3, the LLoD of detection was 12.5 µM. Dose 

response curves were observed for both compounds with 5 µM of azido-luciferin and 75 µM of 

azido-cefoxitin being chosen as optimal concentrations for use in the assay. Aliphatic azides (e.g. 

as for cefoxitin) are known to react with cyclooctynes slower than aromatic azides (e.g. as for 
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luciferin) 307 which could likely account for a higher concentration of CFXT_N3 needed for the 

assay compared to luciferin. 

 
Figure 3.21 Optimisation of assay conditions. Azidobenzyl-luciferin (top) and azido-cefoxitin 
(bottom) were incubated with 2 µM of biotin and 2 µM of the tetrazine probe for 3 hr and 
were analysed at excitation/emission wavelength of 485/520 nm (n=3, mean ± SD). 

 

3.4.5.2 Effect of azido-functionalised compounds on bacterial growth  

Preliminary studies were carried out to determine if the azido compounds had any impact on 

the growth of the GE E. coli (expressing streptavidin in either the periplasm or cytoplasm), to be 

used for the studies examining the mechanism of uptake of liposomes.  

Two azido compounds were used. The first utilised was a luciferin-based compound, which is a 

chemical substance commonly found in various bioluminescent organisms include bacteria. In 

the bacterial bioluminescent system, bacterial luciferases catalyse luciferin biosynthesis and 

this has been widely used to monitor such things as uptake and activation 308.  
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The second compound was the azido modified cefoxitin, CFXT_N3. Modification of a number of 

antibacterials were attempted however, only cefoxitin was able to be successfully modified. 

Ciprofloxacin was first used, however modification was unsuccessful. The same was observed 

for the modification of cefotaxime. Cefoxitin which is another β-lactam antibacterial used in this 

project was then successfully modified (CFXT_N3). 

The effect of azidobenzyl-luciferin (Figure 3.14) on both tolC E. coli strains were monitored for 

over 18 h at 37 °C. Two different concentrations were tested: 5 and 50 µM. Based on the results 

shown in Figure 3.22, there was no impact on growth of either 5 µM (determined to be the 

optimal concentration for use in the assay in Section 3.4.5.1) or of 50 µM (10-fold excess) 

azidobenzyl-luciferin on the growth of both bacterial strains.  

 
Figure 3.22 Toxicity studies of azido-functionalised compounds. The effect of azidobenzyl-

luciferin (A-B) and CFXT_N3 (C-D) on two tolC E. coli strains. The growth of bacteria strains 
were monitored at different timepoints over 18 h. Data was analysed using a two-way ANOVA 
test followed by Dunnett’s multiple comparison post hoc test (n=3, SD ± mean, *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001). 

After confirming the azido-luciferin had no impact on bacterial growth, the impact of the azido-

cefoxitin on growth was examined. It was unknown if replacement of the carboxylic group of 

cefoxitin with an azide-bearing group would impact on antibacterial activity.  
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CFXT_N3 was added to tolC E. coli strains at 75, 150 and 750 µM, with 75 µM being the optimal 

concentration as determined in Section 3.4.5.1, and 2 to 10-fold higher concentrations being 

used as controls. At 75 and 150 µM, the bacterial growth rate was similar to the control (without 

CFXT_N3). However, at the highest concentration used, the absorbance reading at each 

timepoint for both bacterial strains were 2-fold lower compared to control. This indicated that 

at 750 µM of CFXT_N3, the growth of both tolC E. coli strains was significantly inhibited (p= 

0.001).  

The experiment was repeated using S. aureus BB255 which had been utilised in Chapter 2. The 

MIC of cefoxitin was 4 µg/mL (Figure 3.23). When CFXT_N3 was used, the MIC value increased 

to > 128 µg/mL (equivalent to 245 µM). In addition, there was no inhibitory effect at 75 µM, the 

concentration selected for use in the bacterial uptake assay. The at least 30-fold increase in MIC 

value showed that the antibacterial activity of cefoxitin was reduced after modification. This 

reduced activity could be due to a specific effect of the modification on the binding of the 

antibacterial to its target or due to inactivation/degradation of the drug occurring during the 

process of the addition of the azido group. β-lactams are known to inhibit cell wall synthesis 

owing to the highly similar structure of the β-lactam ring with D-alanyl-D-alanine, which is the 

substrate of the PBP 194. It is possible that the degradation of cefoxitin would have caused the 

decrease in antibacterial activity. A study conducted by Oberholtzer and Brenner demonstrated 

that cefoxitin sodium loses about 10% of its activity when stored at 25 °C for 48 h 309. This loss 

of antibacterial activity was beneficial for this uptake assay as it makes it possible to use a 

relevant drug to study uptake while at the same time, there is no impact of the drug itself on 

bacterial growth. 
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Figure 3.23 MICs of cefoxitin and CFXT_N3 against S. aureus BB255 after incubation at 37 °C 
for 18 h and absorbance was measured at 600 nm (n=3, mean ± SD). 

 

3.4.5.3 Impact of formulation in liposomes on drug delivery in E. coli  

The optimised assay was then used to investigate uptake of free or liposome-formulated drug 

into the periplasm and cytoplasm of E. coli. The compounds were formulated into cationic or 

neutral liposomes which were not PEGylated. 

 tolC E. coli, which are missing the TolC efflux pump, and in which streptavidin is localised in 

the periplasm or cytoplasm were incubated overnight with BCN-biotin. Following attachment 

of the probe to the localised streptavidin, the azide-bearing compounds were added. The 

bacteria were then washed and lysed and the remaining unreacted BCN-biotin-streptavidin was 

reacted with tetrazine-BDP-FL and the fluorescence was measured. The wild-type (WT) strains 

were also tested, but due to low BCN-biotin binding in these strains 267, any differences between 

the negative and positive controls were below the lower limit of detection for this assay. 

Formulation of 6-[(4-azidobenzyl)oxy]-luciferin into cationic liposomes improved uptake (p= 

0.05) into the periplasm of E. coli as demonstrated by the increase in normalised fluorescence 

intensity (Figure 3.24). Neutral liposome also showed a trend towards increased uptake but this 

was not significant. When examining cytoplasmic delivery, the opposite trend was revealed with 

significantly less of the cationic formulation reaching the cytoplasm.  
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Figure 3.24 In vitro assay of azido-luciferin. tolC E. coli streptavidin-expressing strains 
treated with free 6-[(4-azidobenzyl) oxy]-luciferin (unformulated) or with 6-[(4-azidobenzyl) 
oxy]-luciferin formulated into cationic or neutral liposomes. Data has been normalised to a 
PBS control and analysed using one-way Kruskal-Wallis test (ANOVA) followed by Dunn’s 
multiple comparison post hoc test (n=3, SD ± mean, *p < 0.05, **p < 0.01, ***p < 0.001) 

The assay was repeated for an azido-modified antibacterial whereby the uptake of CFXT_N3 was 

studied. In the tolC deficient periplasmic strain, uptake of the cationic formulation was again 

significantly higher (p= 0.05) than that of unformulated drug (Figure 3.25). The delivery and 

uptake of formulated and unformulated CFXT_N3 was also monitored in the tolC cytoplasmic 

strain of E. coli. However, there was no significant statistical difference in the normalised change 

in fluorescence intensity between the three groups.  

 

Figure 3.25 In vitro assay of azido-cefoxitin. tolC E. coli streptavidin-expressing strains 
treated with free CFXT_N3 (unformulated) or with CFXT_N3 formulated into cationic or neutral 
liposomes. Data has been normalised to PBS control and was analysed using one-way Kruskal-
Wallis test (ANOVA) followed by Dunn’s multiple comparison post hoc test (n=3, SD ± mean, 
*p < 0.05, **p < 0.01, ***p < 0.001). 
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It was proposed that the similarity of liposomal phospholipid bilayer to the structure of bacterial 

cell membranes facilitates fusion whereby antibacterial molecules will be directly transported 

into the bacteria 238. Therefore, the increased uptake of liposome formulated azido-modified 

compounds into the periplasm is likely due to improved interaction of the positively charged 

formulation with the anionic bacterial cell surface due to the charge difference, which facilitated 

liposome-bacteria fusion 238 and drug entry.  

The results from the studies examining uptake into the cytoplasm were less clear, with the 

liposomal azido-luciferin having reduced uptake and uptake of the liposomal azido-cefoxitin 

being similar to uptake of the unformulated compound. One reason for this may have been due 

to the fusion mechanism causing an initial delay in compound reaching the cytoplasm. The 

experiment was repeated with the incubation time being extended from 3 h to 5 h (Appendix 

Figure 3). However, the same trend was observed as for 3 h incubation.  

Expanding on our hypothesis that delivery into the periplasm was mediated by fusion of the 

cationic liposome with the OM and release of the azido-modified compounds into the 

periplasm, movement of hydrophilic or charged small molecules into the cytoplasm depends on 

energy-dependent transporters. Compounds which are charged with sufficient hydrophobicity 

such as the azido compounds can move across CM with the help of proton motive force (PMF) 

304. However compounds that enter the cytoplasm would also be susceptible to removal back 

out to the periplasm by various IM efflux pumps 303 where the compounds would accumulate 

due to these bacteria not having the TolC efflux pump. Unfortunately, this hypothesis could not 

be tested by examining the uptake in the wild-type strains due to low BCN-binding in these 

strains, due to the removal of BCN-biotin probe by TolC efflux pump 267. Overall, these would 

lead to improved uptake of azido-luciferin in the periplasm but lower uptake in the cytoplasm 

of GE E. coli.  

 

3.4.6 Accessing the antibacterial efficacies of liposomal cefotaxime  

Following the mechanistic studies, the impact of formulation of an antibacterial into liposomes 

on bacterial growth was examined (Figure 3.26). Unformulated cefotaxime and cefotaxime 

formulated into cationic liposomes had comparable MIC value of 0.19 and 0.38 µg/mL. This 

shows that the cationic liposomal cefotaxime exhibited inhibitory activity comparable to that of 

free drug. Interestingly, cefotaxime delivered in the neutral liposomes demonstrated a 

significant decrease (p= 0.001) in its inhibitory effect on E. coli HB101 bacterial growth, having 

an MIC value of 3-6 µg/mL.  
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Figure 3.26 Minimum inhibitory concentration (MIC) of either unformulated cefotaxime or 
cefotaxime formulated into cationic (+NonPEG) or neutral liposomes (NonPEG) against 
susceptible E. coli HB101. Data was analysed using two-way test (ANOVA) followed by 
Dunnett’s multiple comparison post hoc test (n=3, SD ± mean, *p < 0.05, **p < 0.01, ***p < 
0.001, ****p < 0.0001). 

The killing effect of formulated cefotaxime were also studied and compared to free cefotaxime. 

These results mirrored the MIC data with the cefotaxime in cationic liposomes having similar 

bactericidal activity to free cefotaxime while cefotaxime in the neutral liposome had reduced 

killing activity (Table 3.14). The MBC value of this formulation increased by at least 30-fold 

compared to free cefotaxime.  

Table 3.14 Minimum inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) of both unformulated and formulated cefotaxime (n=3) 

 MIC (µg/mL) MBC (µg/mL) 

Free cefotaxime 0.19 0.38 
+NPEG cefotaxime 0.38 0.38 
NPEG cefotaxime 3-6 12-24 

 

This data supports the mechanistic studies providing support for the hypothesis that the 

presence of positive surface charge of liposome mediates the adhesion and fusion with the 

outer membrane of bacteria of gram-negative bacteria cells allowing better delivery compared 

to uncharged liposomes 310.  

Previous work had also showed an increase in antibacterial activity by cationic liposomes 

towards bacteria due to the enhanced interaction with the negatively charged membrane of 

bacteria cell 234. Gubernator et al. demonstrated comparable MIC results between free 

ciprofloxacin and cationic liposomal ciprofloxacin against E. coli 311.  
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3.5 Conclusions 

Microfluidic parameters were optimised to manufacture cationic and neutral liposomes suitable 

for use as a delivery system for an antibacterial reporter. PEGylated formulations were not 

possible due to large PDI of formulated liposomes. The entrapment of antibacterials was then 

investigated. Biologically relevant concentrations of cefotaxime could be achieved with 100 

mg/mL of lipid and using 62.5 µg/mL of drug. The mechanism of cellular drug delivery in gram-

negative bacteria was investigated using azido-luciferin and azido-cefoxitin (CFXT_N3) 

incorporated into cationic and neutral liposomes. Results revealed that there was a significant 

increase in uptake of both azidobenzyl-luciferin and CFXT_N3 into the periplasm of E. coli which 

do not express the TolC transporter. However, delivery of the azido-modified compounds into 

the cytoplasm was not similarly increased. Finally, the ability of liposomal cefotaxime to kill or 

inhibit the growth of E. coli HB101 was examined. Results reflected those of the uptake study 

in that cefotaxime formulated into cationic liposomes inhibited the growth and killed bacteria 

better than cefotaxime formulated into neutral liposomes. Interestingly, there was no 

improvement of antibacterial activity compared to unformulated drug, which had been 

previously reported in the literature.  

Overall, cationic formulations were able to be formulated and loaded with biologically relevant 

concentrations of antibacterial and demonstrated similar or improved uptake into bacterial 

cells. The antibacterial was active and induced comparable inhibitory and bactericidal effects 

compared to unformulated drug. This formulation was therefore suitable for use as a delivery 

system for the reporter for AST. 
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4 AST Reporter Assays 

4.1 Reporters and Biosensors 

In order to develop technologies to measure changes in biological mediators in vivo, assays are 

developed to detect direct changes in the level of the target molecule (analyte) or a reporter 

/biosensor-based system which can detect the activity of the analyte is used 312. In brief, a 

biosensor involves a biologically-based component, together with a reporter which detect a 

chemical or biomolecule. Advantages of biosensors are the ability for continuous and long-term 

monitoring of analytes in biological environments 313. They are also selective, sensitive, 

reproducible, stable and biocompatible 312.  

 The following are required for reporter/biosensor systems: 

1. Analyte – molecule that changes with biological process being measured, 

2. Reporter – can recognise the changes in level or activity of the analyte,  

3. Detector / transducer – creates a signal, also can amplify the signal,  

4. Readout/quantification – sensitive, cost effective, point of care or laboratory based 

methodology. 

 
Figure 4.1 Schematic illustration of a reporter/biosensor system. 

 

4.1.1 Analyte – candidates for AST 

A biosensor firstly requires identification of a target analyte, along with background knowledge 

of its potential concentration, the type of matrix/fluid it will be in and the volume of the 

matrix/fluid it will be measured in 314. For AST, the bacterial analyte needed to be broadly 

conserved in human bacterial pathogens as well as changing expression level or activity in 

response to antibacterial-associated killing.  

As discussed in Chapter 2, the catalytic core of the proteolytic complex, ClpP, is involved in stress 

responses and is therefore required for stress tolerance as well as maintaining the quality of 
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cellular proteins 35, 315. Under conditions of stress, there is an increase of molecular chaperones 

to assist proper folding and refolding of proteins, and of proteases such as ClpP which helps in 

the degradation of proteins which cannot be refolded. This ATP-dependent protease also 

controls levels of naturally short-lived regulatory proteins 316. Therefore, bacteria being killed 

by antibacterials would be expected to activate the stress response which directly increases the 

level of ClpP protein in order to overcome the environmental stress and maintain optimal 

metabolic activity.  

Likewise, bacterial recombinase A (RecA) protein is involved in antibacterial-driven SOS 

responses and mutagenesis by regulating ATPase-dependent DNA repair 317. Antibacterials are 

known to induce DNA damage through ROS generation and the Fenton reaction 318. The 

association of ROS with the bactericidal action of multiple antibacterial classes has been 

demonstrated in quinolones, β-lactams, aminoglycosides and others 319. In the case of 

continuous antibacterial stress, RecA hyperactivity increases the expression of inducible error-

prone repair systems 317. Since RecA is a key element in the bacterial response to DNA damage, 

the level of RecA expression can be monitored to provide insights into the effects of 

antibacterial treatment on bacterial growth and survival 320.  

In Chapter 2, it was shown that the expression of both RecA and ClpP was upregulated in 

bacteria exposed to antibacterials. Based on the qRT-PCR results, ClpP gene was upregulated by 

susceptible S. aureus BB255 within 5 min exposure to cefoxitin while susceptible E. coli HB101 

showed increase expression of RecA protein after treatment with cefotaxime for 4 h. Therefore, 

ClpP and RecA were investigated as candidate analytes for AST.  

 

4.1.1.1 ClpP 

A number of tools have been developed to measure the activity of ClpP and to investigate its 

mechanism of action. This knowledge is important if the activity of this enzyme is to be used to 

measure antibacterial-induced stress and AST. 

ClpP is an ATP-dependent protease whereby its proteolytic activity is controlled by activating 

Clp-ATPases, associated with various cellular activities such as the ClpX or ClpA. ClpP by itself 

has only limited degradative activity towards small proteins and short peptides 161. Figure 4.2 

demonstrates a typical cycle of ClpP which involves ATPases associated with a variety of cellular 

activities chaperones such as AAA+ unfoldase for efficient action. Substrates bind to the 

protease via AAA+ unfoldase which leads to two scenarios, a) release of substrate or b) 

stretching and successful unfolding of substrate leading to degradation 157. 
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Figure 4.2 Cycle of ATPases associated with diverse cellular activities ClpP complex. (A) 
Substrate selective binding by the AAA+ unfoldase. (B) Sequence of ATP-driven stretching, 
leading to a strained structure or alternatively to a substrate release. (C) Successful unfolding 
which leads to translocations and degradation. (D) Initiation of a new cycle. Figure taken with 
permission from Moreno-Cinos et al., 2019 157. 

ADEPs, which are acyldepsipeptides and belong to enopeptin antibacterials, are found to 

activate and dysregulate ClpP 161. The activation takes place by reprogramming ClpP, converting 

it to an independent protease in which AAA+ chaperones are not required for protein and 

polypeptides degradation 161. Lee et al. had previously studied the crystal structure of ClpP with 

ADEP and showed the interaction between ADEP and the ATPase binding site. Wong et al. 

described the identification of ADEP analogues and used these to study the peptidase and 

protease activity of ClpP in vitro. Results demonstrated an increase in peptidase activity by 

approximately 1.8-fold upon exposure to all analogues 227. Dysregulation of ClpP also leads to 

changes in hydrophobic region in the N-terminal, resulting in an open-gate form of the ClpP 

entrance pore (Figure 4.3) 161.  
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Figure 4.3 Entrance pore of free ClpP and ClpP-ADEP1. Top views from electron density map 
(top), negatively stained electron microscope images (middle), and cryo-electron microscopic 
images (bottom). Figure taken with permission from Lee et al., 2010 161. 

 

4.1.1.2 RecA  

A number of studies have investigated RecA (introduced in Section 2.1.1.2) activity, including its 

cleavage of LexA. LexA is a homodimer that constitutively interacts with specific DNA sequences 

via a helix-turn-helix motif in its N-terminal domain 167. Of the two subunits of the LexA dimer, 

one interacts with RecA promoters along a deep helical groove of the filament, while the other 

subunit of LexA has only minimal contacts with RecA 321. Following DNA damage, ATP-

dependent polymerisation of RecA along ssDNA generates activated nucleoprotein filaments 

(RecA*) which bind to LexA and induces autolysis of the scissile bond (Ala84-Gly85) located 

within the C-terminal domain of LexA 167. This specific cleavage site is located close to the 

catalytic core located between Ser119 and Lys156 (Figure 4.4 and Figure 4.5) 321.  
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Figure 4.4 The DNA-Binding domain (residues 1-69), Cleavage Site Region (79-95), and the 
Catalytic Core (111-202) of LexA are shown. The LexA cleavage site, shown with a dotted line, 
is between Ala84 and Gly85. Figure taken with permission from Giese et al., 2008 171. 

Direct interaction between RecA* and LexA ensures that cleavage of LexA takes place rapidly in 

the presence of DNA damage. Without RecA*, a low level of basal LexA hydrolysis takes place 

at physiological pH, but is increased by the activation of the protein’s serine-lysine catalytic dyad 

in an alkaline solution 169. A study conducted by Takahashi et al. reported the decrease in LexA 

protein by about 30% upon incubation with RecA protein, cofactor ATP and ssDNA. However, 

this took place only when all of these elements were present 322.  

 

 
Figure 4.5 3-D structure of LexA-RecA*. Six intact LexA monomers (each in a different colour) 
are docked on two turns of the RecA* (shown as grey transparent surface). (B) LexA–RecA* 
complex rotated by 120 around vertical axis relative to the view in (A). LexA monomers are 
presented in cyan and RecA in grey. The N- and C-termini of the two RecA monomers are 
marked. One of the LexA monomers is encircled by a broken line. (C) Detailed view of the 
LexA–RecA* complex. LexA CTD and NTD are indicated. Figure taken with permission from 
Kovacic et al., 2013 321. 
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4.1.2 Reporter 

Components commonly used as reporters in biosensors include enzymes, antibodies, nucleic 

acids, receptors, and surface-imprinted polymers 313-314, 323. Bioreporters are a specific class of 

sensor that utilise living cells to detect analytes and give detectable response through induction 

of a reporter gene 323. In general, reporters can be classified into three groups based on different 

mechanisms of interaction. These are biosystems, bioaffinity-biocomplexation and biocatalytic 

(Figure 4.6) 314. In this thesis, a biocatalytic system was required whereby the activity of the 

target enzyme (ClpP or RecA) would be assessed using a reporter substrate (peptide or protein), 

whereby the reporter would be cleaved by the enzyme and accumulate. The accumulated 

reporter would then be detected. 

 
Figure 4.6 Types of interactions between the target and sensing element (reporter). Figure 
taken with permission from Piroozmand et al., 2020 314. 

To date, only limited numbers of reporters are used in vivo due to limitations such as inherent 

fragility, irreversible binding, non-selectivity, and being difficult to use 313. It is necessary for 

reporters to be delivered to where they need to be without being degraded 313-314. This can be 

achieved using self-assembled particulate delivery systems such as liposomes to carry the 

molecular cargo 324. For example, the diagnosis of thrombosis and colorectal cancer was 

performed by detecting the presence of specific endogenous proteases which cleaved reporter 

released from carrier nanoworm (NW) 324-325.  
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4.1.2.1 ClpP peptide reporters  

Thompson and Maurizi investigated the hydrolysis of various peptides and identified a synthetic 

peptide propeptide (MSYSGERDNFAPHMALVPV) that was rapidly cleaved by E. coli ClpP. They 

proceeded to show that ClpP and ClpA cleaved the propeptide, as well as various truncated 

forms, at the Met-Ala bond 162. Cleavage at the same site still occurred when Met was replaced 

by Leu or Trp. However, upon substitution with Glu, Lys, Ser, Tyr, Ile, and D-Met, hydrolysis did 

not take place 162. Taking this further, Sha et al. used a self-quenching fluorogenic decapeptide 

Y(NO2)FAPHMALVPVK(Abz), shown by Careny et al. 326 to be a substrate for ClpP, to further 

investigate the cleavage site of ClpP (Figure 4.7). When cleaved by ClpP, the aminobenzoic acid 

(Abz) fluorophore detached from the 2-nitortyrosine quencher and fluorescence could be 

quantified using a fluorimeter 327. Sha et al. showed that cleavage was dependent on ATP and 

suggested that ClpP utilises ATP to deliver the substrate to the proteolytic site for hydrolysis 328. 

Analysis by liquid chromatography/mass spectrometry revealed the presence of cleaved 

product at a mass-to-charge ratio (m/z) of 810.28, which corresponded to Y(NO2)FAPHM.  

 
Figure 4.7 Schematic diagram showing the degradation of decapeptide at Met-Ala bond by 
ClpP and ATP. Figure taken with permission from Sha et al., 2020 328. 

  

4.1.2.2 LexA reporters 

Many reporters have been developed to investigate the RecA-mediated cleavage of LexA. Giese 

and co-workers used a truncated form of LexA, missing the N-terminal DNA-binding domain, to 
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show that it has comparable cleavage rates to that of full length LexA 171. However, the assay 

used for these studies used low-throughput, gel-based analysis. This was improved upon by the 

development of a ‘FlAsH’ assay which uses truncated E. coli LexA, where the N-terminal domain 

removed was replaced with a biarsenic fluorophore tag (Figure 4.8) 169. FIAsH-LexA cleavage by 

RecA* releases the short FIAsH containing N-terminal peptide, thereby giving a significant drop 

in fluorescence polarisation (FP). This allows for the cleavage to be monitored continuously or 

by end-point measurement. Their work also showed that the truncated LexA constructs show 

no difference in behaviour compared to the full-length protein in term of cleavage at high pH 

169. 

 
Figure 4.8 Design of the FlAsH-LexA assay . The N-terminal DNA binding domain of LexA was 
replaced with the short hexapeptide motif CCPGCC, labelled with FlAsH-EDT2. Figure taken 
with permission from Mo et al., 2018 169. 

  

4.1.3 Detector 

 

A detector is a biological element that recognises a specific target to give a quantifiable 

response 323.  

4.1.3.1 Antibodies 

Antibodies are commonly used as detectors (as well as reporters) (Figure 4.9) 329. This is mainly 

due to their high specificity and affinity for their target which makes them ideal for recognition 

elements in biosensors 330 used in various fields including sensing food pathogens, 

environmental toxins, and prohibited drugs 331. They can be used to identify pathogens to 

facilitate administration of antibacterial agents to treat infections 332.  
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Figure 4.9 Indirect ELISA protocol scheme where antibodies are used as reporter and detector. 

 

4.1.3.2 Aptamers 

As previously discussed in Section 1.7.4.4, aptamers, which are single stranded DNA or RNA with 

high binding affinity and specificity, have recently become popular for use in various 

bioanalytical assays. They are artificially produced by an in vitro process known as SELEX. 

Aptamers have been widely used for numerous targets such as proteins, small molecules and 

whole cells 333. Aptamers have been more recently developed as they are more stable , have a 

longer shelf-life and are preferred as an alternative to antibodies as detectors in biosensor 334. 

Aptamers are also smaller, easily modified, cheaper to produce and can be easily generated 

against a wider selection of target molecules 335. Due to these advantages, aptamers have been 

used widely in various bioanalytical assays and in various point-of-care testing (POCT) platforms 

for over the last decade 334.  

A reported advantage of aptamers as compared to antibodies is the sensitivity and specificity, 

which is fundamental in early detection of diseases. This can be enhanced by quantitative and 

qualitative detection of a number of biomarkers simultaneously 336.  

Table 4.1 Comparison between antibodies and aptamers for proteomics 335 

Properties Antibodies Aptamers 

Cost  Reasonable Less expensive 
Size Large Small 
Targets Those with high immunogenicity Almost all kinds 
Transportation conditions Dry ice Ambient temperature 
Immunogenic response in 
vivo 

High Low 

Conjugation to surface/resins Less variety Broader variety 
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A study by Toh et al. directly compared antibodies and aptamers for proteomic screening (Table 

4.1) 335. They concluded that aptamers were better than antibodies due to ease of attachment 

to detecting agent such as horseradish peroxidase compared to antibodies and that they can be 

more sensitive to their targets compared to antibodies 335. Aptamers can also be modified with 

various functional group for simple detection and in general, they are smaller in size (6-30 kDa) 

compared to antibodies (150-180 kDa) 337. However, aptamers have only been around for 20 

years which means more development by highly skilled researchers is required. In some cases, 

complex or small target molecules may complicate the selection process 335. 

 

4.1.4 Readout/quantitation 

Various methods of quantitation are used in biosensors including optical, electrochemical, 

colorimetric, magnetic and micromechanical technologies. Over the years, biosensor 

development had resulted in a diverse array of biosensors for the detection of various analytes 

for use in clinical settings 338. The technology used is dependent on a number of features such 

as the requirement for POCT or lab based quantitation, as well as the type of study (in vitro or 

in vivo). In POCT, the rapid detection of analytes near to the patient will facilitate better disease 

diagnosis, monitoring, and management 339. 

 

4.1.4.1 Colorimetry 

Biosensors that are based on aptamers are known as aptasensors. Optical aptasensors can use 

technologies originally developed for antibodies such as enzyme-linked immunosorbent assay 

(ELISA) with the enzyme acting on a chromophore to induce a colour change. The application of 

aptamers in ELISA is termed enzyme-linked apta-sorbent assay (ELASA), enzyme-linked aptamer 

assay (ELAA), enzyme-linked oligonucleotide assay (ELONA), and aptamer-linked immobilised 

sorbent assay (ALISA) 335. These assays are widely used in different configurations, including 

direct, indirect and sandwich assays (Figure 4.10) where oligonucleotide-based aptamers are 

used instead of antibodies to capture and/ or detect targets 336. The first application of an RNA-

ELISA reported in 1996, was an anti-VEGF165 assay 340. ELONA-based aptamers have been used 

to target poly(C)-binding protein 2 (PCBP-2) with high affinity and specificity. This assay was 

validated using a colorimetric technique to quantify the dissociation constant (Kd) and 

maximum binding capacity (Bmax) 341.  
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Figure 4.10 Configuration of (A) direct ELONA where protein is immobilised onto the platform 
surface, followed by addition of biotinylated aptamer and streptavidin-HRP conjugate, (B) 
indirect ELONA in which aptamer detects enzyme and antigen is immobilised onto the surface, 
(C) aptamer-target-antibody which sees immobilisation of aptamer onto the surface and 
capture the target antigen with antibody acting as the detecting agent and (D) antibody-
target-aptamer, an inverse arrangement of (C). Figure taken with permission from Toh et al., 
2015 335. 

In other colorimetric assays, the aptamer is attached to a nanoparticle, for example gold 

nanoparticles (AuNPs). The interaction between aptamer and the reporter/analyte leads to the 

negatively charged ssDNA, which is the complementary strand of the aptamer, to be separated 

from the aptamer. As a result, a colour change occurs due to particle aggregation (Figure 4.11). 

This approach is useful for the generation of visible results without the involvement of other 

complicated instruments 342. Overall, colorimetric assays have been used widely for many 

purposes such as the detection of antibacterials, vitamin, and bacteria 343-344. 
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Figure 4.11 A colorimetric aptasensor. AuNPs aptasensors showing the aptamer release and 
AuNP aggregation by target binding342. 

 

4.1.4.2 Fluorescence assays 

Fluorescence biosensing, a commonly used method for aptamer-based sensing systems, has the 

benefits of simple manipulations, high sensitivity and the potential for high-throughput 

bioanalysis 345. In fluorescence-based aptasensors, the aptamer is attached to a fluorophore or 

a nanoparticle. Quencher type fluorescence resonance energy transfer (FRET) systems are 

commonly used (Figure 4.12A), with an example of this is the detection of cocaine using a FRET 

signal between fluorescein and 4-([4-(dimethylamino)phenyl]azo)benzoic acid (DABCYL) 

moieties in aptamer-based strategy 342. Another example is an aptamer beacon which detects 

and binds target in solutions using a fluorophore-quencher pair which subsequently leads to a 

change in conformation to a hairpin shape or a hybridisation form (Figure 4.12B) 342.  

 
Figure 4.12 Schematic illustrations of fluorescence aptasensors with (A) binding of target 
stabilises the stem and brings the quencher and fluorophore closer, resulting in drop of 
fluorescence and (B) an assembly aptamer beacon in which target binding brings the 
oligomers together and causes stabilisation of ternary complex.  

Another aptasensor under this category is SYBR green (SG). In the absence of the 

reporter/analyte, SG intercalates into the aptamer resulting in an increase in fluorescence 346. 

However, in the presence of reporter/analyte, the SG is displaced resulting in a drop in 

fluorescence (Figure 4.13) 347. This approach allows for the rapid quantitative analysis of targets 

of interest by SG fluorescence measurement.  
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Figure 4.13 The sensing mechanism to quantify the detection of ofloxacin. Figure taken with 
permission from Yi et al., 2019 347. 

 

 

4.1.4.3 Electrochemical 

There are a number of assays that utilise electrochemical techniques, for examples 

electrochemical impedance spectroscopy (EIS), electrochemiluminescence (ECL) and cyclic 

voltammetry (CV). They are widely used due to their high sensitivity, compatibility and low cost. 

As conventional analyses are usually laborious, some biosensors such as graphene, aptamer and 

nanoparticle-based biosensors, utilise electrochemical biosensing which allows for POCT 348. An 

example is the use of a reduced graphene oxide (rGO) field effect transistor (FET) to detect E. 

coli (Figure 4.14). This device was used to detect different E. coli strains using antibodies. Here, 

an rGO sheet was placed on a gold dioxide electrode surface. In the presence and binding of E. 

coli with rGO, the electric conductivity in the FET from the negative charge around E. coli 

membrane will be regulated 349.  
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Figure 4.14 Schematic diagram of the Reduced Graphene Oxide (rGO) Field Effect Transistor 
(FET) Sensor. (i) Self-assembly of rGO, (ii) deposition of the atomic layer of Al2O3, (iii) 
deposition of gold nanoparticles, (iv) immobilisation of antibodies, and (v) detection of E. coli. 
Figure taken with permission from Prattis et al., 2021 349. 

 

4.1.4.4 Spectroscopy  

High performance liquid chromatography mass spectroscopy (HPLC-MS) is a versatile technique 

for the use of isolation, purification and identification of peptides 350. It consists of two 

techniques performed sequentially, with HPLC being performed first. 

The three major HPLC approaches utilised for peptides analysis are size-exclusion, ion exchange 

and reversed-phase chromatography 351. Reversed-phase chromatography (RPC) is most widely 

used for peptide separation, with the other approaches preferred for the analysis of proteins 

and peptides 352. RPC, which was introduced in 1976, is based on the affinity of the target 

towards the immobilised hydrophobic stationary phase 353. The interaction of peptide or protein 

with a reversed-phase surface is shown in Figure 4.15. The mobile phases used to elute the 

target are mixtures of purified water and a water-miscible organic solvents such as methanol 

and acetonitrile 354. The factors affecting retention are the hydrophobicity of the solutes and 

stationary phase surface, including the polarity of the mobile phase. An increase in each of these 

factor leads to the increase of retention. Solute molecules of low polarity are retained through 

adsorption on a shorter stationary phase (such as C8 column) while for longer phases (like C18 

columns), both partition (immersion of analyte into the bonded phase) and adsorption have a 

significant effect on retention. On the other hand, polar molecules exhibit higher retention on 

a polar stationary phase in which hydrophobic solutes are less retained 354. Examples of 

stationary phases used in RPC system include alkyl-bonded (C18 and C8), phenyl-hexyl, and silica 

among others. However, the octadecyl-bonded C18 column is the most commonly used 

stationary phase 354.  
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For peptide and protein analyses, a C8 or C18 column is used with gradients of increasing 

organic solvent concentration, along with the addition of an ionic modifier such as 

trifluoroacetic acid (TFA) or formic acid (FA). The ionic modifier is included to control the pH of 

the mobile phases, to sharpen the peak and ensure molecules are in one ionisation state. The 

method must be optimised to ensure the target peptide or protein is present as a well-defined 

peak(s) (measured in real time by a UV detector) so that it can be collected and characterised. 

Separation of peaks is altered and improved by changing the gradient slope, analysis 

temperature, ionic modifier, or composition of organic solvent 355. RPC has been proven to be a 

powerful technique, widely used due to its versatility and other factors such as (a) good 

resolution for both closely related or structurally distinct molecules; (b) easy optimisation to 

improve chromatographic selectivity; (c) high recoveries, as well as high productivity and high 

reproducibility 355.  

In a study conducted by Dai et al., the detection and identification of peptides and proteins from 

E. coli extracts were successfully performed. This was done through the separation of bacterial 

samples using a C8 column, followed by MALDI-TOFMS for identification 356. In another work, 

HPLC coupled with MS detection technique was utilised for the determination and 

characterisation of bioactive and biomarker peptides as a better alternative to immunoassay 

methods 357. 

 
Figure 4.15 Schematic diagram of (A) peptide and (B) a protein to an RPC-silica-based 
stationary phase where they interact with the immobilised hydrophobic ligands. Figure taken 
with permission from Aguilar 2014, 355. 

Mass spectrometry (MS) is an important technique for the analysis of proteins and peptides due 

to its speed, sensitivity and versatility. Mass spectrometers consist of three main parts: an ion 

source, a mass analyser and a detector (Figure 4.16). MS is capable of providing much useful 
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information which include the molecular weight and amino acid sequence of peptides and can 

provide information on modifications such as phosphorylation and glycosylation 358. Mass 

spectrometers measure and produce a list of peak intensities and mass-to-charge ratio (m/z) 

values 359.  

 
Figure 4.16 Schematic illustration of a mass spectrometer demonstrating the source, mass 
analyser and detector, including the workflow. Figure taken with permission from Alderton, 
2004 360. 

Employing different ionisation methods, positive or negative ions are produced from the 

sample. Electrospray ionisation (ESI) and matrix-assisted laser desorption/ionisation (MALDI) 

are two examples of ionisation techniques 361. ESI is reproducible with high flexibility to adapt 

to different types of mass spectrometers 361. Charged droplets are generated when a solubilised 

sample passes through a high voltage needle at atmospheric pressure and leads to desolvation 

359. In MALDI, samples are co-crystallised onto a sample plate by mixing with a small organic 

compound that absorbs at the wavelength of the laser beam 359. The sample plate is then 

subjected to analysis by mass spectroscopy 361.  

Mass spectrometers using two or more mass analysers are known as tandem mass 

spectrometers (MS/MS). There are a number of different tandem mass analyser formats:- triple 

quadrapoles, QTOF (quadrapole time-of-flight), and quadrapole ion trap (QTRAP), each with its 

own advantages (Table 4.2) 362. 

With the increasing complexity of samples, advancements in these technologies are necessary 

to continue to overcome the limitations of current mass spectrometry.  
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Table 4.2 Examples of commonly used tandem mass analysers 362-363. 

Mass analysers Concept Advantages 

Triple 
quadrapoles 

Contain three sets of quadrapole 
analysers (Q1, Q2 and Q3), with 
different scan modes based on fixed or 
scanning modes of Q1 and Q3 

Allow for monitoring of known 
compound in real time 

QTOF Operate with continuous stream of 
ions from ion source for quadrapole 
analyser and a TOF analyser, placed in 
orthogonal configuration allowing 
packet of ions to enter 

Higher mass accuracy, higher 
resolution, fast scanning speed 

QTRAP A hybrid of triple quadrapole and a 
linear ion trap analysers 

High stability, high sensitivity, 
high accuracy 
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4.2 Chapter aims 

The aim of this chapter was to develop an AST reporter assay.  

Specific objectives were to: 

1.  Evaluate the suitability of ClpP and RecA for use in the assay. In order to do this, 

reporters for ClpP and RecA were designed. A modified peptide with a Met-Ala bond 

was used as a ClpP reporter and a truncated form of LexA protein as the RecA reporter. 

The cleavage of these reporters by purified enzymes and antibacterial-treated bacteria, 

was examined by HPLC.  

2. Develop an AST detection assay. One reporter was selected for development of an assay 

utilising aptamers and mass spectroscopy. The presence of cleaved reporter was 

examined in antibacterial-treated bacterial cultures in vitro.  
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4.3 Materials and methods  

4.3.1 Materials 

Purified recombinant E. coli ClpP was purchased from MyBiosource, USA and recombinant RecA 

was purchased from NEB, USA. Acyldepsipeptide (ADEP) 1 was obtained from Cayman Chemical, 

USA. SKBT25 GCGTGTGTGGTGGTGTGC oligonucleotide was obtained from IDT Technologies, 

USA. ATP-γ-S (kinase substrate), tris(2-carboxyethyl)phosphine (TCEP) and dithiothreitol (DTT) 

were purchased from Abcam (UK), ThermoFisher Scientific (USA) and Life Technologies (USA) 

respectively. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was purchased from 

BDH, Dubai while glycerol was obtained from Fluka, USA. Peptides used in this chapter were 

purchased from Mimotopes, Australia or A+ Peptide, China. LexA reporter (H-

GPYGLPLVGRVAAGEPLLAQQHIEGHYQVDPSLFKPNADFLLRVSGMSMKDIGIMDGDLLAVHKTQDVR

NGQVVVARIDDEVTVKRLKKQGNKVELLPENSEFKPIVVDLRQQSFTIEGLAVGVIRNGDWL-OH) was 

made by Callaghan Innovation, New Zealand. Cefotaxime sodium and cefoxitin sodium were 

purchased from Southern DHB, New Zealand. HPLC grade acetonitrile was purchased from 

Merck, USA. Other chemicals and reagents used were purchased from Sigma Aldrich, USA. 

Aptamers were made by AuramerBio (NZ) under a sub-contract funded by an HRC Explorer 

grant (17/617). 

 

4.3.2 Growth of bacteria culture 

Four different bacterial strains: E. coli HB101 and ESBL, and S. aureus BB255 and RA120 were 

grown overnight in 10 mL LB broth at 37 °C. Overnight cultures were transferred into fresh LB 

broth and grown for another 2 h to achieve mid log phase. The bacterial culture was diluted to 

2107 CFU/mL in cationic-adjusted MH (CAMH) media. Depending on the final concentration of 

bacteria used in each experiment, the cultures were further diluted in CAMH.  

 

4.3.3 Assessing the peptidase activity of ClpP in vitro 

4.3.3.1 Assay buffer preparation and optimisation of HPLC method 

Assay buffer containing 25 mM HEPES (pH 7.5), 100 mM potassium chloride (KCl), 5 mM 

magnesium chloride (MgCl2), 10% glycerol and 1.5 mM DTT was prepared in purified water. The 

final pH of the assay buffer was adjusted to 7.4 with 0.1 M HCl (J.T. Baker, USA). For HPLC 

method, mobile phases used were 0.1% TFA in water and 0.1% TFA in ACN. To optimise the 

HPLC method, two different gradients (Table 4.3) were investigated. Peptides used in these 
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assays were the ClpP substrate Ac-YDFAPKMALVPY-OH (reporter), and the two proposed 

cleaved reporter products, Ac-YDFAPKM-OH and H-ALVPY-OH (Mimotopes, Australia). All 

peptide stocks were prepared in DMSO and diluted with assay buffer prior to analysis by RPC. 

For all methods, the injection volume was 20-100 µL and the flow rate used was 1 mL/min. 

Samples were analysed on a HPLC equipped with a 214 nm UV detector (Agilent 1200 Series, 

USA) using a Gemini® 5 µM C-18 110 Å column (150  4.6 mm) (Phenomenex, USA). 

Chromatograms were acquired using EZChrom Elite Software, USA. The method which resulted 

in the best peak resolution and separation between all three peptides was chosen for future 

experiments.  

Table 4.3 Optimisation of ClpP HPLC method. Two different HPLC gradient methods were 
tested with purified peptides prior to ClpP assay. 

 
 
 

4.3.3.2 Optimisation of ClpP assay  

The assay was based on that of Li et al. 327 and optimised with different concentrations of ADEP1 

for the activation of ClpP. For this purpose, samples were prepared with a two-fold dilution of 

ADEP1 from a starting concentration of 1.0 µM to 0.1 µM. A fixed concentration of ClpP protein 

(26 nM) was added and the mixture was incubated at 37 °C for 20 min, after which 15 µM of 

peptide substrate was added into the reaction mixture. The samples were further incubated for 

another 2 h. Controls were prepared without ClpP or without the ClpP substrate.  

For the subsequent set of optimisations, a higher range of ADEP1 concentrations were tested: 

10, 20, and 60 µM. The effect of varying the activation time was also investigated using 200 nM 
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of ClpP protein. For all samples, 15 µM of ClpP substrate was added and incubated for either 2 

h or 4 h. In order to improve peptidase activity, the assay was repeated with 1 µM ClpP protein 

and tested against ADEP1 at various concentrations: 5, 20, 60, 100 µM. The activity of ClpP after 

incubation was based on the formation of Ac-YDFAPKM-OH peptide as the cleavage product of 

ClpP peptide substrate.  

 

4.3.3.3 Peptidase activity in bacterial samples  

Bacteria were resuspended at 106 CFU/mL and were treated with 0.25 µg/mL of cefotaxime (E. 

coli) or 4 µg/mL of cefoxitin (S. aureus). All samples were incubated at 37 °C for 1 h, with 

continuous shaking at 200 rpm. Samples were then passed through a 0.2 µM syringe filter 

(Ahlstrom, Finland). 15 µM of ClpP substrate was added into the filtered supernatants which 

were then incubated for 2 h or 4 h at 37 °C. 100 µL of each sample was injected onto the HPLC 

system for analysis. The study was then repeated with 107 CFU/mL of bacteria and a 

corresponding 10-fold increase in cefotaxime or cefoxitin. 15 µM of ClpP substrate was added 

and samples were incubated at 37 °C for 2 h or 4 h. After incubation, the samples were filtered 

and analysed by HPLC as described above.  

 

4.3.4 Assessing the activity of RecA in vitro 

4.3.4.1 Assay buffer preparation and optimisation of HPLC method 

Assay buffer containing 100 mM Tris-HCl (pH 6.5), 150 mM NaCl, 5 mM MgCl2, 0.01% (w/v) 

bovine serum albumin (BSA), 0.1 mM TCEP and 0.01% (w/v) Pluronic F-127 was prepared in 

purified water. The same mobile phase and column as previously mentioned in 4.3.3.1 were 

used for optimisation. Three different methods were developed in order to achieve separation 

of the modified truncated LexA protein reporter and cleaved LexA (target peptide). Stock 

solutions of the target peptide, H-GPWGLPLVGRVAA-OH (1.5 mM) (Mimotopes, Australia), 

prepared in purified water and LexA (42 µM) were diluted in the assay buffer prior to HPLC 

analysis. The injection volume was 100 µL and flow rate used was 1 mL/min. The 

chromatograms were acquired using EZChrom Elite Software, USA. The method which resulted 

in the best peak resolution and separation was selected to perform future sample analysis 

(Table 4.4). Two different wavelengths (214 and 280 nm) were also tested to detect and 

determine the highest absorption of LexA protein.  

 



Chapter 4 
 

186 
 

Table 4.4 Optimisation of RecA HPLC method. Three different HPLC gradient methods were 
tested for RecA assay. 

 
 

4.3.4.2 Optimisation of RecA assay 

The assay used was based on work done by Mo et al. 169. An assay mixture containing 5 µM of 

RecA, 200 µM ssDNA, and 200 µM of ATP-γ-S was prepared in assay buffer. 2.2 µM of LexA 

reporter was then added into the reaction mixture and allowed to incubate at 37 °C for 1 h 

before analysis by HPLC. The peak area of target peptide was monitored and compared. The 

effect of RecA concentration, incubation time and incubation temperature were also studied. 

This was done by increasing the concentration of RecA to 10 µM, increasing the incubation 

period to 2 h or incubation at 25 °C. The effect of these alterations were observed through the 

change in peak area of target peptide as a product of LexA cleavage by RecA protein.  

 

4.3.4.3 RecA activity in antibacterial-treated bacterial samples  

E. coli HB101 and ESBL were resuspended at 107 CFU/mL and were treated with 2.5 µg/mL of 

cefotaxime. 2 µM of LexA was added into each sample. Samples were incubated at 37 °C for 0, 
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1 or 2 h, with continuous shaking at 200 rpm. After incubation, samples were passed through a 

0.2 µM syringe filter (Ahlstrom, Finland). The collected filtrate (100 µL) was analysed by HPLC.  

 

4.3.5 LexA aptamer assay 

4.3.5.1 Development of aptamers to bind LexA target peptide 

The manufacture of aptamers to detect cleaved LexA (H-GPWGLPLVGRVAA-OH) was contracted 

to AuramerBio (New Zealand) using compounds developed and evaluated in Section 4.3.4. 

Intact truncated LexA protein and H-PYGLGMVGR-OH, H-RVAA-OH, H-GPYGL-OH and H-PLVGR-

OH peptides (A+ Peptide, China), which are similar to the cleaved reporter peptide, were 

designed and provided to AuramerBio for counter selection. 

Briefly, the development of aptamers involved three stages; (a) chemical conjugation of the 

target peptide to a solid matrix, (b) in vitro selection of target peptide binding ssDNA aptamers 

and (c) in vitro characterisation of the selected target peptide aptamers. Preparation of LexA-

matrix was carried out using a carboxylated linker molecule that was conjugated to the matrix 

surface at one end and to an amine group of the reporter peptide at the other end. The 

conjugation was confirmed by spectrophotometry and MALDI-TOF. 

Single stranded DNA (ssDNA) aptamers were then generated by SELEX using a tailor-designed 

evolution strategy to produce a random polyclonal library through 10 rounds of selection. This 

included negative selection rounds with unconjugated affinity matrix and counter selection 

rounds with LexA protein in an increasing percentage of mouse serum. The aptamer library was 

ligated and cloned for sequencing. Studies of binding kinetics for the selected aptamers were 

performed. The resulting fluorescence for each aptamer with LexA-matrix was compared to an 

unconjugated matrix and a negative control aptamer to assess the non-specific binding 

capacities of the aptamers.  

 

4.3.5.2 Aptamer assay for the detection of LexA target peptide in bacterial culture 

media 

AuramerBio were contracted for the initial development of a fluorescent/colorimetric assay 

that could be used for in vitro assay validation studies. Briefly, a SYBR green assay was optimised 

using the aptamers generated to bind to the LexA target peptide (H-GPWGLPLVGRVAA-OH). The 

performance of the aptamers in a SYBR green assay was evaluated in buffer conditions and 20% 
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mouse serum. Non-specific responses to the parent precursor LexA reporter were also 

evaluated. An ELONA was also investigated using paired aptamers, with the detection aptamer 

being biotinylated+. Following the binding of streptavidin-HRP to the biotinylated detection 

aptamer, o-phenylenediamine dihydrochloride (OPD) was added and the presence of the 

coloured product was measured.  

 

4.3.6 HPLC and Mass Spectrometry for the detection of the LexA reporter 

4.3.6.1 Sample preparation 

Bacterial cultures at a concentration of 106 CFU/mL were treated with cefotaxime at 0.25 µg/mL 

(E. coli) or with 4 µg/mL of cefoxitin (S. aureus). 4 µM of intact LexA reporter was added into 

each sample and incubated at 37 °C for 1 h with continuous shaking at 200 rpm. Samples were 

filtered through 0.2 µm filters and the filtrates were stored at -20 °C. This was repeated for 

untreated samples and controls (target peptide or truncated LexA reporter only). All samples 

were then subjected to solid phase extraction (SPE), followed by HPLC and mass spectrometry 

analysis. 

 

4.3.6.2 Solid phase extraction (SPE) of samples 

Samples were cleaned and concentrated using Strata™ -XL 100 µM polymeric reverse phase SPE 

columns (Phenomenex, USA) as per the manufacturer’s instructions (Table 4.5).  

Table 4.5 Steps for SPE treatment 

Step for SPE treatment Volume (mL) Solutions 

Conditioning  3 Methanol 
Equilibration 3 MH media 
Loading 1-3 Sample in MH media 
Wash 1 3 100% purified water 
Wash 2 3 40% of methanol in water 
Elute 3 2% TFA in methanol 

 

In the final step, the sample was collected by elution with methanol into a 15 mL tube (Falcon, 

Mexico). The collected fraction was concentrated using a Savant Centrifuge Evaporator 

(ThermoFisher Scientific, USA) overnight, at room temperature. Samples were then stored at -

20 °C prior to HPLC analysis.  

An initial experiment was performed using a spiked sample, containing 15 µM of the LexA target 

peptide in 2 mL of MH media, to ensure the target peptide was present after SPE.  
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4.3.6.3 HPLC analysis of SPE-treated samples 

The HPLC analysis of samples was carried out with a gradient mixture of 0.1% TFA in water and 

0.1% TFA in ACN as described in Table 4.6.  

Table 4.6 Gradient elution used for samples collection 

Time (min) 0.1% TFA in ACN 0.1% TFA in water 

0 10 90 
10 50 50 
12 50 50 
13 70 30 
14 95 5 
24 95 5 
25 10 90 
29 10 90 

 

Samples from SPE treatment were resuspended at 10X concentration with 0.1% TFA in water 

and a 60 µl sample volume was injected into the Agilent 1200 HPLC system (Agilent, USA) with 

a Aeris ™ 3.6 µM Widepore XB-C18 column (Phenomenex, USA) at a flow rate of 0.5 mL/min. 

Sample fractions were collected into 1.7 mL microtubes (Axygen, USA) at retention times 

between 9.5 min to 9.9 min (predetermined to be the retention time of the LexA target peptide, 

Section 4.4.5.1). Data was acquired using EzChrom Lite software (Agilent, USA). The collected 

fractions were then stored at -20 °C prior to mass spectrometry analysis.  

 

4.3.6.4 Mass spectrometry analysis of HPLC fractions 

To identify the cleaved LexA reporter peptide in the collected HPLC fractions, samples were 

analysed on a AB Sciex 3200 QTRAP mass spectrometer (AB Sciex, USA). A control LexA reporter 

peptide (H-GPWGLPLVGRVAA-OH) in CAMH media (30 µM) was first analysed as part of method 

development and a standard curve (9.6 µM to 0.3 µM) was prepared to determine the assay 

detection limit. Samples were analysed at a positive ion mode, with a flow rate of 7 µL/min and 

a declustering potential (DP) value set to 100. Data was acquired using Analyst Software (AB 

Sciex, USA).
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4.4 Results and Discussion 

4.4.1 Design and manufacture of reporters 

4.4.1.1 Design of ClpP reporter 

ClpP activity has been widely studied utilising fluorogenic peptides as a substrate 326-328. In most 

studies, a fluorogenic decapeptide was employed with ADEP1 to monitor the proteolytic activity 

of ClpP. It was established that ClpP cleaves the reporter peptide at the Met-Ala bond. As 

discussed in Section 4.1.2.1, Sha et al. used a decapeptide, Y(NO2)FAPHMALVPVK(Abz) 328 while 

Li et al. used Abz-DFAPKMALVPY-NO2 (Biomatik) 327. The Biomatik sequence was modified for 

use in this project through the addition of an acetylated tyrosine to the N-terminal, to allow for 

detection by UV absorption. This peptide, made up of 12 amino acids was expected to be 

cleaved by ClpP at the Met-Ala bond as previously reported, giving two peptide products as 

shown below.  

 

 

4.4.1.2 Design of RecA reporter 

As mentioned in Section 4.1.2.2, LexA is known to be cleaved by activated RecA*. The RecA-

mediated cleavage of LexA occurs at C-terminal domain between Ala84 and Gly85 bond (Figure 

4.17). 

 
Figure 4.17 LexA cleavage regions in pathogenic bacteria, with the green arrow showing the 
Ala-Gly bond where RecA-mediated cleavage occurs. Figure taken with permission from Mo 
et al., 2014 168. https://pubs.acs.org/doi/abs/10.1021/bi500026e1 

Previous studies had also shown that the truncation of LexA at the N-terminal did not affect the 

autoproteolysis rate of LexA 171. Based on the alignment and truncation studies a modified E. 

 
1 further permissions related to the material should be directed to the ACS 

https://apc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fpubs.acs.org%2Fdoi%2Fabs%2F10.1021%2Fbi500026e&data=04%7C01%7Cooijo035%40student.otago.ac.nz%7C18e8b568d7164c16f10108d93248b324%7C0225efc578fe4928b1579ef24809e9ba%7C1%7C0%7C637596110101733446%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=gDmcs2Kr8%2BPwBZqZN4QT%2F9G%2Fp%2B7q31pLHuH4pPHiCrM%3D&reserved=0
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coli LexA was designed, truncated at the N-terminal prior to cleavage site region (79-95) (Figure 

4.18) and at the C-terminal end to generate a LexA reporter peptide, H-GPYGLPLVGRVAA-OH. 

The reporter was further modified with the inclusion of an aromatic amino acid (tyrosine) in the 

cleaved LexA reporter to allow for detection by UV absorption. 

 
Figure 4.18 Truncated LexA reporter with tyrosine (in green) for UV detection. Red dotted 
lines represents the cleavage site within the cleavage site region.  

Recombinant protein was made and purified by Dr Campbell Sheen, Callaghan Innovation (New 

Zealand). 

 

4.4.2 Validation of reporters 

4.4.2.1 HPLC method for ClpP reporter 

The mobile phase used to elute the ClpP substrate and the cleaved peptide products was 

optimised for peak separation using different gradients (Table 4.3) and the retention times for 

each compound were determined (Figure 4.19). The substrate and cleaved peptides (all 

purchased from Mimotopes) were dissolved in assay buffer and injected onto the column at a 

final concentration of 30 µM. 

Results showed that all peaks were eluted within 18 min using Method A. Method B was then 

investigated, where the gradient is completed in a shorter time (32 min) with a modified elution 

gradient. This method resulted in improved separation of the peptide peaks (Figure 4.19). As 

peptides were of 97-99% purity, peaks from the assay buffer and mobile phase did not interfere 

with the integration of the peptide peaks.  

Overall, the ClpP substrate (least polar) was retained the longest in the stationary phase (C-18 

column) and was eluted at 18.2 min. The two shorter cleaved peptides, Ac-YDFAPKM-OH 

(Ac_OH) and H-ALVPY-OH (H_OH), were eluted at 13.4 min and 15.1 min respectively. All further 

experiments were performed using Method B, with an injection volume of 100 µL and a flow 

rate of 1 mL/min.  
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Figure 4.19 Optimisation of HPLC gradient for ClpP assay. Reverse-phased chromatography 
using Method A (top) and Method B (below) showing all peptides diluted in assay buffer and 
their retention time (RT) in min. 

 

4.4.2.2 Effect of different parameters on the peptidase activity of ClpP 

In Chapter 2, ClpP protease as a potential analyte for AST was investigated. Here the suitability 

of a modified peptide, with a Met-Ala bond, as a ClpP reporter was investigated. Cleavage of 

the potential reporter by ClpP, purchased as a purified enzyme, was investigated. As a first step, 

the optimal concentrations of reagents and assay conditions needed for peptidase activity were 

determined. ADEP1 has been reported to activate ClpP and increase the activity of ClpP in vivo 

364. This takes place by conferring independent protease activity on ClpP 365. In a preliminary 

experiment, 1 µM of ADEP1 was added to 26 nM ClpP and incubated for 20 min to allow for 

activation of the enzyme. Following this, 15 µM of the peptide substrate Ac-YDFAPKMALVPY-

OH was added before a 2 h incubation to allow for peptide cleavage. No cleavage of peptide 
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substrate was observed in this preliminary experiment, compared to a control with no ClpP 

added (Appendix Figure 4). 

Based on this result, the concentration of ADEP1 was increased (10, 20, and 60 µM). The amount 

of ClpP was increased to 200 nM due to concerns there may have been insufficient enzyme to 

cleave the peptide substrate. Cleavage of the peptide substrate was detected for all ADEP1 

concentrations (Figure 4.20 and Figure 4.21A) with the peak at RT 18.2 corresponds to the intact 

peptide substrate whereas peaks at RT 13.3 and 15.1 correspond to the cleaved peptides, H-

ALVPY-OH and Ac-YDFAPKM-OH respectively. Compared to Figure 4.19 which shows the peaks 

from the cleaved peptide standards, the peaks from the actual cleavage of the reporter were 

less clear, which is expected as cleavage of the reporter substrate was incomplete. 
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Figure 4.20 Effect of incubation time on ClpP activity. Cleavage of peptide substrate by ClpP 
(200 nM) and ADEP1 (60 µM) in assay buffer with 20 min activation followed by incubation at 
37 °C for different time. A) ClpP substrate control, B) incubation for 2 h and C) incubation for 
4 h. Peaks denote the retention times and peak area of ClpP substrate and the cleavage 
products. 

The effect of increasing the activation and incubation time were investigated, in case these were 

contributing to the partial cleavage of the reporter substrate. Results demonstrated that 
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activation time did not affect the peptidase activity of ClpP. However, at 60 µM, a longer 

incubation period (4 h) appeared to enhance the cleavage of ClpP substrate, seen by the 

increase in peak area of cleaved peptides (Figure 4.20B and C).  

 
Figure 4.21 The effect of ADEP1 concentration, activation time and incubation period on ClpP 
peptidase activity against peptide substrate, Ac-YDFAPKMALVPY-OH were investigated. (A) 
Representative results for the different concentrations of ADEP1 used to activate ClpP (200 
nM) at different activation time and incubation time and B) experiment repeated with higher 
concentration of ClpP (1 µM) and peptide substrate (30 µM). Data shown is based on one 
experiment. 

To further improve the peptidase activity of ClpP, the experiment was repeated using 1 µM of 

ClpP and 30 µM of peptide substrate with a lower (5 µM) and higher (100 µM) concentration of 

ADEP1 (Figure 4.21B). Control (30 µM peptide substrate) was prepared the same way without 

the addition of ClpP. As this experiment was only performed once, due to the cost of reagents 

and the time required for analyses, the data should not be overanalysed however, it appears 
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that by increasing the amount of enzyme and with a 1 h activation time followed by a 4 h 

incubation, the ClpP peptidase activity was the highest for all concentrations of ADEP1 used. 

This was based on the higher concentration of the cleaved product formed, denoted by the 

increase in peak area. This was expected as a study conducted by Brotz-Oesterhelt et al. had 

demonstrated an increase in hydrolysis of peptide substrate with reaction time by utilising 50 

µM ADEP1 365. They monitored the hydrolysis of substrate peptide by His-tagged ClpP for a 

period of 5 h. However, the percentage of cleavage was not reported. Overall, increasing the 

amount of ADEP1 activator to 100 µM did not appear to be beneficial, while at 5 µM, the 

amount of ADEP1 did appear to be a limiting factor when the activation and incubation times 

were not optimal.  

The aim of these studies was to test the hypothesis that the reporter peptide designed for this 

thesis could be used to measure ClpP activity. The results here support this hypothesis with 

ClpP-mediated cleavage being detected and with increased cleavage being detected with higher 

concentrations of ClpP. Therefore, the reporter should be considered as a candidate for 

development of a detector and assay for AST. 

 

4.4.2.3 Peptidase activity of ClpP in antibacterial-treated bacterial samples 

Experiments were then carried out to determine if ClpP-mediated cleavage of the reporter 

could be detected using the HPLC assay in antibacterial-treated bacteria. Based on previous 

work, it was anticipated that a major issue for this would be high background and interference 

in the HPLC from bacterial and culture proteins and peptides. The use of a minimal media was 

considered, however, to ensure that all bacteria strains were growing at the same rate under 

the same conditions, CAMH was utilised. 

As predicted, there was a high amount of interference from the CAMH media used (Figure 4.22). 

Therefore, only the peak area of the peptide substrate was integrated. Assays were first 

conducted by exposing bacteria to antibacterials, removing the supernatant and then adding 

peptide substrate followed by incubation for 2 h and 4 h. Initial results suggested that hydrolysis 

of peptide substrate did not take place due to the comparable peak area of peptide substrate 

observed between all samples. This was similar for both E. coli and S. aureus strains (Appendix 

Table 4 and Appendix Table 5).  
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Figure 4.22 Chromatogram showing the matrix interference from CAMH media alone (top) 
and spiked peptides at 15 µM in CAMH (bottom). Peak at RT 15.47 denotes Ac_OH peptide 
while peak at RT 13.6 denotes H_OH peptide. 

The experiment was repeated with 107 CFU/mL bacteria and 10X MIC and with the addition of 

peptide substrate (15 µM) during treatment with antibacterials followed by incubation for 4 h 

(Figure 4.23). 

Results showed that there appeared to be a decrease in the peak area of peptide substrate in 

S. aureus samples. However, a similar reduction was observed for both antibacterial-treated 

susceptible and resistant bacteria, and for untreated bacteria. This suggests either that all 

bacteria were stressed and had upregulated ClpP, or that the reduction was unrelated to ClpP.  
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Figure 4.23 ClpP activity of antibacterial-treated (10X MIC) bacterial samples. Antibacterial 
sensitive (S) and resistant (R) S. aureus and E. coli treated (T) or not treated (UT) with 
antibacterial and incubated with the peptide substrate for 4 h. Culture supernatant was 
collected for HPLC analysis to determine the percentage cleavage of substrate reporter. Peak 
area of the peptide substrate reporter from each sample was compared with the control (15 
µM of peptide substrate in CAMH without ClpP). 

Interestingly, there was also no observable change in substrate peak area in all E. coli samples. 

This suggests that ClpP peptidase activity was not observed in these bacterial samples. This may 

be due to insufficient amount of ClpP expressed by bacteria culture, as well as the presence of 

other components in the culture which may have affected ClpP activity. To date, ClpP activity 

was monitored using purified ClpP from E. coli and the proteolytic assay was done in assay 

buffer. There is no study reported to be done directly in bacterial samples. It was also worth 
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noting that the inconsistency of data may have resulted from sample preparation such as the 

filtration step. In order to improve the experiment setup, future work could include the direct 

quantitation of ClpP protein expression by bacteria cells. Although this was attempted in 

Chapter 2, other techniques such as Western blotting 227, 366, immunoprecipitation 367-368 or 

fractionation, where proteins released by bacteria can be separated based on their size, 

hydrophobicity, or affinity to bind to other molecules 369-370 could be used.  

Antibacterial susceptible and resistant S. aureus and E. coli were treated with cefoxitin and 

cefotaxime to test the hypothesis that ClpP would be elevated in susceptible bacteria and would 

be able to cleave the putative peptide reporter. Before starting these experiments, it was 

acknowledged that it would be difficult to perform these studies using HPLC as a readout. The 

issues with HPLC, the high background and interference from bacterial and culture peptides and 

proteins, were confirmed. In order for ClpP is to be used as an analyte to detect AST, a detector 

and sensitive assay would be required. 

 

4.4.2.4 HPLC method for RecA reporter 

The first step in assay development was to determine the absorption of the proposed RecA 

reporter, truncated LexA (1 µM) and the cleaved LexA reporter (target peptide) (30 µM) at 

different wavelengths. The two compounds were spiked into assay buffer. It was found that 

there was no absorbance detected at 280 nm, however at 214 nm, 2 peaks were detected 

corresponding to the cleaved LexA peptide (RT 20.8 min) and the truncated LexA (RT 22.5 min) 

(Appendix Figure 5). However, the reporter peak eluted at the same time as matrix interference 

from the assay buffer. To overcome this, the mobile phase was modified (Method B in Section 

4.3.4.1). This method provided improved peak elution of the truncated LexA reporter and 

reduced the inconsistency in peak size due to interference from assay buffer (Appendix Figure 

6). However, after several sample injections, there was a peak observed from a blank injection 

at the same retention time as truncated LexA (RT 22.2 min) which may have been due to carry-

over, owing to the large sized LexA (MW: 14, 427) retained in the column (Appendix Figure 6C). 

To circumvent possible carry-over issues, the subsequent sample analysis was done with an 

extended analysis time (Method C), with a longer ACN run time to remove truncated LexA 

traces. Using this method, truncated LexA was eluted at RT 37.6 min and cleaved LexA peptide, 

at 24.7 min (Figure 4.24). 
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Figure 4.24 Optimisation of HPLC gradient for RecA assay. HPLC chromatogram indicating the 
retention time (RT) which corresponds to cleaved LexA, 1.6 µM (target peptide) and truncated 
LexA reporter, 1 µM using Method C. 

 

4.4.2.5 Effect of different parameters on RecA activity 

The effect of RecA concentration, incubation time and incubation temperature on the cleavage 

of the candidate reporter were investigated in assay buffer using Method B. Preliminary results 

showed that a longer incubation period appeared to result in higher production of the cleaved 

target peptide, as demonstrated by the increase in peak area (Figure 4.25, Appendix Figure 6). 

The effect of temperature on RecA activity was investigated because previous work was 

performed at 25 °C. However, temperature did not show any impact on the activity of RecA as 

there was no significant difference in target peptide concentration when the reaction was 

incubated at 25 °C as compared to 37 °C. As expected, results also demonstrated that higher 

concentrations of RecA increased the amount of LexA cleaved product. These results are in line 

with a previous study conducted by Takahashi et al., which showed an increase in reaction rate 

at higher concentrations of RecA 322. Due to limited availability of the RecA reporter, all 

optimisation work was done only once.  
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Figure 4.25 Effect of different parameters on RecA activity. Different (a) RecA concentration, 
(b) incubation period and (c) temperature on the production of cleaved LexA (target peptide) 
were investigated.  

The assay was repeated with 5 µM of RecA and a 37 °C incubation for 2 h using Method C (Figure 

4.26). The amount of target peptide produced was quantified using a standard curve prepared 

in assay buffer (Appendix Figure 7). Results showed that 1.82  0.09 µM (n=3) of cleaved LexA 

reporter was present. Overall, these results showed that the modified truncated LexA protein 

reporter was successfully cleaved by RecA protein.  
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Figure 4.26 HPLC spectra of RecA assay done in assay buffer with 5 µM of RecA and a 37 °C 
incubation for 2 h analysed using Method C. Top panel shows the peak area of intact LexA 
reporter at RT 38.0 min and bottom panel shows the presence of cleaved LexA (RT 24.9 min) 
after the addition of RecA. 

 

4.4.2.6 Cleavage of intact LexA reporter by antibacterial-treated bacteria  

Similar to ClpP, an experiment was conducted to determine if RecA-mediated cleavage of the 

LexA reporter could be detected using the HPLC assay in antibacterial-treated bacteria. In a 

control sample of spiked truncated LexA (2 µM) in CAMH media, while the peak for the full-

length reporter could be clearly identified, there was matrix interference around the retention 

time for the cleaved reporter at RT 24.93 min. The integrated peak area at this RT was higher in 

the control sample than in an assay sample repeated with spiked RecA (5 µM) (Figure 4.27). It 

was observed that the intact truncated LexA reporter was cleaved by RecA with a reduction in 

peak area, however the peak of cleaved product could not be integrated (Figure 4.27). 
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Figure 4.27 RecA assay in CAMH media. HPLC spectra of spiked intact truncated LexA reporter 
(RT 37-38 min) and cleaved LexA (RT 24.9 min) in CAMH media only (top) and assay repeated 
in CAMH media with spiked LexA (2 µM) and RecA (5 µM) (bottom). 

Owing to this, the determination of LexA proteolysis was based on the decrease in peak area of 

the truncated LexA reporter. The decrease in peak area of the reporter by approximately 50% 

indicated the presence of RecA activity (Figure 4.27). This assay was then repeated in E. coli 

samples. 107 CFU/mL of bacterial culture was treated with 10X MIC cefotaxime and incubated 

with 2 µM of intact truncated LexA reporter. In treated susceptible (S) samples, there was no 

change in peak area of LexA reporter between control (0 h) and 2 h post incubation. The peak 

area was also similar to that of intact LexA reporter control, prepared in CAMH. When compared 

to untreated samples, the peak area also appeared comparable. The same trend was observed 

in all samples irrespective of treatment time, including treated resistant samples (Figure 4.28).  

The study further supports the requirement for a detector and sensitive assay to be developed 

in order to use RecA activity as a measure of AST.  
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Figure 4.28 Peak area of intact truncated LexA from treated and untreated E. coli samples. 
Susceptible (S) HB101 and resistant (R) ESBL were treated with 0.25 µg/mL at two different 
timepoints at 37 °C.  

 

4.4.3 Development of Detector 

Two potential reporters were designed and validated in sections 4.4.1.1 and 4.4.1.2. The 

decision was made to develop an aptamer detector for LexA target peptide based on the results 

from Chapter 2 where RecA activity was detected in E. coli and because the cleaved reporter 

was better quantified by HPLC. Aptamer development is a complex process and was sub-

contracted to AuramerBio, an NZ-based start-up company offering specialised services in this 

area. This was a collaborative team approach with the School of Pharmacy providing reagents 

(substrate and target peptide, counter selection peptides) and specifications for aptamer 

development.  

 

4.4.3.1 Generation of aptamers for the detection of LexA target peptide  

In the first step of aptamer generation, LexA target peptide (H-GPYGLPLVGRVAA-OH) was 

conjugated to a solid matrix (beads). UV-Vis spectroscopy results confirmed the immobilisation 

of LexA peptide onto the solid matrix (Figure 4.29). The peak at 280 nm denotes LexA peptide 

alone and the conjugated peptide showed a shift in absorbance to 260 nm. 
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Figure 4.29 UV-Vis spectroscopy results confirming LexA peptide immobilisation onto solid 
matrix. Data provided by Auramerbio, 2020. 

Specific ssDNA aptamers were identified by SELEX and 17 clones were sequenced. Fifteen 

unique aptamer sequences were identified, each being 75 base pairs long. The aptamers were 

generally similar in nucleotide composition, with between 46-55% GC content. These aptamers 

were then tested for their affinity for LexA peptide and compared with unconjugated matrix. 

Results showed all aptamers, except LA25, had higher affinity for LexA matrix than 

unconjugated matrix (Figure 4.30). However, the random aptamer LA-08 also had higher affinity 

for the LexA matrix than the unconjugated matrix. 

Several factors could have contributed to this trend. First, the LM-08 aptamer was developed 

to bind whole cell Listeria monocytogenes, and therefore may recognise an amino acid motif 

that occurs in both the LexA peptide and on the surface of L. monocytogenes. Second, the Bmax 

was found to be higher for LM-08 aptamer than for any of the LexA aptamers. This leads to 

better binding of the control aptamer to the beads, which may account for the higher signal.  
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Figure 4.30 Monoclonal aptamer affinity for LexA peptide. Each LexA aptamer (black lines) is 
compared against the random aptamer (LM-08; grey lines). Graphs show aptamer affinity for 
the LexA matrix (solid lines) and the unconjugated matrix (dashed lines). Data provided by 
Auramerbio, 2020. 

The aptamer equilibrium dissociation constant (Kd) was also calculated to investigate the 

aptamer affinity for the target, with lower value denoting greater affinity (Table 4.7). The Kd 

values were found to range between 55 nM to 200 nM.  
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Table 4.7 Aptamer Bmax and Kd values for the specific binding to LexA matrix. Data provided 
by Auramerbio, 2020.  

Aptamer Bmax Kd (nM) 

LA02 11.3 300.2 

LA04 6.16 160.3 

LA09 6.65 112.9 

LA15 3.28 55.22 

LA16 7.65 215.7 

LA22 11.2 273.9 

LA24 11.7 244.2 

LA25 Ambiguous 

LM-08 158 4652 

 
The advice from AuramerBio was that LexA reporter aptamers had been developed and that 

LA09, LA15, LA22 and LA24 aptamers were suitable for the development of the aptamer assay.  

 

4.4.4 Assay development 

AuramerBio then undertook an additional contract for the initial development of a validation 

assay, due to their experience in this field. 

 

4.4.4.1 SYBR green assay  

As the proposed validation study was to use the in vitro RecA assay developed in Sections 4.4.2.4 

and 4.4.2.5, a preliminary study was carried out to investigate if SYBR green would be a suitable 

detection system. SYBR green was added into samples containing MH media alone and bacteria 

grown in the media. Results showed high background fluorescence of media alone and this was 

comparable with bacterial samples (Figure 4.31). The large fluorescence emission from media 

likely resulted from the presence of proteins and amino acids in media which can display strong 

interactions with the SYBR green dye. Therefore, this detection method was not suitable for use 

of aptamer assay development.  
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Figure 4.31 Fluorescence intensity of Mueller Hinton (MH) media and samples after addition 
of SYBR green. Data provided by Auramerbio, 2020. 

 

4.4.4.2 ELONA  

After discussion, it was decided that a sandwich assay should be developed. The first stage of 

assay development was to conjugate a primary aptamer to the surface of 96-well plates using 

EDC/NHS conjugation. Checkerboard assays were carried out using different combinations of 

primary and secondary aptamer and the cleaved LexA reporter (Figure 4.32). SYBR green dye, 

could be used to detect binding for this stage of assay development as there was no media 

present to cause background problems.  

 
Figure 4.32 Fluorescence detected with various primary+secondary aptamers, with and 
without 1 µM of LexA target peptide. Data provided by Auramerbio, 2020. 
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Results demonstrated non-specific interaction was high when primary aptamers are present 

and the change in fluorescence was not significant between target and no target control. The 

signal-to-noise ratio recorded was too low and indicates low sensitivity. A number of further 

optimisations were attempted however the overall conclusion from AuramerBio was that the 

aptamers lacked specificity and sensitivity. The only option would be to redo the whole 

selection process.  

 

 

4.4.5 HPLC and Mass spectrometry  

In the absence of a useful aptamer detector, the decision was made to utilise mass spectrometry 

to directly detect and quantify LexA target peptide (H-GPYGLPLVGRVAA-OH) as a product of the 

cleaved LexA reporter.  

 

4.4.5.1 Detection of LexA target peptide in spiked samples 

Samples were firstly purified and concentrated using SPE treatment. This was initially done to 

remove and minimise the matrix from growth media, while increasing the concentration of 

cleaved LexA in samples. The SPE procedure was optimised to ensure there was no loss of target 

peptide during sample preparation and this was proven using a spiked sample with the presence 

of peak identified as cleaved LexA reporter in HPLC (compared against control) (Appendix Figure 

8). HPLC analysis was then carried out to determine the retention time of the cleaved reporter. 

In this study, LexA peptide was detected using a different column from Section 4.4.2.4. An Aeris 

™ 3.6 µM Widepore XB-C18 column (Phenomenex, USA) was used to enhance sample 

separation and peak shape by allowing unrestricted interaction of compounds to the pores 371. 

In this experiment, cleaved LexA with a mass of 1269 Da was investigated due to limitation of 

MS 3200 QTRAP mass spectrometer which has an upper detection limit of 1800 Da. The 

retention time was found to be around 9.7 min (Figure 4.33).  

Despite using SPE columns to clean the samples, a comparable level of matrix interference to 

non-SPE treated samples was present (Figure 4.34). This could be due to the resuspension of 

SPE samples at 10X concentration, which resulted in increased background signal. However, SPE 

improved the detection limit of LexA target peptide in HPLC analysis. Without SPE treatment, 

the lowest detection limit of cleaved LexA was found to be 20 µM (Appendix Figure 9). 
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Figure 4.33 HPLC spectrum showing the retention time of target peptide (30 µM) in assay 
buffer. 

 
Figure 4.34 Comparison between SPE and non-SPE treated CAMH media. CAMH 
chromatograms before (A) and after (B) SPE treatment. Peaks shown at B are the approximate 
retention time (min) of the cleaved reporter. 

A range of LexA target peptide concentrations (9.6 µM to 0.3 µM) was spiked into CAMH and 

subjected to SPE. The limit of detection of the HPLC was investigated with results revealing that 
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at concentrations below 4.8 µM, LexA target peptide was not detected (Figure 4.35). As there 

was a background interference from CAMH control (Figure 4.35C), a peak area higher than this 

indicates the detection of LexA peptide. 

 
Figure 4.35 The detection of target peptide in CAMH after SPE treatment: (A) 4.8 µM, (B) 2.4 
µM, (C) CAMH only. Shown on the trace is the peak eluted at RT 9.6 and the peak area which 
correspond to the LexA target peptide.  

Since the concentration of LexA reporter used in the in vitro experiments was 4 µM, it was 

expected that the cleaved product would not be detected. Therefore, HPLC fractions eluting at 

retention times between 9.5-9.9 min were collected and further analysed by mass spectrometry 

in order to detect the presence of the target peptide.  
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Mass spectrometry with a QTRAP detector was used to determine the presence of cleaved LexA 

in SPE treated samples. As mentioned in Section 4.1.4.4, QTRAP is a triple quadrapole mass 

analyser with the third quadruple being a Linear Ion Trap (LIT) for enhanced qualitative scan 

functions 362. The collected HPLC fractions were injected onto the MS at 0.7 µL/min and the 

presence of peak at m/z 1269 Da was monitored. 

By using mass spectrometry, LexA target peptide was able to be detected at a concentration of 

0.3 µM. This was confirmed by the presence of peak at 1269.7 m/z as seen in Figure 4.36.  

 
Figure 4.36 Mass spectrometry chromatogram of target peptide, showing the presence of 
spiked target peptide (1269 m/z) (circled in green) in CAMH at 0.3 µM (top) and at the higher 
concentration 4.8 µM (bottom). 

 

4.4.5.2 Detection of LexA target peptide in antibacterial-treated bacterial samples 

In this experiment, E. coli strains were treated with 0.25 µg/mL cefotaxime while S. aureus 

strains were treated with 4 µg/mL cefoxitin, with 4 µM of LexA reporter for 4 h at 37 °C. Post 

antibacterial exposure, the collected bacterial supernatant were subjected to SPE treatment. 

The collected HPLC fractions from each sample was analysed by mass spectrometry. Results 

demonstrated the presence of cleaved LexA reporter in all samples (treated and untreated). 
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This was observed for antibacterial sensitive and resistant E. coli (Figure 4.37) and S. aureus 

strains (Appendix Figure 10). 
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Figure 4.37 Mass spectrometry analysis of bacterial samples. Results show the LexA reporter 
control (A), LexA target peptide control (B), and susceptible E. coli HB101 (C and D) resistant 
E. coli ESBL (E and F) treated with 0.25 µg/mL cefotaxime (C and E) or untreated (D and F). The 
cleaved LexA reporter (m/z 1269) in each sample is circled in green. 

In order to further confirm these results, an additional product ion scan, also known as daughter 

ion scan, was performed through Q3 (third quadrapole in the mass analyser) scan and compared 

against spiked LexA target peptide (30 µM) in CAMH. Through a Q3 scan of the spiked sample, 

few product ions of the target peptide were detected. The detected daughter ion with a m/z of 

1100 found in spiked sample was also observed in bacterial samples (Appendix Figure 11). 

Although the sequence corresponding to this mass was not identified or characterised in this 

study, these results suggest that the corresponding peak (m/z 1269) found in all samples was 

the target peptide.  

While it was promising that the reporter target peptide was able to be detected, it was 

unexpected that is was found in all samples. This suggests that the process of growing bacteria 

in culture activates the SOS stress pathway. Bacteria are often grown in rich media to increase 

their overall cell yield. However, the choice of media used may have different impacts on the 

bacteria metabolic profiles, resulting in the accumulation of toxic metabolites which may lead 

to increased protein and/or DNA damage 372. It is also possible that the assay lacked the 

sensitivity to detect any specific increase in levels over the background, which would require a 
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quantitative approach to be developed. However, due to limited LexA reporter and time 

constraints, this study was not performed. 
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4.5  Conclusions 

A modified peptide reporter (Ac-YDFAPKMALVPY-OH) was designed and synthesised and was 

shown to be a substrate for ClpP. As had been designed, the substrate was cleaved at the 

methionine-alanine bond and cleavage was shown to improve with the addition of ADEP1, 

which activates and dysregulates ClpP. It was also found that although the ADEP1 concentration 

did not affect the activity of ClpP, increasing the incubation time of the assay increased the 

amount of cleavage. When the assay was repeated with bacterial cultures no cleavage could be 

detected. This was the same for both E. coli and S. aureus strains. Due to matrix interference 

from CAMH media, the integration of cleaved substrate was an issue. This results could also 

arise from insufficient amounts of ClpP protein being expressed by the antibacterial-stressed 

bacteria.  

The activity of RecA was assayed using a modified, truncated LexA protein reporter as the 

substrate. A truncated form of LexA was successfully designed (H-

GPYGLPLVGRVAAGEPLLAQQHIEGHYQVDPSLFKPNADFLLRVSGMSMKDIGIMDGDLLAVHKTQDVR

NGQVVVARIDDEVTVKRLKKQGNKVELLPENSEFKPIVVDLRQQSFTIEGLAVGVIRNGDWL-OH). The 

LexA was found to be cleaved at the proposed alanine-glycine bond, which was confirmed by 

HPLC analysis of the cleaved peptide control. Results revealed that LexA cleavage was 

dependent on both the concentration of RecA and incubation time. Preliminary results also 

showed that assay temperature did not affect RecA activity. When assayed with bacterial 

samples, due to overlapping signals from CAMH media and cleaved LexA product, only the 

parent truncated LexA protein was integrated based on the peak area. Results showed 

comparable LexA signal for all E. coli and S. aureus samples. This implies firstly that the parent 

protein is stable in media and bacterial cultures and the need of a more sensitive method to 

detect the changes in LexA concentration post treatment.  

Although both reporters could be potentially used for AST, LexA was chosen as the reporter. 

This was also due to the upregulation of RecA observed in S. aureus by qRT-PCR analysis (Section 

2.4.3.1) and in E. coli when analysed using Apostat (Section 2.4.3.4.2). Subsequently, the 

cleaved LexA reporter (target peptide) was selected for aptamer development. A number of 

aptamers were made and two different approaches, SYBR green and ELONA, were performed 

to develop an assay to detect cleaved LexA. However, all aptamers had a high noise to signal 

ratio and therefore low sensitivity and reproducibility of results, and were not suitable for use. 

HPLC and MS/MS methods were therefore used to validate the reporter cleavage . Treated and 

untreated samples were subjected to SPE analysis prior to separation and collection using HPLC. 
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Analysis of collected HPLC fractions showed the presence of cleaved LexA in all samples which 

suggests further method development is required to determine the concentration of cleaved 

LexA.  

Overall, this chapter concludes that ClpP and RecA activities were successfully observed by the 

formation of cleaved substrates. LexA target peptide, which was selected as a reporter for 

antibacterial-induced RecA expression, was found in bacterial samples using MS/MS.  
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5 General discussion and future directions 

5.1 Study outcomes 

The main objective of this thesis was to develop a point-of-care detection system for AST in 

order to aid in the treatment of antimicrobial resistant infections. This led to the various aims 

of this project which focused on the selection of a bacterial enzyme that was upregulated in 

antibacterial-treated ‘stressed’ bacteria, the development of a delivery system for the 

antibacterial and a reporter, and the design and development of a reporter along with an assay 

to detect the activation of the protein reporter.  

According to the WHO, AMR remains as one of the global health threats with the numbers of 

death per year expected to reach ten million by 2050 15. This phenomenon requires urgent 

measures whereby rapid diagnostics which cover pathogen identification and resistance testing 

are needed 146. Although the development of methods addressing AMR is on the rise, the 

turnaround time to detect and characterise the pathogens often take several days which results 

in broad-spectrum antibacterials being prescribed to patients before diagnosis is achieved. This 

directly leads to negative impacts on the health of patients, as well as exacerbating the existing 

AMR challenge. Thus, it is necessary to develop rapid and cost-effective detection platforms for 

AMR diagnostics 373.  

Bacteria respond to harmful environments by moving locations or altering their metabolism 151. 

The responses can be specific or a non-specific general stress response 154. As a result of the 

stress response, regulation of several processes such as DNA repair, toxin-antitoxin systems, 

and upregulation of efflux pumps and other genes to overcome the harmful environment, takes 

place 155-156. For example, the SOS response, found in many bacterial species, manages damage 

to DNA through the expression of repair proteins and proteases to increase the chance of 

bacterial survival 34. ClpP, MazF, SrtA and RecA are examples of enzymes regulated during stress 

responses in bacteria.  

ClpP is a proteolytic system involved in the degradation of malfunctioning and mistranslated 

proteins. This enzyme works with Clp-ATPase to recognise and unfold proteins prior to 

translocation to the proteolytic active site 157, 160. Unlike the degradation of large proteins, short 

peptides up to 8 amino acids can be degraded without ATP. Therefore, ClpP protease is 

fundamental for physiological functions such as coordinating cellular differentiation programs 

and removal of protein debris under stress conditions in bacteria 161. RecA, which is important 
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for repair and maintenance of DNA, is involved in the SOS response 164. The active and inactive 

states of RecA are controlled by the conserved repressor-protease LexA. In the absence of 

stress, LexA suppresses transcription of SOS genes. However, upon DNA damage, RecA detects 

and interacts with LexA and causes autoproteolysis which leads to the expression of SOS genes 

167-168. In bacteria, programmed cell death (PCD) is mediated through pairs of genes encoding a 

stable toxin and an unstable toxin. MazF, a stable toxin, interacts with MazE, a labile antitoxin 

to form a complex 175. Bacteria adapt to unfavourable environments by utilising this TA system 

176. In response to stress, MazE is rapidly degraded, liberating MazF which impedes prokaryotic 

growth 177. The toxic effect of MazF is associated with ribonuclease activity which is specific for 

ACA sequences in single-stranded RNA 180. Lastly, SrtA enzymes, also known as housekeeping 

sortases, present in almost all gram-positive bacteria are known to be regulated by stress 

response elements 36. The activity of SrtA requires a C-terminal cell wall sorting signal (CWSS) 

with a conserved LPXTG motif, followed by hydrophobic amino acids and a tail of positively 

charged residues 185-187. 

Here, the regulation of these genes in bacterial samples was first examined by qRT-PCR analysis 

of bacterial cultures treated with antibacterials at different timepoints. All four genes were 

upregulated in antibacterial susceptible S. aureus BB255 exposed to cefoxitin, but not in 

antibacterial resistant S. aureus RA120. As for E. coli strains, none of the four genes were 

upregulated with cefotaxime treatment. This was consistent for both susceptible and resistant 

strains, HB101 and ESBL. Although this is likely due to a problem with the assay, the primers 

were designed with specificity for E. coli and there were no primer dimers, confirming the 

quality of primers used. The method of data analysis was then considered. It is usual to 

normalise to a housekeeping gene however, in this study it was a challenge to identify genes 

which would not be regulated in bacteria after antibacterial exposure. Therefore the decision 

was made to normalise each gene of interest in antibacterial-exposed susceptible or resistant 

bacteria, to a paired sample from the same bacteria grown without antibacterials. It is possible 

that even in E. coli not exposed to antibacterials, the genes of interest were upregulated due to 

stressors. 

Proteomic analyses were performed on bacteria treated with antibacterials at different 

concentrations. Samples underwent protein concentration and digestion prior to LCMS/MS 

analysis. Preliminary results demonstrated RecA was present in the supernatant of E. coli HB101 

while RecA, ClpP and SrtA were found in the supernatant of S. aureus. However, only weak and 

inconsistent data was produced from the proteomics analysis, suggesting that MS-based 
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identification techniques may not have been suitable, particularly for proteins present at low 

concentrations.  

Functional assays were preformed to assess the activity of these four proteins. ClpP activity 

from stressed bacterial samples was assayed using a short fluorogenic peptide substrate. 

However, results obtained did not show any peptidase activity of ClpP. The fluorescence 

intensity remained unchanged for both antibacterial-treated and untreated S. aureus and E. 

coli, indicating that the peptide substrate (N-Suc-LY-MCA) was not hydrolysed. Although the 

activity of ClpP has been extensively studied in the literature, most studies worked with purified 

ClpP of a known concentration. Therefore, this may account for the results obtained. The same 

was observed when a fluorogenic oligonucleotide was employed as substrate to measure MazF 

activity. The incubation of 5′-/56-FAM/AAGTCrGACATCAG/3BHQ1/-3′ with bacteria exposed to 

antibacterial showed comparable fluorescence intensity between all samples, regardless of 

strains and treatment time. Although this assay detected the activity of recombinant MazF, the 

measurement of MazF activity from bacterial samples was unsuccessful. Next, RecA activity was 

investigated using a caspase substrate peptide, FITC-Z-VAD-FMK (Apostat), which has high 

affinity for RecA 172. A change in fluorescence intensity post antibacterial exposure showed that 

there was a significant increase in RecA activity in susceptible E. coli HB101. However, there was 

no observable change in MFI observed for the resistant ESBL strain. This indicated that RecA 

was specifically upregulated by antibacterial susceptible bacteria stressed by exposure to 

antibacterial. When investigating S. aureus strains, cefoxitin exposure resulted in comparable 

levels of fluorescence between susceptible and resistant strains. Finally, SrtA activity was 

investigated using a FRET-based peptide substrate with an LPXTG recognition motif. Although 

the cleavage of FRET peptide was observed upon exposure to recombinant SrtA, this was not 

observed in bacterial samples treated with antibacterial. Again, this assay was commonly used 

for SrtA inhibitor studies and has not been reported to be conducted on bacterial samples 

directly. As with the other assays (ClpP, MazF) the levels of SrtA may have been too low for any 

activity to be assessed. These results support the development of a reporter based assay that 

would have increased sensitivity.  

The proposed AST method investigated in this thesis was to utilise a particulate formulation to 

co-deliver a reporter and test dose of antibacterial to bacteria. This utilises the benefits of 

particulate formulations in the synchronous delivery of different actives, as well as the reported 

benefits on drug uptake and antibacterial activity. Reductions in the intracellular concentration 

of antibacterials has been reported to contribute to the development of AMR 374. One 
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mechanism by which bacteria can be innately resistant to the effect of antibacterial agents, or 

can gain acquired resistance, is through reduced entry into the cell 27. This factor is seen 

especially in treating gram-negative bacteria whereby the OM impedes movement of 

compounds into the cell 303. Encapsulation of antibacterials into liposomal formulations has 

been used as a promising strategy to overcome this challenge and to improve their therapeutic 

effect 234. Previous work showed improved antibacterial activity of formulated drug compared 

to free drug with cationic liposomes showing better efficacy due to enhanced interactions with 

the negatively charged membrane of bacteria cell 234. Modification with DSPE-PEG2000 is 

commonly used to increase the hydrophilicity and affinity of liposomes towards bacteria, as well 

as to reduce uptake by RES 296-297. This research supports the development of a liposome 

formulation for the co-delivery of antibacterial and protein reporter to bacteria for AST. 

Optimisation of cationic and neutral liposome formulations produced using microfluidic 

techniques revealed that the size of liposomes was inversely related to the flow rate ratio (FRR) 

of the aqueous to solvent phase. The polydispersity of liposomes was also smaller when a higher 

ratio of aqueous to solvent phase was used. However at a higher total flow rate (TFR), there 

was an increase in liposome size. With PEG modification, the size of liposomes produced were 

much smaller compared to non-PEGylated formulations and upon drug loading, sub-

populations of very large PEGylated formulations were formed which were not suitable for use. 

Encapsulation of active compound (cefotaxime, azido-luciferin or azido-cefoxitin) into non-

PEGylated liposomes yielded cationic and neutral liposomes with sizes ranging between 100-

290 nm and a PDI of around 0.3. These formulations also demonstrated good stability when 

stored at 4 °C or at 37 °C, as shown by the unchanged liposome size, PDI, zeta potential, and 

amount of loaded active compound. It was also found that increasing the concentration of lipids 

increased the encapsulation efficiency and size of the liposomes generated. More liposomes 

were formed and a larger volume of cefotaxime was able to be entrapped in the larger 

liposomes. This was in line with previous work which demonstrated an increase in liposome 

diameter and EE with lipid concentration 299. The potential drawback of this approach is the 

increase in the size of liposome. However, this increase may not be an issue as the majority of 

studied liposomes that had effective antibacterial activity had a size below 500 nm, preferably 

around 200 nm 287, 375. When tested against E. coli, cationic liposomal cefotaxime showed a 

similar inhibitory effect as free cefotaxime. However, neutral liposomal cefotaxime showed a 

significant reduction in inhibitory effect against E. coli. The same trend was observed for the 

killing effect of both cationic and neutral liposomal formulations of cefotaxime. Results revealed 

at least a 30-fold reduction in the antibacterial effect of neutral formulations compared to the 
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unformulated cefotaxime. This trend was in line with the hypothesis that the presence of a 

positive surface charge enhances the adhesion and fusion with the bacterial OM 310. Small 

hydrophilic drugs including β-lactams such as cefotaxime readily gain access to the interior of 

the cell through the porins found within the outer membrane which likely accounts for the lack 

of any beneficial impact of formulation into cationic liposomes in an in vitro assay where the 

drug is in close and constant contact with the bacteria 57. 

The uptake of liposomes into bacteria was then investigated. To date, only a limited number of 

assays have looked at bacterial uptake of liposomes. Assays utilising liposomes containing 

fluorophore-labelled lipids have been used to measure liposomal fusion with bacterial 

membranes 268. However, these assays do not provide information on the fate of encapsulated 

drug or the efficacy of liposomal delivery system compared to unformulated free drug. TolC 

deficient E. coli genetically engineered for compartment-specific (periplasmic or cytoplasmic) 

localisation of streptavidin were used to study the mechanism of uptake of azido-modified 

compounds (reporters and drugs). These react with cyclooctyne-biotin probes, attached to the 

localised streptavidin, via SPAAC. Tetrazine-BDP-FL was then added to bind to any unreacted 

cyclooctyne-biotin, generating a fluorescent signal. Two azido compounds were used which 

included a successfully modified cefoxitin bearing an azide functional group. Normalised 

fluorescence of samples showed a significant increase in uptake of cationic formulated azido-

luciferin into the periplasm of TolC deficient E. coli, compared to the unformulated azido-

luciferin. This can be explained by the positively charged liposomes having an improved 

interaction with the negatively charged bacteria membrane. This trend was also observed for 

cationic azido-cefoxitin periplasmic uptake. When observing cytoplasmic delivery, the opposite 

trend was detected, with significantly less of the cationic liposomal azido-luciferin reaching the 

cytoplasm. This may be due to the absence of the TolC efflux pump leading to accumulation of 

compounds in the periplasm, after their removal from cytoplasm 303.  

Finally in Chapter 4, protein reporter assays based on biosensor technology were developed 

and investigated. Direct changes in biological components in vivo are often detected using 

reporter/biosensor-based systems which can have increased selectivity, sensitivity and stability 

312-313. A typical reporter system consists of an analyte, a reporter, a detector and 

readout/quantification. A detector or transducer amplifies the signal from the reporter which 

recognises changes in the level or activity of the analyte of interest. In this project, a modified 

ClpP peptide substrate and a purified truncated N-terminal LexA were investigated as potential 

reporters. These reporters were used to detect the presence and any changes in ClpP and RecA 
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activity in antibacterial-treated bacterial samples. ClpP cleaves polypeptides at Met-Ala bonds, 

in the presence of ADEP1, with previous work utilising a fluorogenic decapeptide to investigate 

the activity of ClpP 326. In this study, a peptide (Ac-YDFAPKMALVPY-OH) was designed and its 

cleavage by ClpP was monitored by HPLC using a UV detector. Assays performed using 

recombinant ClpP showed cleavage of the peptide reporter by ClpP after 2 h of incubation, with 

a 20 min activation by ADEP1 prior to addition of ClpP. Results from assay optimisation also 

showed that an increase in ClpP or in the incubation period increased the percentage of 

cleavage. A study conducted by Brotz-Oesterhelt et al. demonstrated an increase in hydrolysis 

of peptide substrate with reaction time over a period of 5 h 365. Meanwhile, the concentration 

of ADEP1 did not affect the activity of ClpP provided the assays were carried out with longer 

activation and incubation time. Preliminary analysis of ClpP activity from antibacterial-treated 

or untreated bacterial samples showed no antibacterial-specific effect on reporter levels. It was 

not unexpected that an HPLC assay would have insufficient sensitivity to directly detect changes 

in reporter levels in biological samples. 

The RecA protein reporter assay utilised LexA, which is known to interact with RecA, as the basis 

of the reporter. Previous research has shown that activated RecA* cleaves LexA at the C-

terminal domain between Ala84 and Gly85 bond 167, therefore a truncated form of LexA 

containing this site and releasing a short peptide upon cleavage was designed and produced for 

use in this assay. Previous work showed that truncated LexA demonstrated similar cleavage 

rates by RecA, compared to the full length LexA 171. Proof-of-concept studies using recombinant 

RecA, ssDNA and ATP-γ-S, and using HPLC as the readout, showed that the modified truncated 

LexA protein reporter was cleaved. Results showed that cleavage was dependent on RecA 

concentration and length of incubation but was independent of incubation temperature. The 

same assay was used to investigate if antibacterial-treated E. coli samples were able to induce 

LexA reporter cleavage. Results showed comparable peak areas for the LexA reporter in all 

samples (antibacterial-treated and untreated) compared to the control (LexA spiked into 

media). These studies support the need for a more sensitive detection technique to be 

developed to measure RecA activity as a measure of AST.  

Initial investigations concentrated on an aptamer-based assay to detect the LexA target peptide 

(cleavage product of the LexA reporter). Aptamers, which are short single stranded DNA or RNA 

oligonucleotides with high binding affinity, are being increasingly used for bioanalytical assays. 

Artificially produced by an in vitro process known as SELEX, they target proteins, small molecules 

and whole cells 333. Due to their advantages, such as sensitivity and cost-effectiveness 336, they 
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were developed and evaluated for use in this project. Initial selections were conducted and a 

series of aptamers were supplied that were reported to have high affinity for LexA. For initial 

assay development, SYBR green was tested as a detection system. However, high background 

fluorescent was produced which likely resulted from the presence of proteins and amino acids 

in the bacterial growth media which display strong interactions with the SG dye. Thus, another 

detection system was employed which was ELONA. This sandwich assay using paired aptamers 

was investigated for its suitability to detect the LexA target peptide. However combinations of 

aptamers demonstrated a low signal to noise ratio, indicating low sensitivity of this assay. The 

lack of sensitivity suggested the original selection process, performed by the contracted 

aptamer development company, had not been successful. The selection process is dependent 

upon the expertise of the contracted company and the selection and counter selection 

compounds used. It is possible that the counter selection peptides used were too stringent, 

removing any target-specific aptamers, however the advice received from the company at the 

time was that this was not an issue. 

To circumvent this challenge and provide further proof-of-concept data using antibacterial- 

treated bacteria, a combination of HPLC and MS techniques were developed in order to 

specifically detect the cleaved reporter with high sensitivity. HPLC-MS is a versatile technique 

commonly used for the isolation, purification and identification of peptides and proteins 350. For 

this purpose, supernatants of bacterial samples treated with antibacterials were cleaned (to 

remove interfering matrix components such as salts and large proteins) and concentrated by 

SPE prior to HPLC analysis. HPLC fractions corresponding to the cleaved product of LexA reporter 

were collected and subjected to MS analysis for identification. MS results revealed the presence 

of LexA target peptide in all samples, regardless of exposure to antibacterial and if the E. coli or 

S. aureus were susceptible or resistant. The observed trend could possibly mean that all bacteria 

were stressed and expressing RecA. It has been reported that bacteria grown in culture media 

produce toxic metabolites which may lead to protein and/or DNA damage 372. It is also possible 

the assay lacked the sensitivity to detect any specific increase in levels over the background, 

which would require a quantitative approach to be developed.  
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5.2 Future directions 

The antibacterial susceptible/resistance assay being developed here was highly novel and an 

exciting out-of-the-box approach for rapid, point-of-care testing. This thesis involved the use of 

diverse techniques to develop the assay.  

The first stage of development of the assay was to select target enzymes upregulated in bacteria 

being killed by exposure to an antimicrobial agent (antibacterial susceptible) but not by bacteria 

that were not being killed (antibacterial resistant). Two bacterial species that are common 

human pathogens were used and the antibacterials used in the in vitro assays were those 

commonly used to treat these infections in the clinic. While this approach was based on sound 

clinical reasoning, future experiments could examine different antimicrobial agents. β-lactams 

are currently the most used class of antibacterials for treating infectious disease. These 

bactericidal agents affect bacterial cell-wall formation by binding to essential penicillin-binding 

protein (PBPs), which are involved in the final step of peptidoglycan cross-linking in both gram-

negative and gram-positive bacteria 376. Previous studies showed that besides interrupting the 

cell wall synthesis, β-lactams also induce complex toxic metabolic perturbations, as well as 

intracellular oxidative stress which results in the release of reactive oxygen species (ROS) 377. 

Following this event, damage to proteins, membrane lipids and DNA are observed which initiate 

the DNA damage response system (SOS response) and the stimulation of SOS response genes 

31. β-lactams have been used previously with liposomes in order to enhance the bioavailability 

of these drugs. For example, cefotaxime was used as a model drug for the development of 

liposomal delivery system in order to study the role of liposomes in enhancing the bioavailability 

of this poorly absorbed hydrophilic drug 378. Cefoxitin was also used in a study conducted by Wu 

et al. to investigate the effect of cefoxitin-loaded liposomes in eradicating intracellular 

infections. For this purpose they, conducted in vivo studies and compared the distribution of 

free form and liposome form of cefoxitin in different rat organs 379. Thus the choice of the 

bacteria and antibacterials seems appropriate however, future studies should/could investigate 

other classes of antibacterials such as quinolones which target DNA synthesis. A lipophilic 

antibacterial (eg. ofloxacin) could also be used to study its loading into liposomes. 

The next step was to investigate regulation of genes in drug-exposed bacteria. Two approaches 

were used, a qRT-PCR approach for selected genes reported in the literature to be involved in 

stress responses and a less biased proteomics approach. The qRT-PCR approach worked very 

well with S. aureus but not for E. coli and the reason could be that changes are only seen at 
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protein level in E. coli. However, it is more likely that the lack of any measurable response was 

due to the method of data analysis normalisation, to bacteria not treated with antibacterials. 

Other possibilities for data normalising could be examined for future studies including the use 

of housekeeping genes such as 18S ribosome small subunit (18S) or glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) 380. Henrick Heckmann et al. presented a simple and robust method 

known as NORMA-Gene, which could be used for data normalisation. This method is based on 

a data-drive normalisation algorithm which is particularly useful when a small number of genes 

are assayed381.  

A switch was then made from looking at genes to looking at proteins using proteomics analyses. 

Due to bacteria being grown in complex media, analysis of proteins specifically produced by 

bacteria, often at low levels, was an issue. Future studies should include optimisation studies of 

proteomic analysis of bacterial samples in a minimal media that supports normal growth of 

bacteria. In order to improve analyses of samples with low protein concentrations, a proposed 

single-pot solid phase enhanced sample preparation (SP3) could be used 382. This is a magnetic 

bead–based approach that can be used for rapid and efficient processing of protein 

preparations. It uses hydrophilic interactions to remove reagents used to solubilise and/or 

digest protein preparations and to lyse cells 383. This protocol demonstrated a higher coverage 

of sample with increased numbers of proteins identified, as shown in a study by Hayoun et al. 

384. 

Studies were then carried out to validate the genes identified by qRT-PCR as potential targets 

for AST in functional assays, using recombinant protein as a positive control. However, the 

concentration of proteins expressed by bacteria after antibacterial exposure was not known nor 

was the quality of protein controls purchased commercially. As previous work were mostly done 

with a known concentration of protein (eg. ClpP), it would be useful to quantify the amount of 

protein expressed by bacteria in this study. For example, Arribas et al. studied the activity of 

ClpP from B. subtilis at a concentration of 8 µg/mL while Brotz-Oesterhelt et al. used 60 µg/mL 

of ClpP from E. coli to assess the cleavage of 1.0 mg/mL peptide. Therefore, the quantification 

and purification of proteins prior to each experiment may have provided better insight into the 

results obtained. However, these purifications would have been time consuming and complex. 

This approach would first involve the extraction of proteins which could be done via mechanical 

or enzymatic/chemical techniques. However, techniques used would need to be considered 

based on strains of bacteria, as well as the concentration of protein required and the types of 

analyses, which could involve further optimisation studies 385.  
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Another key component of this project was the development of a formulation for co-delivery of 

the test dose of antibacterial along with the reporter. Liposomes were used based on their 

approval for clinical use. Cationic liposomal cefotaxime demonstrated a comparable inhibitory 

effect against E. coli when compared to unformulated cefotaxime. A 10-fold increase to 100 

mg/mL of the original concentration of lipid mixture was required to prepare formulations 

encapsulating sufficient cefotaxime for MIC studies. A disadvantage of this approach is the 

associated increased costs, as well as the wastage of non-entrapped antibacterial. Therefore, 

other methods for optimising drug loading should be investigated. This could be achieved with 

active techniques using pH gradients and potential differences across liposomal membranes, 

which generates high encapsulation efficiency 386-387. For example, liposomes actively loaded 

with ciprofloxacin using ammonium sulfate resulted in liposomes with effective loading of 

ciprofloxacin 388. Another option could be to attach the drug to the liposome through chemical 

conjugation. Drugs can be attached to the phospholipid bilayer of liposomes using various 

chemistries and functional groups 389. This method is versatile and allows for better drug loading 

and controlled drug release 389. However, chemical attachment would require developing a 

variety of different test antibacterials available for AST, whereas it had been envisaged that the 

antibacterial used in test formulations could be simply changed by resuspending a standard 

freeze-dried liposome preparation in different antibacterial solutions. 

PEGylated formulations were also examined in this thesis. PEGylation is known to improve 

liposome stability and increase circulation 296. However, there is also the so-called ‘PEG-

dilemma’ which is where PEG, in addition to stopping uptake by the RES, also impacts negatively 

on interactions between nanocarriers and target cells/tissues 390. Despite this, PEGylated 

liposomes containing vancomycin have been successfully prepared by others and were 

evaluated for their ability to kill bacteria in vitro and in vivo 391-392. Therefore, it may be beneficial 

to carry out further optimisation using different lipid compositions or preparation methods to 

generate PEGylated cationic liposomes and to consider making the PEG coating sheddable, to 

remove the impact on uptake by the target cells. Sheddable PEG coating can be generated using 

a number of approaches, one approach would be a pH-responsive cleavable PEG polymer. This 

PEG polymer, made up of an acid-labile linker is stable at physiological pH 7.4 but will 

decompose under acidic conditions 393. Kanamala et al. showed that the release of gemcitabine 

from cleavable PEG-pH sensitive liposomes was dependent on pH with almost 80% gemcitabine 

being released at pH 5 393. As the interstitial fluid of abscesses has pH values lower than 6 394, 

this approach would be useful for future animal infection studies.  
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Another approach for optimisation studies for drug delivery systems is the use of Design of 

Experiments (DoE) methodology. DoE is a method which involves a rapid screening design that 

can be used when more than 6 independent variables (for example lipid composition, lipid 

concentration, drug/lipid ratio, flow rate, temperature, flow ratio) are involved 395. By using this 

method, the influence of these variables on the process as well as their impact on liposome 

characteristics can be assessed to minimise the number of experiments done 293.  

In the study of liposomal uptake and drug delivery into gram-negative bacteria, the assay 

performed was successful in studying the initial uptake of liposomes and the fate of drug in the 

bacteria. However, in order to have better insight of the uptake mechanism of liposomes in the 

bacteria, the assay could be modified by having the azide functionality on the liposomes. This 

could be achieved based on previous work utilising liposomes made with fluorophore-labelled 

lipids to monitor liposomal fusion with bacterial membrane 268-269.  

There are also different nanoparticle delivery systems which could be evaluated for use in co- 

delivery of the antibacterial and reporter, with a focus on formulations with high drug loading. 

For example, polymeric-based nanoparticles where natural or synthetic polymers are utilised to 

deliver antibacterials. The antibacterials are either covalently bound to a polymer backbone or 

are incorporated into the polymer matrix. Alginate, which is a biopolymer, was used to load 

antibacterials to treat tuberculosis infection 79. Another possible system would be nanoparticle-

hydrogel (NP-gel) systems where the gel can be used to control release of antibacterial from 

the nanoparticles 396. Such systems have additional advantages including biocompatibility, high 

drug loading and responsiveness to stimuli 397.  

Aptamers were investigated in this thesis due to the reported advantages they have over 

antibodies for use as detectors in biosensor technology, such as their great stability and longer 

shelf-life 334. Aptamers are also versatile owing to the ease of modification and their affinity 

towards a wider selection of target molecules 335. However, in order for them to be useful in the 

biosensor they must have high specificity for the target molecule, which the aptamers here did 

not. Future work to address this issue would include re-screening the initial candidate pool. In 

conjunction with this, the use of improved characterisation technique such as biolayer 

interferometry (BLI) would allow for improved characterisation of aptamers and identification 

of aptamer combinations. Biolayer interferometry is a novel technique used to monitor real-

time molecular interactions and therefore, to elucidate insights into the process 398. This 

technique relies on the optical analytical technique in which protein binding causes a change in 



Chapter 5 
 

232 
 

interference pattern of the reflected light. Lou et al. had previously reported the use of BLI for 

the analysis of interaction between an anti-thrombin RNA aptamer with thrombin 399.  

Mass spectrometry was used for proof-of-concept analysis of the reporter peptide. This 

sensitive approach allows for the determination of molecular weight and amino acid sequence 

of peptides, by measuring the peak intensities and mass to charge ratios 358-359. Therefore, MS 

was able to identify the presence of the LexA target peptide in bacterial samples. As the peptide 

was found in both antibacterial-treated and untreated samples, it would be useful to be able to 

quantify the amount of target peptide present in each sample which could be achieved with 

further method development and validation with the use of a standard curve of LexA target 

peptide. However, this technique would not be suitable in the short term due to the quantities 

of reporter required and in the long term MS is not suitable for point-of-care AST, whereas an 

aptamer-based electrochemical assay would be. An electrochemical transducer is easier to use 

and can be miniaturised and further developed for POC diagnostics 400. An example of such an 

assay is the label-free voltammetric biosensor array used for the detection of haemoglobin in 

human blood that utilises thiol-modified aptamers immobilised onto gold nanoparticles 

(AuNPs)-modified array electrodes 400. 
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5.3 Conclusion 

The central hypothesis evaluated in this thesis was that real-time in situ testing of antibiotic 

resistance could be achieved using a reporter/detector system to measure the changes of a pre-

determined gene found to be upregulated by susceptible antibacterial-exposed bacteria. This 

was highly novel and ambitious research, and although the end goal was not reached, the data 

from the thesis has provided important initial data on the feasibility of this approach, as well as 

identifying areas of future research which will aid in developing this new form of AST. 

Overall, RecA was shown to be promising candidate as a valid target for AST testing. RecA 

successfully cleaved the modified truncated LexA reporter, which can be expressed readily in E. 

coli and can be scaled up for future studies. Liposomes as the delivery system of reporter and 

antibacterial can be further optimised in order to increase loading with optimal characteristics. 

Aptasensors are still the preferred option for AST testing as this technique circumvents many 

limitations of the currently used methods and have the potential for the development of rapid, 

point-of-care AST.  
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cost of staphylococcal cassette chromosome mec in methicillin-resistant Staphylococcus aureus 
by way of continuous culture. Antimicrob. Agents Chemother. 2007, 51 (4), 1497-1499. 
224. Washburn, R. S.; Marra, A.; Bryant, A. P.; Rosenberg, M.; Gentry, D. R., rho is not 
essential for viability or virulence in Staphylococcus aureus. Antimicrob Agents Chemother 
2001, 45 (4), 1099-103. 
225. Levison, M. E.; Levison, J. H., Pharmacokinetics and pharmacodynamics of antibacterial 
agents. Infect. Dis. Clin. 2009, 23 (4), 791-815. 
226. Shi, T.; Song, E.; Nie, S.; Rodland, K. D.; Liu, T.; Qian, W. J.; Smith, R. D., Advances in 
targeted proteomics and applications to biomedical research. Proteomics 2016, 16 (15-16), 
2160-2182. 
227. Wong, K. S.; Mabanglo, M. F.; Seraphim, T. V.; Mollica, A.; Mao, Y.-Q.; Rizzolo, K.; Leung, 
E.; Moutaoufik, M. T.; Hoell, L.; Phanse, S.; Goodreid, J.; Barbosa, L. R. S.; Ramos, C. H. I.; Babu, 
M.; Mennella, V.; Batey, R. A.; Schimmer, A. D.; Houry, W. A., Acyldepsipeptide analogs 
dysregulate human mitochondrial ClpP protease activity and cause apoptotic cell death. Cell 
Chem. Biol. 2018, 25 (8), 1017-1030.e9. 
228. Woo, K. M.; Chung, W. J.; Ha, D. B.; Goldberg, A. L.; Chung, C. H., Protease Ti from 
Escherichia coli requires ATP hydrolysis for protein breakdown but not for hydrolysis of small 
peptides. J. Biol. Chem. 1989, 264 (4), 2088-91. 
229. Pan, S.; Malik, I. T.; Thomy, D.; Henrichfreise, B.; Sass, P., The functional ClpXP protease 
of Chlamydia trachomatis requires distinct clpP genes from separate genetic loci. Sci. Rep. 2019, 
9 (1), 14129. 
230. Felix, J.; Weinhäupl, K.; Chipot, C.; Dehez, F.; Hessel, A.; Gauto, D. F.; Morlot, C.; Abian, 
O.; Gutsche, I.; Velazquez-Campoy, A.; Schanda, P.; Fraga, H., Mechanism of the allosteric 
activation of the ClpP protease machinery by substrates and active-site inhibitors. Sci. Adv. 
2019, 5 (9), eaaw3818. 
231. Nikolic, N., Autoregulation of bacterial gene expression: lessons from the MazEF toxin–
antitoxin system. Curr. Genet. 2019, 65 (1), 133-138. 
232. Zorzini, V.; Mernik, A.; Lah, J.; Sterckx, Y. G. J.; De Jonge, N.; Garcia-Pino, A.; De Greve, 
H.; Versées, W.; Loris, R., Substrate Recognition and Activity Regulation of the Escherichia coli 
mRNA Endonuclease MazF. J. Biol. Chem. 2016, 291 (21), 10950-10960. 
233. Nitulescu, G.; Nicorescu, I. M.; Olaru, O. T.; Ungurianu, A.; Mihai, D. P.; Zanfirescu, A.; 
Nitulescu, G. M.; Margina, D., Molecular docking and screening studies of new natural sortase 
A inhibitors. Int. J. Mol. Sci. 2017, 18 (10), 2217. 
234. Gonzalez Gomez, A.; Hosseinidoust, Z., Liposomes for antibiotic encapsulation and 
delivery. ACS Infect. Dis. 2020, 6 (5), 896-908. 
235. Has, C.; Sunthar, P., A comprehensive review on recent preparation techniques of 
liposomes. J. Liposome Res. 2020, 30 (4), 336-365. 
236. Olusanya, T. O. B.; Haj Ahmad, R. R.; Ibegbu, D. M.; Smith, J. R.; Elkordy, A. A., Liposomal 
drug delivery systems and anticancer drugs. Molecules 2018, 23 (4), 907. 
237. Eleraky, N. E.; Allam, A.; Hassan, S. B.; Omar, M. M., Nanomedicine fight against 
antibacterial resistance: An overview of the recent pharmaceutical innovations. Pharmaceutics 
2020, 12 (2), 142. 
238. Wang, D. Y.; van der Mei, H. C.; Ren, Y.; Busscher, H. J.; Shi, L., Lipid-based antimicrobial 
delivery-systems for the treatment of bacterial infections. Front Chem 2019, 7, 872. 
239. Bobbala, S.; Hook, S., Is there an optimal formulation and delivery strategy for subunit 
vaccines? Pharm. Res. 2016, 33 (9), 2078-97. 



  Chapter 6 
 

249 
 

240. Zhang, X.-y.; Zhang, P.-y., Polymersomes in nanomedicine - A review. Curr. Med. Chem. 
2017, 13 (2), 124-129. 
241. Torchilin, V. P., Recent advances with liposomes as pharmaceutical carriers. Nat. Rev. 
Drug Discov. 2005, 4 (2), 145-160. 
242. Hallaj-Nezhadi, S.; Hassan, M., Nanoliposome-based antibacterial drug delivery. Drug 
Deliv. 2015, 22 (5), 581-9. 
243. Yu, B.; Lee, R. J.; Lee, L. J., Chapter 7 - Microfluidic methods for production of liposomes. 
In Methods Enzymol., Academic Press: 2009; Vol. 465, pp 129-141. 
244. Zhang, H., Thin-film hydration followed by extrusion method for liposome preparation. 
Methods Mol Biol 2017, 1522, 17-22. 
245. Akbarzadeh, A.; Rezaei-Sadabady, R.; Davaran, S.; Joo, S. W.; Zarghami, N.; Hanifehpour, 
Y.; Samiei, M.; Kouhi, M.; Nejati-Koshki, K., Liposome: classification, preparation, and 
applications. Nanoscale Res. Lett. 2013, 8 (1), 102. 
246. Alhariri, M.; Azghani, A.; Omri, A., Liposomal antibiotics for the treatment of infectious 
diseases. Expert Opin. Drug. Deliv. 2013, 10 (11), 1515-32. 
247. Shah, V. M.; Nguyen, D. X.; Patel, P.; Cote, B.; Al-Fatease, A.; Pham, Y.; Huynh, M. G.; 
Woo, Y.; Alani, A. W. G., Liposomes produced by microfluidics and extrusion: A comparison for 
scale-up purposes. Nanomed. Nanotechnol. Biol. Med. 2019, 18, 146-156. 
248. Kastner, E.; Kaur, R.; Lowry, D.; Moghaddam, B.; Wilkinson, A.; Perrie, Y., High-
throughput manufacturing of size-tuned liposomes by a new microfluidics method using 
enhanced statistical tools for characterization. Int. J. Pharm. 2014, 477 (1), 361-368. 
249. Carugo, D.; Bottaro, E.; Owen, J.; Stride, E.; Nastruzzi, C., Liposome production by 
microfluidics: potential and limiting factors. Sci. Rep. 2016, 6 (1), 25876. 
250. Kanásová, M.; Nesměrák, K., Systematic review of liposomes’ characterization methods. 
Monatsh Chem 2017, 148 (9), 1581-1593. 
251. Maritim, S.; Boulas, P.; Lin, Y., Comprehensive analysis of liposome formulation 
parameters and their influence on encapsulation, stability and drug release in glibenclamide 
liposomes. Int. J. Pharm. 2021, 592, 120051. 
252. Bhattacharjee, S., DLS and zeta potential – What they are and what they are not? J. 
Control. Release 2016, 235, 337-351. 
253. EUNCL Nanomedicine Characterisation Laboratory. Assay cascade: Zeta potential. 
http://www.euncl.eu/about-us/assay-cascade/PDFs/Prescreening/EUNCL-PCC-
002.pdf?m=1468937877& (accessed 24/05/2021). 
254. Yadav, A. V.; Murthy, M. S.; Shete, A. S.; Sakhare, S., Stability aspects of liposome. 
Indian. J. Pharm. Educ. 2011, 45, 402-413. 
255. Weng, J.; Tong, H. H.; Chow, S. F., In vitro release study of the polymeric drug 
nanoparticles: development and validation of a novel method. Pharmaceutics 2020, 12 (8), 732. 
256. Sercombe, L.; Veerati, T.; Moheimani, F.; Wu, S. Y.; Sood, A. K.; Hua, S., Advances and 
challenges of liposome assisted drug delivery. Front. Pharmacol. 2015, 6, 286-286. 
257. Scriboni, A. B.; Couto, V. M.; Ribeiro, L. N. d. M.; Freires, I. A.; Groppo, F. C.; de Paula, 
E.; Franz-Montan, M.; Cogo-Müller, K., Fusogenic liposomes increase the antimicrobial activity 
of vancomycin against Staphylococcus aureus biofilm. Front. Pharmacol. 2019, 10 (1401). 
258. Peers, S.; Alcouffe, P.; Montembault, A.; Ladavière, C., Embedment of liposomes into 
chitosan physical hydrogel for the delayed release of antibiotics or anaesthetics, and its first 
ESEM characterization. Carbohydr. Polym. 2020, 229, 115532. 
259. Bakker-Woudenberg, I. A.; Schiffelers, R. M.; ten Kate, M. T.; Storm, G.; Guo, L.; 
Working, P.; Mouton, J. W., Targeting of antibiotics in bacterial infections using pegylated long-
circulating liposomes. J. Liposome Res. 2000, 10 (4), 513-521. 
260. Ferreira, M.; Ogren, M.; Dias, J. N. R.; Silva, M.; Gil, S.; Tavares, L.; Aires-da-Silva, F.; 
Gaspar, M. M.; Aguiar, S. I., Liposomes as antibiotic delivery systems: A promising 
nanotechnological strategy against antimicrobial resistance. Molecules 2021, 26 (7), 2047. 

http://www.euncl.eu/about-us/assay-cascade/PDFs/Prescreening/EUNCL-PCC-002.pdf?m=1468937877&
http://www.euncl.eu/about-us/assay-cascade/PDFs/Prescreening/EUNCL-PCC-002.pdf?m=1468937877&


Chapter 6  
 

250 
 

261. Kohno, S.; Tomono, K.; Maesaki, S., Drug delivery systems for infection: liposome-
incorporating antimicrobial drugs. J. Infect. Chemother. 1998, 4 (4), 159-173. 
262. Zahra, M.-J.; Hamed, H.; Mohammad, R.-Y.; Nosratollah, Z.; Akbarzadeh, A.; Morteza, 
M., Evaluation and study of antimicrobial activity of nanoliposomal meropenem against 
Pseudomonas aeruginosa isolates. Artif. Cells Nanomed. Biotechnol. 2017, 45 (5), 975-980. 
263. Oh, Y. K.; Nix, D. E.; Straubinger, R. M., Formulation and efficacy of liposome-
encapsulated antibiotics for therapy of intracellular Mycobacterium avium infection. 
Antimicrob Agents Chemother 1995, 39 (9), 2104-11. 
264. Graef, F.; Richter, R.; Fetz, V.; Murgia, X.; De Rossi, C.; Schneider-Daum, N.; Allegretta, 
G.; Elgaher, W.; Haupenthal, J.; Empting, M.; Beckmann, F.; Brönstrup, M.; Hartmann, R.; 
Gordon, S.; Lehr, C.-M., In vitro model of the gram-negative bacterial cell envelope for 
investigation of anti-infective permeation kinetics. ACS Infect. Dis. 2018, 4 (8), 1188-1196. 
265. Cai, H.; Rose, K.; Liang, L.-H.; Dunham, S.; Stover, C., Development of a liquid 
chromatography/mass spectrometry-based drug accumulation assay in Pseudomonas 
aeruginosa. Anal. Biochem. 2009, 385 (2), 321-325. 
266. Winterhalter, M.; Ceccarelli, M., Physical methods to quantify small antibiotic 
molecules uptake into Gram-negative bacteria. Eur. J. Pharm. Biopharm. 2015, 95, 63-67. 
267. Spangler, B.; Dovala, D.; Sawyer, W. S.; Thompson, K. V.; Six, D. A.; Reck, F.; Feng, B. Y., 
Molecular probes for the determination of subcellular compound exposure profiles in gram-
negative bacteria. ACS Infect Dis 2018, 4 (9), 1355-1367. 
268. Sachetelli, S.; Khalil, H.; Chen, T.; Beaulac, C.; Sénéchal, S.; Lagacé, J., Demonstration of 
a fusion mechanism between a fluid bactericidal liposomal formulation and bacterial cells. 
Biochim. Biophys. Acta 2000, 1463 (2), 254-266. 
269. Struck, D. K.; Hoekstra, D.; Pagano, R. E., Use of resonance energy transfer to monitor 
membrane fusion. Biochemistry 1981, 20 (14), 4093-4099. 
270. Ma, Y.; Wang, Z.; Zhao, W.; Lu, T.; Wang, R.; Mei, Q.; Chen, T., Enhanced bactericidal 
potency of nanoliposomes by modification of the fusion activity between liposomes and 
bacterium. Int. J. Nanomedicine 2013, 8, 2351. 
271. Fairhall, J. M. Bioorthogonal chemistry as a tool for prodrug activation and drug design. 
University of Otago, 2019. 
272. Feriancikova, L.; Bardy, S. L.; Wang, L.; Li, J.; Xu, S., Effects of outer membrane protein 
TolC on the transport of Escherichia coli within saturated quartz sands. Environ. Sci. Technol. 
2013, 47 (11), 5720-5728. 
273. Fernandes, C. S. M.; Teixeira, G. D. G.; Iranzo, O.; Roque, A. C. A., Chapter 5 - Engineered 
protein variants for bioconjugation. In Biomedical Applications of Functionalized Nanomaterials, 
Sarmento, B.; das Neves, J., Eds. Elsevier: 2018; pp 105-138. 
274. Tanimoto, H.; Kakiuchi, K., Recent applications and developments of organic azides in 
total synthesis of natural products. Nat. Prod. Commun. 2013, 8 (7), 1934578X1300800730. 
275. Pickens, C. J.; Johnson, S. N.; Pressnall, M. M.; Leon, M. A.; Berkland, C. J., Practical 
considerations, challenges, and limitations of bioconjugation via azide-alkyne cycloaddition. 
Bioconj. Chem. 2018, 29 (3), 686-701. 
276. Hein, C. D.; Liu, X.-M.; Wang, D., Click chemistry, a powerful tool for pharmaceutical 
sciences. Pharm. Res. 2008, 25 (10), 2216-2230. 
277. Scinto, S. L.; Bilodeau, D. A.; Hincapie, R.; Lee, W.; Nguyen, S. S.; Xu, M.; am Ende, C. W.; 
Finn, M. G.; Lang, K.; Lin, Q.; Pezacki, J. P.; Prescher, J. A.; Robillard, M. S.; Fox, J. M., 
Bioorthogonal chemistry. Nat. Rev. Methods Primers 2021, 1 (1), 30. 
278. Svatunek, D.; Houszka, N.; Hamlin, T. A.; Bickelhaupt, F. M.; Mikula, H., Chemoselectivity 
of tertiary azides in strain-promoted alkyne-azide cycloadditions. Chem. Eur. J. 2019, 25 (3), 754-
758. 



  Chapter 6 
 

251 
 

279. Lee, H.; Lee, J. K.; Min, S.-J.; Seo, H.; Lee, Y.; Rhee, H., Copper (I)-catalyzed synthesis of 
1, 4-disubstituted 1, 2, 3-triazoles from azidoformates and aryl terminal alkynes. J Org Chem 
2018, 83 (8), 4805-4811. 
280. Tron, G. C.; Pirali, T.; Billington, R. A.; Canonico, P. L.; Sorba, G.; Genazzani, A. A., Click 
chemistry reactions in medicinal chemistry: Applications of the 1,3-dipolar cycloaddition 
between azides and alkynes. Med. Res. Rev. 2008, 28 (2), 278-308. 
281. Fu, S.; Dong, H.; Deng, X.; Zhuo, R.; Zhong, Z., Injectable hyaluronic acid/poly(ethylene 
glycol) hydrogels crosslinked via strain-promoted azide-alkyne cycloaddition click reaction. 
Carbohydr. Polym. 2017, 169, 332-340. 
282. Gaurav, K.; Kundu, S.; Srivastava, R., Synthesis and in vitro antibacterial activity of some 
novel cephem antibiotics. Int. J. Pharm. Pharm. Sci. 2012, 4 (3), 659-667. 
283. Haldón, E.; Álvarez, E.; Nicasio, M. C.; Pérez, P. J., 1, 2, 3-Triazoles from carbonyl azides 
and alkynes: filling the gap. Chem. Commun. 2014, 50 (64), 8978-8981. 
284. Wu, D.; Wen, W.; Chen, S.; Zhang, H., Preparation and properties of a novel form-stable 
phase change material based on a gelator. J. Mater. Chem. A 2015, 3 (6), 2589-2600. 
285. Majewski, M. W.; Miller, P. A.; Miller, M. J., Studies at the ionizable position of 
cephalosporins and penicillins: hydroxamates as substitutes for the traditional carboxylate 
group. J Antibiot 2017, 70 (3), 292-296. 
286. Zhang, J.; Shen, Y.; May, S. L.; Nelson, D. C.; Li, S., Ratiometric fluorescence detection of 
pathogenic bacteria resistant to broad‐spectrum β‐lactam antibiotics. Angew. Chem. 2012, 124 
(8), 1901-1904. 
287. Moyá, M. L.; López-López, M.; Lebrón, J. A.; Ostos, F. J.; Pérez, D.; Camacho, V.; Beck, I.; 
Merino-Bohórquez, V.; Camean, M.; Madinabeitia, N.; López-Cornejo, P., Preparation and 
characterization of new liposomes. Bactericidal activity of cefepime encapsulated into cationic 
liposomes. Pharmaceutics 2019, 11 (2), 69. 
288. Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; 
Dokhani, A.; Khorasani, S.; Mozafari, M. R., Impact of particle size and polydispersity index on 
the clinical applications of lipidic nanocarrier systems. Pharmaceutics 2018, 10 (2), 57. 
289. Naciute, M.; Niemi, V.; Kemp, R. A.; Hook, S., Lipid-encapsulated oral therapeutic 
peptide vaccines reduce tumour growth in an orthotopic mouse model of colorectal cancer. Eur. 
J. Pharm. Biopharm. 2020, 152, 183-192. 
290. Naciute, M. Development and preclinical evaluation of an oral therapeutic colorectal 
cancer vaccine. University of Otago, 2020. 
291. Abedi Karjiban, R.; Shaari, N. S.; Gunasakaran, U. V.; Basri, M., A coarse-grained 
molecular dynamics study of DLPC, DMPC, DPPC, and DSPC mixtures in aqueous solution. J. 
Chem. 2013, 2013, 931051. 
292. Zizzari, A.; Bianco, M.; Carbone, L.; Perrone, E.; Amato, F.; Maruccio, G.; Rendina, F.; 
Arima, V., Continuous-flow production of injectable liposomes via a microfluidic approach. 
Materials (Basel, Switzerland) 2017, 10 (12). 
293. Sedighi, M.; Sieber, S.; Rahimi, F.; Shahbazi, M.-A.; Rezayan, A. H.; Huwyler, J.; 
Witzigmann, D., Rapid optimization of liposome characteristics using a combined microfluidics 
and design-of-experiment approach. Drug Deliv. Transl. Res. 2019, 9 (1), 404-413. 
294. Forbes, N.; Hussain, M. T.; Briuglia, M. L.; Edwards, D. P.; Ter Horst, J. H.; Szita, N.; Perrie, 
Y., Rapid and scale-independent microfluidic manufacture of liposomes entrapping protein 
incorporating in-line purification and at-line size monitoring. Int. J. Pharm. 2019, 556, 68-81. 
295. Joshi, S.; Hussain, M. T.; Roces, C. B.; Anderluzzi, G.; Kastner, E.; Salmaso, S.; Kirby, D. J.; 
Perrie, Y., Microfluidics based manufacture of liposomes simultaneously entrapping hydrophilic 
and lipophilic drugs. Int. J. Pharm. 2016, 514 (1), 160-168. 
296. Takayama, R.; Inoue, Y.; Murata, I.; Kanamoto, I., Characterization of nanoparticles 
using DSPE-PEG2000 and soluplus. Colloids Interfaces 2020, 4 (3), 28. 



Chapter 6  
 

252 
 

297. Ibaraki, H.; Kanazawa, T.; Chien, W.-Y.; Nakaminami, H.; Aoki, M.; Ozawa, K.; Kaneko, 
H.; Takashima, Y.; Noguchi, N.; Seta, Y., The effects of surface properties of liposomes on their 
activity against Pseudomonas aeruginosa PAO-1 biofilm. J. Drug Deliv. Sci. Technol. 2020, 57, 
101754. 
298. Shen, Z.; Fisher, A.; Liu, W. K.; Li, Y., 1 - PEGylated “stealth” nanoparticles and liposomes. 
In Engineering of Biomaterials for Drug Delivery Systems, Parambath, A., Ed. Woodhead 
Publishing: 2018; pp 1-26. 
299. Yanar, F.; Mosayyebi, A.; Nastruzzi, C.; Carugo, D.; Zhang, X., Continuous-flow 
production of liposomes with a millireactor under varying fluidic conditions. Pharmaceutics 
2020, 12 (11). 
300. Sriwongsitanont, S.; Ueno, M., Effect of a PEG lipid (DSPE-PEG2000) and freeze-thawing 
process on phospholipid vesicle size and lamellarity. Colloid. Polym. Sci. 2004, 282 (7), 753-760. 
301. Elsana, H.; Olusanya, T. O. B.; Carr-wilkinson, J.; Darby, S.; Faheem, A.; Elkordy, A. A., 
Evaluation of novel cationic gene based liposomes with cyclodextrin prepared by thin film 
hydration and microfluidic systems. Sci. Rep. 2019, 9 (1), 15120. 
302. Romero-Arrieta, M. R.; Uria-Canseco, E.; Perez-Casas, S., Simultaneous encapsulation of 
hydrophilic and lipophilic molecules in liposomes of DSPC. Thermochim. Acta 2020, 687, 
178462. 
303. Masi, M.; Réfregiers, M.; Pos, K. M.; Pagès, J.-M., Mechanisms of envelope permeability 
and antibiotic influx and efflux in Gram-negative bacteria. Nat Microbiol 2017, 2 (3), 17001. 
304. Silver, L. L., A Gestalt approach to Gram-negative entry. Bioorg. Med. Chem. 2016, 24 
(24), 6379-6389. 
305. Choudhury, D.; Saini, S., Cross‐regulation among arabinose, xylose and rhamnose 
utilization systems in E. coli. Lett. Appl. Microbiol. 2018, 66 (2), 132-137. 
306. Rosano, G. L.; Ceccarelli, E. A., Recombinant protein expression in microbial systems. 
Front. Microbiol. 2014, 5, 341. 
307. Dommerholt, J.; van Rooijen, O.; Borrmann, A.; Guerra, C. F.; Bickelhaupt, F. M.; van 
Delft, F. L., Highly accelerated inverse electron-demand cycloaddition of electron-deficient 
azides with aliphatic cyclooctynes. Nat. Commun. 2014, 5 (1), 5378. 
308. Fleiss, A.; Sarkisyan, K. S., A brief review of bioluminescent systems (2019). Curr. Genet. 
2019, 65 (4), 877-882. 
309. Oberholtzer, E. R.; Brenner, G. S., Cefoxitin sodium: Solution and solid-state chemical 
stability studies. J. Pharm. Sci. 1979, 68 (7), 863-866. 
310. Drulis-Kawa, Z.; Gubernator, J.; Dorotkiewicz-Jach, A.; Doroszkiewicz, W.; Kozubek, A., 
A comparison of the in vitro antimicrobial activity of liposomes containing meropenem and 
gentamicin. Cell. Mol. Biol. Lett. 2006, 11 (3), 360. 
311. Gubernator, J.; Drulis-Kawa, Z.; Dorotkiewicz-Jach, A.; Doroszkiewicz, W.; Kozubek, A., 
In vitro antimicrobial activity of liposomes containing ciprofloxacin, meropenem and gentamicin 
against gram-negative clinical bacterial strains. Lett. Drug Des. Discov. 2007, 4 (4), 297-304. 
312. Metkar, S. K.; Girigoswami, K., Diagnostic biosensors in medicine – A review. Biocatal. 
Agric. Biotechnol. 2019, 17, 271-283. 
313. Rong, G.; Corrie, S. R.; Clark, H. A., In vivo biosensing: Progress and perspectives. ACS 
Sens. 2017, 2 (3), 327-338. 
314. Piroozmand, F.; Mohammadipanah, F.; Faridbod, F., Emerging biosensors in detection 
of natural products. Synth. Syst. Biotechnol. 2020, 5 (4), 293-303. 
315. Xie, F.; Zhang, Y.; Li, G.; Zhou, L.; Liu, S.; Wang, C., The ClpP protease is required for the 
stress tolerance and biofilm formation in Actinobacillus pleuropneumoniae. PLOS ONE 2013, 8 
(1), e53600. 
316. Thomsen, L. E.; Olsen, J. E.; Foster, J. W.; Ingmer, H., ClpP is involved in the stress 
response and degradation of misfolded proteins in Salmonella enterica serovar Typhimurium. 
Microbiology 2002, 148 (9), 2727-2733. 



  Chapter 6 
 

253 
 

317. Zhou, Z.; Pan, Q.; Lv, X.; Yuan, J.; Zhang, Y.; Zhang, M. X.; Ke, M.; Mo, X. M.; Xie, Y. L.; 
Liu, Y.; Chen, T.; Liang, M.; Yin, F.; Liu, L.; Zhou, Y.; Qiao, K.; Liu, R.; Li, Z.; Wong, N. K., Structural 
insights into the inhibition of bacterial RecA by naphthalene polysulfonated compounds. 
iScience 2021, 24 (1), 101952. 
318. Ajiboye, T. O.; Skiebe, E.; Wilharm, G., Contributions of RecA and RecBCD DNA repair 
pathways to the oxidative stress response and sensitivity of Acinetobacter baumannii to 
antibiotics. Int. J. Antimicrob. Agents 2018, 52 (5), 629-636. 
319. Zhao, X.; Drlica, K., Reactive oxygen species and the bacterial response to lethal stress. 
Curr. Opin. Microbiol. 2014, 21, 1-6. 
320. Booth, M.; Hutchinson, L.; Brumsted, M.; Aas, P.; Coffin, R.; Downer, R.; Kelley, C.; 
Lyons, M. M.; Pakulski, J. D.; Sandvik, S.; Jeffrey, W.; Miller, R., Quantification of recA gene 
expression as an indicator of repair potential in marine bacterioplankton communities of 
Antarctica. Aquat. Microb. Ecol. 2001, 24, 51-59. 
321. Kovacic, L.; Paulic, N.; Leonardi, A.; Hodnik, V.; Anderluh, G.; Podlesek, Z.; Zgur-Bertok, 
D.; Krizaj, I.; Butala, M., Structural insight into LexA-RecA* interaction. Nucleic Acids Res. 2013, 
41 (21), 9901-10. 
322. Takahashi, M.; Daune, M.; Schnarr, M., Fluorescence study of the RecA‐dependent 
proteolysis of LexA, the represser of the SOS system in Escherichia coli. FEBS letters 1986, 196 
(2), 215-218. 
323. French, C. E.; de Mora, K.; Joshi, N.; Elfick, A.; Haseloff, J.; Ajioka, J. In Synthetic biology 
and the art of biosensor design, The science and applications of synthetic and systems biology: 
Workshop summary, National Academies Press Washington DC: 2011; pp 178-201. 
324. Slomovic, S.; Pardee, K.; Collins, J. J., Synthetic biology devices for in vitro and in vivo 
diagnostics. Proc. Natl. Acad. Sci. 2015, 112 (47), 14429-14435. 
325. Warren, A. D.; Gaylord, S. T.; Ngan, K. C.; Dumont Milutinovic, M.; Kwong, G. A.; Bhatia, 
S. N.; Walt, D. R., Disease detection by ultrasensitive quantification of microdosed synthetic 
urinary biomarkers. J. Am. Chem. Soc. 2014, 136 (39), 13709-13714. 
326. Carney, D. W.; Compton, C. L.; Schmitz, K. R.; Stevens, J. P.; Sauer, R. T.; Sello, J. K., A 
simple fragment of cyclic acyldepsipeptides is necessary and sufficient for ClpP activation and 
antibacterial activity. ChemBioChem 2014, 15 (15), 2216-2220. 
327. Li, Y.; Lavey, N. P.; Coker, J. A.; Knobbe, J. E.; Truong, D. C.; Yu, H.; Lin, Y.-S.; Nimmo, S. 
L.; Duerfeldt, A. S., Consequences of depsipeptide substitution on the ClpP activation activity of 
antibacterial acyldepsipeptides. ACS Med. Chem. Lett. 2017, 8 (11), 1171-1176. 
328. Sha, Z.; Fishovitz, J.; Wang, S.; Chilakala, S.; Xu, Y.; Lee, I., A selective fluorogenic peptide 
substrate for the human mitochondrial ATP-dependent protease complex ClpXP. ChemBioChem 
2020, 21 (14), 2037-2048. 
329. Xu, W.; Wang, D.; Li, D.; Liu, C. C., Recent developments of electrochemical and optical 
biosensors for antibody detection. Int. J. Mol. Sci. 2019, 21 (1), 134. 
330. Sharma, S.; Byrne, H.; O'Kennedy, R. J., Antibodies and antibody-derived analytical 
biosensors. Essays Biochem. 2016, 60 (1), 9-18. 
331. O’Reilly, J.-A.; Moran, K. L.; O’Kennedy, R. J., Antibody-based sensors for disease 
detection. In Biosensors and their Applications in Healthcare, 2013; pp 6-23. 
332. Byrne, B.; Stack, E.; Gilmartin, N.; O'Kennedy, R., Antibody-based sensors: principles, 
problems and potential for detection of pathogens and associated toxins. Sensors (Basel, 
Switzerland) 2009, 9 (6), 4407-4445. 
333. Deng, B.; Lin, Y.; Wang, C.; Li, F.; Wang, Z.; Zhang, H.; Li, X.-F.; Le, X. C., Aptamer binding 
assays for proteins: The thrombin example—A review. Anal. Chim. Acta 2014, 837, 1-15. 
334. Prante, M.; Segal, E.; Scheper, T.; Bahnemann, J.; Walter, J., Aptasensors for point-of-
care detection of small molecules. Biosensors (Basel) 2020, 10 (9), 108. 
335. Toh, S. Y.; Citartan, M.; Gopinath, S. C.; Tang, T. H., Aptamers as a replacement for 
antibodies in enzyme-linked immunosorbent assay. Biosens. Bioelectron. 2015, 64, 392-403. 



Chapter 6  
 

254 
 

336. Thiviyanathan, V.; Gorenstein, D. G., Aptamers and the next generation of diagnostic 
reagents. Proteomics Clin. Appl. 2012, 6 (11-12), 563-573. 
337. Zhou, J.; Rossi, J., Aptamers as targeted therapeutics: current potential and challenges. 
Nat. Rev. Drug Discov. 2017, 16 (3), 181-202. 
338. Mascini, M.; Tombelli, S., Biosensors for biomarkers in medical diagnostics. Biomarkers 
2008, 13 (7-8), 637-657. 
339. Vashist, S. K., Point-of-care diagnostics: Recent advances and trends. Biosensors (Basel) 
2017, 7 (4), 62. 
340. Kimoto, M.; Shermane Lim, Y. W.; Hirao, I., Molecular affinity rulers: systematic 
evaluation of DNA aptamers for their applicabilities in ELISA. Nucleic Acids Res. 2019, 47 (16), 
8362-8374. 
341. Moreno, M.; Fernández-Algar, M.; Fernández-Chamorro, J.; Ramajo, J.; Martínez-Salas, 
E.; Briones, C., A combined ELONA-(RT) qPCR approach for characterizing DNA and RNA 
aptamers selected against PCBP-2. Molecules 2019, 24 (7), 1213. 
342. Song, K. M.; Lee, S.; Ban, C., Aptamers and their biological applications. Sensors (Basel) 
2012, 12 (1), 612-31. 
343. Wu, Y.-Y.; Huang, P.; Wu, F.-Y., A label-free colorimetric aptasensor based on 
controllable aggregation of AuNPs for the detection of multiplex antibiotics. Food Chem. 2020, 
304, 125377. 
344. Ledlod, S.; Areekit, S.; Santiwatanakul, S.; Chansiri, K., Colorimetric aptasensor for 
detecting Salmonella spp., Listeria monocytogenes, and Escherichia coli in meat samples. Food 
Sci. Technol. Int. 2020, 26 (5), 430-443. 
345. Kong, L.; Xu, J.; Xu, Y.; Xiang, Y.; Yuan, R.; Chai, Y., A universal and label-free aptasensor 
for fluorescent detection of ATP and thrombin based on SYBR Green I dye. Biosens. Bioelectron. 
2013, 42, 193-7. 
346. Zhou, B.; Yang, X.-Y.; Wang, Y.-S.; Yi, J.-C.; Zeng, Z.; Zhang, H.; Chen, Y.-T.; Hu, X.-J.; Suo, 
Q.-L., Label-free fluorescent aptasensor of Cd2+ detection based on the conformational 
switching of aptamer probe and SYBR green I. Microchem. J. 2019, 144, 377-382. 
347. Yi, H.; Yan, Z.; Wang, L.; Zhou, X.; Yan, R.; Zhang, D.; Shen, G.; Zhou, S., Fluorometric 
determination for ofloxacin by using an aptamer and SYBR Green I. Mikrochim Acta 2019, 186 
(10), 668. 
348. da Silva, E. T. S. G.; Souto, D. E. P.; Barragan, J. T. C.; de F. Giarola, J.; de Moraes, A. C. 
M.; Kubota, L. T., Electrochemical biosensors in point-of-care devices: Recent advances and 
future trends. ChemElectroChem 2017, 4 (4), 778-794. 
349. Prattis, I.; Hui, E.; Gubeljak, P.; Kaminski Schierle, G. S.; Lombardo, A.; Occhipinti, L. G., 
Graphene for biosensing applications in point-of-care testing. Trends Biotechnol. 2021. 
350. Mant, C. T.; Chen, Y.; Yan, Z.; Popa, T. V.; Kovacs, J. M.; Mills, J. B.; Tripet, B. P.; Hodges, 
R. S., HPLC analysis and purification of peptides. In Peptide Characterization and Application 
Protocols, Springer: 2007; pp 3-55. 
351. Jadaun, G. P. S.; Dixit, S.; Saklani, V.; Mendiratta, S.; Jain, R.; Singh, S., HPLC for peptides 
and proteins: Principles, methods and applications. Pharm. Methods 2017, 8 (1). 
352. Aguilar, M.-I., HPLC of peptides and proteins. In HPLC of Peptides and Proteins: Methods 
and Protocols, Aguilar, M.-I., Ed. Springer New York: Totowa, NJ, 2004; pp 3-8. 
353. Mitulović, G.; Mechtler, K., HPLC techniques for proteomics analysis—a short overview 
of latest developments. Brief. Funct. Genom. 2006, 5 (4), 249-260. 
354. Žuvela, P.; Skoczylas, M.; Jay Liu, J.; Ba̧czek, T.; Kaliszan, R.; Wong, M. W.; Buszewski, B., 
Column characterization and selection systems in reversed-phase high-performance liquid 
chromatography. Chem. Rev. 2019, 119 (6), 3674-3729. 
355. Aguilar, M.-I., Reversed-phase high-performance liquid chromatography. In HPLC of 
Peptides and Proteins: Methods and Protocols, Aguilar, M.-I., Ed. Springer New York: Totowa, 
NJ, 2004; pp 9-22. 



  Chapter 6 
 

255 
 

356. Dai, Y.; Li, L.; Roser, D. C.; Long, S. R., Detection and identification of low-mass peptides 
and proteins from solvent suspensions of Escherichia coli by high performance liquid 
chromatography fractionation and matrix-assisted laser desorption/ionization mass 
spectrometry. Rapid Commun. Mass Spectrom. 1999, 13 (1), 73-78. 
357. Saz, J. M.; Marina, M. L., Application of micro‐and nano‐HPLC to the determination and 
characterization of bioactive and biomarker peptides. J. Sep. Sci. 2008, 31 (3), 446-458. 
358. Zhang, G.; Annan, R. S.; Carr, S. A.; Neubert, T. A., Overview of peptide and protein 
analysis by mass spectrometry. Curr. Protoc. Protein Sci. 2010, 62 (1), 16.1. 1-16.1. 30. 
359. Wysocki, V. H.; Resing, K. A.; Zhang, Q.; Cheng, G., Mass spectrometry of peptides and 
proteins. Methods 2005, 35 (3), 211-222. 
360. Alderton, A. L., Proteomics. In Encyclopedia of Meat Sciences, Jensen, W. K., Ed. Elsevier: 
Oxford, 2004; pp 1102-1109. 
361. Chevalier, F.; Sommerer, N., Analytical methods | mass spectrometric methods. In 
Encyclopedia of Dairy Sciences (Second Edition), Fuquay, J. W., Ed. Academic Press: San Diego, 
2011; pp 198-205. 
362. Haag, A. M., Mass analyzers and mass spectrometers. In Modern Proteomics – Sample 
Preparation, Analysis and Practical Applications, Mirzaei, H.; Carrasco, M., Eds. Springer 
International Publishing: Cham, 2016; pp 157-169. 
363. Gika, H. G.; Theodoridis, G. A.; Earll, M.; Snyder, R. W.; Sumner, S. J.; Wilson, I. D., Does 
the mass spectrometer define the marker? A comparison of global metabolite profiling data 
generated simultaneously via UPLC-MS on two different mass spectrometers. Anal. Chem. 2010, 
82 (19), 8226-8234. 
364. Li, D. H.; Chung, Y. S.; Gloyd, M.; Joseph, E.; Ghirlando, R.; Wright, G. D.; Cheng, Y. Q.; 
Maurizi, M. R.; Guarne, A.; Ortega, J., Acyldepsipeptide antibiotics induce the formation of a 
structured axial channel in ClpP: A model for the ClpX/ClpA-bound state of ClpP. Chem. Biol. 
2010, 17 (9), 959-69. 
365. Brotz-Oesterhelt, H.; Beyer, D.; Kroll, H. P.; Endermann, R.; Ladel, C.; Schroeder, W.; 
Hinzen, B.; Raddatz, S.; Paulsen, H.; Henninger, K.; Bandow, J. E.; Sahl, H. G.; Labischinski, H., 
Dysregulation of bacterial proteolytic machinery by a new class of antibiotics. Nat. Med. 2005, 
11 (10), 1082-7. 
366. Tian, X.-L.; Li, M.; Scinocca, Z.; Rutherford, H.; Li, Y.-H., ClpP is required for proteolytic 
regulation of type II toxin–antitoxin systems and persister cell formation in Streptococcus 
mutans. Access Microbiol. 2019, 1 (8). 
367. Halperin, T.; Ostersetzer, O.; Adam, Z., ATP-dependent association between subunits of 
Clp protease in pea chloroplasts. Planta 2001, 213 (4), 614-619. 
368. Fux, A.; Korotkov, V. S.; Schneider, M.; Antes, I.; Sieber, S. A., Chemical cross-linking 
enables drafting ClpXP proximity maps and taking snapshots of in situ interaction networks. Cell 
Chem. Biol. 2019, 26 (1), 48-59. e7. 
369. Maffei, B.; Francetic, O.; Subtil, A., Tracking proteins secreted by bacteria: What's in the 
toolbox? Front. Cell. Infect. Microbiol. 2017, 7 (221). 
370. Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P., Fractionation of cells. 
In Molecular Biology of the Cell. 4th edition, Dries, D. J., Ed. Garland Science: 2002. 
371. Astefanei, A.; Dapic, I.; Camenzuli, M., Different stationary phase selectivities and 
morphologies for intact protein separations. Chromatographia 2017, 80 (5), 665-687. 
372. Kram, K. E.; Finkel, S. E., Rich medium composition affects Escherichia coli survival, 
glycation, and mutation frequency during long-term batch culture. Appl. Environ. Microbiol. 
2015, 81 (13), 4442-4450. 
373. Kaprou, G. D.; Bergšpica, I.; Alexa, E. A.; Alvarez-Ordóñez, A.; Prieto, M., Rapid methods 
for antimicrobial resistance diagnostics. Antibiotics 2021, 10 (2), 209. 
374. Blair, J. M.; Webber, M. A.; Baylay, A. J.; Ogbolu, D. O.; Piddock, L. J., Molecular 
mechanisms of antibiotic resistance. Nat. Rev. Microbiol. 2015, 13 (1), 42-51. 



Chapter 6  
 

256 
 

375. Rukavina, Z.; Vanic, Z., Current trends in development of liposomes for targeting 
bacterial biofilms. Pharmaceutics 2016, 8 (2). 
376. Bush, K.; Bradford, P. A., β-Lactams and β-Lactamase Inhibitors: An Overview. Cold 
Spring Harb. Perspect. Med. 2016, 6 (8), a025247. 
377. Léger, L.; Budin-Verneuil, A.; Cacaci, M.; Benachour, A.; Hartke, A.; Verneuil, N., β-
Lactam Exposure Triggers Reactive Oxygen Species Formation in Enterococcus faecalis via the 
Respiratory Chain Component DMK. Cell Rep. 2019, 29 (8), 2184-2191. e3. 
378. Sheue Nee Ling, S.; Magosso, E.; Abdul Karim Khan, N.; Hay Yuen, K.; Anne Barker, S., 
Enhanced oral bioavailability and intestinal lymphatic transport of a hydrophilic drug using 
liposomes. Drug Dev. Ind. Pharm. 2006, 32 (3), 335-345. 
379. Wu, P.-C.; Tsai, Y.-H.; Liao, C.-C.; Chang, J.-S.; Huang, Y.-B., The characterization and 
biodistribution of cefoxitin-loaded liposomes. Int. J. Pharm. 2004, 271 (1-2), 31-39. 
380. Hruz, T.; Wyss, M.; Docquier, M.; Pfaffl, M. W.; Masanetz, S.; Borghi, L.; Verbrugghe, P.; 
Kalaydjieva, L.; Bleuler, S.; Laule, O., RefGenes: identification of reliable and condition specific 
reference genes for RT-qPCR data normalization. BMC genomics 2011, 12 (1), 1-14. 
381. Heckmann, L.-H.; Sørensen, P. B.; Krogh, P. H.; Sørensen, J. G., NORMA-Gene: a simple 
and robust method for qPCR normalization based on target gene data. BMC bioinformatics 
2011, 12 (1), 1-7. 
382. Blankenburg, S.; Hentschker, C.; Nagel, A.; Hildebrandt, P.; Michalik, S.; Dittmar, D.; 
Surmann, K.; Völker, U., Improving Proteome Coverage for Small Sample Amounts: An Advanced 
Method for Proteomics Approaches with Low Bacterial Cell Numbers. PROTEOMICS 2019, 19 
(23), 1900192. 
383. Hughes, C. S.; Moggridge, S.; Müller, T.; Sorensen, P. H.; Morin, G. B.; Krijgsveld, J., 
Single-pot, solid-phase-enhanced sample preparation for proteomics experiments. Nat. Protoc. 
2019, 14 (1), 68-85. 
384. Hayoun, K.; Gouveia, D.; Grenga, L.; Pible, O.; Armengaud, J.; Alpha-Bazin, B., Evaluation 
of sample preparation methods for fast proteotyping of microorganisms by tandem mass 
spectrometry. Front. Microbiol. 2019, 10 (1985). 
385. Bhaduri, S.; Demchick, P. H., Simple and rapid method for disruption of bacteria for 
protein studies. Appl. Environ. Microbiol. 1983, 46 (4), 941-943. 
386. Obuobi, S.; Julin, K.; Fredheim, E. G. A.; Johannessen, M.; Škalko-Basnet, N., Liposomal 
delivery of antibiotic loaded nucleic acid nanogels with enhanced drug loading and synergistic 
anti-inflammatory activity against S. aureus intracellular infections. J. Control. Release 2020, 
324, 620-632. 
387. Maja, L.; Željko, K.; Mateja, P., Sustainable technologies for liposome preparation. J 
Supercrit Fluids 2020, 104984. 
388. Ghosh, S.; Qi, R.; Carter, K. A.; Zhang, G.; Pfeifer, B. A.; Lovell, J. F., Loading and releasing 
ciprofloxacin in photoactivatable liposomes. Biochem. Eng. J. 2019, 141, 43-48. 
389. Almeida, B.; Nag, O. K.; Rogers, K. E.; Delehanty, J. B., Recent progress in bioconjugation 
strategies for liposome-mediated drug delivery. Molecules 2020, 25 (23), 5672. 
390. Fang, Y.; Xue, J.; Gao, S.; Lu, A.; Yang, D.; Jiang, H.; He, Y.; Shi, K., Cleavable PEGylation: 
a strategy for overcoming the “PEG dilemma” in efficient drug delivery. Drug Deliv. 2017, 24 (2), 
22-32. 
391. Pumerantz, A.; Muppidi, K.; Agnihotri, S.; Guerra, C.; Venketaraman, V.; Wang, J.; 
Betageri, G., Preparation of liposomal vancomycin and intracellular killing of meticillin-resistant 
Staphylococcus aureus (MRSA). Int. J. Antimicrob. Agents 2011, 37 (2), 140-144. 
392. Muppidi, K.; Wang, J.; Betageri, G.; Pumerantz, A. S., PEGylated liposome encapsulation 
increases the lung tissue concentration of vancomycin. Antimicrob. Agents Chemother. 2011, 
55 (10), 4537-4542. 



  Chapter 6 
 

257 
 

393. Kanamala, M.; Palmer, B. D.; Jamieson, S. M.; Wilson, W. R.; Wu, Z., Dual pH-sensitive 
liposomes with low pH-triggered sheddable PEG for enhanced tumor-targeted drug delivery. 
Nanomedicine 2019, 14 (15), 1971-1989. 
394. Lardner, A., The effects of extracellular pH on immune function. J. Leukocyte Biol. 2001, 
69 (4), 522-530. 
395. Zoghi, A.; Khosravi-Darani, K.; Omri, A., Process variables and design of experiments in 
liposome and nanoliposome research. Mini Rev. Med. Chem. 2018, 18 (4), 324-344. 
396. Gao, W.; Chen, Y.; Zhang, Y.; Zhang, Q.; Zhang, L., Nanoparticle-based local antimicrobial 
drug delivery. Adv. Drug Del. Rev. 2018, 127, 46-57. 
397. Jacob, S.; Nair, A. B.; Shah, J.; Sreeharsha, N.; Gupta, S.; Shinu, P., Emerging role of 
hydrogels in drug delivery systems, tissue engineering and wound management. Pharmaceutics 
2021, 13 (3), 357. 
398. Ciesielski, G. L.; Hytönen, V. P.; Kaguni, L. S., Biolayer interferometry: A novel method 
to elucidate protein-protein and protein-DNA interactions in the mitochondrial DNA replisome. 
Methods Mol. Biol. 2016, 1351, 223-231. 
399. Lou, X.; Egli, M.; Yang, X., Determining functional aptamer-protein interaction by 
biolayer interferometry. Curr. Protoc. Nucleic Acid Chem. 2016, 67 (1), 7.25.1-7.25.15. 
400. Eissa, S.; Zourob, M., Aptamer-based label-free electrochemical biosensor array for the 
detection of total and glycated hemoglobin in human whole blood. Sci. Rep. 2017, 7 (1), 1-8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6  
 

258 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



   
 

 
 

 

Chapter 7  

Appendix 

  



Chapter 7  
 

260 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  Chapter 7 
 

261 
 

7 Appendix 

Appendix Table 1 LB broth base (1 L): 
SELECT Peptone 10 g 
SELECT Yeast extract 5 g 
NaCl 5 g 

 

Appendix Table 2 Cationic adjusted Mueller Hinton II BROTH (1 L): 
Beef extract 3.0 g 
Acid hydrolysate of casein 17.5 g 
Starch 1.5 g 

 

Appendix Table 3 5X M9 minimal salt was prepared in 500 mL purified water: 
Na2HPO4 17 g 
KH2PO4 7.58 g 
NH4Cl 2.5 g 
NaCl 1.32 g 
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Appendix Figure 1 Standard curves of each compound: (a) cefotaxime, (b) azidobenzyl-
luciferin and (c) cefoxitin_N3 in DMSO (n=3). 
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Appendix Figure 2 Fourier-transform infrared spectroscopy (FTIR) spectra of cefoxitin (CFXT) 
and azido-cefoxitin (CFXT_N3). Peaks at 3200 cm-1 and 2100 cm-1 correspond to amide and 
azide group present in the successfully modified cefoxitin. 
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Appendix Figure 3 GE E. coli strains treated with free 6-[(4-azidobenzyl) oxy]-luciferin 
(unformulated) or with 6-[(4-azidobenzyl) oxy]-luciferin formulated into cationic or neutral 
liposomes for 5 h. Data has been normalised to a PBS control and analysed using one-way 
Kruskal-Wallis test (ANOVA) followed by Dunn’s multiple comparison post hoc test (n=3, SD 
± mean, *p < 0.05, **p < 0.01, ***p < 0.001) 

 
Appendix Figure 4 Preliminary experiment investigating ClpP cleavage of the peptide 
substrate (RT 18.5). Top panel, HPLC chromatogram of ClpP activated with 1 µM ADEP1 for 20 
min before incubation with ClpP substrate for 2 h. Bottom panel is the control with no ClpP. 
The peak area of peptide substrate showed no difference between samples. 
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Appendix Table 4 ClpP activity of S. aureus samples. Peak area of ClpP substrate after 
incubation with bacterial supernatant of different S. aureus BB255 samples. Peak area of each 
sample was compared to untreated peptide control.  

S. aureus BB255 Peak area 

Timepoints 106 CFU/mL 107 CFU/mL 

Ctrl (Untreated) 38167772 24030861 
2h 36513630 29841921 
4h 36860656 25928735 

 

Appendix Table 5 ClpP activity of E.coli samples. Peak area of ClpP substrate after incubation 
with bacterial supernatant of different E. coli HB101 samples. Peak area of each sample was 
compared to untreated peptide control.  

E. coli HB101 Peak area 

Timepoints 106 CFU/mL 107 CFU/mL 

Ctrl (Untreated) 37639164 38158950 
2h 37976905 38260745 
4h 40148186 36216242 
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Appendix Figure 5 Analysis of truncated LexA protein reporter using gradient Method A. A. 
assay buffer; B. spiked LexA reporter (0.1 µM) in assay buffer; and C. 30 µm of cleaved LexA 
reporter (target peptide) in assay buffer. Retention time and peak area showed overlapping 
peak at around 22.5 min with solvent peak (A-B) and LexA peptide at RT 20.8. 
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Appendix Figure 6 Peak area of cleaved LexA reporter at RT of 16.5 after incubation with RecA 
(5 µM) at 37 °C for 1 h (A) and 4 h (B). A blank (ACN: water) injection (C) shows the presence 
of peak at RT 22.2 which corresponds to the RT of truncated LexA. 
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Appendix Figure 7 Standard curve of LexA target peptide by HPLC analysis. 22 µM of peptide 
was serially diluted by two-fold in assay buffer (n=3). 

 
Appendix Figure 8 Spiked LexA target peptide (30 µM) in CAMH media before (top) and after 
(bottom) SPE treatment.  
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Appendix Figure 9 Detection limit of LexA target peptide in CAMH at RT 9.6 without SPE 
treatment. Peak area of target peptide: (A) 20 µM, (B) 10 µM and (C) CAMH only. 
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Appendix Figure 10 Mass spectrometry of S. aureus BB255 strain (A) treated and (B) 
untreated, and RA120 strain (C) treated and (D) untreated with 4 µg/mL of cefoxitin for 4 h. 
m/z circled in green correspond to the LexA target peptide. 
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Appendix Figure 11 Q3 scan of spiked target peptide in CAMH (A) and detection of target 
peptide from bacterial sample (B) showing the presence of peak at 1100 m/z (product ion) in 
both samples. 

 


