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TMB 3,3',5,5'-tetramethylbenzidine 

TNF Tumour necrosis factor 

VBNC Viable but non-culturable 

VH Variable heavy chain 

VL Variable light chain 

WHO World Health Organisation  

wt Wild type 
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ANOVA Analysis of variance 
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Development of recombinant antibody fragments for toxin and 

microbial contaminant detection and investigations of microcystin and 

azaspiracid toxicity. 

Daniel McPartlin 

 

Abstract 

Harmful algal blooms (HABs) have significant detrimental effects on the environment 

and on food and water quality. Furthermore, toxins produced by some algal species may 

enter the food web via shellfish, finfish or by consumption of contaminated drinking 

water causing gastrointestinal disorders, liver damage and tumour promotion. This 

research focused on the algal toxins azaspiracid-1 (AZA1) and microcystin-LR (MC-

LR). In addition, the Gram positive bacterium, Bacillus cereus, is a ubiquitous 

foodborne pathogen with severe health implications. Strict controls are imposed on the 

levels of these food contaminants and national monitoring programs help to ensure 

consumer safety. 

Biosensor technology affords a viable approach to monitor food contaminants with high 

sensitivity and low cost. In addition, the ability to fully automate such systems allows 

the possibility for fully autonomous, in situ monitoring systems for algal toxins and for 

species-level identification of harmful bacterial species. This thesis describes the 

development and optimisation of recombinant antibody fragments specific to AZA1 and 

MC-LR for incorporation into such biosensor systems. An anti-AZA1 scFv library was 

developed but screening programs could not isolate AZA1-specific clones. However, a 

competitive assay, using polyclonal antibodies, was developed which could detect 1.19 

ng/mL of AZA1. A previously developed anti-MC-LR scFv, designated 2G1, was 

studied by in silico computational modelling and targeted mutagenesis, which allowed 

for improvements in both antigen-binding and protein stability. An anti-B. cereus scFv 

library was developed and screened which allowed for the enrichment of clones 

generating antibodies with preferential binding to B. cereus. 

This research also focused on investigating the effects of AZA1, MC-LR, and the 

cyanobacterium Microcystis aeruginosa on the human hepatocellular carcinoma cell 

line, HepG2. The effects of individual and combined exposure to these contaminants 

was determined used High Content Analysis. The results demonstrated that AZA1 

displayed cytotoxic and apoptotic effects on HepG2 cells, whereas MC-LR exposure 

resulted in both proliferative and necrotic effects. Co-exposure to MC-LR and AZA1 

resulted in antagonistic effect whereas synergistic effects were observed for co-exposure 

to MC-LR and M. aeruginosa. 
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1.1 Introduction to the thesis 

This chapter introduces the concepts of harmful algal blooms and algal toxins and the 

hazards that they pose to the environment and in terms of food safety. In particular, the 

two algal toxins of interest for the research described in this thesis are azaspiracid-1 

(AZA1) and microcystin-leucine-arginine (MC-LR). The overall effects of these toxins 

in terms of human health and environmental and economic impact will be introduced. 

Emphasis will be placed on the importance of monitoring these toxins in water bodies 

and in food so as to mitigate their harmful effects. In addition to these two waterborne 

toxins, another focus of this thesis was on the Gram positive, food poisoning 

bacterium, Bacillus cereus. The routes of exposure to and the effects of B. cereus in 

terms of food poisoning will be discussed. The current monitoring techniques for each 

these toxins/bacterial species will be analysed and will be compared to use of  

biosensors, which have shown great promise in ensuring food safety with added benefits 

of ‘real-time’ monitoring at greatly reduced costs. 

In addition, concepts of the immune system will be introduced, with particular focus on 

antibodies. Recombinant antibody fragments and their development will also be 

introduced, including the generation of an immune response in a host, the construction 

of recombinant antibody libraries from the immunised host’s antibody repertoire and the 

screening of antibody libraries to specific targets. Key concepts of antibody library 

screening, such as phage display and panning, will be discussed. In addition, concepts 

of antibody structure optimisation will be discussed to provide a background for the 

work carried out in Chapter 4. 

One of the focuses of this thesis was on the effects of AZA1, MC-LR and the MC-LR-

producing species, Microcystis aeruginosa, on a human liver cell line. Thus, the 

specific in vivo and in vitro effects of these contaminants in numerous animal and cell 

models will be discussed so as to lay a foundation for the toxicity work described in this 

thesis. 

1.2 Harmful algal blooms and algal toxins 

Harmful algal blooms (HABs) are a global phenomenon occurring in oceans in all parts 

of the world. A myriad of factors play a role in influencing the dynamics of bloom 

growth. Physical factors include temperature (Nair et al., 2013; Horecka et al., 2014), 

salinity, current, water level (Cusack et al., 2016), water turbulence, shear forces 
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(Farrell et al., 2012), occurrence of upwelling or downwelling winds (Nair et al., 2013), 

light availability (Horecka et al., 2014) and biological factors, such as excystment 

behaviour (cyst/spore formation) (Ní Rathaille and Raine, 2011), tropism and cell–cell 

interactions (Jonsson et al., 2009). Nutrient-loading into fresh and marine water bodies, 

especially from phosphorus- and nitrogen-containing sources, can lead to proliferation 

of HABs, leading to eutrophication (Mostofa et al., 2013; Watson et al., 2016; Zhou et 

al., 2017). HABs have led to increasing concerns among international authorities in 

terms of human and animal health, and environmental preservation. Furthermore, HABs 

are associated with economic challenges, with the annual losses in the realm of tens of 

billions of US dollars (Anderson et al., 2001; ASIMUTH, 2014; Sanseverino et al., 

2016). These concerns largely stem from the increasing occurrence of a number of 

toxin-producing algal species within HABs. Phycotoxins and cyanotoxins are secondary 

metabolites produced by marine algae and blue-green algae (cyanobacteria), 

respectively. Algae act as primary food sources in the aquatic food web. The concerns 

around toxins produced by harmful algae stem from the fact that filter-feeding bivalve 

shellfish, including mussels, oysters and clams, and finfish feed on such toxic algae and 

bioaccumulate toxins to dangerous levels. Consumption of such contaminated shellfish 

can lead to acute intoxication syndromes, which vary depending on the toxin group in 

question and the exposure level. The five major shellfish poisoning-associated marine 

toxins are summarised in Table 1.1. 

Global populations are on the rise and thus the demand for safe food sources is greater 

than ever. In order to help protect consumer safety, the European Commission (EC) 

developed regulatory limits for each toxin group (European Commission, 2004). 

However, due to fears that the EC regulatory limits did not sufficiently protect human 

health, the European Food Safety Authority (EFSA) made recommendations to impose 

stricter regulations on marine toxins than the current EC regulations (see Table 1.2). 

These limits were developed based on the criteria that, if consuming a large portion 

(400 g) of shellfish, one would not exceed the acute reference dose (ARfD) for the 

associated toxin. For example, consumption of a 400 g portion of shellfish contaminated 

with the EU limit of 160 µg okadaic acid (OA) equivalent/kg shellfish would lead to a 

dietary exposure of approximately three times higher than the ARfD (EFSA, 2008). 
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Table 1.1: Summary of the five major shellfish poisoning toxins. 

Syndrome Toxin group 
Algae/Bacteria 

Producer 
Cellular Target Symptoms 

Amnesic 

Shellfish 

Poisoning 

(ASP) 

Domoic Acid 

(DA) 

Pseudo-nitzschia 

spp., Nitzschia 

navis-varingica, 

Chondria armata 

Glutamate 

receptors 

Short-term 

memory loss, 

confusion, 

disorientation, 

vomiting, 

diarrhoea, death. 

 

Diarrhetic 

Shellfish 

Poisoning 

(DSP) 

Okadaic Acid 

(OA) 

Dinophysistoxin 

(DTX) 

Dinophysis spp., 

Prorocentrum 

spp. 

Protein 

phosphatases 

Nausea, vomiting, 

diarrhoea, 

stomach cramps. 

Azaspiracid 

Shellfish 

Poisoning 

(AZP) 

Azaspiracid 

(AZA) 

Azadinium spp., 

Amphidoma 

languida 

 

Human ether-à-

go-go-related 

gene potassium 

channel 

Nausea, vomiting, 

diarrhoea, 

stomach cramps. 

Paralytic 

Shellfish 

Poisoning 

(PSP) 

Saxitoxin (STX) 

Alexandrium spp., 

Gymnodinium 

catenatum, 

Pyrodinium 

bahamense 

Sodium channels 

Gastrointestinal 

symptoms, 

numbness/tingling 

in mouth and 

extremities, 

dizziness, 

headache, fever, 

ataxia, respiratory 

distress, death. 

 

Neurotoxic 

Shellfish 

Poisoning 

(NSP) 

Brevetoxin (BTX) Karenia spp. Sodium channels 

Gastrointestinal 

symptoms, 

numbness, 

tingling sensation, 

hypotension, 

paralysis, 

seizures, coma. 
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Table 1.2: European Commission regulatory limits for marine biotoxins compared to the EFSA 

recommended guidelines (EFSA, 2008a, 2008b, 2009a, 2009b, 2010). 

Toxin and equivalents 

EC regulatory limit (µg toxin 

eq./kg shellfish/fish) 

EFSA recommended limit 

(µg toxin eq./kg 

shellfish/fish) 

DA 20000 4500 

OA 160 45 

AZA 160 30 

STX 800 75 

BTX 800* NA 

*No EU limit in place for BTX. Value equals US FDA action limit. 

 

HABs and their associated marine toxins have severe economic implications; one study 

estimated the annual global economic impact of marine toxins was approximately USD 

$4 billion (GESAMP, 2001). These economic implications are associated with the 

closures of coastal fisheries, loss of valuable shellfish goods, job losses, reduction in 

tourism and recreational activities and medical treatment for related foodborne- or 

waterborne-illnesses. HABs and marine toxin levels are also expected to rise, as their 

occurrence is closely linked to increasing ocean temperatures and to eutrophication 

(Anderson et al., 2002; Moore et al., 2008). Therefore, there is a pressing need for 

sufficient monitoring programs to be in place in order to effectively mitigate the 

potential harmful effects on HABs and algal toxins. 

 

1.2.1 Azaspiracid and Azadinium spinosum 

One of the focuses of this work is on the phycotoxin AZA1 (see Figure 1.1), which was 

discovered after a human intoxication event occurred in 1995 in the Netherlands 

(McMahon and Silke, 1996). Following the consumption of blue mussels (Mytilus 

edulis) originating from Killary Harbour in Ireland, a number of consumers became ill, 

showing symptoms typical of DSP. However, subsequent analysis found insignificant 

amounts of DSP toxins present in the suspect shellfish material. In 1997, the toxin was 

isolated and structurally characterised from Irish mussels (Satake et al., 1998) (and it 

was later structurally revised) as a novel nitrogen-containing polyether toxin with a 

structure composed of a cyclic amine (or aza group), a tri-spiro-assembly and a 
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carboxylic acid group. Since the discovery of AZA1, more than 32 analogues have been 

discovered, each with varying toxicities (Twiner et al., 2008). It was not until 2008 that 

A. spinosum was discovered as the de novo producer of AZA1 and -2 (Tillman et al., 

2009).  

In vivo mouse toxicological studies have shown that AZAs target the liver, pancreas, 

lung, spleen, thymus and small intestine. Chronic exposure was also associated with the 

development of lung tumours in mice (Ito et al., 2000; Ito et al., 2002). It was 

determined that AZA1-3 exert their toxic effects by binding to the human ether-a-go-go 

related gene (hERG) potassium channel (also called Kv11.1), albeit with moderate/low 

binding affinity (Twiner et al., 2012; Ferreiro et al., 2014). Using such in vivo studies, 

the relative toxicity of AZA1, -2 and -3 was deduced and allowed the establishment of 

toxic equivalence factors (TEFs) of 1.0, 1.8 and 1.4, respectively (Alexander et al., 

2008). However, in vitro studies suggest more drastic potency differences, with TEFs 

relative to AZA1 of 8.3-fold and 4.5-fold greater for AZA2 and AZA3, respectively. 

This potency also appeared to be dependent on the cell line tested; for example, AZA2 

was more cytotoxic to T lymphocytes while AZA3 was most potent against neocortical 

neurons (Twiner et al., 2012). Thus far, in vitro studies of the cytotoxic potential of 

AZA1 have shown that all tested cell lines were susceptible, with effects observed down 

to low nanomolar concentrations (Twiner et al. 2012). It was also shown that AZAs are 

teratogenic to finfish embryos (Colman et al., 2005), suggesting that this toxin group 

could have severe ecological and economic implications associated with the 

endangering of fish populations. To date, AZAs and/or A. spinosum have been reported 

in Europe, North Africa, North and South America, and East Asia (Vale et al., 2008; Gu 

et al., 2013; Trainer et al., 2013; Bacchiocchi et al., 2015). Therefore, the harmful 

effects of AZAs could be far-reaching, which means that effective monitoring programs 

are required to mitigate their harmful effects on a global scale. 



 

7 

 

 

Figure 1.1: (1) Azaspiracid-1 structure. (2) Azadinium spinosum. Scale bar = 5 µm. Sourced from 

Tillman et al. (2009).  

1.2.2 Occurrences of AZAs and A. spinosum 

As was discussed earlier, AZAs have been detected in mussels, oysters, scallops, clams, 

cockles and crabs, and such shellfish/crustaceans serve as the primary vectors for AZAs 

entering the human food chain. Currently, the only regulated means to monitor AZA 

levels is the analysis of shellfish tissue that is entering the food chain. This system is 

effective for helping to ensure consumer safety, but it does not necessarily aid in the 

prediction of when and where toxic blooms may occur. This is due to the inherent 

requirements of laboratory-based testing, which may have a turnaround time of up to 

several days due to transport of samples from the sampling site to the laboratory for 

subsequent testing.  

Examples of the marine monitoring data for the occurrences of AZAs and 

Azadinium/Heterocapsa spp. are presented in Figure 1.2 and 1.3. The data was kindly 

provided by the Marine Institute, Galway. (Note: These algal genera were grouped 

together in this manner due to the difficulty of discerning these algae using light 

microscopy. Therefore, the data shown may at times under- or over-estimate levels of 

harmful Azadinium spinosum).  Figure 1.2 displays the occurrences of 

Azadinium/Heterocapsa spp. from water samples and AZA toxins extracted from 

shellfish from the coast of Co. Cork, Ireland, from 2013 to 2014. It was observed in this 

data that the levels of AZAs exceeded the regulatory ‘cut-off’ levels during Q3 of 2013, 

with very high Azadinium/Heterocapsa spp. levels observed at a similar time. However, 

a very different trend was observed for 2014, with AZA toxin levels exceeding the 

regulatory ‘cut-off’ throughout Q1 and Q2 of the year; in these instances, the levels of 

Azadinium/Heterocapsa spp. did not appear to correlate with the observed high levels of 

AZAs. Meanwhile, Figure 1.3 displays a similar dataset but represents data from 

samples acquired off the coast of Co. Galway, Ireland. Despite geographical differences 
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of only a few hundred kilometres, a very different trend for the occurrences of AZA 

toxins was observed. In 2013, Q1 experienced levels exceeding the regulatory limit, 

while Q3 and Q4 displayed levels up to 12-fold greater than the ‘cut-off’. In 2014, Q1 

experienced AZA levels exceeding the regulatory limit, while the AZA levels for 

remainder of the year were largely within the acceptable limits. This comes despite the 

very high cell concentrations of Azadinium/Heterocapsa spp. that occurred at this time, 

with levels exceeding 10
6
 cells/L. These data highlight the significant variation of cell 

numbers and shellfish toxin levels observed annually. One of the possible factors 

contributing to the observed unpredictable nature of this data is that the toxin levels 

accumulated in bivalves can remain high for 8 – 12 months after the initial exposure 

(James et al., 2004). Thus, the high levels of AZAs observed in Cork during Q1 and Q2 

of 2014 (Figure 1.2) may have been due to carry-over from Q4 of 2013 when levels 

were extremely high. The same may also have been the case for the Galway data 

(Figure 1.3). Furthermore, the grouping of Azadinium/Heterocapsa spp. was due to the 

similar morphological appearance of these genera as determined by light microscopy, 

which highlights the need for better species-specific methodologies. In particular, these 

data sets highlight the difficulty in monitoring and predicting when and where toxic 

algal blooms may occur. 
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Figure 1.2: Occurrences of Azadinium/Heterocapsa spp. and AZA toxins (in shellfish) off the Cork 

coast from 2013 to 2014. The blue dashed line represents the current regulatory ‘cut-off’ levels of 

AZA toxins in shellfish (160 µg/kg). The red dashed line represents the level of a high volume algal 

bloom. Image sourced from McPartlin et al. (2017). Data sourced from Silke et al. (2016a). 

 

Figure 1.3: Occurrences of Azadinium/Heterocapsa spp. and AZA toxins (in shellfish) off the 

Galway coast from 2013 to 2014. The blue dashed line represents the current regulatory ‘cut-off’ 

levels of AZA toxins in shellfish (160 µg/kg). The red dashed line represents the level of a high 

volume algal bloom. Image sourced from McPartlin et al. (2017). Data sourced from Silke et al. 

(2016b). 

One established means to predict the spatial and temporal occurrences of HABs is 

through the development of predictive models. However, it is of paramount importance 
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to have access to up-to-date and high resolution sampling data on the water’s physical 

characteristics and the current algal and toxin levels in order for predictive models to 

provide a reliable forecast (Anderson et al., 2012; Dale and Murphy, 2014). Thus, the 

currently employed laboratory-based testing are, unfortunately, not sufficiently rapid 

enough to provide such up-to-date, or ‘near-real-time’ data on algal species and their 

toxins. There are no measures currently in place for monitoring the ongoing levels of 

toxins and harmful algae, however, recent pioneering work has attempted to address this 

issue and to strive toward providing ‘real-time’ monitoring of algae and their associated 

toxins. In the following section, the current monitoring programs for algal toxins and 

HABs will be discussed. In addition, notable systems that were recently reported and 

that could facilitate in situ ‘real-time’ monitoring will also be examined. 

1.2.3 Current monitoring programs for algal toxins and HABs 

It was mentioned in Section 1.2.2 that the current EC legislation covers only marine 

toxins present in shellfish; there is an absence of legislation for marine toxins in 

seawater. Therefore, the approved monitoring programs focus only on detecting marine 

toxins in seafood. Previously, the most widely employed method for detection of marine 

toxins in seafood was the mouse bioassay (MBA). This method involved the intra-

peritoneal (IP) injection of suspect shellfish tissue extracts into a mouse and the 

monitoring of symptoms over time until death. This method had obvious ethical issues 

associated with it and it was also hampered by poor sensitivity. Therefore, as of 1
st
 

January 2015, the MBA was prohibited in the EU for marine toxin detection (European 

Commission, 2011). A number of analytical methods are approved for the marine toxin 

detection; high-performance liquid chromatography (HPLC) is used for the detection of 

DA, OA and STX, while liquid chromatography-tandem mass spectrometry (LC-

MS/MS) is the approved method for BTX and AZA detection. HPLC methods have 

superior sensitivity than MBA for marine toxin detection at the current legislative 

limits; however, this sensitivity may not be sufficient if stricter legislative limits are 

imposed. This issue may be addressed through the use of LC-MS/MS for detection of 

all toxin classes, as it possesses excellent sensitivity and the ability to discern different 

toxin analogues (and therefore overall sample toxicity), and it can also facilitate high-

throughput analysis. However, HPLC and LC-MS/MS are both labour-intensive 

analytical methods, requiring highly trained personnel and expensive equipment.  
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Monitoring of HABs is currently heavily reliant on traditional methods such as light 

microscopy (LM), which is highly time-consuming, labour-intensive and requires 

trained personnel. Additionally, as was exemplified in Section 1.2.2, accurate species-

level identification using LM is very difficult, and often requires electron microscopy 

for confirmation. Frequent sample-acquisition is another requirement of this method, to 

ensure year-round monitoring of blooms. A more advanced method of HAB-monitoring 

makes use of satellite imaging to remotely sense ocean colour, which serves as a proxy 

for ‘in-water’ molecules, such as chlorophyll, that can be used to estimate levels and 

changes in algal biomass. However, this method is limited by factors including poor 

sensitivity at low cell concentrations, the detection being restricted to the water surface 

and interference from clouds. Finally, neither LM or satellite-imaging can identify toxin 

levels associated with a bloom. Thus, there is a pressing need for an inexpensive, 

remote, ‘real-time’ monitoring system that can detect toxin-producing algal species and 

toxin levels in tandem. Such a monitoring system will allow for the early-warning of 

HAB-development as it commences and will also provide information on the associated 

toxins levels and if they may present a threat to shellfish farms and consumer safety. A 

system that can monitor algal and toxin levels in tandem may also provide a greater 

insight into the seasonality of algae growth and toxin-production, which is a 

phenomenon that is not fully understood, and this may contribute towards the 

development of predictive models. A number of notable works have been published in 

the literature which aimed to address some of the key issues with the monitoring of 

algal blooms and toxins. For example, a novel microarray system was reported by 

McCoy et al. (2015), which was designed to allow for species-specific identification of 

harmful algal species using 18S and 28S rDNA probes. This system, called 

‘Microarrays for the Detection of Toxic Algae’ (MIDTAL), was designed to specifically 

alleviate the difficulties associated with LM-based monitoring programs, namely 

species-identification. Another notable system was reported by Yamahara et al. (2015). 

This system, called the Environmental Sample Processor (ESP) was designed to 

facilitate fully-automated, species-level identification of harmful algae in situ. A 

number of other recently developed biosensors for monitoring harmful algae and marine 

toxins were reviewed by McPartlin et al. (2016, 2017).  

The work in Chapter 3 of this thesis focused on the development of recombinant 

antibodies specific to AZA1 to be incorporated onto a biosensor platform to detect and 
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monitor AZA1 levels in situ. The principles of biosensors and recombinant antibodies 

are described in Section 1.3. 

1.2.4 Microcystis aeruginosa and microcystins 

Cyanobacterial HABs (CyanoHABs) are comprised of naturally occurring 

photosynthetic prokaryotes. Like HABs these occur in a wide variety of aquatic 

environments and produce toxic secondary metabolites (Preece et al., 2017). It was 

estimated that ~75% of CyanoHABs are toxic (Chorus et al., 2000). Of all CyanoHAB 

species, Microcystis are the most common (Preece et al., 2017). Microcystis is a bloom-

forming cyanobacterium of freshwater ecosystems, of which, M. aeruginosa is the best-

characterised toxin-producing species (Kaneko et al., 2007). The Microcystis genus is 

morphologically characterised by buoyant, unicellular, coccoid-shaped cells with a 

diameter of 1 – 9 µm (Komárek and Komárková, 2002). CyanoHAB formation and 

toxin production are influenced by numerous environmental factors such as 

temperature, salinity, nutrient and light availability, water turbulence, and grazing by 

higher organisms (Paerl and Huisman, 2009; O’Neil et al., 2012; Visser et al., 2016). 

Blooms of Microcystis tend to occur when the water temperature exceeds 15 °C 

(Reynolds et al., 1981; Jacoby et al., 2000) and when water bodies become nutrient-

enriched (Perovich et al., 2008; Dolman et al., 2012). It is expected that the occurrences 

and intensity of CyanoHABs will increase, due to increasing global temperatures and 

increasing nutrient enrichment from activities such as industry and farming (Paerl and 

Huisman, 2009; Michalak et al., 2013; Preece et al., 2017).  

One of the main hazards associated with Microcystis blooms is the production of 

hepatotoxic microcystins (MCs), which are the most common cyanotoxins, with over 

100 known variants (Vesterkvist et al., 2012). This inherently poses a significant risk to 

those using contaminated water resources for drinking water, fishing and recreational 

activities. Microcystis species are among the most common CyanoHABs species, and, 

in terms of the global distribution, with the exception of Antarctica, Microcystis was 

detected on every continent (Zurawell et al., 2005). A report on global distribution 

found that Microcystis blooms were detected in 108 countries. Of these, the presence of 

MCs was confirmed in 79 countries (Harke et al., 2016). This indicates a marked 

increase over time, as a previous analysis suggested the presence of Microcystis in less 

than 30 countries (Zurawell et al., 2005). Exposure to MCs can cause permanent liver 
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damage and promote tumour development (Grosse et al., 2006; Fujiki and Suganuma, 

2009; Li et al., 2011). Numerous MC poisonings have been reported in humans, pets, 

livestock and wildlife (Merel et al., 2013; Backer et al., 2013; Hilborn et al., 2014). 

MC is the most well-known of the cyanotoxins. Other cyanotoxins, including anatoxin-

a, cylindrospermopsin, saxitoxin and nodularin, can exhibit hepatotoxicity, 

neurotoxicity, nephrotoxicity and dermatotoxicity. Many of the cyanotoxins and their 

cyanobacterial producers are summarised in Table 1.3 below. It was also suggested that 

Microcystis can produce β-N-methylamino-L-alanine (BMAA) in addition to 

microcystins (Cox et al., 2005). BMMA is a non-protein amino acid with links to 

neurodegenerative diseases such as Parkinson’s and Alzheimer’s Disease (Bradley and 

Mash, 2009; Cox and Sacks, 2018). MC was originally designated ‘Fast-Death Factor’ 

(Bishop et al., 1959) but was renamed ‘microcystin’ by Konst et al. (1965). MCs are 

cyclic heptapeptides containing the unique β-amino acid, Adda (3-amino-9-methoxy-

2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid (Tillett et al., 2000). Generally, 

microcystins contain two standard D-amino acids in positions 1 and 6, a D-erythro-β-

methylaspartic acid in position 3, and N-methyldehydroalanine in position 7 (Tillett et 

al., 2000). The various analogues of microcystin are named according to the single letter 

codes of the amino acids at positions 2 and 4. For example, Microcystin-Leucine-

Arginine (MC-LR) contains leucine and arginine at positions 2 and 4, respectively 

(Rinehart et al., 1994). The Adda moiety is critical to MC activity (Song et al., 2006). 

MCs exert their toxic effects by forming an irreversible covalent bond with 

serine/threonine protein phosphatases 1 (PP1) and 2A (PP2A) (MacKintosh et al., 1990; 

Maynes et al., 2006). A number of reports documented the routes of MC-associated 

illnesses, including consumption of contaminated water, accidental ingestion of water or 

skin contact during recreational water usage as well as inhalation (Ressom et al., 2004; 

Wood and Dietrich, 2011). One of the most severe documented cases of MC poisoning 

was in 1996 in Brazil when microcystin-contaminated water was used in a dialysis 

treatment clinic. This event resulted in the deaths of 60 people (Azevedo et al., 2002). 

The main target organ of MCs is the liver, however, it was shown in a number of studies 

that MCs can also affect other organs such as the intestines, lungs, reproductive system, 

brain and kidneys (Botha et al., 2004; Ding et al., 2006; Maidana et al., 2006; Soares et 

al., 2007; Zegura et al., 2008; Li et al., 2009; Lone et al., 2015). Exposure to MCs 
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manifests in the forms of illnesses such as liver disease, gastroenteritis, and allergic and 

irritation reactions (Campos and Vasconcelos, 2010). 

MC-LR is the most potent and common MC variant, and the World Health Organisation 

(WHO) set a guideline limit of 1 µg MC-LR per L for water designated for human 

consumption. MC-LR was also classified as a possible human carcinogen (Group 2B) 

by the International Agency for Research on Cancer (IARC, 2010). A number of 

methods have been developed for the measurement of microcystins. These include 

biological assays such as protein phosphatase inhibition assays (PPIA) and enzyme-

linked immunosorbent assay (ELISA) (Almeida et al., 2006; Triantis et al., 2010; Sedda 

et al., 2016) and numerous analytical chemistry-based methods such as HPLC coupled 

with photodiode array detection (HPLC-PDA) (Spoof et al., 2003; Tillmanns et al., 

2007; Shamsollahi et al., 2015) or coupled with numerous forms of mass spectrometry 

(MS)-based detection (Ortea et al., 2004; Meriluoto and Codd, 2005; Sangolkar et al., 

2006; Allis et al., 2007; Triantis et al., 2010).  
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Table 1.3: Summary of the main cyanotoxins and their cyanobacterial producers. (Sourced from 

Neilan et al. (2013), Stucken et al. (2014), Cirés and Ballot (2016), McAllister et al. (2016), Ongley et 

al. (2016), and Cirés et al. (2017)). 

 

1.2.5 Occurrences of M. aeruginosa in brackish waters 

A number of studies have shown that marine mussels can become contaminated with 

MCs to dangerously high levels (Rita et al., 2014; San Francisco Estuary Institute, 

2015; Preece et al., 2017). Generally, CyanoHABs tend to occur in freshwater 

environments, raising the question as to how marine mussels become contaminated with 

MCs. In this section, the occurrences of M. aeruginosa in brackish waters and the 

exposure of marine mussels to MCs will be discussed.  

The tolerable daily intake (TDI) for lifetime exposure to MC-LR is 0.04 µg/kg/d (WHO, 

2003). From this, the acceptable daily limit of MCs in seafood was established by an 

Australian Scientific Advisory Board as 40 µg/kg/d (Mulvenna et al., 2012). Shellfish 

consumption poses the greatest risk for toxin exposure, due to the consumption of the 

entire organism. Furthermore, it was shown that shellfish depurate the toxin slower than 

finfish (Miller et al., 2010) and some may never completely depurate MCs 
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(Paldaviciene et al., 2015). On the other hand, finfish primarily accumulate MCs in the 

liver (Carmichael, 1992), which is not generally consumed. However, fish muscle can 

also accumulate high levels of MCs (Magalhaes et al., 2001; Poste et al., 2011).  

Most freshwater cyanobacteria cannot survive in saline waters for extended periods; 

however, some genera have high salt tolerance and can grow rapidly in high salinity 

environments, such as the common MC-producing genera Anabaena, Oscillatoria, 

Microcystis and Anabaenopsis (Robson and Hamilton, 2003; Ross et al., 2006; Tonk et 

al., 2007). In particular, M. aeruginosa has one of the highest salt tolerances and can 

grow and produce MCs under saline conditions (Otsuka et al., 1999; Orr et al., 2004; 

Verspagen et al., 2006; Tonk et al., 2007). A number of studies have shown that 

Microcystis spp. can survive for several days at salinities of approximately 50% that of 

sea water and can survive in sea water for about 2 days (Lehman et al., 2005; Tonk et 

al., 2007; Miller et al., 2010). This would indicate the M. aeruginosa could thrive in 

estuarine environments where freshwater input reduces the salinity to within the 

tolerable range of the cyanobacterium (Black et al., 2011; Martín-Luna et al., 2015). 

Furthermore, it was shown in many studies that salinities of up to 1% (w/v) do not 

affect MC-production (Tonk et al., 2007; Black et al., 2011; Martín-Luna et al., 2015). 

The introduction of freshwater into estuarine waters, via rivers, precipitation and runoff, 

can enhance vertical stratification in which the lighter freshwater forms a layer over the 

denser saltwater. This in turn creates favourable conditions for buoyant cyanobacteria 

such as Microcystis (Paerl, 2014). Furthermore, it is expected that heavy rainfall and 

storm events can mobilise nutrients and cause nutrient enrichment in estuarine waters 

(Paerl et al., 2006; Paerl and Huisman, 2009). Thus, as global climates change and such 

storm events become more commonplace, it can be expected that blooms of much 

higher intensity will occur.  

The growing occurrence of Microcystis blooms in estuarine waters may also be due to 

the drifting downstream of CyanoHABs species from upstream lakes and reservoirs 

(Doi et al., 2008; Preece et al., 2017). This is facilitated by the ability of M. aeruginosa 

to survive over very long distances of travel; for example, it was reported that M. 

aeruginosa survived a 300 km from the bloom source to estuary waters where it was 

detected (Otten et al., 2015). 
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1.2.6 Co-exposure to multiple toxins 

Together, the evidence here indicates the increasing likelihood of contamination of 

marine shellfish with MCs. Elsewhere, the appearance of AZAs and OA/DTX2 was 

recorded in mussels in 2001 in Bantry Bay and the depuration rate of these toxins was 

similar (Hess et al., 2001). It was subsequently found that the mussels were also 

contaminated with pectenotoxins (PTXs) (Wilkins et al., 2006). Thus, co-exposure to at 

least 3 toxins is possible. Furthermore, there is mounting evidence that humans and 

other organisms are more likely to be exposed to multiple environmental 

toxins/contaminants than individual toxins (Altenburder et al., 2013; Ma et al., 2017). 

Previously, the US EPA devised a strategy for risk assessment of the cumulative effects 

of co-exposure to pesticides (EPA, 2007) but a similar risk assessment has not yet been 

devised for algal toxins.  

Much of the previous research on exposure to toxins has focused on investigating the 

effects of individual toxins, and few have reported the effects of co-exposure to multiple 

toxins. Thus, the focus of Chapter 6 of this thesis was on the effects of co-exposure of 

the hepatocellular carcinoma cell line, HepG2, to combinations of MC-LR with AZA1 

and/or M. aeruginosa, which have not been investigated to date. In the following 

sections, previous reports on exposures to MCs, AZAs and M. aeruginosa individually 

will be discussed. 

The work in this thesis was carried out on the HepG2 cell line, exposing these cells to 

AZA1, MC-LR and M. aeruginosa. The effects of individual toxins/cyanobacteria on 

HepG2 were determined using a number of assays; changes in cell proliferation were 

determined using the MTT assay; changes in the activity of the apoptosis-associated 

enzymes, caspases-3 and -7, were determined using FAM-FLICA caspase-inhibitor 

assays; and changes in the overall HepG2 cell health were determined using high 

content analysis (HCA) (see Section 6.2).  

1.2.7 Studies on the toxic effects of AZAs  

As was discussed in Section 1.2.1, azaspiracid-1 (AZA1) is a polyether marine toxin 

produced by Azadinium spinosum. AZA1 is associated with severe gastrointestinal 

problems and the contamination of this toxin in farmed shellfish has major economic 

implications associated with product losses and recalls. The European Commission’s 

regulatory limit for AZA1 is 160 µg per kg of shellfish product (European Commission, 
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2004). A number of studies have been conducted to investigate the toxic effects of 

AZA1 both in vitro and in vivo, which will be discussed in this section. 

Early in vitro investigations into the cytotoxic effects of AZA1 on different cell lines 

identified that the toxin exerts cell-line-dependent effects; AZA1 was shown to exert 

cytotoxic effects on Jurkat T lymphocytes, Raji B lymphocytes, lung epithelial cells 

(A549), neuroblasts (Neuro-2A), THP-1 monocytes, human embryonic kidney cells 

(HEK-293), pituitary epithelial cells (GH4C1), and MCF-7 breast cancer cells resulting 

in a variety of different EC50 values depending on cell line and exposure times (Twiner 

et al., 2005; Ronzitti et al., 2007). Further investigations into the death pathways 

activated by AZA1-exposure have also been conducted; for instance, it was shown by 

Román et al. (2002) that AZA1 did not modify mitochondrial activity and did not 

induce apoptosis in BE(2)-M17 neuroblastoma cells. However, it was subsequently 

shown by Twiner et al. (2012b) that AZA1 can indeed induce apoptosis in BE(2)-M17 

cells as well as in Jurkat T lymphocytes and CaCo-2 intestinal cells, activating a number 

of members of the caspase family. More recently, the genotoxicity of AZA1-3 was 

investigated in Jurkat T cells, CaCo-2 and HepG2 cells. As was discussed earlier, AZAs 

are moderate/low blockers of hERG potassium channels (Twiner et al., 2012b, Ferreiro 

et al., 2014a). Ferreiro et al. (2014b) investigated the effects of AZA2 on hERG 

channels using CHO cells that were programmed to overexpress hERG channels on 

their surface. Cells treated with 50 and 200 nM AZA2 for 12 h showed significant 

increases in hERG channels on their cell surface. It was shown by Annexin-V staining 

that apoptosis did not yet occur, indicating that AZA2-induced increase of hERG in the 

plasma membrane occurred before apoptosis. However, it was shown by Xia et al. 

(2016) that increasing the expression of hERG in HepG2 cells allowed for greater influx 

of potassium ions into the cells and this caused an imbalance of mitochondrial 

membrane potential that led to the induction of apoptosis. This may be a putative means 

for AZA-induced apoptosis. In HepG2 cells, AZA1 was tested at 10 – 0.01 nM for 24 

and 48 h, and despite showing significant effects on viability at these concentrations, 

however, the EC50 values were not reported. Furthermore, no apoptotic effect could be 

observed at the concentrations and duration tested with HepG2 cells (Doerr et al., 

2016). 
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Much of the toxicity work on AZAs reported in the literature has been carried out on in 

vivo models. For example, intra-peritoneal (IP) administration of AZA-containing 

mussel extracts into mouse models can cause ‘neurotoxin-like’ symptoms, such as 

respiratory difficulties, sluggishness, spasms, progressive paralysis and death within 20 

– 90 min (Satake et al., 1998; McMahon and Silke, 1996, 1998). The IP minimum lethal 

dose of partially purified AZA reported by Satake et al. (1998) was 150 µg/kg. At this 

concentration, swelling of the stomach and liver was observed and reductions in size 

and weights of the thymus and spleen were observed. Furthermore, Ito et al. (1998) 

reported that vacuole formation and fatty acid accumulation was observed in 

hepatocytes after IP administration of AZAs, with dead lymphocyte debris observed in 

the thymus and spleen, parenchymal cell pyknosis in the pancreas and erosion and 

bleeding in the stomach were also observed. Also, from such in vivo work, the liver has 

been identified as an organ heavily influenced by AZA1 exposure; in vivo exposures to 

AZA1 can cause swelling of the stomach and liver (Ito et al., 1998). In another study, it 

was shown that fatty acid droplets formed in the liver as early as 1 h after exposure and 

the liver was observed to increase in weight after 24 h exposure (Ito et al., 2000). A 

number of other in vivo studies indicate harmful effects of AZAs on the liver (Ito et al., 

2002; Twiner et al., 2008). More recent work featuring oral toxicity of AZAs in mouse 

models showed that after 24 h, the liver was the organ with the third highest 

accumulation of AZA1, after the stomach and intestinal contents (Pelin et al., 2018). 

Aside from the report by Doerr et al. (2016) mentioned above, who used a AZA1 

concentration range of 10 – 0.01 nM, the only other reports of the in vitro effects of 

AZAs on liver cell lines was by Flanagan et al. (1999, 2001), who observed significant 

cytotoxicity in the hepatocellular carcinoma cell line, HepG2. However, in this report, 

crude mussel extracts were used for which the AZA concentration was not known. 

Therefore, there is an apparent gap in the knowledge about the effects of higher 

concentrations of pure AZA1 on liver cells in vitro. There is also no report on the EC50 

or of the apoptotic effects of AZA1 after 24 h exposure in HepG2 cells. Thus, one of the 

aims in this study was to address this gap in the knowledge. 

1.2.8 Studies on the toxic effects of M. aeruginosa and MCs 

MCs represent a serious health hazard to animals and human due to their ubiquitous 

nature in fresh and brackish water bodies around the globe. However, while most 

environmental monitoring programs are concerned with levels of MC-LR in water 
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bodies, there is growing evidence that M. aeruginosa cells are also a cause for concern. 

In this section, toxicity work carried out to date on M. aeruginosa and MC-LR will be 

discussed. 

Most recent work on M. aeruginosa-exposure in the literature has focused on in vivo 

treatments of fish with M. aeruginosa-containing water or extracts. For example, it was 

observed by Rogers et al. (2011) that M. aeruginosa-exposure in zebrafish caused 

upregulation of genes associated with exposure to oestrogenic substances, which 

suggests that M. aeruginosa cells may be a natural source of environmental oestrogen, 

with implications for animal reproduction. In a study by Qian et al. (2019), zebrafish 

were exposed to M. aeruginosa cells for 96 h. The results indicated that M. aeruginosa 

exposure enhanced the inflammatory response and caused changes in intestinal 

microbiota, increasing the proportion of pathogenic bacteria. In another study by 

Rodrigues Pires Júnior et al. (2018), Lithobates catesbeianus tadpoles were exposed to 

M. aeruginosa cultures. The results indicated that exposure caused significant damage 

in multiple organs, characterised by nuclear fragmentation, haemorrhage, loss of 

adhesion between cells and necrosis. Co-exposure of blunt snout bream to M. 

aeruginosa cells and ammonium had a synergistic effect on immunotoxicity in this fish, 

in which toxicity was characterised by nuclear shrinkage and mitochondrial dysfunction 

in lymphocytes (Xia et al., 2018). It was also shown by Abdel-Latif and Khashaba 

(2017) that M. aeruginosa induced toxic effects on Nile tilapia fish via multiple routes 

of exposure. There are few recent in vitro studies examining the effects of pure M. 

aeruginosa cultures on mammalian cell lines. For example, it was observed by Masango 

et al. (2008) that M. aeruginosa-containing extracts had a higher potency on primary 

hepatocytes than pure MC-LR. In baby hamster kidney (BHK-21) cells and mouse 

embryo fibroblasts (MEF) primary cells, exposure to M. aeruginosa cell-free extracts 

caused significant DNA fragmentation, which is an indicator of necrosis (Lakshmana 

Rao et al., 1998).  

Within the relevant literature, much work has been published on the effects of MC-LR 

and its analogues on many different cell lines and organisms. In vivo studies on MC-

LR-exposure have primarily focused on using rodent models. Numerous in vivo studies 

have shown effects of MC-LR leading to direct DNA damage and oxidative DNA 

damage, as well as the effects of MC-LR on enhancing tumour promotion and tumour 
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initiation (Ito et al., 1997; Lakshmana Rao et al., 1998, Ding et al., 1999; Sekijima et 

al., 1999; Gupta et al., 2003; Gaudin et al., 2008). 

In terms of in vitro work within the published literature, major focus was on the effects 

of MC-LR on liver cells lines, in particular investigating the effects on primary 

hepatocytes and the human liver carcinoma cell line, HepG2. A number of different 

markers of toxicity have been studied, such as the effects of MC-LR on direct DNA 

damage, oxidative DNA damage and impairment of DNA repair (Zegura et al., 2004; 

Gehringer et al., 2004; Bouaicha et al., 2005; Lankoff et al., 2006; Gan et al., 2010;  

Zhang et al., 2013; Ma et al., 2018; Meneely et al., 2018). Other cell lines such as 

kidney, fibroblast, lymphocytes, Chinese hamster ovary epithelial cells (CHO-K1) and 

colon adenocarcinoma cell lines have also been used to study MC-LR toxicity (Lankoff 

et al., 2006; Zegura et al., 2008; Zegura et al., 2011; Wang et al., 2013).  

To date, the effects of MC-LR on liver cells is well documented, including the induction 

of apoptosis at higher concentrations and the induction of cellular proliferation at lower 

concentrations. Such a bi-phasic response is known as the hormesis effect (Calabrese 

and Baldwin, 2002). However, there are few reports in the literature on the effects of 

combinations of MC-LR with other toxins or microbial components on liver cell lines 

(see below).  

1.2.9 Molecular pathways of MC-induced toxicity 

The pathways affected by MC-toxicity are diverse and have numerous complex cellular 

functions. However, two key components that are central to MC toxicity are the 

inhibition of the PP1 and PP2A enzymes and the induction of free radical-formation.  

As mentioned previously, MCs bind to and inhibit the activity of PP1 and PP2A 

(MacKintosh et al., 1990; Goldberg et al., 1995; Gulledgea et al., 2002; Maynes et al., 

2006). Inhibition of these enzymes can significantly impact the cell’s homeostasis as the 

critical role of PP1 and PP2A is protein de-phosphorylation. Two pathways that are 

heavily influenced by the phosphorylation state of cellular proteins are associated with 

DNA repair; the nucleotide excision repair (NER) and DNA double strand break (DSB) 

repair by non-homologous end joining (NHEJ) pathways (Douglas et al., 2001; Lankoff 

et al., 2006). Inhibition of PP1 and PP2A can result in inhibition of these pathways, 

which in turn increases the chances of DNA damage. The stress caused by DNA 
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damage activates p53, a nuclear protein that plays a role as a transcriptional trans-

activator in DNA repair, apoptosis and tumour suppression pathways (Fu et al., 2005). 

Furthermore, p53 is regulated by PP2A (Li et al., 2007) and so MC-toxicity also 

regulates p53. p53 regulates the expression of members of the BCL-2 family, such as 

Bcl-2, Bax and Bid. Bcl-2 is a protein with an anti-apoptotic role, as it prevents the 

activation of Bax and Bid (among others). It is also a direct substrate of PP2A. When 

Bcl-2 is in its phosphorylated form, it is degraded by proteases and thus allow for 

activation of Bax and Bid (Lin et al., 2006). These proteins play a critical role in the 

mitochondrial apoptotic pathway, as they form pores in the mitochondrial membrane, a 

process called membrane permeabilisation transition (MPT) (Weng et al., 2007). This in 

turn causes the release of cytochrome c into the cytoplasm from the mitochondria 

(Lemasters et al., 1998). Cytochrome c release triggers apoptosis via activation of 

cysteine-aspartic proteases (caspases) (Cai et al., 1998; Ott et al., 2002; Morselli et al., 

2008).  

In addition to the pathways associated with protein phosphatase-inhibition, it was 

shown in numerous in vitro mammalian cell studies and rodent in vivo studies that MC-

LR-exposure can induce DNA damage. MPT can cause a loss of mitochondrial 

membrane potential (MMP) and the elevated formation of free radicals such as reactive 

oxygen species (ROS) and reactive nitrogen species (RNS), further enhancing cell 

stress. This can negatively affect cellular redox homeostasis and can result in induction 

of DNA strand breaks (Ding et al., 1998; Zegura et al., 2004; Bouaicha and Maatouk, 

2004). Such DNA strand breaks can lead to activation of apoptosis via the 

mitochondrial pathway described above. Alternatively, the oxidative stress associated 

with MC-LR-exposure and ROS-formation can cause genome alterations. A number of 

studies have also indicated that the proliferative effects associated with exposure to low 

concentrations of MC-LR might be due to the induction of genome alterations, which 

can lead to cancer development (Yoshizawa et al., 1990; Ohta et al., 1992; Nishikawa-

Matsushima et al., 1992; Humpage et al., 2000). Key players involved in this are 

mitogen-activated protein kinases (MAPKs), which are involved in regulation of proto-

oncogenes (Gehringer, 2004) and are regulated by PP2A. Thus, MC-inhibition of PP2A 

may influence MAPK activation, thereby affecting cell proliferation and cancer (Li et 

al., 2009).  



 

23 

 

In addition to activation of the mitochondrial apoptotic pathway, the binding to and 

inhibition of PP1 and PP2A can lead to hyperphosphorylation of cytoskeletal proteins, 

which can further disrupt a number of cellular processes. Furthermore, this can result in 

disturbances in cellular homeostasis, cytoskeleton alterations and rearrangements and 

disruption of liver architecture (Falconer and Yeung, 1992; Toivola and Eriksson, 1999; 

Ding et al., 2003.  

To add further complexity to the toxic effects of MCs, ROS elevation and MMP loss 

associated with MC-exposure can also lead to depletion of ATP, which can result in 

necrosis (Zhang et al., 2008; Morselli et al., 2008). Furthermore, the free radical 

induction and genotoxic effects associated with MC-exposure occur at much lower MC 

concentrations in hepatic cells versus non-hepatic cells (Zegura, 2016), which may 

indicate that the liver is more susceptible to MC-damage than other organs. 

1.2.10 Principles of High Content Analysis (HCA) 

As discussed in Section 1.2.6, the work reported in this thesis featured experiments 

carried out using High Content Analysis (HCA). HCA (also referred to as High content 

screening (HCS)) is a cell imaging technique that combines automated fluorescence 

microscopy and quantitative image analysis. This allows for the acquisition of unbiased 

multiparametric analysis from the scale of whole cell populations to the sub-cellular 

scale. The power of HCA is owed to the ability to infer hundreds of biologically 

relevant quantitative measurements from acquired images of whole cell populations and 

one of the key strengths of HCA is the ability to screen large sample sizes in high 

throughput. HCA can be coupled with organelle-specific fluorescent probes (e.g. 

nuclear and mitochondrial stains, such as those used in this work) allowing for 

quantitative analysis at the sub-cellular level, which can be used to infer changes in the 

physiological state of the cell population (such as apoptosis or necrosis). A highly 

important consideration for HCA experiments is the negating of user-error that can 

occur from highly-subjective manual scoring of images. Manual scoring is replaced by 

automated image-processing and data-analysis techniques, which lead to quantitative 

and highly reproducible results. Indeed, the high sensitivity of HCA comes thanks to the 

assessment of multiple parameters in-tandem, which allows for identification of subtle 

phenotypic differences that would not be possible with manual image analysis 

(Mattiazzi Usaj et al., 2016; Wilson et al., 2016). 
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Furthermore, a considerable portion of the toxicology work carried out in this thesis 

focused on the effects of combinations of toxins/pathogens on HepG2 cells. This was 

based on much evidence that humans and other organisms are expected to be exposed to 

complex mixtures of chemical and toxins in the environment, and are less likely to be 

exposed to one particular compound alone (Altenburder et al., 2013; Ma et al., 2017). 

Current toxicological risk assessments do not sufficiently estimate the impact of co-

exposure to multiple toxins (Maffini and Neltner, 2015). This is due to the complexity 

of measuring the effects of multiple compounds, which can result in antagonistic and 

synergistic effects (Seidle and Stephens, 2009). However, the use of HCA facilitates the 

assessment of such complex mixtures, as exemplified by a number of recent articles 

(Clarke et al., 2015; Meneely et al., 2018). Given the capability of A. spinosum and M. 

aeruginosa to persist in marine and brackish water environments, it is quite possible 

that during a harmful algal bloom, co-exposure to AZA1, MC-LR and M. aeruginosa 

could occur. Thus, one of the aims of Chapter 6 was to investigate the combined effects 

of these contaminants on HepG2 cells using HCA. 

1.3 Development of Biosensors 

Biosensors are devices that combine a biological recognition element, such as an 

antibody, lectin or enzyme, with a transduction element, i.e. a physical or chemical 

signalling element that relays the biological signal (Bunde et al., 1998; Healy et al., 

2007). The biological recognition element is responsible for the specific interaction with 

the target ligand and these interactions are converted by the transduction element into 

digital signals and translated into a readout for user-interpretation (Bunde et al., 1998; 

Byrne et al., 2009). The quality of the biological recognition element and the specific 

properties of the transduction element are critical for the overall sensitivity and 

specificity of the biosensor. The focus of this work is on biosensors that incorporate 

antibody fragments as their biological recognition element. The immune system and 

antibody structure and generation are described in detail in the following sections. 

 

1.3.1 Immune system 

The immune system is the body’s natural defence against pathogens and/or their toxic 

by-products. It is categorised into two main elements; the innate and adaptive immune 

systems (Conroy et al., 2009; Yatim and Lakkis, 2015). The innate immune system is a 
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non-specific defensive barrier against infection, comprising of physical/chemical 

barriers, such as the skin, mucosal secretions and stomach and intestinal pH, cells such 

as macrophages, dendritic cells and natural killer cells and other components such as the 

complement system, which recognise pathogens as foreign and destroy them. Dendritic 

cells are also important antigen-presenting cells (APCs), displaying foreign antigens to 

T helper (Th) cells, linking the innate and adaptive immune systems (Paul, 2011). The 

adaptive immune system has the ability to recognise previously-encountered pathogens 

and tailor the immune response accordingly. It is mediated by B lymphocytes that are 

responsible for the secretion of immunoglobulins (antibodies), which are proteins that 

can bind to virtually any molecule with high affinity and specificity. Antibodies have a 

number of functions; by binding to the target antigen they form immune complexes 

which are destroyed by macrophages. The Fc region allows antibodies to interact with 

the complement cascade and lymphocyte Fc-receptors, mediating complement-

dependent cytotoxicity (CDC) and antibody-dependent cell-mediated cytotoxicity 

(ADCC), respectively (Hansel et al., 2010). Antibodies can also prevent the foreign 

molecule from interacting with its cellular target in the host, for example, in response to 

bacterial lipopolysaccharide (LPS) (McCullough and Summerfield, 2005). The adaptive 

immune system also has the ability to improve its response to known antigens through 

the development of immunological memory. This allows the immune system to respond 

to previously encountered antigens with antibodies of a higher affinity in a shorter time 

after infection (Janeway et al., 2001). The ability of antibodies to bind to virtually any 

molecule means they are excellent candidates for use as biological recognition elements 

in biosensors. This work focuses on the development of recombinant antibodies, which 

are discussed later. 

 

1.3.2 Immunoglobulin structure 

Antibodies are heterodimers consisting of two identical heavy (H) chains, with 

molecular mass of 50-77 kDa, and two identical light (L) chains, with molecular mass 

of ~25 kDa (Altshuler et al., 2010). The L chain is either a κ or λ chain and consists of a 

variable region (VL) joined to a constant region (CL). The H chain consists of a variable 

region (VH) joined to three consecutive constant regions (CH1, CH2 and CH3) (IgM and 

IgE have a fourth CH region, CH4) (see Figure 1.4). A disulfide bond connects the L and 
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H chains and two interchain disulfide bonds join the two H chains in CH2 near the hinge 

region, while intrachain disulfide bonds stabilise domain folding. There are five 

isotypes of immunoglobulin, IgG, IgM, IgA, IgD and IgE, which are defined by 

differences in their H chains. IgG is the predominant Ig isotype in the body, with the 

longest serum half-life and is the main class of Ig used in the areas of diagnostics and 

therapeutics (Barbas et al., 2001; Roopenian and Shreeram, 2007). Four IgG subclasses 

(IgG1-4) were identified, based on structural, antigenic and functional differences in the 

CH domains. Generally, IgG1 and -3 are produced in response to protein antigens, while 

IgG2 and -4 are produced against polysaccharide antigens (Schroeder and Cavacini, 

2010). The work in this thesis focused on recombinant antibodies from mice, which 

were based on IgG, and also on recombinant antibodies from chickens, which were 

based on IgY. IgY is an immunoglobulin present in avian serum and egg yolk and it is 

similar in structure to IgG, but includes a fourth CH domain (Schade et al., 2005). 

The CH2 and CH3 regions comprise the fragment crystallisable (Fc) domain of the 

antibody. This domain has a number of functions including interacting with complement 

and with Fc receptors on the surface of immune cells, such as neutrophils and 

macrophages, to activate immune pathways (Selvaraj et al. 2004). The fragment, 

antigen binding (Fab) domain of the antibody is comprised of the VL, CL, VH and CH1 

domains. The VH and VL domains contain the hypervariable regions of the antibody, 

called the complementarity determining regions (CDRs). These regions come into close 

contact with the target antigen to facilitate binding. While the constant domains have 

highly conserved sequences across different antibody classes, the CDRs exhibit high 

sequence diversity, which allows antibodies to bind to virtually any antigen (Schroeder 

and Cavacini, 2010). There are three CDRs in each of the VL and VH domains (CDRL1-

3 and CDRH1-3). They are located between β-sheets that have high variability in length 

and amino acid sequence. Typically, CDRH3 is considered to make the main 

contribution towards antigen-binding, often being at the geometric centre of the 

antibody-antigen contact (Sundberg, 2009; Diskin et al., 2011). The CDRs are separated 

by four relatively invariant regions called the framework regions (FRs). The FRs help to 

maintain the three dimensional structure of the CDRs to allow for the specific 

interaction with the target antigen. The size and shape of the antigen-binding region can 

vary significantly, depending on antigen size, Antibodies targeting small molecules such 

as haptens often have a concave binding surface or cavity, while antibodies targeting 
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larger molecules such as proteins often have more planar surfaces (Sundberg, 2009; 

Altshuler et al., 2010). Antibody-antigen interactions occur between the ‘paratope’ on 

the antibody and the ‘epitope’ on the antigen. These interactions mainly occur through 

electrostatic interactions, hydrogen bonding and van der Waals interactions (Altshuler et 

al., 2010). 

 

Figure 1.4: Structure of IgG. Inset: Structure of antigen-binding domain, showing the CDR regions. 

 

1.3.3 Antibody gene organisation 

Antibody heavy and light chains are separately encoded in different multigene families, 

and the V domains are encoded by the Variable (V), Diversity (D) and Joining (J) 

segments (Berg et al., 2002). VL genes are generally comprised of FR1, -2 and -3, 

CDRL1, -2 and the amine terminal portion of CDRL3. The joining region of the light 

chain (JL) generally contains the carboxy terminus portion of CDRL3 and FR4. VL 

diversity is created by rearrangement of the V and J segments. The terminal ends of 

each gene can also undergo a loss of 1 to 5 nucleotides during rearrangement, which 

yields ‘junctional diversity’ (Lee et al., 1992).  The H chain is considerably more 

complex than the L chain. The VH gene is comprised of FR1, -2 and -3, CDRH1, -2 and 

the amino terminal portion of CDRH3. The heavy chain diversity region (DH) forms the 
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middle of CDRH3 and the JH forms the carboxy end of CDRH3 and FR4. The D and J 

segments join at the beginning of gene rearrangement to form a DJ intermediate and the 

VH region joins to the amino terminal end. VH gene diversity is generated by the random 

recombination of one of ~50 VH elements, one of 27 DH elements and one of 6 JH 

segments, which can produce greater than 10
4
 different VDJ combinations. 

Additionally, diversity can be expanded by DH segment inversion or deletion and the DH 

segment can be spliced into the three different reading frames. The terminal portions of 

each of the VH, DH and JH elements can undergo a loss of one or more nucleotides. 

Nucleotides can also be inserted anywhere between the gene elements in a variable 

manner by the terminal deoxynucleotide transferase (TdT) enzyme. Overall, V gene 

recombination events can generate a pre-immune antibody library of greater than 10
16

 

different antibodies (Berg et al., 2002; Schroeder and Cavacini, 2010).  

After antigen presentation by T helper cells, the V genes of germinal centre 

lymphocytes undergo somatic hypermutation (SHM) (Kim et al., 1981), which induces 

base pair changes at a rate of 10
-5

 to 10
-3

 changes per base pair per cell cycle (Li et al., 

2004). A number of mechanisms are involved in SHM: Error-prone DNA synthesis is a 

mechanism of imperfect synthesis of DNA, causing a mismatch between the template 

DNA and replicated mutated DNA. The second mechanism targets hotspots that contain 

the amino acid motif ‘RGYW’. Another mechanism is gene conversion between 

function and non-functional V sequences. SHM allows for affinity maturation, or 

tailoring of the immune response, to best fit the antigen presented (Steele et al., 1997; 

Barbas et al., 2001; Schroeder and Cavacini, 2010).  

 

1.3.4 Recombinant antibodies 

Recombinant antibodies (rAbs) are produced by genetically manipulating antibody-

encoding genes. They offer a number of advantages over polyclonal and monoclonal 

antibodies; they can be expressed in robust bacterial expression systems to achieve high 

yields in the gram per litre scale. Tags, such as hexa-histidine (HIS6) and hemagglutinin 

(HA) tags, can be fused to the antibody to allow for affinity isolation and 

immobilisation. Antibody affinity can be improved to levels beyond what can be 

achieved in vivo through use of techniques such as targeted- or random-mutagenesis. 

Many different antibody-conjugates can be produced, such as antibody-enzyme (Tian et 
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al., 2015) and antibody-drug conjugates (Paulik et al., 1999; Bouchard et al., 2014; 

Gerber et al., 2016) or indeed antibody fusions, that have specificities to multiple targets 

(Kontermann, 2005; Kontermann and Brinkmann, 2015; Spiess et al., 2015).  

The smallest antibody fragment that retains the antigen-binding function of a full-length 

Ig is the fragment variable (Fv), which is composed of the VL and VH domains of the Ig. 

These domains are brought together only by ionic interactions, thus, Fv molecules are 

generally unstable. To address this, the V domains can be connected by a disulfide 

bridge or by a polypeptide linker, creating a disulfide fragment variable (dsFv) or a 

single chain fragment variable (scFv), respectively (Glockshuber et al., 1990). The 

small scFv (~27 kDa) is the most commonly developed rAb fragment, as it is 

considered the simplest rAb for cloning and expression. ScFv are also useful for 

characterising antibody-antigen binding kinetics due to their monovalent binding (as 

opposed to a full IgG that has divalent binding), which is required for 1:1 interaction 

studies (Leonard et al., 2011). However, scFv sometimes exhibit lower affinity than the 

native Ig and often have lower stability. Due to the absence of the C domains, scFv 

cannot interact with Fc-receptors, and therefore, during therapeutic use they are 

characterised as having a short serum half-life (Chames et al., 2009). Issues with scFv-

expression include low product solubility, misfolding of protein product and protein 

aggregation (Frenzel et al., 2013). A frequently-used strategy is to generate a scFv 

library for screening and characterisation of suitable candidates. Following this, chosen 

scFv molecules can be converted into full IgG or other formats that may exhibit 

improved stability and/or pharmacokinetics (Afanasieva et al., 2003; Staelens et al., 

2006; Berger et al., 2013; Bujak et al., 2014; Steinwand et al., 2014; Xu et al., 2015) 

Other rAbs include Fab (composed of the VL, VH, CL and CH1 domains of a native Ig; 

~50 kDa) and single chain antibodies (scAb) (composed of the V regions and the CL 

domain; ~38 kDa) are alternatives to scFv (see Figure 1.5) that have improved stability 

(due to the inclusion of C domains) and expression characteristics (Barbas et al., 2001; 

Altshuler et al., 2010).  
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Figure 1.5: Recombinant antibody format examples. The Fv is the smallest antibody fragment that 

retains the antigen-binding capability of a full IgG. It is comprised of the antibody VH and VL domains. 

The scFv was developed to address the stability issues of the Fv fragment, which was achieved by 

connecting the variable domains by a flexible glycine-serine linker. The Fab fragment is comprised of the 

variable domains and the CH1 and CL domains. These are joined by a disulfide bond. The scAb improves 

upon the stability of the scFv by incorporating the CL domain attached to the VL domain. 

RAbs are well established as biorecognition elements used in biosensors, due to their 

ability to bind to virtually any molecule with high affinity and specificity. They can also 

be rapidly expressed in bacterial expression systems at a low cost and a high yield. In 

order to tailor rAbs to a specific target of interest, a frequently used strategy is to 

immunise a host animal with the target. When a sufficiently strong immune response is 

generated, the antibody-producing B-cells are harvested from the animal’s spleen. The 

total RNA from these cells is extracted and converted to cDNA by reverse transcription. 

This cDNA provides a genetic template for the amplification of the antibody variable 

light and variable heavy genes.  

The VL and VH genes are amplified by polymerase chain reaction (PCR) using 

sequence-specific sense and reverse primers. These primers contain extension tails that 

are non-complementary to the cDNA template. The VL reverse primers and VH sense 

primer tails are complementary to each other and form an overlap. When a Splice-by-

overlap extension (SOE) PCR is carried out, the VL and VH overlapping sequences are 

read as a single template and are amplified as a single gene product. The VL reverse 

primers also include a long-linker section which encodes a (Gly4Ser)3 linker. This 

flexible linker joins the VL and VH domains and forms a scFv molecule and this linker 

affords higher stability of the scFv compared to an Fv. A (Gly4Ser)3 linker is used as it 

tends not to form secondary structures and is well tolerated in phage display due to the 

fact that it is found naturally in the bacteriophage pIII protein (Kretschmar and Geiser, 
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1995; Barbas et al., 2001; Conroy et al., 2009). This scFv-encoding gene can be 

inserted into a phagemid vector and transformed into E. coli to allow for the production 

of scFv-pIII fusion proteins. When the E. coli are co-infected with helper phage, this 

scFv-pIII fusion protein is incorporated into new phage particles that ‘display’ the scFv 

on their surface, while the scFv-encoding phagemid  is also encapsulated within the new 

phage particles; this forms a direct link between the antibody phenotype and genotype. 

These phage-displayed antibody libraries can then be screened by panning methods to 

enrich for target-binding antibodies (Barbas et al., 2001). 

 

1.3.5 Bacteriophage  

Filamentous bacteriophage of the genus Inovirus are a class of virus that are frequently 

used for antibody-screening and -selection processes. The Ff class of bacteriophage, in 

particular M13, have been used extensively in this field (Kretschmar and Geiser, 1995; 

Ward et al., 1996; Lamminmaki et al., 1999; Baltrusch et al., 2001; Ding et al., 2005; 

Pan et al., 2006; Nejatollahi et al., 2008; Zare et al., 2014). These viruses contain 

single-stranded DNA within a protein capsid cylinder and can infect E. coli via binding 

to the F pilus. Ff phage do not kill the host bacterium during the infection process. Their 

single-stranded genome, which contains the genetic information for constructing phage 

structural proteins and DNA replication, is inserted into the E. coli cell. Using the host’s 

cellular machinery and phage-encoded components, the single-stranded DNA is 

converted to double-stranded DNA and the phage capsid proteins are synthesised from 

this DNA template. During the replication process, viral DNA is extruded through a 

membrane-associated assembly site and newly synthesised capsid proteins are packaged 

around the DNA. The phage protein structure is described in Figure 1.6 (Barbas et al., 

2001; Marvin et al., 2014). 
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Figure 1.6: Structure of Ff bacteriophage. The Ff phage particle is ~930 nm in length and ~6.5 nm in 

diameter, with a molecular mass of ~16.3 MD. The DNA is encapsulated in a protein capsid that is 

mainly composed of the pVIII protein. One end of the particle contains ~5 molecules each of the pVII and 

pIX proteins. The other end contains ~5 molecules each of the pIII and pVI proteins. The pIII protein is 

involved in binding to the F pilus of E. coli and is also important in phage display methods, as described 

below. Figure adapted from Barbas et al. (2001). 

 

1.3.6 Phage display  

Phage display involves the displaying of rAb fragments on the surface of the M13 

bacteriophage. This is achieved by the cloning of the antibody-encoding gene into a 

phagemid vector, such as pComb3XSS (see Figure 1.7), which places the rAb-encoding 

gene upstream of the pIII protein-encoding gene. When this phagemid vector is 

transformed into a suppressor strain of E. coli, such as XL1 Blue, the rAb is fused to the 

pIII protein. The phagemid vector does not encode for the other phage structural 

proteins. Therefore, to allow for expression of infectious phage particles, the E. coli are 

infected with Helper phage (such as M13KO7), which provide the required genomic 

information to produce complete phage particles. The phagemid and Helper phage DNA 

are both packaged into newly assembled phage particles. The rAb-pIII fusion protein is 

also assembled into these new phage particles. The coupling of the rAb DNA within the 

phage and the rAb protein displayed on the surface provides a physical link between the 

phenotype and genotype. This link is highly important for screening, as described 

below. In general, the antibody affinity derived from recombinant libraries is 

proportional to the library size; a library size of 10
7
-10

8
 clones can have affinity as high 

as 10 nM, and larger libraries can have sub-nanomolar affinity (Barbas et al., 2001; 

Hoogenboom, 2005).  
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Figure 1.7: pComb3XSS phagemid map. Transcription is driven by a lacZ promoter. The expressed 

protein is directed to the periplasm by the ompA signal peptide. The scFv gene (VL-Linker-VH) is inserted 

into the vector via two SfiI cloning sites. Downstream of the scFv gene are a H6 and a HA tag that allow 

for affinity purification and detection. Between the scFv gene and Gene III fragment is an Amber stop 

codon; this allows for soluble scFv-expression in non-suppressor bacterial strains without the pIII protein. 

A trp terminator allows for transcription termination. The F1 Ori origin of replication allows for plasmid 

replication. Finally, the AmpR gene confers ampicillin resistance.  

 

1.3.7 Panning 

Panning is a process used for screening phage-displayed rAb libraries. Numerous 

formats have been described in the literature (Conroy et al., 2009). The basic principle 

(summarised in Figure 1.8) involves the exposure of the phage library to the antigen of 

interest immobilised onto a surface (such as onto the surface of a multiwell plate, 

immunotube and/or magnetic bead). Non-specific phage are removed by repeated 

washing steps. The remaining phage are eluted (elution methods include protein 

digestion using trypsin and competitive elution using free antigen) and re-infected into 

E. coli. The E. coli are infected with Helper phage to produce a new batch of rAb-

displaying phage which are subjected to another round of panning. In order to obtain 

rAb fragments with the highest binding affinities, a selective pressure is placed on them 

in the panning process. For example, using a limited and decreasing amount of 

immobilised antigen, the selection will favour antibody clones with lower Kd value (i.e. 

a lowest dissociation rate); using a short incubation time for antibodies to bind to 

antigens will favour clones with rapid on-rate kinetics; using long washing procedures 

and increasing the number of wash steps per round will favour clones with lower off-

rate kinetics (Hoogenboom, 2005). Generally, 4-6 rounds of panning are sufficient to 

reduce the number of potential antibody leads from >10
7
 clones down to a few hundred 
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clones. At this stage, the output phage from each round of panning can be characterised 

for antigen binding by ELISA. A polyclonal phage ELISA is used to determine the 

combined response of all phage-bound antibodies from each round to the antigen of 

interest. When the round(s) with the highest antigen-specific response have been 

identified, the output phage of these rounds are infected into a non-suppressor strain of 

E. coli, such as Top10F′. The pComb3XSS phagemid encodes an amber stop codon, 

TAG, between the protein of interest and the pIII genes. In suppressor strains of E. coli 

such as XL1 Blue, the TAG codon is read as glutamic acid, whereas in non-suppressor 

strains such as TOP10F′, it is read as a stop codon (Qi et al., 2012). This allows for the 

soluble expression of rAbs without the attached pIII protein. Each clone is grown up 

individually in a 96- or 384-well format and each respective rAb is expressed and used 

in a monoclonal ELISA. In this way, individual antibody clones with favourable 

characteristics can be identified and brought forward for further analysis (Barbas et al., 

2001). In the work described in this thesis, the processes of antibody library 

construction and screening by phage display and panning will be used to identify rAb 

fragments that bind with high affinity and specificity to AZA1 and A. spinosum. The 

long-term goal will be to incorporate these rAb fragments onto a biosensor platform and 

to be deployed onto a marine monitoring buoy at sea with the aim of monitoring AZA1 

and A. spinosum levels in ‘real-time’, so as to mitigate the harmful effects of this toxin 

and harmful algal species.  
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Figure 1.8: Concept of panning. (1) A scFv-displaying phage library is prepared by infection with 

Helper phage. (2) The phage library is added to a surface coated with the antigen of interest. (3) Non-

specific or weaker-bound phage are removed by washing. (4) The remaining phage are eluted. (5) The 

eluted phage are infected into E. coli. (6) The E. coli are grown and co-infected with Helper phage to 

produce scFv-displaying phage. (7) The scFv-displaying phage are released and are subjected to another 

round of panning. 

 

1.4 Bacillus cereus 

Another focus of the work described in this thesis was the development of recombinant 

antibodies specific to the foodborne pathogen Bacillus cereus. Such antibodies would be 

incorporated into a flow cytometry-based assay to identify the harmful B. cereus present 

in dairy products. In this section, the background on B. cereus will be discussed, with 

particular attention to the potential hurdles associated with B. cereus-specific 

biomarkers. 

B. cereus is a Gram-positive bacterial species that is ubiquitous in nature and is found in 

many types of soils, plants, sediments and dust (Kramer and Gilbert, 1989; von Stetten 

et al., 1999). B. cereus is believed to exist as endospores in soil, but when brought into 

contact with organic matter or a potential host, it germinates and grows. B. cereus is 

adapted to use protein as a nutrient source more so than carbohydrates, but it can 
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metabolise a large number of carbohydrates (Mols et al., 2007). This shows that B. 

cereus is well adapted to live in soil but also in a host, where it can exist as a pathogen 

or as part of the intestinal flora (Ceuppens et al., 2013). There is not much data on the 

existence of B. cereus in water, however, cytotoxic strains have been isolated from a 

number of Norwegian surface waters (Ostensvik et al., 2004). 

The taxonomy of B. cereus and a number of similar species has been the topic of debate 

for a number of years. The ‘B. cereus group’ is also known as B cereus sensu lato and 

comprises six species: B. cereus sensu stricto (ATCC 14579), B. anthracis, B. 

thuringiensis, B. mycoides, B. pseudomycoides and B. weihenstephanensis, however, 

about 150 subspecies are listed (McIntyre et al., 2008). While B. anthracis, B. cereus 

and B. thuringiensis have different phenotypic and pathological characteristics, they are 

closely related in terms of gene content and their 16S rRNA share >99% similarity (Ash 

et al., 1991). Distinguishing characteristics between the species are encoded on 

plasmids. B. thuringiensis is distinguished in that it produces an insecticidal δ-endotoxin 

and can be used commercially for insect control in crop production and the insecticidal 

δ-endotoxin gene (cry) is plasmid-encoded (Aronson and Shai, 2001). B. anthracis 

causes anthrax poisoning, which is a fatal animal and human disease and is a known 

bioterrorism agent. Two plasmids encode the two main virulence factors of B. 

anthracis; pXO1 (anthrax toxin complex) and pXO2 (poly-γ-D-glutamic acid capsule) 

(Leppla, 2006). B. mycoides and B. pseudomycoides differ from B. cereus by their 

colony phenotype and fatty acid composition (Nakamura, 1998). Some strains of B. 

cereus can grow at temperatures as low as 4-6 °C (van Netten et al., 1990), such as B. 

weihenstephanensis which is a psychrotolerant species that can grow below 7 °C but not 

above 43 °C (whereas B. cereus grows between 10 and 50 °C) and can also be 

distinguished by differences in 16S rRNA and cold-shock protein genes (Lechner et al., 

1998). B. cereus sensu stricto comprises the remainder of the B. cereus group members 

that do not show distinctive traits.  

B. cereus strains form endospores that are resistant to heat, dehydration and other 

physical stresses. These endospores are highly adhesive, which allows them to spread 

and adhere to different types of food products (Stenfors Arnesen et al., 2008). This 

bacterium is a contaminant of a wide range of food products and ingredients, including 

dairy products, spices, rice, dried foods and vegetables, with starchy foods and 
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vegetables being the food groups most frequently identified as vehicles for B. cereus 

(Kramer and Gilbert, 1989; Glasset et al., 2016). Endospores can also be ‘cross-

contaminated’ to other foods such as meat products. The ability of the spores to resist 

heat-deactivation and cleaning activities (due to characteristics such as hydrophobicity 

and the presence of exosporium and appendages) confers a significant evolutionary 

advantage over other potential foodborne bacteria. In addition, the ability of B. cereus to 

form biofilms provides effective resistance to inactivation by sanitising agents (Ryu and 

Beuchat, 2005) and the ability of vegetative B. cereus and B. weihenstephanensis to 

grow at low temperatures are added dangers that are presented by this bacterial group 

(Wong et al., 1988; Te Giffel et al., 1997; Larsen and Jørgensen, 1999). Some studies 

have shown that food poisoning ascribed to B. cereus was found to be caused by other 

members of the Bacillus group on closer inspection. Some outbreaks were associated 

with B. thuringiensis and B. mycoides (McIntyre et al., 2008). The closely related nature 

of the B. cereus group species makes identification of different members a considerable 

challenge (Charni et al., 2000). 

In stark contrast to the B. cereus group, B. subtilis is a model Gram positive bacterium. 

It is part of the bacilli bacterial family and is closely linked to B. licheniformis; 

however, while B. subtilis is generally regarded as safe, some strains of B. licheniformis 

are known to cause food poisoning. B. subtilis is also closely related to the B. cereus 

sensu lato group and to Listeria monocytogenes (Danchin, 2001). B. subtilis is known to 

be ubiquitous in many environments. Its spore-forming property allows it to survive in 

many environments such as in soil (Earl et al., 2008), in close contact with plant root 

surfaces (Bais et al., 2004; Rudrappa et al., 2007) and in the gastrointestinal tracts of 

many animals (Tam et al., 2006; Leser et al., 2008). In fact, this bacterium has been 

observed to convey beneficial probiotic effects on the host, helping to restore a healthy 

gut microbiome (Hong et al., 2005).  

1.4.1 Types of poisonings 

B. cereus is associated with two types of foodborne disease, emetic disease and 

diarrhoeal syndrome. Emetic disease is caused by the toxin cereulide. This toxin is a 

cyclic dodecadepsipeptide (a depsipeptide is made up of acyl moieties linked by amide 

and ester bonds) with molecular mass 1.2 kDa (Figure 1.9) and is synthesized by 

cereulide synthetase, which is a heterodimer of the non-ribosomal peptide synthetase 
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(NRPS) proteins, CesA and CesB (Agata et al., 1994; Ehling-Schulz et al., 2004; 

Alonzo et al., 2015). The toxin is resistant to proteolysis, and acidic conditions, so it is 

not destroyed in the gastric tract and, in addition, it can survive treatments of 126 °C for 

90 min (FSAI, 2016). The main mechanism of cereulide poisoning is mediated by the 

serotonin 5-HT3 receptor and via stimulation of the vagus afferent nerve (Agata et al., 

1995). It also acts as a cation ionophore which can inhibit fatty acid oxidation which in 

turn exerts toxic effects on the mitochondria (Agata et al., 1994; Andersson et al., 1998; 

Mikkola et al., 1999). Cereulide is pre-formed in foods before ingestion. The symptoms 

of emetic disease are nausea and vomiting and can occur between 0.5 and 6 h after 

ingestion and can last between 6-24 h (Ehling-Schulz et al., 2004). In extreme cases, 

cereulide toxin-associated food poisoning can lead to acute liver failure and death 

(Kotiranta et al., 2000; Dierick et al., 2005; Stenfors Arnesen et al., 2008, Shiota et al., 

2010). Cereulide has been found to not be immunogenic (Andersson et al., 1998; 

Rajkovic et al., 2006), which may have implications for the detection of this toxin by 

immunoassay-based methods. 

 

Figure 1.9: Structure of cereulide. The toxin is composed of three repeats of four amino acids; L-Val, 

L-Oxy-Val), D-Ala and D-Oxy-Leu. (Sourced from Alonzo et al. (2015)). 

Diarrhoeal syndrome is believed to be a toxicoinfection caused by ingestion of viable 

cells or spores and the production of protein enterotoxins in the small intestine, which 

are thought to disrupt the plasma membrane integrity of intestinal epithelial cells 

(Granum et al., 1993; Andersson et al., 1998; Clavel et al., 2004). Symptoms include 

diarrhoea and cramps and can occur in the range of 8-16 h after ingestion and the 
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duration of the syndrome is usually 12-24 h (Kramer and Gilbert, 1989).  Three protein 

enterotoxins have been implicated with diarrhoeal syndrome, which are the pore-

forming cytotoxins haemolysin BL (Hbl), nonhaemolytic enterotoxin (Nhe) and 

cytotoxin K1 (CytK1) and CytK2 (Beecher and MacMillan, 1991; Lund and Granum, 

1996; Lund et al., 2000, Wehrle et al., 2010; Glasset et al., 2016).  

The two forms of Bacillus-related foodborne diseases are generally mild and self-

limiting, however, serious and even lethal cases have been reported (Granum, 1994; 

Mahler et al., 1997; Lund et al., 2000; Dierick et al., 2005). A number of studies have 

been carried out to determine the prevalence of the different forms of B. cereus food-

poisoning toxins. For example, Ankolekar et al. (2009) analysed 178 samples of raw 

rice from US retailers and found 52.8% of the samples contained Bacillus species 

spores. The authors analysed these isolates for the toxin-associated genes and found no 

presence of the cereulide synthetase gene, ces, but found that 56.6% of isolates were 

positive for Hbl-associated genes hblA and hblD, while 89.1% were positive for the 

Nhe-associated genes nheA and nheB. This is in alignment with a number of studies, 

which have shown that the majority of B. cereus strains harbour the nhe gene, whereas 

only ~50% harbour the hbl gene (in’t Veld et al., 2001; Hansen and Hendriks et al., 

2001; Ehling-Schulz et al., 2005). 

1.4.2 Biomarkers for B. cereus 

As a target for detection and measurement, B. cereus is a challenging target. Unlike 

other Gram-positive food-poisoning bacteria, to date, no traditional serological, 

biochemical or morphological markers have been able to discriminate between B. 

cereus group members (Cronin and Wilkinson, 2010) (for example, the marker 

internalin A (InlA) is a known species-specific marker for L. monocytogenes). This is 

due to the fact that the distinction between the different members of the B. cereus group 

is difficult to define. As discussed earlier, the differences between group species are 

often defined by genes encoded on plasmids, which can be transferred by lateral gene 

transfer.  

Despite these challenges, a great deal of work has been done to identify potential 

markers that may discriminate between the different B. cereus group members. For 

example, enterotoxin FM, (EntFM) is a protein that was first isolated from B. cereus 

FM1. The entFM gene is common to B. thuringiensis and B. cereus strains (Asano et 
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al., 1997). However, further analysis of EntFM by Tran et al. (2010) revealed that 

EntFM is related to a cell wall peptidase specific for B. cereus group members and 

proposed to rename it CwpFM. The authors showed that CwpFM is involved in 

bacterial motility and shape, adhesion to epithelial cells, the formation of biofilms, 

vacuolisation of macrophages and virulence (Tran et al., 2010). This cell-surface marker 

presents as a promising biomarker for B. cereus and B. thuringiensis, however, further 

work is required to elucidate the expression of this marker and if it is also present in 

spores. 

Due to the importance of B. anthracis in terms of bioterrorism and global safety, much 

work has focused on identifying biomarkers for this species. Daubenspeck et al. (2004) 

identified an oligosaccharide side chain of the B. anthracis exosporium protein, Bacillus 

collagen-like protein of anthracis (BclA). The oligosaccharide (designated anthrose) 

was shown to be specific for B. anthracis spores, and was not found on B. cereus or B. 

thurigiensis spores. Subsequent to this work, antibodies specific to anthrose were 

developed (Mehta et al., 2006). Other work, undertaken by Leoff et al. (2009) studied 

cell wall polysaccharides of B. cereus and B. anthracis. The authors generated hydrogen 

fluoride (HF)-released cell wall polysaccharides (HF-PSs) from these species, as at this 

point carbohydrate antigens of vegetative B. cereus and B. anthracis had not been 

extensively studied. The authors attempted to determine if the carbohydrates either on 

the spores or on vegetative cells of these species were antigenic. The HF-PS helps to 

anchor cell surface proteins (such as S-layer proteins) to the peptidoglycan. The results 

of this study showed that B. anthracis produces a specific HF-PS structure that is 

identical in B. anthracis strains (Ames, Sterne and Pasteur) but was different from that 

of B. cereus. Antisera from rabbit were generated and could detect vegetative cells and 

spores. The antisera also showed cross-reactivity between B. cereus strains G9241, 

03BB87, and 03BB102 and B. anthracis, but cross-reactivity was not observed for B. 

cereus ATCC 10987 or ATC 14579. It is possible that the HF-PS generated may have 

different epitopes that produce different antigenic profiles when immunised in an 

animal; the inner most portion that lies next to the cell wall may not be exposed to the 

host’s immune system. The results suggest that this cryptic epitope near the cell well 

may be the cross-reactive epitope. Therefore, the HF treatment effectively uncovers the 

epitope to the immune system. However, in order for this putative biomarker to be used 
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in a detection system, HF treatment would need to be incorporated into sample 

processing in order to make the cryptic portion of the biomarker available for binding. 

An interesting study on this area of research (and that is highly relevant to the work in 

this chapter) was carried out by Mechaly et al. (2008). The work focused on the 

development of a recombinant scFv for B. anthracis spores, using a cell-based panning 

strategy. After identification of a potential scFv, the antibody was used to probe the 

solubilised exosporium fraction by immunoblot. A >250 kDa band was observed and it 

was presumed that this was likely the Bcl1 protein, which is the most immunogenic 

antigen in the exosporium fraction. Further analysis showed that the scFv could discern 

B. anthracis spores from B. subtilis spores. 

Further evidence that cell wall polysaccharide structures may confer species-specificity 

in the B. cereus group was found by Kong et al. (2015). They observed that the 

endolysin of bacteriophage PBC1, designated LysPBC1, binds to distinct cell wall 

polysaccharides specific for the B. cereus group and it was also weakly active against 

the B. subtilis group and did not act on Clostridium and Listeria species. The authors 

commented that the specificity may be conferred by differences in cell wall 

carbohydrate structures. In terms of carbohydrate structures, the B. subtilis bacteria 

display wall teichoic acid (WTA), which contains a negatively charged phosphate 

group, whereas B. cereus lack WTA (Anderson et al., 2005; Weidenmaier and Peschel, 

2008). This information holds promise for the identification of biomarkers specific to B. 

cereus, and shows the merit in investigating not just the proteome, but also the 

glycoproteome.  

Other work on the identification of B. cereus-specific markers has been carried out. 

Daou et al. (2009) identified a surface protein, called iron-regulated leucine rich surface 

protein (IlsA) that is specific to B. cereus. However, this protein is only expressed when 

the bacteria colonises an insect host or under simulated low-iron conditions in vitro. 

Unfortunately, this severely limits its applicability in the monitoring of B. cereus 

contamination in food products. Tagawa (2014) identified flagellar filaments of B. 

cereus strain ATCC 14579 as unique markers. Mouse mAbs were developed and the 

results showed that the flagellar filaments differ between strains. These mAbs would be 

useful in identifying vegetative motile B. cereus 14579 but the applicability of these 

mAbs for spores of this strain or for other strains of B. cereus has yet to be determined. 
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1.4.3 Current detection methods 

European Commission (EC) regulations on Bacillus contamination in dried infant 

formula and dried dietary food states that Bacillus contamination should be “as low as 

possible”, with a limit of 500 cfu/g, based on a culture-based detection method 

(European Commission, 2005). There are no official EC guidelines for Bacillus levels in 

raw milk, but dairy companies impose a limit of 10 cfu/mL in raw milk (International 

Dairy Federation, 2016). Unfortunately, culture-based detection of B. cereus is time 

consuming, ranging from 2-7 days for confirmation, and it is labour- and time-intensive 

(Izadi et al., 2016). Another disadvantage of culture-based methods is the inability to 

enumerate viable but non-culturable (VBNC) or non-viable cells (Cronin and 

Wilkinson, 2010). Other established methods for detection focus on toxin-measurement 

as an indicator of B. cereus contamination. For example, assays to measure cereulide 

include the HEp-2 cell assay (Hughes et al., 1988; Mahler et al., 1997; Szabo et al., 

1991) and the boar sperm motility bioassay (Andersson et al., 1998; Jaaskelainen et al., 

2003), based on the mitochondrial toxicity of cereulide. However, disadvantages of the 

HEp-2 cell assay include the >15 h turnaround time and laborious nature of the method. 

Meanwhile, the boar sperm motility bioassay can detect cereulide in 5-20 min but 

suffers cross-reactivity to other mitochondrial toxins (Yamaguchi et al., 2013). 

Therefore, over the last number of years, a myriad of alternative detection and 

measurement methods for B. cereus have been developed, that range from 

immunoassays and DNA-based detection to high performance analytical methods, as 

discussed in the following section. 

A number of commercial kits are available for the detection of B. cereus enterotoxins. 

The Tecra™ Bacillus Diarrhoel Enterotoxin VIA kit (3M™) (3M, 2018) is an 

immunoassay that can detect diarrhoeal enterotoxins in 4.5 h with a sensitivity of 1 

ng/mL. The B. cereus enterotoxin-reversed passive latex agglutination (BCET-RPLA) 

kit (Oxoid) is an immunoassay based on latex bead agglutination with a sensitivity of 2 

ng/mL in test extract (Oxoid, 2018). The Duopath® Cereus Enterotoxins test (Merck) is 

a lateral flow immunoassay that can detect enterotoxins with a sensitivity of 1 cfu/mL 

(Merck, 2018). Dietrich et al. (2005) also developed an immunoassay that utilises Abs 

that targets the three subunits of Nhe enterotoxin. These Abs were able to neutralise up 

to 98% of the cytotoxic activity of Nhe. However, as was noted by Ceuppens et al. 

(2012), preformed enterotoxins do not withstand passage through the stomach, which 
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suggests that preformed enterotoxins in food do not contribute to the diarrheal food 

poisoning syndrome. Instead, diarrhoeal syndrome is probably caused by de novo 

enterotoxin production by B. cereus cells located in the host's intestinal epithelium. 

Therefore, by measuring enterotoxins, these commercial assays should be used as an 

indirect measurement of B. cereus contamination. 

A number of immunoassay-based methods have been also developed for the 

measurement of B. cereus vegetative cells and endospores. Quinlan and Foegeding 

(1997) developed mAbs against Bacillus spores and could detect the spores of B. 

megaterim ATCC 12872, B. stearothermophilus ATCC 7953, B. subtilis var. globigii 

and B. cereus T. The mAbs did not bind B. subtilis A, B. coagulans ATCC 56177 or B. 

lichenifomis ATCC 9789 but they showed cross reactivity with other genera, including 

Clostridium and Desulfotomaculum. While the mAbs could bind to endospores, they 

could not detect vegetative cells. Meanwhile, Charni et al. (2000) developed mouse 

mAbs against B. cereus LMG 6923 that could detect vegetative cells but not spores. 

Using a capture ELISA approach, the mAbs could react with all B. cereus strains tested 

and with a number of B. thuringiensis and B. mycoides strains. Though it was not fully 

elucidated, the target antigen was likely to be a surface protein. The assay could detect 

vegetative cells with a LOD of 10
2
 cells/mL, with no cross reactivity to Salmonella 

enteritidis, E. coli, Proteus vulgaris, Citrobacter freundii, Micrococcus luteus, 

Pseudomonas stutzeri or L. monocytogenes.  

DNA-based methods show great promise for the identification of toxic B. cereus group 

species, as they utilise the exquisite sensitivity of DNA probes for the genetic markers 

of toxicity. Fricker et al. 2007 developed a reverse transcriptase polymerase chain 

reaction (RT-PCR) method to detect B. cereus cells in food. The target for PCR 

amplification was a highly specific section of the ces gene. With a 4-6 h enrichment 

step, the method could detect 10
0
 cfu/g or, omitting the enrichment step, the method 

could detect 10
1
-10

3
 cfu/g in food samples. The assay could also discriminate B. cereus 

from S. aureus (Ehling-Schulz et al., 2004). Izadi et al. (2016) developed an 

electrochemical DNA sensor for diarrhoeal syndrome-causing B. cereus. This sensor 

used a single stranded DNA (ssDNA) probe for the nheA gene immobilised on a gold 

nanoparticle-coated surface. Binding of the target DNA to the immobilised capture 

probe could then be detected as an electronic readout. The biosensor’s sensitivity was 
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10
0
 cfu/mL of B. cereus in pure culture. The advantages of this assay include rapidity, 

low cost and high sensitivity. The assay could also detect B. cereus vegetative cells and 

spores in dairy products without the need for PCR amplification. The nhe gene serves as 

an optimal DNA target for B. cereus identification as it is the most prevalent of the 

toxin genes in all B. cereus subspecies. By targeting the virulence-associated gene, this 

assay could discern virulent from non-virulent members of the same species. 

Analytical methods present another means for measuring B. cereus toxins, with 

advantages of automation and high sensitivity. An LC-MS/MS method was developed 

by Yamaguchi et al. (2013) to detect cereulide with a LOD and LOQ of 0.1 and 0.5 

ng/mL, respectively. However, to date no methods have been developed that can 

distinguish between the B. cereus sensu lato group species. 

The aim of the work in DCU is to develop rAbs that are specific to B. cereus vegetative 

cells and spores and that have low cross-reactivity to B. subtilis (vegetative cells and 

spores). These rAbs will then be incorporated into a flow cytometry (FCM) assay in the 

University of Limerick that will quantify B. cereus cells and spores in dairy products 

with high sensitivity and specificity. In the following section, the use of FCM for 

measuring bacterial contaminants will be discussed. 

1.4.4 Flow cytometry 

As was discussed in the previous sections, markers of virulence (such as emetic or 

diarrhoeal syndrome toxins or genes) are ideal targets for discriminating toxic Bacillus 

species present in a food sample from non-toxic species. However, for a cell-labelling 

technique (required for FCM) that is specific for toxic species, these targets are not 

ideal; the toxins are secreted from cells into the surrounding medium. In addition, 

antibodies cannot penetrate the cell wall or membrane to target intracellular protein or 

DNA targets. Hence, a cell-surface marker that distinguishes B. cereus from B. subtilis 

would be ideal, as antibodies could bind to targets regardless of whether their cell 

membrane is intact or compromised. Combining this antibody-labelling with other 

live/dead counterstains, such as propidium iodide (PI), would allow for species-specific 

live/dead analysis of food products. 

Currently, without the use of antibodies that are species-specific, FCM would not be 

able to discern between contaminating bacterial species or even genera, without 
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requiring further confirmatory testing. However, a panel of antibodies, specific for 

different bacteria could allow for multiplexed analyses of complex samples, enable 

multiple bacterial species to be enumerated in tandem. As FCM technology improves, it 

could easily be conceived that 10 or more simultaneous fluorescent detectors could 

monitor 10 separate bacterial species in a sample. Cronin and Wilkinson (2010) 

commented that strain-specific antibodies or probes for B. cereus incorporated into 

FCM analyses could negate the requirement for confirmatory tests that are otherwise 

required for slower growth-based methods. The tandem use of physiological dyes would 

allow for information on the physiological status of the identified vegetative cells or 

spores. Additionally, nucleic acid probes that target toxin genes could, in theory, allow 

for the detection of enterotoxigenic strains amongst the identified B. cereus population.  

An example of the assay design envisioned for B. cereus measurement is an FCM 

method developed by Chiron et al. (2018). The authors tested five probiotic bacterial 

strains using pAbs that were specific to the subspecies level. Fluorescently-labelled 

pAbs in combination with SYTO® 24 and PI live/dead staining were used to quantify 

cell numbers in commercial products. FCM provided significantly higher cell counts 

than culturing methods, which is likely due to dormant or VBNC bacterial population. 

The turnaround time for the FCM method was <2 h and the potential of automated and 

high-throughput FCM equipment is a significant advantage of this technique over 

culture-based and molecular methods, the latter often requiring the extraction of genetic 

material (Schumacher et al., 2008). FCM also has great versatility, due to the 

availability of different targeted dyes and probes, and the ability to measure up to 12 

parameters per cell. This in turn can allow for the extraction of  a myriad of data from a 

sample, such as DNA content and physiological state of the cells (for example, 

depending on the stains used, enzyme activity, redox activity, changes in membrane 

permeability and potential, and DNA damage can be assessed) (Cronin and Wilkinson, 

2010). 

Sporulation is a characteristic of Bacillus species that has implications for techniques 

such as ELISA, fluorescence in-situ hybridisation (FISH) and PCR, which have a 

tendency to overestimate cell numbers compared to the plate count method. FCM may 

present a viable alternative, as it can enumerate the number of suspended particles (cells 

or spores) in a solution. For example, Leser et al. (2008) used FCM with SYTO 13 
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staining to enumerate endospores and vegetative B. subtilis and B. licheniformis cells. 

FCM could be used to carry out ‘real-time’ analysis of sporulation, but this would 

require the development of fluorescent antibodies specific to the structural components 

of the exosporium or coat protein. 

Schumacher et al. (2008) developed an FCM method that can identify B. anthracis from 

B. cereus and B. thuringiensis. Using peptide phage display, a peptide, abbreviated to 

ATYP, was found to specifically bind to Bacillus anthracis spores, but it cannot 

differentiate different strains of B. anthracis (Williams et al., 2003). A marker specific 

to pXO1-harbouring strains of B. anthracis, called protective antigen (PA) was also 

identified and subsequently an anti-PA antibody was generated (Welkos et al., 2001; 

Cote et al., 2005). Using a combination of the fluorescently-labelled ATYP peptide and 

anti-PA antibody, a two-colour FCM assay was developed that could discriminate 

pXO1-harbouring strains of B. anthracis from non-pXO1 harbouring strains and from 

B. cereus and B. thuringiensis within heterogeneous populations.  

Lee et al. (2012) used FCM to detect B. cereus and other bacterial species that were 

spiked into platelet products. They showed that 10 cfu/mL of B. cereus could be 

detected 8 h after spiking. However, the authors used only thiazole orange to stain the 

bacteria. This method would have the disadvantage of not being able to distinguish 

between the bacterial species present. 

Other innovations in the area of FCM shows promise for the use of the technology to 

measure Bacillus toxins. Through use of multiplex-bead-array assays, proteins in 

solution can be measured. For such assays, microspheres are coated with antibodies 

specific to the target protein. After capture of the protein of interest onto the bead, a 

secondary fluorescently labelled antibody can bind to the target. FCM can then be used 

to measure the fluorescent intensity and hence concentration of the target. In addition, 

the use of differentially labelled antibodies against different targets can allow for high 

throughput multiplexed analyses (Elshal and McCoy, 2006). 

Of course there are a number of disadvantages of FCM such as the cost of equipment 

and reagents, and requirement of expertise (Cronin and Wilkinson, 2010), but these 

disadvantages are certainly counter-balanced given the potential of multiplexed, real-

time, species-specific detection of Bacillus contamination in food and the generation of 

vast amounts of data. 
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1.4.5 Cell-based panning 

The approach used in the research described in this chapter to isolate B. cereus-specific 

rAbs was to use a whole-cell panning methodology. Whereas for traditional panning, a 

known, purified antigen is immobilised to a solid support, for whole-cell panning, the 

recombinant antibody-phage library is allowed to react with the cell targets in solution. 

Non-specific or low-affinity binders can be removed from the cells through a series of 

wash and centrifugation steps. The remaining antibodies can then be eluted using 

traditional elution steps. 

There are a number of advantages of whole-cell panning (Stephenson et al., 1998);  

 The target antigen is in its native conformation, which is very important for 

membrane protein targets. Expressing membrane proteins in large amounts is 

difficult, due to their hydrophobic transmembrane domains. Outside of the 

hydrophobic environment of the cell membrane, these proteins can experience 

conformational changes and aggregation. In addition, when coated on a solid 

surface (i.e. plastic multiwell plate), these surface proteins can lose their natural 

conformational structures, hence they become structurally different from what 

exists in nature. Therefore, binders for such antigens will not be able to identify 

the antigen in its native form on the cell surface (Alfaleh et al., 2017);  

 Unlimited supply of the protein due to the ability to simply grow fresh stock of 

the bacterial target, and which also negates the need for protein purification;  

 Prevents exclusion of epitopes that might be hidden or denatured in solid-based 

panning;  

 Competition-driven elution. After completion of the wash steps to remove non-

specific binders, the remaining antibodies can be competitively eluted by mixing 

with the E. coli used for phage-recovery; the number of F pili on the E. coli far 

outnumber the antigens to which the phage-bound antibodies bind. Using this 

method, it would be expected that even high affinity binders should be eluted. 

Difficulties associated with cell-based panning include low receptor density, high 

background of irrelevant antigens and non-specific adsorption of phage onto the cell 

surface. The most critical step in any cell-based panning method is the appropriate 

exposure of target antigen on the cell surface. However, native cells usually have 

relatively low expression levels of desired antigens which make it difficult to capture 
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even high-affinity clones from a highly diverse library (Alfaleh et al., 2017). Therefore, 

a number of steps were taken in order to improve the outcome of the cell-based 

panning; 

 Depletion of the library using negative selection: During the panning regime, the 

scFv-phage library was sequentially exposed to negative and positive screening 

steps. The library was initially allowed to bind to B. subtilis cells. The cells were 

then centrifuged in order to remove any clones that would be specific to B. 

subtilis antigens. The remaining library, therefore, should have fewer clones 

reactive to B. subtilis. This remaining library would then be exposed to B. cereus 

for positive selection. (For illustration of this concept, see Figure 5.18 in Section 

5.3).  

 The nature of the antigen highly affects the likelihood of success. The 

immunogenicity and accessibility of the target antigen will have a significant 

impact on the success of panning. Antigens (e.g. a specific biomarker for B. 

cereus) exist at lower concentrations on the cell surface relative to the rest of the 

host cell proteins, i.e. there is a huge background of irrelevant proteins, which 

can lead to significant, undesirable non-specific binding events. Blocking agents, 

therefore, were applied to the target cells to help reduce non-specific binding 

between scFv-phage and the target cells.  

A number of studies have been carried out that successfully used whole-cell panning for 

Gram-positive bacterial targets. For example, Paoli et al. (2004) used whole-cell 

panning of scFv phage library against L. monocytogenes. The library was reacted with 

L. monocytogenes for the positive selection step, followed by L. innocua and L. ivanovii 

for the negative selection. The resultant L. monocytogenes-specifc scFv had no cross 

reactivity to any other Listeria species or any other Gram-positive and -negative 

bacteria tested. A recombinant anti-Streptococcus parasanguis Fab was generated by 

Stephenson et al. (1998). Traditional panning was initially used to isolate a Fab specific 

to the target protein, fimbriae-associated protein 1 (Fap1), but after 5 rounds or panning 

using purified antigen, no clones were identified. This may have been due to limited 

supply of the antigen or poor elution of high affinity binders. Following this, a whole-

cell panning method was used and a Fab specific to the Fap1 target was successfully 

isolated. A novel screening method was developed by Tanaka et al. (2008), which 
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utilised bacterial magnetic particles (BacMPs) obtained from Magnetospirillum 

magneticum. These BacMPs were used in the screening of a phage-displayed peptide 

library and successfully identified peptides with antimicrobial activity against B. subtilis 

but not against E. coli. In addition, whole-cell panning of Staphylococcus aureas with 

peptide phage display was successfully used to identify peptides that bind to the S. 

aereus type 8 capsular polysaccharide (Lenkey, 2016).  As was mentioned previously, 

Mechaly et al. (2008) used a cell-based panning approach to develop a scFv to detect B. 

anthracis spores. Thus, one of the aims of Chapter 5 was to use whole-cell panning to 

screen an anti-B. cereus scFv library for B. cereus-specific clones. 

 

1.5 Antibody optimisation 

In this thesis, one of the mains focuses was on the optimisation of an anti-MC-LR scFv, 

designed in this research group. This scFv is designated 2G1 and its ability to binding to 

MC-LR and multiple MC congeners is well characterised (Murphy et al., 2015). 

However, it is desired to refine our understanding of the interaction between the 2G1 

scFv and MC-LR by identifying the amino acids (AAs) that are specifically involved in 

MC-LR binding and elucidating their specific role in this interaction, i.e. whether the 

residue is involved in direct antigen-binding or plays a secondary structural role. 

Furthermore, it was of significance to determine if beneficial AA substitutions could be 

made in order to improve antigen-binding ability.  

In addition to improving the antigen-binding ability, it was also desired to improve the 

solubility and stability of the 2G1 scFv so as to improve the product yield from bacterial 

expression and the shelf-life of any assays incorporating this antibody. These 

optimisations were carried out by mutating surface-exposed hydrophobic residues on 

the antibody surface.  
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1.5.1 Protein solubility and stability 

Protein solubility is a thermodynamic parameter that is defined as the concentration of a 

protein in a saturated solution that is in equilibrium with a solid phase at a given 

temperature, pH and solvent composition. It can also be defined as the maximum 

concentration of protein that remains in solution and that does not cause precipitation or 

aggregation (Arakawa and Timasheff, 1985; Schein, 1990; Ducruix and Riès-Kautt, 

1990; Ahern and Manning, 1992). Solubility is influenced by extrinsic and intrinsic 

factors. Extrinsic factors include ionic strength, pH, temperature and the presence of 

solvent additives (Riès-Kautt and Ducruix, 1997). The primary intrinsic factor is the 

amino acid composition on the protein surface (Kramer et al., 2012).  

Protein solubility and stability are related properties. The stability of a protein is the net 

balance of forces that determine whether a protein will remain in its folded, native state 

or in it unfolded, denatured state. The interactions that stabilise protein structures are 

hydrophobic, hydrogen bonding, van der Waals, electrostatic and disulfide bonds. The 

net stability of proteins is generally very small, at approximately 5 – 10 kcal/mol 

(Gromiha, 2010). An interesting point is that the solubility and aggregation propensity 

of a protein in vitro are correlated with the abundance of that protein in vivo, i.e. low 

abundance proteins tend to have poorer solubility than high abundance proteins. This is 

suggested to be another level of controlling in vivo protein concentrations and 

homeostasis, even if gene-expression levels diverge (Tartaglia and Vendruscolo, 2009; 

Tartaglia et al., 2009; Tartaglia and Vendruscolo, 2010; Castillo et al., 2011). In 

recombinant protein applications, proteins are required at concentrations well above 

their native concentration in the cell. However, global correlations between protein 

abundance in vivo and protein solubility strongly suggest that proteins are operating 

close to the limit of their solubility (Tartaglia and Vendruscolo, 2010); thus, it is a 

considerable challenge to produce recombinant proteins to the extremely high 

concentrations required at industry scale. For example, antibody fragments tend to have 

poor biophysical properties, such as high aggregation propensity even at relatively low 

concentrations (Jespers et al., 2004a, 2004b).  

There are a number of advantages for increasing the stability of an over-expressed 

protein. Increasing stability can help with increase production yields (Kwon et al., 1996; 

McLendon et al., 1978). More stable proteins have a longer shelf-life (Sauerborn et al., 
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2010; Manning et al., 2010; Boulet-Audet et al., 2014) and they show improved 

survival under unfavourable conditions such as high temperature, presence of solvents 

and proteases, and pH extremes (Boulet-Audet et al., 2014); higher stability can also 

allow for the use of higher temperatures, which in turn can improve reaction rates and 

reduce the chance of bacterial contamination. The use of higher temperatures also has a 

benefit of further improving the solubility of the protein (Bommarius et al., 2013; 

Magliery, 2015).  

Another benefit of enhanced protein stability is the reduction in the formation of 

aggregates.  Aggregation has implications for protein yield but it is only one of the 

major concerns for diagnostic and therapeutic antibodies, as it can have major effects on 

drug potency and drug safety, as aggregated protein therapeutics can cause 

immunological effects such as anaphylactic shock and cell cytotoxicity (Lawrence et 

al., 2007; Sauerborn et al., 2010; Manning et al., 2010; Boulet-Audet et al., 2014). In 

fact, the use of some proteins in a clinical setting is often hampered by aggregation, 

causing difficulty in handling and poor storage stability (Magliery, 2015). It was 

estimated that 90% of all potential protein pharmaceuticals are unsuitable for pre-

clinical or clinical trials due to poor solubility (Trevino et al., 2007). Protein 

aggregation is also associated with some human diseases, such as cystic fibrosis, 

Alzheimer’s and Parkinson’s (Cohen and Kelly, 2003; Chiti and Dobson, 2006, 

Perchiacca et al., 2012). Protein aggregation can occur from chemical aggregation, 

which commonly occurs from nonspecific disulfide bond formation, and physical 

aggregation, caused by the formation of partially folded intermediates. Temperatures of 

40 – 70 °C typically result in the loss of protein activity, which is due to protein 

unfolding and aggregation (Boulet-Audet et al., 2014).  

The solubility of a protein is highly concentration-dependent (Ganesan et al., 2016). For 

example, mAbs can exhibit high folding stability and solubility while at low 

concentration, however, their properties can be highly variable and difficult to predict 

when used at high concentrations, such as those required for subcutaneous delivery (>50 

mg/mL) (Shire, 2009). As previously mentioned, amino acid composition is an intrinsic 

factor that affects protein solubility and strong correlations have been found between a 

protein’s average charge and aggregate formation (Wilkinson and Harrison, 1991). 

Further to this, noncovalent interactions, such as van der Waals, H-bonding, 



 

52 

 

hydrophobic and electrostatic interactions dictate the stability of proteins in solution. 

However, these interactions are highly context-dependent, which makes predicting their 

effects very challenging (Boulet-Audet et al., 2014). 

Generally, proteins are less stable around their isoelectric point and solubility increases 

with the absolute net charge value (Cohn and Edsall, 1943; Lawrence et al., 2007). For 

example, Boulet-Audet et al. (2014) observed that screening at various pH and ionic 

strength conditions showed that IgG is less stable around the pI (which for IgG is 

generally between 5.5 – 6.0), which highlights the impact of electrostatic interactions on 

IgG stability. It was observed that the IgG was more stable at high pH but also at either 

low or high salinity. 

In bacterial expression systems, the solubility of a protein is an important consideration, 

and proteins with poor solubility can be rapidly degraded in the periplasm of E. coli. 

Only 15-20% of known E. coli proteases reside in the periplasm, however, it has been 

reported that some exported proteins can be readily degraded in this compartment. The 

proteolysis of a target protein can lead to very low yield and this can be misinterpreted 

as poor expression. Kwon et al. (1996) reported that, for the protein barnase, it was 

found that increasing the thermodynamic stability in vitro improved the half-life in vivo 

and had the additional benefit of also improving the yield of the protein by 50% versus 

the wild type. McLendon and Radany (1978) also reported that the thermodynamic 

stability of the protein’s folded structure is a key determinant of the half-lives of the 

proteins in the cytoplasm of E. coli. It was also observed that an increase in the stability 

of a Fab molecule correlated with higher expression yields and higher levels of correctly 

folded and functional antibody (Demarest et al., 2006). 

A number of methods can be used to estimate the solubility of a protein. SDS-PAGE 

and Western blotting can be used to qualitatively look at protein aggregation, as 

determined from the appearance of protein bands at molecular weights higher than the 

target protein. Other methods include size exclusion chromatography, dynamic light 

scattering, guanidine hydrochloride denaturation and dynamic scanning fluorescence. 

Circular dichroism is a frequently used method that can measure subtle conformation 

changes that occur during protein unfolding and subsequent aggregation (Schwehm et 

al., 1998; Perl et al., 2000; Pedone et al., 2001; Loladze and Mekhatadze, 2002; Christ 

et al., 2007; Lawrence et al., 2007; Boulet-Audet et al., 2014). Fourier transform infra-



 

53 

 

red (FT-IR) spectroscopy is also useful for detecting aggregation, as folded, unfolded 

and aggregated protein states give characteristic FT-IR spectra. For example, Boulet-

Audet et al. (2014) developed an FT-IR spectroscopic method that could distinguish 

monomeric IgG from aggregated form at high-throughput.  

1.5.2 Hydrophobic to hydrophilic mutations 

There is much evidence in the literature demonstrating that hydrophobic to hydrophilic 

mutations are beneficial for enhancing protein stability; there is a considerable bias in 

favour of solvent-exposed hydrophilic residues on most proteins (Bashford et al., 1987). 

Studies have shown that hydrophilic amino acids at surface positions have a stabilising 

effect (Wigley et al, 1987; Reidhaar-Olson and Sauer, 1990; Schwehm et al., 1998). In 

hyperthermophiles, there is a higher proportion of surface-exposed hydrophilic residues 

compared to mesophilic species and there is a consistent increase in polar surface area 

and hydrogen bonds with increased thermostability (Argos et al., 1979; Auerbach et al., 

1998; Vogt et al., 1997). Unfortunately, there is no universal stabilisation method that 

can be applied to all proteins (Jaenicke, 1998), and so much protein-mutagenesis work 

must be carried out on an ad hoc basis. 

Looking at antibody-engineering in particular, there are a number of advantages for 

using small recombinant antibody fragments such as scFv. Full length IgG molecules 

tend to experience greater difficulty than antibody fragments to correctly fold in 

bacterial expression systems. The improved folding ability of antibody fragments helps 

to improve protein yields in E. coli versus IgG. However, there are a number of 

challenges associated with the use of antibody fragments that lack the constant (C) 

domains, such as scFv and monomeric Fv fragments (also referred to as domain Abs 

(dAbs) or nanobodies). It is known that the C domains make the most important 

contributions for the stability of protein folding in Fabs; the interchain disulfide bonds 

between C domains play a substantial role in their stability (Rothlisberger et al., 2005). 

The interfacial regions between the H and L domains of antibodies are important for 

solubility. These regions have complementary hydrophobic residues that can interact 

with each other. It is suggested that in full Ig molecules, these complementary surfaces 

are bigger and interact with a different angle than in VH and VL complementary pairs, 

thus conferring greater protein folding stability (Rothlisberger et al., 2005; Perchiacca 

and Tessier, 2012). Furthermore, full-length IgG have more stable folding than antibody 
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fragments (Jager and Pluckthun, 1999; Rothlisberger et al., 2005).  This is due to a 

number of factors such as non-covalent interactions between complementary Ig 

domains, disulfide bonds between H and L chains and sugar interactions in glycosylated 

domains (Worn and Pluckthun, 2001). The instability of dAb and scFv is related to the 

absence of complementarity between domains and lack of interchain disulfide bonds 

(Shimba et al., 1995). However, there are valuable lessons to be learned from the 

examples of shark and camelid antibodies. 

The antibodies of sharks and camels are referred to as Heavy chain Abs (HCAbs), and 

do not contain an L chain but utilise a single VH domain for antigen-binding. The 

camelid VH domain (VHH) and the shark VH domain (called Variable-novel antigen 

receptor, V-NAR) are highly stable nanobodies (of size 11 – 15 kDa) generated from 

the full-length antibodies of their respective hosts, that are comformationally stable 

without a complementary VL (Perchiacca et al., 2011). The amino acid sequences of the 

nanobodies reveal that they have more hydrophilic residues than human or mouse VH 

domains (Hamers-Casterman et al., 1993; Muyldermans et al., 1994; Barthelemy et al., 

2008). A study by Muyldermans et al. (2001), whereby camelid and human antibodies 

were compared, lead to the discovery of the so-called VHH tetrad, which are four AA 

residues that represent substitutions of hydrophobic residues in human VH domains for 

either less hydrophobic or charged residues in camelid antibodies. Three of these occur 

at the VH-VL interface of the human antibodies. In another study, (Ewert et al., 2002) it 

was shown that camelid antibodies displayed two charged residues in the CDR3 that 

were occupied by hydrophobic residues in human VH domains. Thus, in summary, it 

was found from studies of V-NAR and VHH antibodies that the enhanced structural 

stability of these molecules was owed to the improved hydrophilic properties of their 

surfaces, which was attributed to the replacement of hydrophobic with charged residues. 

In the following section, evidence of specific mutations that lead to improvements in 

protein solubility will be discussed in detail. In general, it was observed that 

substitutions to arginine and aspartic acid most frequently improved protein solubility.  

A large number of methodologies have been applied to the improvement of protein 

stability and/or solubility. Most reports used bioinformatics to guide rational 

mutagenesis of surface hydrophobic sites (Leonis et al., 2013; Magliery, 2015; Broom 

et al., 2017). Some authors report the development of large mutant databases or 
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libraries, in which selected AA sites are mutated to all standard AAs. For example, 

Broom et al. (2007) developed a meta-predictor for protein solubility and folding. This 

molecular modelling approach encompassed a number of different modelling software 

packages to create a database of mutants of the ThreeFoil protein. It was observed that 

the poor solubility was due to increased hydrophobicity on the surface, which occurred 

due to the introduction of a hydrophobic residue or changing a charged residue to a 

polar one on the surface.  

In their study, Lawrence et al. (2007) investigated the process they called 

‘supercharging’, which involved drastically changing the charge of the protein surface 

by replacing certain residues with positive or negatively charged residues. The aim of 

this was to determine if ‘supercharging’ would affect the proteins function and how it 

would affect solubility and thermostability. Using green fluorescent protein (GFP), 29 

highly solvent-exposed residues were mutated to Lys or Arg. It was observed that 

‘supercharged’ GFP remained soluble when heated to 100 °C and also recovered 

fluorescence upon cooling. It also appeared to remain entirely soluble upon thermal or 

chemical denaturation. A ‘supercharged’ mutant of streptavidin was also generated; the 

mutants retained biotin-binding capacity, albeit at a reduced level. These mutants were 

more resistant to thermal aggregation than the wild type. Finally, glutathione-S-

transferase (GST) was also supercharged and retained enzymatic activity whilst 

remaining soluble upon heating to 100 °C and it also retained 40% activity upon 

cooling. However, this strategy did not work for all the tested mutants, as one 

superpositive GST failed to express in E. coli.  

Strub et al. (2004) examined the stability of the enzyme acetylcholinesterase to 

determine if mutations to surface hydrophobic residues could improve the resistance to 

denaturation by high temperature, urea, organic solvents and proteases. It was also 

anticipated that such mutations would have the additional advantage of stabilising the 

protein during synthesis, leading to higher yields. Fourteen solvent-exposed 

hydrophobic residues were mutated to Arg, which was chosen because the guanidinium 

group is the most polar of all the standard amino acid residues. Half of these mutations 

increased stability. It was suggested that this may be due to suppression of unfavourable 

interactions between nonpolar residues and water molecules, or from the addition of 

new H bonding with the solvent (Vogt et al., 1997).  
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Interestingly, it was observed by Pedone et al. (2001) that the stability of the 

thioredoxin protein of E. coli could be improved by a single point mutation, mutating 

Glu85 to Arg. Generally, it would be expected that a number of mutations would need 

to be made in order to observe drastic changes in stability. Usually single amino acid 

substitutions do not significantly affect stability (Reidhaar-Olson and Sauer, 1990, 

Rennell et al., 1991, Perchiacca et al., 2014), although improvements have been 

reported for mutagenesis of a single solvent-exposed residue in other studies (Perl et al., 

2000). 

Further evidence for the solubility-enhancing properties of charged AA residues was 

exhibited by Trevino et al. (2007), who mutated a ribonuclease (RNase) Sa at a highly 

solvent-exposed Threonine residue at position 76 to all 20 amino acids. They observed 

that mutations to Asp, Glu and Ser resulted in the greatest improvements in protein 

solubility. It was suggested that this may be due to the high water-binding ability of 

acidic residues. It was commented that carboxyl groups on the acidic residues have 

much greater water-binding abilities than the side-chains of any other AAs (Kuntz, 

1971, Cacace et al, 1990). Furthermore, it was observed by Fan et al. (2004) that 

mutating residues Trp264 and Val287 of the C-terminal domain of the human 

apoplipoprotein E to arginine and glutamic acid, respectively, resulted in a 10-fold 

improvement in protein solubility. In addition, it was observed by Kramer et al. (2012) 

that high negative surface charge correlates strongly with increased protein solubility, 

which may be due to the strong water-binding ability of the glutamic acid and aspartic 

acid side chains. 

It was observed in a number of reports that large libraries of mutant proteins could be 

generated and subsequently screened to isolate clones with desired properties. A novel 

method to screen antibody libraries for aggregation-resistant clones was developed by 

Dudgeon et al. (2009). This method was adapted from the phage display and panning 

method (as described in Section 1.3) but utilised the high temperature stability of 

bacteriophage. The authors mutated surface exposed residues on VH and VL domains 

and displayed them onto phage. The library was screened by heating to 80 °C and 

capturing folded antibodies using protein A or L, which rely on shape-complementarity 

for binding. It was observed that preselection of aggregation-resistant VH domains 

resulted in a significant reduction in CDR diversity (Christ et al., 2006, 2007; Dudgeon 
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et al., 2009), which raised the question of whether aggregation resistance and high 

affinity binding are mutually compatible. However, further investigations from that 

research group found that mutations to CDRH1 and CDRL2 could result in 

improvements in aggregation-resistance without affecting antigen-binding. The most 

pronounced changes were observed for negatively charged substitutions, with aspartic 

acid having a greater effect than glutamic acid. There was a strong preference for these 

negatively charged amino acids than positively charged lysine or arginine substitutions. 

The effects were mostly additive, with combinations of mutations leading to higher 

aggregation resistance. In addition to reducing aggregation, the mutations also improved 

refolding yields and elution volumes on gel filtration. 

Beneficial mutations to protein surface residues are highly dependent on the location of 

the mutations as well as the net charge of the protein in question, as was concluded by 

Perchiacca et al. (2014). In this study, the authors examined a number of VH domain 

antibodies (dAbs) with unique hydrophobic CDRs. One, two and three residues each of 

Asp, Glu and Arg were inserted at the N- and C-terminals of the CDR3. It was observed 

that the net charge of the dAb and the position of the insertions relative to the CDR had 

profound impacts on solubility; for negatively- or near-neutrally-charged VH scaffolds, 

inserting negatively charged residues at the N-terminus of the CDRs inhibited 

aggregation. However, for a positively charged scaffold, positively charged residues 

more efficiently inhibited aggregation. Generally, insertions at the CDR N-terminus 

were beneficial while insertions at the C-terminus resulted in decreases in solubility and 

expression yields. However, this is dependent on the sequence of the CDR in question. 

For Asp and Glu mutants, the expression levels increased with increasing numbers of 

inserted residues. It was speculated that positively charged CDR mutations may be 

solubilising for positively charged antibody scaffolds (or indeed that negatively charged 

CDR mutations may be solubilising for negatively charged scaffolds), due to 

electrostatic repulsion between the charged residue and adjacent hydrophobic residues 

in the CDR (Perchiacca et al., 2014). 

Thus, based on the research outlined above, it was decided to investigate the 2G1 anti-

MC-LR scFv structure using homology modelling to identify surface-exposed 

hydrophobic residues. As was evident in a number of reports, the hydrophilic residues 

most commonly used for substitution were arginine and aspartic acid. Thus, three 
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surface-exposed hydrophobic residues (L124, L153 and I255) were substituted with 

arginine and aspartic acid, creating six mutant clones. To determine if these mutations 

had any deleterious effect on the binding to the 2G1 antigen, MC-LR, ELISAs were 

carried out. These mutations were also investigated to elucidate the effect on protein 

expression and purification. In addition, experiments were carried out to measure the 

effect of the mutations on native and non-native solubility. Finally, experiments were 

performed to determine the effect of the mutations on the functional stability of the 

scFv, i.e. if the scFv could retain binding-ability after treatment to denaturing 

conditions. 

1.6 Thesis aims 

HABs and algal toxins are a global concern due to their widespread prevalence in 

freshwater and seafood for consumption and due to the acute effects elicited in humans 

and animals. In addition, B. cereus is a ubiquitous bacterial species capable of eliciting 

potent food poisoning symptoms via consumption of contaminated dairy, vegetable and 

meat products. Accordingly, national and international authorities recognise the need to 

eliminate the exposure to these harmful contaminants and strict legislative limits are 

imposed. The ability to accurately monitor and detect these contaminants is of 

paramount importance, and, thus, highly sensitive and specific methods are required to 

facilitate this. 

It is also well established that exposure to MCs can elicit highly toxic effects in 

numerous cell lines. However, the effects of M. aeruginosa and AZA1 on human liver 

cells are not currently well established. Furthermore, the effects of co-exposure to these 

toxins/cyanobacteria had not yet been evaluated, which indicated that further research 

was required to address this gap in our knowledge. 

The first aim of this research thesis was to generate novel recombinant antibody 

fragments specific to AZA1. Such antibodies would be incorporated into immunoassays 

to facilitate sensitive detection of this toxin. 

The second aim of the research presented in this thesis was to investigate the binding 

interaction of a previously developed anti-MC-LR scFv, 2G1, with the MC-LR 

molecule. The aim was to use in silico modelling and docking techniques to identify a 

putative binding pocket. Following this, targeted mutagenesis was used to investigate 
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the role of individual amino acid residues in the 2G1-MC-LR binding interaction and to 

carry out substitutions to improve the binding interaction. Another aim of this section 

was to use these techniques to optimise surface-exposed amino acid residues so as to 

improve the long-term stability and expression characteristics of the 2G1 antibody. 

A third aim of this work was to develop and characterise recombinant antibody 

fragments specific to B. cereus. It was desired to identify antibody fragments that could 

discern B. cereus from the closely related, but non-toxic, B. subtilis species. It was 

further desired that such antibodies would be incorporated into a flow cytometry assay 

to detect the harmful B. cereus in food samples. 

The final aim of this work was to determine the toxic effects of individual and 

combined exposure to AZA1, MC-LR and M. aeruginosa on human hepatocellular 

carcinoma cells (HepG2). These toxic effects were investigated in terms of 

proliferation, apoptosis and necrosis using a number of different methods.  
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2 Materials and Methods 
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2.1 Materials 

Table 2.1: Reagents. 

Reagent Supplier 

Azaspiracid-1 

  

Marine Institute, Rinville, Oranmore, 

Co. Galway, Ireland. 

Bacteriological agar 

Greiner 96 Well Masterblock® plates 

Tryptone 

Yeast extract 

Cruinn Diagnostics Ltd., Hume Centre, 

Parkwest Business Park, Nangor Road, 

Dublin 12, Ireland. 

T4 DNA ligase, Antarctic Phosphatase, 

restriction enzymes (SfiI, XbaI, XhoI). 

Brennan and Co., Unit 61, Birch Ave, 

Stillorgan Industrial Park, Stillorgan, Co. 

Dublin, Ireland. 

PCR Primers Integrated DNA technologies, 1710 

Commercial Park, Coralville, IA 52241, 

USA. 

Dulbecco’s Modified Eagle Medium 

(DMEM) 

Foetal bovine serum (FBS) 

Glycogen 

NuPAGE® LDS Sample Buffer (4x) 

Penicillin-Streptomycin 

RNAlater® 

RNaseZap® 

SOC Media 

Sodium acetate (3 M, pH 5.5) 

SuperScript® III First-Strand Synthesis kit 

SYBR® Safe DNA gel stain 

Bio-Sciences Ltd., 3 Charlemont 

Terrace, Crofton Rd, Dún Laoghaire, 

Dublin, Ireland. 

Ammonium persulfate 

BG-11 media (50x) 

Bromophenol Blue 

Camptothecin 

cOmplete™ ULTRA protease inhibitor 

Sigma Aldrich Ireland Ltd., Vale Rd, 

Arklow, Co. Wicklow, Ireland. 
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cocktail 

Dimethyl sulfoxide 

Ethanol 

Glycine  

Hydrochloric acid 

Isopropanol 

Lugol’s Iodine 

2-mercaptoethanol 

MOPS 

Mouse anti-HA horseradish peroxidase 

(HRP)-labelled antibody (catalogue number 

H6533) 

Polyethylene glycol 

Potassium chloride 

Potassium phosphate dibasic 

Potassium phosphate monobasic 

Rabbit anti-mouse IgG HRP-labelled 

antibody (catalogue number A9044) 

Sodium chloride 

Sodium dodecyl sulfate 

Sodium phosphate dibasic 

Sodium phosphate monobasic 

Sulfuric acid 

TEMED 

Tetracycline 

TMB Liquid Substrate System for 

Membrane 

Tris Acetate EDTA buffer 10x 

Tris Base 

Tris HCl 

Tween 20 

Trizma® hydrochloride 

Sigma Aldrich Ireland Ltd., Vale Rd, 

Arklow, Co. Wicklow, Ireland. 
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Agar 

Carbenicillin 

Carbenicillin 

Corning™ Costar™ round bottom culture 

plates 

Glycerol  

Hyclone Molecular Grade Water 

Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) 

Kanamycin sulfate 

Mouse anti-M13-HRP-labelled monoclonal 

antibody (catalogue number 10723387) 

NucleoBond® Xtra Midi kit 

NucleoSpin® Gel and PCR Clean-up kit 

NucleoSpin® Plasmid kit 

Page Ruler Plus Ladder 

Pierce Bicinchoninic Acid (BCA) Protein 

Assay kit 

Pierce Imject™ BSA protein and EDC 

conjugation kit 

Pierce Imject™ Mariculture KLH and EDC 

conjugation kit 

Pierce OVA protein standard 

Fisher Scientific Ireland, Suite 3, Plaza 

212, Blanchardstown Corporate Park 2, 

Ballycoolin, Dublin 15, Ireland. 

Amintra Ni-NTA 

Hyperladder™ 1kb 

Hyperladder™ 1kb Plus 

InstantBlue Protein stain 

MyTaq™ Red Mix  

Medical Supply Company Ltd., 

Damastown, Mulhuddart, Dublin 15, 

Ireland. 

HRP-labelled anti-M13 rat secondary 

antidody 

GE Healthcare, 

Amersham Pl, Little Chalfont HP7 9NA, 

UK. 

Microcystin-LR 

Lipopolysaccharide (LPS) from E. coli, 

Enzo Biochem Inc. Farmingdale, New 

York, USA. 
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Serotype R515 

QuikChange II Site-Directed Mutagenesis 

kit 

Agilent Technologies Ireland Ltd., Unit 

3, Euro House, Euro Business Park, 

Little Island, Co. Cork, Ireland. 

IgY EggPress Purification Kit  Gallus Immunotech, Exalpha 

Biologicals, Inc., 2 Shaker Road, Unit 

B101, Shirley, MA, USA. 

HRP-labelled donkey anti-chicken antibody Abcam, 330 Cambridge Science Park 

Rd, Milton, Cambridge CB4 0FL, UK 

Bio-Rad FAM-FLICA® Caspase-3/7 assay 

kit 

Fannin Ltd Fannin House, South County 

Business Park, Leopardstown, Dublin 

18, Ireland. 

Human IL-1 beta/IL-1F2 DuoSet™ ELISA 

kit 

Human TNF-alpha DuoSet™ ELISA kit 

R&D Systems, Bio-Techne 614 

McKinley Place NE, Minneapolis, MN 

55413, USA. 

 

Table 2.2: Bacterial culture media composition. 

Media Composition 

Super broth (SB)  Tryptone  

Yeast Extract  

MOPS  

pH 7.0 

30 g/L 

20 g/L 

10 g/L 

 

Lysogeny broth (LB) agar Tryptone  

Yeast Extract  

NaCl  

Agar  

10 g/L 

5 g/L 

10 g/L 

15 g/L 
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Table 2.3: Cell Lines. 

Bacterial strains Supplier 

Escherichia coli TOP10 F′ strain: {lacI
q
, 

Tn10(Tet
R
)} mcrA Δ(mrr-hsd RMS-mcrBC) 

ϕ80lacZ ΔM15 ΔlacX74 recA1 araD139 

Δ(ara-eu)7697 galU galK rpsL (Str
R
) endA1 

nupG. 

Bio-Sciences Ltd., 3 Charlemont 

Terrace, Crofton Rd, Dún Laoghaire, 

Dublin, Ireland. 

E. coli XL1-Blue strain: recA1 endA1 

gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ 

proAB lacI
q
 Z∆M15 Tn10 (Tet

R
)]. 

Agilent Technologies Ireland Ltd., 

Unit 3, Euro House, Euro Business 

Park, Little Island, Co. Cork, Ireland. 

Bacteriophage Supplier 

Ff Bacteriophage M13K07 Brennan and Co., Unit 61, Birch Ave, 

Stillorgan Industrial Park, Stillorgan, 

Co. Dublin, Ireland. 

Algal strains Supplier 

Azadinium spinosum¸ A. obesum, A. poporum. Marine Institute, Rinville, Oranmore, 

Co. Galway, Ireland. 

Microcystis aeruginosa Culture Collection of Algae and 

Protozoa, Scottish Association for 

Marine Sciences, OBAN Argyll PA37 

1QA Scotland, United Kingdom. 

Mammalian Cell Lines Supplier 

Human Hepatoma (HepG2) Cells (ATCC® 

HB-8065™) 

LGC Standards, Queens Road, 

Teddington, Middlesex, TW11 0LY, 

UK. 

 

Table 2.4: General Buffers. 

Buffer Reagent Composition 

Phosphate-buffered saline 

(PBS) (150 mM, pH 7.4) 

NaCl 

KCl 

Na2PO4 

KH2PO4 

8 g/L 

0.2 g/L 

1.44 g/L 

0.24 g/L 
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Phosphate-buffered saline 

Tween (PBS-T) (150 mM, 

pH 7.4) 

1L PBS 

Tween 20 

 

0.05% (v/v) 

Tris HCl (1 M, pH 6.8)  Tris HCl 

pH adjusted to 6.8 

157.6 g/L 

Tris base (1 M, pH 8.8) Tris Base 

pH adjusted to 8.8 

121.14 g/L 

10x Electrophoresis buffer SDS 

Tris Base 

Glycine  

10 g/L 

30 g/L 

154 g/L 

4x Loading dye Tris 0.5M, pH 6.8 

Glycerol 

2-mercaptoethanol 

20% SDS 

Bromophenol Blue 

dH2O 

2.5 mL 

2 mL 

0.5 mL 

2.5 mL 

20 ppm 

2.5 mL 

5x PEG/NaCl PEG 

NaCl 

20% (w/v) 

2.5 M 

TAE Buffer 1 Litre, pH 7.0 

Tris Base 

17.4 M Glacial Acetic Acid 

Ethylenediaminetetraacetic 

acid (EDTA) 

dH2O 

1X  

4.84 g/L  

1.14 mL/L  

 

0.37 g/L 

Make up to 1 Litre 

 

Table 2.5: Chromatography buffers. 

Buffer Reagent Composition 

Equilibration Buffer  500 mL, pH 8  

50 mM NaH2PO4 (mono)  

300 mM NaCl  

10 mM imidazole  

dH2O  

 

2.99 g/500 mL  

8.76 g/500 mL  

0.34 g/500 mL  

Make up to 500 mL  
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Wash Buffer A  500 mL, pH 7.5  

0.5 M NaCl  

0.1% (v/v) Tween  

40 mM Imidazole  

dH2O 

 

14.6 g/500 mL  

0.5 mL/500 mL  

1.36 g/500 mL  

Make up to 500 mL  

Wash Buffer B  500 mL, pH 7.5  

0.5 M NaCl  

0.1% (v/v) Tween  

50 mM Imidazole  

dH2O 

 

14.6 g/500 mL  

0.5 mL/500 mL  

1.7 g/500 mL  

Make up to 500 mL  

Elution Buffer  500 mL, pH 7.5  

50 mM NaH2PO4 (mono)  

300 mM NaCl  

250 mM Imidazole  

dH2O 

 

2.99 g/500 mL  

8.76 g/500 mL  

8.51 g/500 mL  

Make up to 500 mL  

 

Table 2.6: Antibiotic and IPTG stocks. 

Chemical Composition 

Tetracycline 5 mg/mL in ethanol 

Carbenicillin 100 mg/mL in dH2O 

Kanamycin 50 mg/mL in dH2O 

Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) 

2.39 g/10 mL of dH2O 

 

Table 2.7: SDS-PAGE gel compositions. 

Separating gel Quantity per 6 mL gel 

Tris base (1 M, pH 8.8) 1.5 mL 

30% (w/v) Acrylagel 2.5 mL 

2% (w/v) Bis-acrylagel 1.0 mL 

10% (w/v) SDS 30 µL 

10% (w/v) APS 30 µL 

TEMED  6 µL 
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dH2O 934 µL 

Stacking gel Quantity per 2.5 mL gel 

Tris HCl (1 M, pH 6.8) 300 µL 

30% (w/v) Acrylagel 375 µL 

2% (w/v) Bis-acrylagel 150 µL 

10% (w/v) SDS 24 µL 

10% (w/v) APS 24 µL 

TEMED  2.5 µL 

dH2O 1.625 mL 

 

Table 2.8: Equipment. 

Equipment Manufacturer 

Rotor-Gene 6000 Thermal Cycler Qiagen, Skelton House, Lloyd St N, 

Manchester M15 6SH, UK. 

Nanodrop
™

 ND-1000 NanoDrop Technologies Inc., 3411, 

Silverside Rd 100BC, Wilmington 

DE19810-4803, USA. 

Gene Pulser Xcell
™

 electroporation 

system 

Gel Doc
™

 EZ Imager 

PowerPac® Basic 

SDS-PAGE Gel Dock 

Gel Doc™ EZ system and Image Lab™ 

Bio-Rad Laboratories Inc., 2000 Alfred 

Nobel Drive, Hercules, California 94547, 

USA. 

Safire
2
 Plate-Reader Tecan Group Ltd., Seestrasse 103, 

Mannedorf CH-8708, Switzerland. 

Darkreader® Transluminator Clare Chemical Research. 

Hermle Z233MK-2 Centrifuge 

Rotor: 220.87 V05 

Hermle, Siemensstrasse, Wehingen, 

78564, Germany. 

Pierce
™

 G2 Fast Blotter Thermo Fisher Scientific, Manor Park, 

Tudor. Rd, Blacon, Runcorn, WA7 1TA, 

UK. 
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Chyo JK-180 Balance 

Mettler PJ300 Balance 

Orion 3 Star pH meter 

Medical Supply Company Ltd., 

Damastown, Mulhuddart, Dublin 15, 

Ireland. 

Ultra-Turrax Homogeniser IKA-Werke GmbH & Co. KG., 10 Janke 

& Kunkel-Str., 79219, Staufern, Germany. 

Stuart Roller Mixer – SRTI Lennox Laboratory Supplies Ltd., John F. 

Kennedy Drive, Naas Road, Dublin 12, 

Ireland. 

Eppendorf 5810R refrigerated centrifuge 

Rotors: F45-30-11; A-4-62. 

Eppendorf UK Ltd., Endurance House, 

Vision Park, Histon, Cambridge, CB24 

9ZR, UK. 

New Brunswick Scientific Excella® E25 

Temperature-controlled shaker. 

Branson Sonifer™ S-450 Digital Sonicator 

VWR International Co., Orion Business 

Campus, Northwest Business Park, 

Ballycoolin, Dublin 15, Ireland. 

Heraeus Hera-safe laminar flow cabinet  

Thermo Scientific Heraeus BB15 Carbon 

Dioxide incubator  

Binder C170 Carbon Dioxide incubator  

Thermo Scientific,  

12-16 Sedgeway Business Park, 

Witchford, Cambridgeshire CB6 2HY, 

UK.  

OPTIKA XDS-2FL inverted HBO 

Fluorescence Microscope 

OPTIKA SRL, 

Via Rigla, 30 -24010 Ponteranica (BG), 

Italy 
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2.2 Methods 

 

2.2.1 General Methods 

 

2.2.1.1 Ethanol precipitation of DNA/RNA 

Ethanol precipitation of DNA/RNA was carried out by the addition of 2x volume 100% 

(v/v) ethanol, 0.1x volume 3 M sodium acetate (pH 5.5) and 1 µL 5 mg/mL glycogen. 

 

2.2.1.2 Gel purification of DNA 

Gel purification of DNA was carried out using a NucleoSpin® Gel and PCR Clean-up 

kit according to the manufacturer’s instructions (Macherey-Nagel, 2014a). Briefly, a 

DNA band of interest was excised from an agarose gel and placed into a sterile tube. 

Buffer NTI was added to the gel slice (200 µL per 100 mg gel). The gel was melted at 

50 °C in a waterbath for 10 – 15 min. A NucleoSpin® Gel and PCR Clean-up Column 

was placed into a collection tube. The sample was added to the column and centrifuged 

at 11,000 x g for 30 s in a benchtop centrifuge (Hermle Z233MK-2). The column flow-

through was discarded. The column was washed in duplicate by the addition of 700 µL 

Buffer NT3 and centrifugation at 11,000 x g for 30 s. The flow-through was discarded. 

Residual NT3 buffer was removed from the column by centrifugation at 11,000 x g for 

1 min. The column was then placed into a new 1.5 mL tube. Molecular grade H2O was 

heated to 60 °C and 15 – 30 µL was added to the column membrane. The column was 

incubated at 60 °C for 2 min and then centrifuged at 11,000 x g for 1 min. The eluted 

DNA was quantified at 260 nm using a Nanodrop™ ND-1000. 

 

2.2.1.3 Purification of plasmid DNA from bacterial cells 

Purification of plasmid DNA from bacterial cells was carried out using a NucleoSpin® 

Plasmid QuickPure kit according to the manufacturer’s instructions (Macherey-Nagel, 

2014b). Briefly, the cultivated cells were harvested by centrifugation at 11,000 x g for 

30 s using a benchtop centrifuge (Hermle Z233MK-2). The supernatant was discarded 

and the cell pellet was lysed by the addition of 250 µL Buffer A1 and 250 µL Buffer 
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A2. This was incubated at room temperature for 5 min and, following this, 300 µL 

Buffer A3 was added. The lysate was clarified by centrifugation at 11,000 x g for 5 min 

using a benchtop centrifuge (Hermle Z233MK-2). The supernatant containing the 

plasmid DNA was loaded onto a silica membrane column and centrifuged at 11,000 x g 

for 1 min using a benchtop centrifuge (Hermle Z233MK-2). The column was washed by 

the addition of 450 µL Buffer AQ and was centrifuged at 11,000 x g for 3 min using a 

benchtop centrifuge (Hermle Z233MK-2). Finally, the DNA was eluted by the addition 

of 50 µL Buffer AE, incubation at 60 °C for 2 min and centrifugation at 11,000 x g for 1 

min using a benchtop centrifuge (Hermle Z233MK-2). The eluted DNA was quantified 

at 260 nm using a Nanodrop™ ND-1000. 

 

2.2.1.4 Bicinchoninic Acid (BCA) assay 

Protein quantification was carried out using a Pierce BCA Protein Assay kit as per the 

manufacturer’s instructions (Thermo Scientific, 2015). Briefly, BSA standards were 

prepared in PBS for a concentration range of 25 – 2,000 µg/mL. Unknown samples 

were diluted at 1:5 and 1:25 dilutions to ensure the concentrations of the unknowns lie 

within the range of the standard curve. Working reagent (WR) was prepared by the 

addition of the BCA assay reagents A and B at a ratio of 50:1. Each standard and 

unknown was added to a Nunc Maxisorb™ 96 well plate at 25 µL per well. Following 

this, 200 µL of WR was added to each well and the plate was incubated at 37 °C for 30 

min. The absorbance was measured at 562 nm using a Tecan Safire
2

 plate-reader.  

 

2.2.2 Generation of murine scFv library for AZA1 

2.2.2.1 Preparation of AZA1 conjugates 

AZA1 contains a terminal carboxyl group and is suitable for conjugation via N-ethyl-

N′-(dimethylaminopropyl)-carbodiimide (EDC) coupling chemistry. Conjugates were 

prepared through use of Pierce EDC conjugation kits (Thermo Scientific, 2014). Briefly, 

2 mg of keyhole limpet hemocyannin (KLH)/bovine serum albumin (BSA) was 

dissolved in 400 µL ultrapure water. 250 µg of AZA1 was dissolved in 450 µL 

conjugation buffer with 15% (v/v) dimethyl sulfoxide (DMSO). This 450 µL AZA1 

solution was added to 200 µL carrier protein solution. In the case of AZA1-KLH 
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conjugation, 50 µL of 10 mg/mL EDC was added to the 650 µL AZA1-carrier protein 

solution. In the case of AZA1-BSA conjugation, the 650 µL of AZA1-carrier protein 

solution was added directly to 10 mg EDC powder. The two reactions were incubated at 

room temperature on a bench-top mixer for 2 h.  

The two conjugate reactions were purified using Zeba™ Spin Desalting Columns 

provided with the Pierce EDC conjugation as follows: Purification buffer salts were 

dissolved in 10 mL ultrapure water with 15% (v/v) DMSO. The desalting column was 

placed into a collection tube and centrifuged at 1,000 x g for 2 min in an Eppendorf 

5810R centrifuge (rotor: A-4-62) to remove the storage solution. One mL of purification 

buffer was added to the column and centrifuged at 1,000 x g for 2 min in an Eppendorf 

5810R centrifuge (rotor: A-4-62). This step was repeated two more times. The column 

was placed into a new collection tube and the conjugate sample was added to the resin. 

The sample was passed through the desalting column by centrifugation at 1,000 x g for 

2 min an Eppendorf 5810R centrifuge (rotor: A-4-62). The desalted conjugate sample 

was filtered through a 0.2 µm filter and stored at -20 °C until use. A small amount of 

each conjugate sample was used for protein quantification using the BCA assay. Table 

2.9 describes the overall conjugation reaction and the theoretical molar ratio. 

Table 2.9: Molar ratios for AZA1 conjugate syntheses. 

Reaction Molar 

Ratio 

Reagent Molecular 

weight (Da) 

Mass (mg) mmol 

AZA1:BSA 19.8:1 AZA1 

BSA 

842 

66,463 

0.25 

1 

2.97x10
-4

 

1.5x10
-5

 

AZA1:KLH 4.64:1 AZA1 

KLH 

842 

5x10
6
 

0.25 

1 

2.97x10
-4

 

6.4x10
-5

 

 

2.2.2.2 Immunisation schedule 

This immunisation work performed in this thesis was carried under license number 

B100/2705. Three female BALB/c mice aged 4 weeks were immunised with AZA1-

KLH. The immunisation schedule is outlined below (Table 2.10). For the initial 

immunisation, each mouse was administered an intraperitoneal (IP) injection of 200 µL 

of 100 µg/mL AZA1-KLH mixed at a ratio of 1:1 with Freund’s complete adjuvant 

(Freund’s complete adjuvant was used for only the first immunisation as it promotes a 
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strong immune response, but repeated exposure may promote the formation of tumours 

and/or inflammatory lesions (Barbas et al.,, 2001)). For the subsequent boosts, each 

mouse was administered an IP injection of 200 µL of 100 µg/mL AZA1-KLH mixed at 

a ratio of 1:1 with Freund’s incomplete adjuvant. The conjugate-adjuvant mixture was 

prepared by vortexing at room temperature for 1 h until a thick white-coloured emulsion 

was formed. Bleeds were collected through cheek bleeding. They were allowed to clot 

at 4 °C overnight. They were then centrifuged at 3,200 x g for 20 min in a benchtop 

centrifuge (Hermle Z233MK-2). The serum was removed and stored at -20 °C.   

Table 2.10: Immunisation schedule of BALB/C mice. 

Event Day 

Pre-bleed 0 

Immunisation 0 

Bleed 7 

Boost 14 

Bleed 21 

Boost 35 

Bleed 42 

Boost 48 

Bleed 56 

Boost 70 

Bleed 77 

Boost 84 

Bleed 97 

Boost 114 

Bleed 121 

Boost 136 

Bleed 142 

Boost 177 

Boost 199 

Sacrifice 206 

BALB/c mice were administered an immunisation/boost at an interval of at least three weeks. 

Approximately 6 – 7 days after each immunisation/boost a bleed was taken. 

 



 

74 

 

2.2.2.3 Determination of murine immune response to AZA1 by indirect ELISA 

The purpose of this experiment was to determine the immune response of each mouse 

towards AZA1, as indicated by the serum titre. The serum titre is defined as the lowest 

detectable concentration of antibodies present in the serum that can bind to the target at 

2 – 3 standard deviations above the blank. A 96-well Nunc Maxisorb
™

 plate was coated 

with 100 µL per well of 5 µg/mL of AZA1-BSA. The plate was incubated at 37 °C for 1 

h. The liquid was then removed. Each well was blocked with 200 µL of 5% (w/v) Milk 

Marvel (MM) in PBS (150 mM, pH 7.4) and incubated at 37 °C for 1 h. The liquid was 

then removed. Each mouse serum was diluted in doubling dilutions from 1:200 to 

1:51,200 in 5% (w/v) MM. A negative control was also included, which omitted the 

serum. One hundred μL of each serum dilution and negative control was added to the 

plate in triplicate. The plate was incubated at 37 °C for 1 h.  The wells were then rinsed 

three times with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 20) and PBS (150 mM, 

pH 7.4). HRP-labelled anti-mouse IgG was diluted at 1:10,000 in 5% (w/v) MM and 

100 µL was placed into each well. The plate was incubated at 37 °C for 1 h. The wells 

were then rinsed three times with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 20) and 

PBS (150 mM, pH 7.4). 3,3’,5,5’-Tetramethylbenzidine (TMB) was added at 100 µL 

per well. The plate was incubated at 37 °C for 15 min. Ten percent (v/v) H2SO4 was 

added at 50 µL per well to stop the colourimetric reaction. The absorbance was 

measured at 450 nm using a Tecan Safire
2 

plate-reader.  

 

2.2.2.4 Isolation of RNA from BALB/c mouse spleen 

After completion of the immunisation process, the BALB/c mice were sacrificed by 

cervical dislocation. A significant response was observed from the sera of mice A and B 

against AZA1, and thus the spleens of these mice were used for RNA extraction. The 

spleens of all three mice were stored in RNAlater® at -80 °C until required for use. 

Spleens A and B were centrifuged for 10 min at 3,200 x g in an Eppendorf 5810R 

centrifuge (rotor: A-4-62) to remove the RNAlater®. The spleens were placed in fresh 

‘RNase-free’ tubes. Ten mL of Trizol® was added to the samples and each spleen was 

homogenised at 50% output for 1 min. Trizol® maintains RNA integrity, inhibits RNase 

activity and dissolves cell components during homogenisation. The samples were 

allowed to stand at room temperature for 5 min to allow larger tissue debris to settle to 
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the bottom of the tubes. The samples were centrifuged at 3,200 x g for 10 min at 4 °C in 

an Eppendorf 5810R centrifuge (rotor: A-4-62) to pellet the cell debris. The 

supernatants were carefully removed, transferred to fresh 80 ml Oakridge tubes and 2 

mL of chloroform was added to each supernatant.  The samples were mixed well by 

shaking for 15 s to evenly distribute the chloroform in the samples. They were then 

incubated at room temperature for 15 min and centrifuged at 15,500 x g for 25 min at 4 

°C in an Eppendorf 5810R centrifuge (rotor: F45-30-11) to allow for the formation of 

an upper aqueous phase (which contains RNA), an interphase and lower red phenol-

chloroform phase (which contains protein and DNA). The upper, aqueous layer was 

removed from each sample. These were transferred to fresh 80 mL tubes, 5 mL of 

isopropanol was added to each tube and they were vortexed for 15 s. The addition of 

isopropanol allows for the precipitation of RNA. The tubes were incubated at room 

temperature for 10 min. The tubes were centrifuged at 15,500 x g for 20 min at 4 °C in 

an Eppendorf 5810R centrifuge (rotor: F45-30-11) to pellet the precipitated RNA. The 

supernatant was carefully removed and the RNA pellet was washed by the addition of 

30 mL of 75% (v/v) ice-cold ethanol, being careful not to disturb the pellet. The tubes 

were centrifuged at 15,500 x g for 20 min at 4 °C in an Eppendorf 5810R centrifuge 

(rotor: F45-30-11) and the supernatant was removed and discarded. The pellet was air-

dried for 10 min until the ethanol had fully evaporated. The pellet was resuspended in 

800 µL of ‘RNase-free’ water. The RNA concentration was quantified using a 

Nanodrop™ ND-1000 at 260 nm. A small amount of RNA from samples A and B was 

kept for cDNA synthesis. The remaining RNA was precipitated as per Section 2.2.1.1 

and was stored at -80 °C. 

 

2.2.2.5 Synthesis of cDNA from RNA by reverse transcriptase PCR (RT-PCR) 

Total RNA was transcribed to cDNA by RT-PCR, using a Superscript
™

 III First Strand 

synthesis kit as per the manufacturer’s instructions (Invitrogen, 2013). Briefly, RNA 

from samples A and B were amplified separately, using 4 tubes each. To the sample A 

tubes, the following was added: 2.5 µL Oligo dT (50 µM), 2.5 µL dNTPs (10 mM), 

12.65 µL RNA and 27.5 µL molecular grade H2O. To the sample B tubes, the following 

was added: 2.5 µL Oligo dT (50 µM), 2.5 µL dNTPs (10 mM), 21.8 µL RNA and 18.18 

µL molecular grade H2O. The tubes were incubated at 65 °C for 5 min followed by 1 
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min incubation on ice. To each of the A and B tubes, 25 µL of mixture 2 (see Table 

2.11) was added. They were incubated at 50 °C for 50 min followed by 85 °C for 5 min 

in a Rotor-Gene 6000 Thermal Cycler. Five µL RNase H was added to each mixture 

and incubated at 37 °C for 20 min. The eight aliquots were combined and vortexed. 

Total cDNA was quantified at 260 nm using a Nanodrop™ ND-1000. 

Table 2.11: Superscript
™

 III mixture 2 composition. 

Mixture 2 Volume (µL) 

10x RT Buffer 40 

25 mM MgCl2 80 

0.1 M DTT 40 

RNase out 20 

Superscript III 20 

 

 

2.2.2.6 Amplification of antibody variable light and heavy genes 

Following cDNA synthesis, the IgG variable regions were amplified by PCR. There is a 

high degree of variability in the murine DNA regions flanking the variable light and 

heavy chains, thus, 17 forward and 3 reverse primers are required for Vκ amplification, 

a single forward and reverse primer are required for Vλ amplification, and 19 forward 

and 3 reverse primers are required for VH amplification. Primer sequences are listed in 

Table 2.12.  
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Table 2.12: Murine scFv primer sequences. 

Vκ5′ Sense Primers 

MSCVK-1 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TCC AGC TGA CTC AGC C 3′  

MSCVK-2 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTG TTC TCW CCC AGT C 3′   

MSCVK-3 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTG TGM TMA CTC AGT C 3′  

MSCVK-4 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTG TGY TRA CAC AGT C 3′   

MSCVK-5 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTG TRA TGA CMC AGT C 3′  

MSCVK-6 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTM AGA TRA MCC AGT C 3′  

MSCVK-7 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTC AGA TGA YDC AGT C 3′  

MSCVK-8 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TYC AGA TGA CAC AGA C 3′  

MSCVK-9 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTG TTC TCA WCC AGT C 3′  

MSCVK-10 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTG WGC TSA CCC AAT C 3′  

MSCVK-11 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTS TRA TGA CCC ART C 3′   

MSCVK-12 

5′ GGG CCC AGG CGG CCG AGC TCG AYR TTK TGA TGA CCC ARA C 3′  

MSCVK-13 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTG TGA TGA CBC AGK C 3′  

MSCVK-14 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTG TGA TAA CYC AGG A 3′  

MSCVK-15 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTG TGA TGA CCC AGW T 3′  
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MSCVK-16 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTG TGA TGA CAC AAC C 3′  

MSCVK-17 

5′ GGG CCC AGG CGG CCG AGC TCG AYA TTT TGC TGA CTC AGT C 3′   

 

Vκ3′ Reverse Primers 

MSCJK12-BL 

5′ GGA AGA TCT AGA GGA ACC ACC CCC ACC ACC GCC CGA GCC ACC GCC 

ACC AGA GGA TTT KAT TTC CAG YTT GGT CCC 3′      

MSCJK4-BL 

5′ GGA AGA TCT AGA GGA ACC ACC CCC ACC ACC GCC CGA GCC ACC GCC 

ACC AGA GGA TTT TAT TTC CAA CTT TGT CCC 3′      

MSCJK5-BL 

5′ GGA AGA TCT AGA GGA ACC ACC CCC ACC ACC GCC CGA GCC ACC GCC 

ACC AGA GGA TTT CAG CTC CAG CTT GGT CCC 3′      

Vλ5′ Sense Primer 

MSCVL-1 

5′ GGG CCC AGG CGG CCG AGC TCG ATG CTG TTG TGA CTC AGG AAT C 3′ 

 

Vλ3′ Reverse Primer 

MSCJL-BL 

5′ GGA AGA TCT AGA GGA ACC ACC CCC ACC ACC GCC CGA GCC ACC GCC 

ACC AGA GGA GCC TAG GAC AGT CAG TTT GG 3′ 

VH5′ Sense Primers 

MSCVH1 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTR MAG CTT CAG GAG TC 3′  

MSCVH2 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTB CAG CTB CAG CAG TC 3′  

MSCVH3 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG CAG CTC AAG SAS TC 3′   

MSCVH4 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTC CAR CTG CAA CAR TC 3′  
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MSCVH5 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTY CAG CTB CAG CAR TC 3′  

MSCVH6 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTY CAR CTG CAG CAG TC 3′  

MSCVH7 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTC CAC GTG AAG CAG TC 3′  

MSCVH8 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AAS STG GTG GAA TC 3′  

MSCVH9 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AWG YTG GTG GAG TC 3′  

MSCVH10 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG CAG SKG GTG GAG TC 3′ 

MSCVH11 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG CAM CTG GTG GAG TC 3′  

MSCVH12 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AAG CTG ATG GAR TC 3′  

MSCVH13 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG CAR CTT GTT GAG TC 3′  

MSCVH14 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTR AAG CTT CTC GAG TC 3′  

MSCVH15 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AAR STT GAG GAG TC 3′  

MSCVH16 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTT ACT CTR AAA GWG TST G 3′  

MSCVH17 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTC CAA CTV CAG CAR CC 3′  

MSCVH18 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AAC TTG GAA GTG TC 3′  

MSCVH19 

5′ GGT GGT TCC TCT AGA TCT TCC CTC GAG GTG AAG GTC ATC GAG TC 3′  

 

 

 



 

80 

 

VH3′ Reverse Primers  

MSCG1ab-B 

5′ CCT GGC CGG CCT GGC CAC TAG TGA CAG ATG GGG STG TYG TTT TGG C 3′  

MSCG3-B 

5′ CCT GGC CGG CCT GGC CAC TAG TGA CAG ATG GGG CTG TTG TTG T 3′   

MSCGM-B 

5′ CCT GGC CGG CCT GGC CAC TAG TGA CAT TTG GGA AGG ACT GAC TCT C 3′  

Overlap Extension Primers 

RSC-F (sense) 

5′ GAG GAG GAG GAG GAG GAG GCG GGG CCC AGG CGC CCG AGC TC 3′ 

RSC-B (reverse) 

5′ GAG GAG GAG GAG GAG GAG CCT GGC CGG CCT GGC CAC TAG TG 3′ 

Sequencing Primers 

OmpSeq (sense) 

5′ AAG ACA GCT ATC GCG ATT GCA G 3′ 

Gback (reverse) 

5′ GCC CCC TTA TTA GCG TTT GCC ATC 3′ 

 

2.2.2.6.1 Vκ gene amplification 

The Vκ genes were amplified as follows; it was decided to pool the Vκ reverse primers 

in a ratio of 2:1:1 for the primers MSCJK12-BL, MSCJK4-BL, MSCJK5-BL, 

respectively, as recommended by Barbas et al. (2001). A master mix of MyTaq Red 

Mix (which included Taq polymerase, buffer, dNTPs and MgCl2) was prepared 

according to Table 2.13 and was vortexed. A control reaction was prepared by taking 47 

µL of the master mix and adding to a control tube and by also adding 1 µL of MSCVK-

1 and 2 µL molecular grade H2O. To the remaining master mix, 38 µL of cDNA was 

added. The master mix was then divided into seventeen 49 µL aliquots. Each of the 17 

forward primers was added to its designated tube at 1 µL per reaction. The PCR was run 

in a Rotor-Gene 6000 Thermal Cycler according to the conditions described in Table 

2.14. The completed PCR was separated on a 1% (w/v) agarose gel stained with 

SYBR® Safe at 100 V for 45 min. A Hyperladder™ 1 kb Plus was used as molecular 

size markers.  
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Table 2.13: Vκ PCR master mix composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 500 1x 

MSCJK12-BL 10 1 µM 

MSCJK4-BL 5 0.5 µM 

MSCJK5-BL 5 0.5 µM 

Molecular grade H2O 420 - 

 

Table 2.14: PCR thermal cycler conditions. 

PCR stage Temperature (°C)           Time 

Initialisation 94 5 min 

Denaturation 94 15 s 

Annealing 56 15 s                x 30 cycles 

Extension 72 90 s 

Final Extension 72 10 min 

 

2.2.2.6.2 Vλ gene amplification 

The Vλ gene was amplified as follows; a master mix was prepared according to Table 

2.15. This was divided into three 49 µL aliquots. To the control tube, 1 µL of molecular 

grade H2O was added. To two test tubes, 1 µL of cDNA was added. The PCR was run 

in a Rotor-Gene 6000 Thermal Cycler according to the conditions described in Table 

2.14. The completed PCR was separated on a 1% (w/v) agarose gel stained with 

SYBR® Safe at 100 V for 35 min. A Hyperladder™ 1 kb Plus was used as molecular 

size markers. The two amplified Vλ reactions were pooled with the seventeen 

successfully amplified Vκ reactions and gel-purified according to Section 2.2.1.2. The 

DNA concentration was determined by spectrophotometric measurement at 260 nm 

using a Nanodrop
™

 ND-1000. The combined Vλ and Vκ DNA are hereafter referred to 

as VL. 
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Table 2.15: Vλ PCR master mix composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 75 1x 

MSCVL-1 1.5 1 µM 

MSCJL-BL 1.5 1 µM 

Molecular grade H2O 69 - 

 

2.2.2.6.3 VH gene amplification 

The VH region was amplified as follows; it was decided to pool the VH reverse primers 

in a ratio of 3:1:1 for the primers MSCG1ab-B, MSCG3-B, MSCGM-B, respectively, as 

recommended by Barbas et al. (2001). A master mix was prepared according to Table 

2.16. A control reaction was prepared by taking 48.5 µL of the master mix and adding 

to a control tube and by also adding 0.5 µL of MSCVH-1 and 1 µL molecular grade 

H2O. To the remaining master mix, 21 µL of cDNA was added. This was divided into 

nineteen 49.5 µL aliquots. Each of the 19 forward primers was added to its designated 

tube at 0.5 µL per reaction. The PCR was run in a Rotor-Gene 6000 Thermal Cycler 

according to the conditions described in Table 2.14. The completed PCR was separated 

on a 1% (w/v) agarose gel stained with SYBR® Safe at 100 V for 35 min. A 

Hyperladder™ 1 kb Plus was used as molecular size markers. The successfully 

amplified reactions were pooled and gel-purified according to Section 2.2.1.2. The 

DNA concentration was determined by spectrophotometric measurement at 260 nm 

using a Nanodrop
™

 ND-1000. 

Table 2.16: VH PCR master mix composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 550 1x 

MSCG1ab-B 6.6 0.6 µM 

MSCG3-B 2.2 0.2 µM 

MSCGM-B 2.2 0.2 µM 

Molecular grade H2O 506 - 
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2.2.2.7 scFv gene construction 

2.2.2.7.1 Splice-by-overlap extension (SOE) PCR 

The full length scFv gene was constructed via SOE PCR as follows; a reaction mix was 

prepared according to Table 2.17. The control reaction was prepared, as described in 

Table 2.17, but omitted the VH and VL DNA and, instead, included 0.83 µL of 

molecular grade H2O. The PCR was run in a Rotor-Gene 6000 Thermal Cycler 

according to the conditions described in Table 2.18. The completed PCR was separated 

on a 1% (w/v) agarose gel stained with SYBR® Safe at 100 V for 45 min. A 

Hyperladder™ 1 kb Plus was used as molecular size markers.  

Table 2.17: SOE PCR reaction composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 25 1x 

RSC-F 0.5 1 µM 

RSC-B 0.5 1 µM 

VH DNA 0.58 2 ng/µL 

VL DNA 0.25 2 ng/µL 

Molecular grade H2O 23.17 - 

 

Table 2.18: SOE PCR conditions. 

PCR stage Temperature (°C) Time 

Initialisation 94  5 min 

Denaturation 94  30 s 

Annealing 65* 
*Decreased by 0.2 °C 

per cycle 
30 s             x 30 cycles 

Extension 72  90 s 

Final Extension 72  10 min 

 

2.2.2.7.2 Large-scale SOE PCR 

In order to have sufficient DNA material to ligate into the pComb3XSS vector, a large-

scale SOE PCR was carried out as follows. A master mix was prepared according to 

Table 2.19. The control reaction was prepared by removing 49.17 µL of the master mix 
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and placing it into the control tube with 0.83 µL of molecular grade H2O. VH and VL 

DNA were added to the remaining master mix at 13.34 µL and 5.75 µL, respectively. 

The master mix was divided into twenty two 50µL aliquots. The PCR was run in a 

Rotor-Gene 6000 Thermal Cycler according to the conditions described in Table 2.18. 

Four test SOE tubes were selected at random and, with the control tube, separated on a 

1% (w/v) agarose gel stained with SYBR® Safe at 100 V for 35 min. A Hyperladder™ 

1kb Plus was used as molecular size markers. The successfully amplified reactions were 

pooled and gel-purified according to Section 2.2.1.2. The DNA concentration was 

determined by spectrophotometric measurement at 260 nm using a Nanodrop
™

 ND-

1000. 

Table 2.19: Large-scale SOE PCR reaction composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 575 1x 

RSC-F 11.5 1 µM 

RSC-B 11.5 1 µM 

Molecular grade H2O 532.9 - 

 

2.2.2.8 Preparation of pComb3XSS plasmid 

Escherichia coli cells containing the pComb3XSS plasmid were inoculated into 5 mL 

Super Broth (SB) containing 100 µg/mL carbenicillin and grown overnight at 37 °C at 

200 rpm in an Excella® E25 shaking incubator. This overnight culture was subcultured 

at 1:100 into 100 mL SB containing 100 µg/mL carbenicillin and grown overnight at 37 

°C at 200 rpm. Plasmid DNA was purified from the cells using a NucleoBond® Xtra 

Midi kit according to the manufacturer’s instructions (Macherey-Nagel, 2014c). Briefly, 

the cells were centrifuged at 3,200 x g for 15 min at 4 °C in an Eppendorf 5810R 

centrifuge (rotor: A-4-62). The supernatant was discarded. The pellet was resuspended 

in 8 mL Resuspension buffer. Following this, 8 mL Lysis buffer was added to the 

sample and mixed by inversion. This was incubated at room temperature for 5 min. The 

column filter was inserted into a NucleoBond® Xtra column and equilibrated by the 

addition of 12 mL Equilibration buffer. After the incubation step, 8 mL Neutralisation 

buffer was added to the sample and mixed by inversion. This lysate was added to the 

column filter and allowed to flow through. The column was washed by the addition of 5 
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mL Equilibration buffer. The filter was removed and discarded. The column was 

washed by the addition of 8 mL Wash buffer. The plasmid DNA was then eluted by the 

addition of 5 mL Elution buffer into a 15 mL tube. Following this, 3.5 mL isopropanol 

was added to the eluted DNA and centrifuged at 3,200 x g for 30 min at 4 °C in an 

Eppendorf 5810R centrifuge (rotor: A-4-62). The supernatant was discarded and 2 mL 

70% (v/v) ethanol was added and the sample was centrifuged at 3,200 x g for 10 min at 

4 °C in an Eppendorf 5810R centrifuge (rotor: A-4-62). The ethanol was fully removed 

and the DNA pellet was dissolved in 100 µL molecular grade H2O. The purified DNA 

was quantified at 260 nm using a Nanodrop™ ND-1000. 

 

2.2.2.9 Restriction enzyme digestion of SOE and pComb3XSS 

It was determined that 10 µg and 20 µg of SOE and pComb3XSS vector, respectively, 

would be sufficient to provide enough material to transform into E. coli, as 

recommended by Barbas et al. (2001).  

The SOE digestion was performed in duplicate as follows; a reaction mixture was 

prepared according to Table 2.20. The reaction was incubated at 50 °C for 3 h followed 

by an inactivation step at 65 °C for 20 min in a Rotor-Gene 6000 Thermal Cycler. The 

digested SOE products were pooled and ethanol-precipitated according to Section 

2.2.1.1. They were centrifuged at 14,000 x g for 35 min in a benchtop centrifuge 

(Hermle Z233MK-2) and resuspended in 50 µL of molecular grade water. They were 

stored overnight at -20 °C.  

Table 2.20: SOE digestion reaction mixture composition. 

Component Volume (µL) Working concentration 

H2O 13.6 - 

SOE (5 µg) 29.4 100 ng/µL 

10x NEB Buffer 5 1x 

SfiI 2 0.8 U/µL 

 

The pComb3XSS digestion was performed in duplicate as follows; a reaction mixture 

was prepared according to Table 2.21. The reaction was incubated at 50 °C for 3 h 

followed by an inactivation step at 65 °C for 20 min in a Rotor-Gene 6000 Thermal 
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Cycler. Four µL each of XbaI and XhoI was added and the reaction was incubated at 37 

°C for 1 h. Following this, 5.8 µL of 10x AP buffer and 2 µL AP enzyme was added and 

the reaction was incubated at 37 °C for 15 min followed by an inactivation step at 70 °C 

for 5 min. The digested pComb3XSS products were pooled and ethanol-precipitated 

according to Section 2.2.1.1. They were centrifuged at 14,000 x g for 35 min in a 

benchtop centrifuge (Hermle Z233MK-2) and resuspended in 50 µL of molecular grade 

water. They were stored overnight at -20 °C. 

Table 2.21: pComb3XSS digestion reaction mixture composition. 

Component Volume Working concentration 

H2O 38.85 - 

Vector (10 µg) 2.15 200 ng/µL 

10x NEB Buffer 5 1x 

SfiI 4 1.6 U/µL 

 

The digested SOE and pComb3XSS products were gel-purified according to Section 

2.2.1.2 on a 1% (w/v) and 0.7% (w/v) agarose gel, respectively. The 800 bp SOE and 

3,300 bp pComb3XSS products were isolated. The purified SOE and pComb3XSS 

DNA concentrations were determined by spectrophotometric measurement at 260 nm 

using a Nanodrop
™

 ND-1000. 

2.2.2.10 Ligation of SOE insert into pComb3XSS vector 

It was deemed pertinent to use the maximum amount of digested pComb3XSS product 

in a ligation reaction, as any remaining product may re-ligate over time in storage. 

Therefore, a 33x ligation reaction was prepared according to Table 2.22. The reaction 

was incubated at room temperature for 20 min and was inactivated by incubating at 65 

°C for 10 min in a Rotor-Gene 6000 Thermal Cycler. The reaction tubes were combined 

into three 220 µL aliquots and ethanol-precipitated according to Section 2.2.1.1. This 

constructed library was stored at -20 °C until required for use. 
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Table 2.22: Ligation reaction composition. 

Component Volume (µL) Working concentration 

H2O 514 - 

Vector (140 ng/reaction) 27.39 7 ng/µL 

SOE (70 ng/reaction) 19.14 3.5 ng/µL 

10x Ligase buffer 66 1x 

T4 ligase 33 20 U/µL 

 

2.2.2.11 Electroporation of SOE-pComb3XSS into XL1 Blue electrocompetent E. 

coli 

The three 220 µL aliquots of ethanol-precipitated library were centrifuged at 14,000 x g 

for 30 min at 4 °C in a benchtop centrifuge (Hermle Z233MK-2). The supernatant was 

removed and the pellets were air-dried at room temperature. The pellets were each 

resuspended in 20 µL of molecular grade water. Following this, 4 µL of this library was 

mixed with 1 µL of 5x DNA loading buffer and run on a 0.7% (w/v) agarose gel stained 

with SYBR® Safe. The remaining library was placed on ice with electroporation 

cuvettes. Six 100 µL aliquots of XL1 Blue electrocompetent E. coli were thawed on ice. 

Ten µL of library was added to 100 µL of E. coli in a cuvette. This was mixed and 

stored on ice for 1 min. Electroporation was carried out in a Bio-Rad GenePulser 

XCell
™

 with the following conditions; 2.5 kV, 25 µF, 200 Ω, τ ~ 4 ms. The cuvette was 

immediately flushed with a total of 3 mL pre-warmed SOC media and added to a 50 mL 

Falcon tube. The tube was incubated at 37 °C and 250 rpm for 1 h in an Excella® E25 

shaking incubator.  

A titre of the transformed bacteria was performed by taking 2 µL of the culture and 

adding to 200 µL of SB. The titre plates were prepared by plating 100 µL and 10 µL of 

the diluted culture onto Lysogeny Broth (LB) agar plates containing 100 µg/mL 

carbenicillin and these were incubated overnight at 37 °C. The following day the 

colonies were counted in order to calculate the library size. The plates were also kept for 

colony pick PCR analysis (see Section 2.2.2.12). 

To the remaining culture, 10 mL of pre-warmed SB and 13 µL of 100 mg/mL 

carbenicillin were added. The culture was incubated at 37 °C, 250 rpm for 2 h in an 

Excella® E25 shaking incubator. The culture was centrifuged at 3,200 x g for 20 min in 
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an Eppendorf 5810R centrifuge (rotor: A-4-62). The supernatant was removed and the 

pellet was resuspended in 50 µL SB containing 100 µg/mL carbenicillin. This was 

spread on a LB agar plate containing 100 µg/mL carbenicillin and incubated overnight 

at 37 °C. The colonies were scraped in 5 mL SB. Glycerol was added to a final 

concentration of 15% (v/v) and the culture was divided into aliquots and stored at -80 

°C.  

2.2.2.12 Colony pick PCR of transformed XL1 Blue E. coli 

To determine the efficiency of the ligation and transformation experiments, a colony 

pick PCR was carried out as follows. A master mix was prepared according to Table 

2.23 and divided into 11x 50 µL aliquots. A single colony from the transformation titre 

plates was added to each of the 10 reaction tubes. No colony was added to the control 

tube. The PCR was carried out using the conditions described in Table 2.18 in a Rotor-

Gene 6000 Thermal Cycler. The PCR products were separated on a 1% (w/v) agarose 

gel stained with SYBR® Safe at 100 V for 35 min. A Hyperladder™ 1kb Plus was used 

as molecular size markers. 

Table 2.23: Colony pick PCR master mix composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 275 1x 

RSC-F 5.5 1 µM 

RSC-B 5.5 1 µM 

Molecular grade H2O 264 - 

 

2.2.2.13 Screening the anti-AZA1 scFv library by phage display and panning 

Two hundred and fifty µL of anti-AZA1 E. coli library was added to 250 mL SB 

containing 100 µg/mL carbenicillin in duplicate. These cultures were grown at 37 °C 

and 200 rpm for ~6 h in an Excella® E25 shaking incubator until OD600 reached 

approximately 0.5. The two cultures were pooled and 2x10
12

 M13KO7 helper phage 

added. The culture was incubated, while static, at 37 °C for 1 h. The culture was 

centrifuged at 3,200 x g for 10 min at 4 °C in an Eppendorf 5810R centrifuge (rotor: A-

4-62). The supernatant was discarded and the pellet was resuspended in 100 mL SB 

containing 100 µg/mL carbenicillin. The culture was incubated at 30 °C, 250 rpm for 

1.5 – 2 h. Kanamycin was then added to a final concentration of 50 µg/mL and the 
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culture was incubated overnight at 30 °C and 250 rpm. An immunotube was coated with 

AZA1-BSA overnight at 4 °C at the concentrations described in Table 2.24. 

Table 2.24: Panning conditions used for screening the anti-AZA1 scFv library. 

Round Coating concentration 

(µg/mL AZA1-BSA) 

Number of washes 

(PBS-T:PBS) 

1 100 3:3 

2 50 4:4 

3 25 5:5 

4 10 6:6 

 

The following day, an overnight XL1 Blue E. coli culture was sub-cultured at the 

following dilutions: 1:50, 1:100, 1:500, 1:1,000, and 1:2,000. While these were 

growing, the immunotube was blocked with 5% (w/v) MM and the overnight library 

was centrifuged at 3,200 x g for 30 min in an Eppendorf 5810R centrifuge (rotor: A-4-

62). Forty mL of the library supernatant, which contained the bacteriophage, was added 

to an Oakridge tube with 10 mL 5x polyethylene glycol (PEG)/NaCl in duplicate. These 

were incubated on ice for 1 h and centrifuged at 13,000 x g for 20 min, with the brake 

off, in an Eppendorf 5810R centrifuge (rotor: F45-30-11). The supernatant was 

discarded and the pellet, which contained the precipitated bacteriophage, was 

resuspended in 1 mL of sterile PBS (150 mM, pH 7.4). This was then centrifuged at 

11,600 x g for 10 min in a benchtop centrifuge (Hermle Z233MK-2). The phage-rich 

supernatant was kept and 3% (w/v) BSA solution was added to a final concentration of 

1% (w/v). 

The coated and blocked immunotube was washed once by filling with PBS (150 mM, 

pH 7.4). 1 mL of the phage-BSA was added to 1 mL 5% (w/v) MM. This was mixed 

and added to the immunotube. The immunotube was incubated at room temperature on 

a benchtop roller for 1 h and then static for 1 h. The immunotube was washed as 

described in Table 2.24. To elute the remaining phage from the immunotube, 1 mL of 

10 mg/mL trypsin was added and the tube was incubated on a benchtop roller for 1 h.  

The growing XL1 Blue E. coli cultures prepared earlier were used for reinfection of the 

eluted phage and for phage input and output titres. The culture that had reached OD600 
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of approximately 0.5 was used. Serial dilutions of the input and output phage were 

prepared from 10
-1

 to 10
-10

 and from 10
-1

 to 10
-7

, respectively, using the XL1 Blue E. 

coli as the diluent. The remaining eluted phage was added to ~5 mL of XL1 Blue E. 

coli. All cultures were infected at 37 °C for 0.5 – 1 h. The input and output cultures 

were plated onto separate LB agar plates containing 100 µg/mL carbenicillin at 100 µL 

per plate and incubated overnight at 37 °C. The ~5 mL culture was centrifuged at 3,200 

x g for 20 min in an Eppendorf 5810R centrifuge (rotor: A-4-62) and resuspended in 

500 µL SB containing 100 µg/mL carbenicillin. This was plated onto six LB agar plates 

containing 100 µg/mL carbenicillin at 100 µL per plate and incubated overnight at 37 

°C. 

The following day, the input and output titre plate colonies were counted. The six LB 

agar plates were scraped into SB containing 100 µg/mL carbenicillin. 75% of this SB 

culture was used for further rounds of panning. Glycerol was added to the remaining 

culture to a final concentration of 15% (v/v) and this was stored at -80 °C. 

2.2.2.14 Polyclonal phage ELISA of panning output phage 

The precipitated phage from each round of panning and the un-panned library were 

tested in an indirect ELISA format against AZA1-BSA and BSA. This was carried out 

to determine the overall response towards the antigen and carrier protein after each 

round. The test wells and control wells were coated with 5 µg/mL AZA1-BSA and 5 

µg/mL BSA, respectively, for 1 h at 37 °C. The liquid was then removed. Each well was 

blocked with 200 µL of 5% (w/v) MM and incubated for 1 h at 37 °C. The wells were 

then washed 2x with PBS (150 mM, pH 7.4). The phage from each round was diluted at 

1:4 in 5% (w/v) MM and added to the designated wells in triplicate at 90 µL per well. 

To the negative control wells, 5% (w/v) MM was added. The plate was incubated at 

room temperature on a benchtop shaker for 1.5 h. The plate was then washed three 

times with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 20) and PBS (150 mM, pH 

7.4). HRP-labelled anti-M13 secondary antibody was prepared at 1:5,000 dilution in 5% 

(w/v) MM and added to each well at 100 µL per well. The plate was then washed three 

times with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 20) and PBS (150 mM, pH 

7.4). One hundred µL TMB was added to each well and the plate was incubated at room 

temperature on a benchtop shaker for 7 min. The reaction was stopped by the addition 
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of 50 µL 10% (v/v) H2SO4 to each well. The absorbance was measured at 450 nm using 

a Tecan Safire
2
 plate-reader. 

2.2.2.15 Soluble expression of scFv library in non-suppressor strain Top10F′ E. 

coli 

Top10F′ E. coli were grown in SB containing 10 µg/mL tetracycline at 37 °C until the 

OD600 reached a value of 0.5. 20 µL each of output phage from rounds 3 and 4 of 

panning were added to 2 mL of Top10F′ E. coli and incubated, while static, at 37 °C for 

1 h. The E. coli were diluted over a serial dilution range from 10
-1

 to 10
-8

 in SB 

containing 100 µg/mL carbenicillin. They were then plated onto LB agar plates 

containing 100 µg/mL carbenicillin at 100 µL per plate. The plates were incubated at 37 

°C overnight to allow for the growth of visible colonies. 

The following day, 192 colonies were picked each from the round 3 and 4 plates (384 

colonies in total) into 4x 96 round bottom culture plates (hereafter referred to as the 

master plates), each well containing 100 µL SB with 100 µg/mL carbenicillin. The 

plates with visible colonies were kept for colony pick PCR analysis (see Section 

2.2.2.17). The plates were incubated overnight at 37 °C and 220 rpm in an Excella® 

E25 shaking incubator. To allow for antibody-expression, 20 µL was taken from each 

well of the ‘overnight-cultures’ and added to its corresponding well in a deep-well plate, 

each well containing 1 mL auto-induction media with 100 µg/mL carbenicillin. These 

deep-well plates were incubated overnight at 37 °C, 220 rpm. The following additions 

were made to the master plates; 21.8 µL of 70% (v/v) glycerol was added to each well 

(giving a final glycerol concentration of 15% (v/v)). The plates were mixed on a 

benchtop mixer to ensure even distribution of glycerol. The master plates were stored at 

-80 °C for long-term storage.  

2.2.2.16 Monoclonal ELISA of solubly expressed clones 

In this experiment a plate from rounds 3 and 4 of panning were tested in an indirect 

ELISA. Each well was coated with 100 µL of 5 µg/mL AZA1-BSA in PBS (150 mM, 

pH 7.4) for 1.5 h, while shaking, at room temperature. The liquid was then removed. 

The wells were blocked with 200 µL 5% (w/v) MM for 1.5 h, while shaking, at room 

temperature. The liquid was then removed. The deep-well plates were freeze-thawed 

three times (each freeze-thaw cycle consisted of 30 min at -80 °C followed by 30 min in 

a waterbath at 37 °C) to lyse the bacterial cells and centrifuged at 3,200 x g for 20 min 
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in an Eppendorf 5810R centrifuge (rotor: A-4-62) to pellet the cell debris. The deep-

well plate supernatants were diluted at 1:4 by adding 25 µL of supernatant to 75 µL 5% 

(w/v) MM in the test plate. The plates were incubated for 1.5 h, while shaking, at room 

temperature. The wells were washed three times with PBS-T (150 mM, pH 7.4, 0.05% 

(v/v) Tween 20) and PBS (150 mM, pH 7.4). HRP-labelled anti-HA secondary antibody 

was diluted at 1:2000 dilution in 5% (w/v) MM and 100 µL was added to each well and 

incubated for 1.5 h, while shaking, at room temperature. The wells were washed three 

times with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 20) and PBS (150 mM, pH 

7.4). One hundred µL TMB was added to each well for 30 min, while shaking, at room 

temperature. Fifty µL of 10% (v/v) H2SO4 was added to each well to stop the 

colourimetric reaction. The absorbance was measured at 450 nm using a Tecan Safire
2
 

plate-reader. No signal was observed in any of the test wells. 

This experiment was repeated with the following amendments; non-diluted lysate 

supernatant was added to the coated and blocked test plates at 100 µL per well and 

incubated at 4 °C overnight. The HRP-labelled anti-HA antibody concentration was 

increased to a 1:1000 dilution. Again, no signal was observed. To address this, the 

soluble-expression method was adjusted by expressing each clone in 1 mL SB 

containing 50 µg/mL carbenicillin at 37 °C for 6 h. At this time, IPTG was added to a 

final concentration of 1 mM and the plates were incubated overnight at 30 °C and 220 

rpm in an Excella® E25 shaking incubator. The monoclonal ELISA was performed 

according to the above amended protocol. However, no signal was observed in any of 

the test wells.  

2.2.2.17 Colony pick PCR of panning input and output phage 

This experiment was performed in order to determine if the scFv gene-insert remained 

present before and after round 4 of panning. Using the soluble expression plates from 

Section 2.2.2.15, 8 colonies were picked each from round 4 input and round 4 output 

plates and grown separately in 200 µL SB containing 100 µg/mL carbenicillin overnight 

at 37 °C. This was done to ensure that enough DNA template would be available for 

PCR analysis. A PCR master mix was prepared as described in Table 2.25. The master 

mix was divided into seventeen 49 µL aliquots. Eight tubes were labelled Round 4 Input 

and another 8 tubes were labelled Round 4 Output. One tube was used as a negative 

control. A 1 µL sample was taken from each of the overnight cultures and added to its 
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designated tube. For the negative control reaction, 1 µL of SB containing 100 µg/mL 

carbenicillin was added to the negative control tube. The PCR was carried out as per the 

conditions described in Table 2.18 in a Rotor-Gene 6000 Thermal Cycler. The PCR 

products were separated on a 1% (w/v) agarose gel stained with SYBR® Safe at 100 V 

for 35 min. A Hyperladder™ 1kb Plus was used as molecular size markers. 

Table 2.25: Colony pick PCR master mix composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 425 1x 

RSC-F 8.5 1 µM 

RSC-B 8.5 1 µM 

Molecular grade H2O 408 - 

  

2.2.2.18 Determination of wtM13 response towards AZA1 by indirect ELISA 

The purpose of this experiment was to determine the extent of the binding of wtM13 to 

AZA1 by indirect ELISA. Using a Nunc Maxisorb™ 96-well plate, the test wells and 

control wells were coated with 5 µg/mL AZA1-BSA and 5 µg/mL BSA, respectively, 

for 1 h at 37 °C. The liquid was then removed. Each well was blocked with 200 µL of 

5% (w/v) MM and incubated for 1 h at 37 °C. The wells were washed 1x with PBS (150 

mM, pH 7.4). A 1:5 serial dilution range of wtM13 and the eluted phage of Round 4 

were prepared in 5% (v/v) MM from 1:10 to 1:6,250. Furthermore, as another point of 

comparison, the response of a phage library that was raised against pancreatic tumour 

markers was also tested against AZA1-BSA, i.e. an scFv library that was heavily biased 

towards pancreatic tumour marker antigens that was displayed on M13 phage. This anti-

pancreatic cancer phage library was diluted from 1:20 to 1:1,280 in 5% (w/v) MM. Each 

dilution of phage was added to its designated well in triplicate at 100 µL per well. To 

each of the negative control wells, 100 µL of 5% (w/v) MM without phage was added. 

The plate was incubated at 37 °C for 1 h. The plate was then washed three times with 

PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 20) and PBS (150 mM, pH 7.4). HRP-

labelled anti-M13 secondary antibody was prepared at a 1:5,000 dilution in 5% (w/v) 

MM and added to each well at 100 µL per well. The plate was then washed three times 

with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 20) and PBS (150 mM, pH 7.4). One 

hundred µL TMB was added to each well and the plate was incubated at room 
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temperature on a benchtop shaker for 15 min. The reaction was stopped by the addition 

of 50 µL 10% (v/v) H2SO4 to each well. The absorbance was measured at 450 nm using 

a Tecan Safire
2
 plate-reader. 

2.2.2.19 Conjugation of AZA1 to ovalbumin  

The purpose of this experiment was to develop a new AZA1 conjugate to use for further 

testing of the non-specific binding of non-displaying phage. For this conjugate, 

ovalbumin (OVA) was used as a carrier protein. It was determined that the non-specific 

binding interaction observed may have been due to conjugation chemistry used to 

develop the previous conjugate. Thus, in collaboration with researchers in the School of 

Chemical Sciences in DCU, the following conjugation method was developed. This 

method was a modified version of the previous conjugation (Section 2.2.2.1) but 

included a number of amendments to improve the efficiency of conjugation. Firstly, 

when used alone, EDC forms a highly reactive intermediate when coupled to the 

carboxylic acid-containing reagent (AZA1) but the reaction efficiencies are low. The 

inclusion of N-hydroxysuccinimide (NHS) or sulfo-NHS (which is the water-soluble 

analogue) allows for the formation of a semi-stable ester intermediate upon reaction 

with EDC and the carboxylic acid. There are issues with the use of NHS intermediates, 

as they begin to hydrolyse rapidly at elevated pH levels (especially greater than pH 8). 

The solution to this issue was to perform the coupling in two steps. The first step 

involved stably forming the NHS-intermediate in water-free organic solvents. The use 

of DMSO allows for direct miscibility of the NHS-intermediate reaction solution with 

the buffer which contains the protein. In the second step a buffer with a pH > 7 must be 

used to promote reaction of neutral amines on the protein, thus PBS (150 mM, pH 7.4) 

was used.  

Three hundred µg of AZA1 (1 molar equivalent) was dried under nitrogen stream in a 

glass vial. Next, 775 µg sulfo-NHS (10 molar equivalent) and 1,400 µg EDC (20 molar 

equivalent) were dissolved in 200 µL DMSO and added to the reaction vial. The 

reaction was stirred to ensure full dissolution of the reagents before 100 µL pyridine 

was added to raise the pH to > 7. The reaction was left to stir overnight in the sealed 

vial at room temperature in the dark. The mixture was then diluted with 600 µL sterile 

filtered PBS (150 mM, pH 7.4) and allowed to mix thoroughly. To the reaction vial was 

added 80 µL of 20 mg/mL OVA in PBS (150 mM, pH 7.4) (1,600 µg OVA, 0.1 molar 
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equivalent). The molar ratio of AZA1 to the OVA carrier protein was 10:1 to ensure 

high coupling efficiency, i.e. to ensure that AZA1 would be presented on a large 

number of sites per OVA molecule. The vial was sealed and the mixture was stirred 

overnight at room temperature in the dark. Membrane ultrafiltration was carried using a 

10,000 MWCO Viva spin-column out to remove any reaction by-products (such as 

urea) and retain the AZA1-OVA conjugate. The conjugate was reconstituted into PBS 

(150 mM, pH 7.4) with 15% (v/v) glycerol. The protein concentration of the AZA1-

OVA conjugate was determined by BCA assay (as per Section 2.2.1.4). 

2.2.2.20 Testing AZA1-OVA conjugate with mouse B antiserum and wtM13 

The purpose of this experiment was to determine if the AZA1-OVA conjugation 

reaction was successful. This was determined by measuring the response of the mouse B 

antiserum to the AZA1-OVA conjugate. In addition, the response of wtM13 towards the 

new AZA1-OVA conjugate was measured to evaluate any non-specific binding of the 

phage to the conjugate. A 96-well Nunc Maxisorb
™

 plate was coated with 100 µL per 

well of 5 µg/mL of AZA1-OVA. The control wells were coated with 100 µL per well of 

5 µg/mL OVA. The plate was incubated at 37 °C for 1 h. The liquid was then removed. 

Each well was blocked with 200 µL of 5% (w/v) MM and incubated at 37 °C for 1 h. 

The liquid was then removed. The mouse B antiserum was diluted in doubling dilutions 

from 1:400 to 1:12,800 in 5% (w/v) MM. The wtM13 phage was diluted in doubling 

dilutions from 1:100 to 1:800. A negative control was also included, which omitted the 

serum and wtM13. One hundred μL of each dilution and negative control was added to 

the plate incubated at 37 °C for 1 h.  The wells were then rinsed three times with PBS-T 

(150 mM, pH 7.4, 0.05% (v/v) Tween 20) and PBS (150 mM, pH 7.4). HRP-labelled 

anti-mouse IgG was diluted at 1:10,000 in 5% (w/v) MM and 100 µL was placed into 

the mouse B antiserum wells.  HRP-labelled anti-M13 secondary antibody was prepared 

at a 1:5,000 dilution in 5% (w/v) MM and added to the wtM13 wells at 100 µL per well. 

The plate was incubated at 37 °C for 1 h. The wells were then rinsed three times with 

PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 20) and PBS (150 mM, pH 7.4). TMB 

was added at 100 µL per well. The plate was incubated at 37 °C for 15 min. Ten percent 

(v/v) H2SO4 was added at 50 µL per well to stop the colourimetric reaction. The 

absorbance was measured at 450 nm using a Tecan Safire
2 

plate-reader.  
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2.2.2.21 Re-construction of anti-AZA1 scFv library 

Given that the first antibody library was relatively small (of the order of 10
5
 clones), it 

was decided to re-construct the anti-AZA1 scFv library, so as generate a larger library 

with greater diversity. The antibody library was constructed as per Sections 2.2.2.6 – 

2.2.2.11. After transformation of the scFv-pComb3XSS vector into E. coli, the antibody 

library size was determined and a colony pick PCR was carried out as per Section 

2.2.2.12 but included the following amendment; in place of the CSC-F and CSC-B 

primers, the OmpSeq and Gback primers were used. 

2.2.2.22 Re-screening the new anti-AZA1 scFv library by panning using AZA1-

OVA 

This experiment used the same method as Section 2.2.2.13 above but included the 

following amendment; the AZA1-OVA coating concentration for rounds 1 – 4 was 50, 

25, 10 and 5 µg/mL, respectively.  

2.2.2.23 Polyclonal ELISA of panning output phage 

Following 4 rounds of panning, a polyclonal phage ELISA was carried out. The test 

wells were coated with 5 µg/mL AZA1-OVA for 1 h at 37 °C. The liquid was then 

removed. Each well was blocked with 200 µL of 5% (w/v) MM and incubated for 1 h at 

37 °C. The wells were then washed 2x with PBS (150 mM, pH 7.4). The phage from 

each round and wtM13 were diluted to 10
10

 pfu/mL in 5% (w/v) MM and 100 µL was 

added to the designated wells in triplicate. The negative control consisted of 5% (w/v) 

MM without phage. The plate was incubated at room temperature on a benchtop shaker 

for 1.5 h. The plate was then washed three times with PBS-T (150 mM, pH 7.4, 0.05% 

(v/v) Tween 20) and PBS (150 mM, pH 7.4). HRP-labelled anti-M13 secondary 

antibody was prepared at 1:5,000 dilution in 5% (w/v) MM and added to each well at 

100 µL per well. The plate was then washed three times with PBS-T (150 mM, pH 7.4, 

0.05% (v/v) Tween 20) and PBS (150 mM, pH 7.4). One hundred µL TMB was added 

to each well and the plate was incubated at room temperature on a benchtop shaker for 

10 min. The reaction was stopped by the addition of 50 µL 10% (v/v) H2SO4 to each 

well. The absorbance was measured at 450 nm using a Tecan Safire
2
 plate-reader. Data 

was analysed by one-way analysis of variance (ANOVA) using GraphPad Prism. If the 

ANOVA table was significant (P < 0.05), post-hoc analysis was performed using 

Newman-Keuls’ test. 
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2.2.2.24 Development of an assay to measure AZA1 using polyclonal mouse 

antiserum 

The purpose of these experiments was to develop an assay to measure AZA1 in solution 

using the polyclonal antiserum obtained from Mouse B. 

2.2.2.24.1 Optimisation of Mouse B antiserum dilution and AZA1-OVA coating 

concentration by checkerboard ELISA 

The purpose of this experiment was to determine an optimal dilution factor of the mouse 

B antiserum and an optimal coating concentration of AZA1-OVA. The aim was to find 

a concentration of each of these components that would produce a response that was 

significantly different to the negative control and that allowed for the most economical 

use of the limited antiserum and toxin stocks. A series of dilutions of AZA1-OVA were 

prepared in PBS (150 mM, pH 7.4), ranging from 10 to 0.625 µg/mL and a 0 µg/mL 

solution was also prepared, which served as a negative control. A 96-well Nunc 

Maxisorb
™

 plate was coated with 100 µL per well of each AZA1-OVA dilution. The 

plate was incubated at 37 °C for 1 h. The liquid was then removed. Each well was 

blocked with 200 µL of 5% (w/v) MM and incubated at 37 °C for 1 h. The liquid was 

then removed. A dilution series of the Mouse B antiserum was prepared in 5% (w/v) 

MM, ranging from 1:200 to 1:12,800. One hundred microlitres of each antiserum 

dilution was placed into each well and the plate was incubated at 37 °C for 1 h. The 

wells were then rinsed three times with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 

20) and PBS (150 mM, pH 7.4). HRP-labelled anti-mouse IgG was diluted at 1:10,000 

in 5% (w/v) MM and 100 µL was placed into each well. The plate was incubated at 37 

°C for 1 h. The wells were then rinsed three times with PBS-T (150 mM, pH 7.4, 0.05% 

(v/v) Tween 20) and PBS (150 mM, pH 7.4). TMB was added at 100 µL per well. The 

plate was incubated at 37 °C for 15 min. Ten percent (v/v) H2SO4 was added at 50 µL 

per well to stop the colourimetric reaction. The absorbance was measured at 450 nm 

using a Tecan Safire
2 

plate-reader. 

2.2.2.24.2 Development of competitive assay to detect AZA1 using polyclonal 

murine IgG  

The purpose of this experiment was to develop a competitive assay to determine the 

binding characteristics of the antiserum obtained from the final bleed of Mouse B. A 96-

well Nunc Maxisorb
™

 plate was coated with 100 µL per well of 5 µg/mL of AZA1-
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OVA. The plate was incubated at 37 °C for 1 h. The liquid was then removed. Each 

well was blocked with 200 µL of 5% (w/v) MM and incubated at 37 °C for 1 h. The 

liquid was then removed. The Mouse B antiserum and free AZA1 were mixed in equal 

volumes and allowed to incubate at room temperature for 1 h before being added onto 

the ELISA plate at 100 µL per well in triplicate. The final dilution factor of the Mouse 

B antiserum was 1:200 in 5% (w/v) MM. The final AZA1 concentrations ranged from 

1,400 to 0.015 ng/mL. The wells were then rinsed three times with PBS-T (150 mM, pH 

7.4, 0.05% (v/v) Tween 20) and PBS (150 mM, pH 7.4). HRP-labelled anti-mouse IgG 

was diluted at 1:10,000 in 5% (w/v) MM and 100 µL was placed into each well. The 

plate was incubated at 37 °C for 1 h. The wells were then rinsed three times with PBS-T 

(150 mM, pH 7.4, 0.05% (v/v) Tween 20) and PBS (150 mM, pH 7.4). TMB was added 

at 100 µL per well. The plate was incubated at 37 °C for 15 min. Ten percent (v/v) 

H2SO4 was added at 50 µL per well. The absorbance was measured at 450 nm using a 

Tecan Safire
2 

plate-reader. 

 

2.2.3 Elucidating Microcystin-LR-antibody interactions by in silico docking and 

in vitro mutagenesis 

2.2.3.1 SwissModel and CASTp modelling of anti-MC-LR scFv (2G1)  

A 3D model of the 2G1 scFv was generated using SwissModel (Guex et al., 2009; 

Biasini et al., 2014) using PDB 4p48.1.A as a template, which shared 85.41% sequence 

identity. 4p48.1.A is a chicken anti-cardiac Troponin I scFv, the crystal structure of 

which was elucidated using X-ray diffraction to a resolution of 1.35 Å (Conroy et al., 

2014). The SwissModel-generated 2G1 model was saved as .pdb format and uploaded 

to Computed Atlas of Surface Topography of proteins (CASTp) database to determine 

the location and size of the pockets in the 3D structure (Dundas et al., 2006).  

2.2.3.2 Docking MC-LR into anti-MC-LR scFv (2G1) using AutoDock 

All docking experiments were carried out using AutoDock Vina according to Huey et 

al. (2012). The 2G1.pdb file from SwissModel was opened in AutoDock Tools (ADT). 

To process the .pdb model for docking, the following edits were made; water molecules 

were deleted, hydrogen atoms were added and non-polar hydrogens were subsequently 

merged, and charges were computed using the Gasteiger method. The MC-LR 3D 
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structure .pdb file was acquired from PDB (code: 1LCM) (Trogen et al., 1996). 

1LCM.pdb was inputted into ADT and the Torsion Tree root was detected. 2G1 and 

1LCM were saved as .pdbqt files. A grid box was set up to encompass the pocket 

identified by CASTp. The grid box XYZ dimensions were 20, 20, and 20 Å, 

respectively, with the grid centre XYZ coordinates at 47.65, 9.37 and 3.91, respectively. 

For flexible side chain docking, the residues L-Y49, H-E101 and H-E102 were assigned 

flexibility. The highest ranked, lowest energy docking pose was used as the basis for 

further work. 

2.2.3.3 Preparation of MC-LR-BSA conjugate 

MC-LR-BSA conjugates were prepared using an Imject™ EDC BSA Spin Kit, as per 

the manufacturer’s instructions. Briefly, 500 µg MC-LR was dissolved in Imject™ EDC 

conjugation buffer and mixed with 10 mg/mL BSA solution. This hapten-carrier 

solution was added to 10 mg EDC and incubated at room temperature with constant 

mixing for 2 h. The conjugate was purified by desalting using the provided desalting 

spin column. The purified MC-LR-BSA was aliquoted and stored at -20 °C until used.  

2.2.3.4 Targeted Mutagenesis of 2G1 DNA sequence 

The wild type 2G1 clone plasmid was purified using a NucleoSpin® Plasmid kit, as per 

Section 2.2.1.3. The 2G1 scFv DNA was analysed by Sanger Sequencing (Source 

Bioscience plc, Nottingham, UK). Site-directed mutagenesis was carried out using a 

QuikChange II Mutagenesis kit, as per the manufacturer’s instructions. The site-specific 

primers were designed based on the manufacturer’s guidelines and the primer sequences 

are shown in Table 2.26. The targeted mutagenesis reactions were prepared according to 

Table 2.27 and reactions were run in a Rotor-Gene 6000 Thermal Cycler as described in 

Table 2.28. Following the mutagenesis reaction, the reaction tubes were placed on ice to 

reduce the temperature to below 37 °C. One µL of DpnI restriction enzyme was added 

directly to each completed reaction and incubated at 37 °C for 1 h to digest the template 

DNA plasmid. The mutant plasmids were transformed into XL1 E. coli by heat-shock 

treatment as follows. XL1 E. coli were gently thawed on ice. For each reaction, 50 µL 

of thawed E. coli were placed into a 15 mL tube. Following this, 1 µL of DpnI-digested 

DNA was added to the E. coli and incubated on ice for 30 min. The tube was heat-

pulsed for 45 s at 42 °C and placed on ice for 2 min. To rescue the heat-pulsed E. coli, 

0.5 mL of NZY
+
 broth that was preheated to 42 °C was added to the cells and incubated 
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at 37 °C for 1 h with shaking at 250 rpm in an Excella® E25 shaking incubator. The 

transformed cells were streaked onto LB agar plates supplemented with 100 µg/mL 

carbenicillin (250 µL of transformed cells per plate) and incubated at 37 °C overnight. 

Colonies were picked and the presence of the scFv gene insert was confirmed by PCR 

as per Section 2.2.2.12. The mutant plasmids were purified using the NucleoSpin® 

Plasmid kit as per Section 2.2.1.3 and these were analysed by Sanger Sequencing to 

confirm the amino acid residue changes. These DNA sequences were aligned using 

Clustal Omega (Sievers et al., 2014). 

 

Table 2.26: Binding site mutagenesis primer sequences. 

Primer name Primer sequence 

L-Y49A F 5′ – TTCACCTTCAGCAGTGCCAACATGGGTTGGGTG – 3′ 

L-Y49A R 5′ – CACCCAACCCATGTTGGCACTGCTGAAGGTGAA – 3′ 

L-P55A F 5′ – CAAAACACCAAGAGGGCCTCGGACATCCCTTCA – 3′ 

L-P55A R 5′ – TGAAGGGATGTCCGAGGCCCTCTTGGTGTTTTG – 3′ 

L-S56A F 5′ – AACACCAAGAGGCCCGCGGACATCCCTTCACGA – 3′ 

L-S56A R 5′ – TCGTGAAGGGATGTCCGCGGGCCTCTTGGTGTT – 3′ 

L-D57A F 5′ – ACCAAGAGGCCCTCGGCCATCCCTTCACGATTCTCC – 3′ 

L-D57A R 5′ – GGAGAATCGTGAAGGGATGGCCGAGGGCCTCTTGGT – 3′ 

H-L2A F 5′ – GGTGGCTCTTCCGCCGCGACGTTGGACGAGTCC – 3′ 

H-L2A R 5′ – GGACTCGTCCAACGTCGCGGCGGAAGAGCCACC – 3′ 

H-Y32A F 5′ – TTCACCTTCAGCAGTGCCAACATGGGTTGGGTG – 3′ 

H-Y32A R 5′ – CACCCAACCCATGTTGGCACTGCTGAAGGTGAA – 3′ 

H-E101A F 5′ – GCCAAAGGTAATATTAACATCGCAGAATGGGGCCACG 

GGACCGAA – 3′ 

H-E101A R 5′ – TTCGGTCCCGTGGCCCCATTCTGCGATGTTAATATTAC 

CTTTGGC – 3′ 

H-E102A F 5′ – GCCAAAGGTAATATTAACATCGAAGCATGGGGCCAC 

GGGACCGAA – 3′ 

H-E102A R 5′ – TTCGGTCCCGTGGCCCCATGCTTCGATGTTAATATTAC 

CTTTGGC – 3′ 

L-D57N F 5′ – ACCAAGAGGCCCTCGAACATCCCTTCACGATTCTCC – 3′ 
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L-D57N R 5′ – GGAGAATCGTGAAGGGATGTTCGAGGGCCTCTTGGT – 3′ 

L-D57Y F 5′ – CCAAGAGGCCCTCGTACATCCCTTCACGATTCTCC – 3′ 

L-D57Y R 5′ – GGAGAATCGTGAAGGGATGTACGAGGGCCTCTTGG – 3′ 

H-E102Q F 5′ – GCCAAAGGTAATATTAACATCGAACAATGGGGCCAC 

GGGACCGAA – 3′ 

H-E102Q R 5′ – TTCGGTCCCGTGGCCCCATTGTTCGATGTTAATATTAC 

CTTTGGC – 3′ 

 

Table 2.27: QuikChange Mutagenesis reaction composition. 

Component Volume (µL) Working concentration 

10x Reaction Buffer 5 1x 

dsDNA template 2.5 1 ng/µL 

Forward primer 0.9 2.5 ng/µL 

Reverse Primer 0.9 2.5 ng/µL 

dNTP mix 1 - 

Molecular grade H2O 36.7 - 

QuikSolution 3 - 

PfuUltra High Fidelity 

DNA polymerase 

1 0.05 U/µL 

 

Table 2.28: QuikChange Mutagenesis reaction conditions. 

Stage Temperature (°C)           Time 

Initialisation 95 60 s 

Denaturation 95 30 s 

Annealing 60 60 s                x  18 cycles 

Extension 68 4 min 

Final Extension 68 7 min 

 

2.2.3.5 Expression of 2G1 wild type and mutant scFv 

Overnight cultures of the 2G1 wild type and mutant clones were prepared by 

inoculating individual colonies into 5 mL SB with 100 µg/mL carbenicillin. These 

cultures were grown at 37 °C, 220 rpm overnight. The following day, these overnight 
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cultures were subcultured at a ratio of 1:100 into 50 mL SB supplemented with 100 

µg/mL carbenicillin, 0.5% (v/v) glycerol and 0.05% (w/v) glucose. The cultures were 

grown at 37 °C, 220 rpm until an OD600 of 0.4 was reached. At this point, the cultures 

were induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and were 

incubated at 30 °C, 220 rpm for 16 h. The cells were collected by centrifugation at 

3,200 x g in an Eppendorf 5810R centrifuge (rotor: A-4-62) for 20 min. The pellet was 

resuspended in PBS (150 mM phosphate buffer saline, pH 7.2) supplemented with 

cOmplete™ ULTRA protease inhibitor cocktail. To lyse the cells and release the 

intracellular scFv, the resuspended pellets were sonicated using a Branson Digital 

Sonfier (Emerson Electric, St. Louis, MO, USA) at 40% output for 3 min, with a pulse 

duration of 6 s on and 6 s off. The lysed cell debris was pelleted at 15,500 x g in an 

Eppendorf 5810R centrifuge (rotor: F45-30-11) for 20 min. The supernatant was 

collected and stored at -20 °C until used. 

2.2.3.6 SDS-PAGE and Western blotting 

In order to confirm the presence of the 2G1 wild type and mutant scFv in lysates, they 

were tested by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and Western blotting. Briefly, each lysate was diluted to 1:5 in PBS (150 mM, pH 7.2) 

(representing the lowest dilution tested in an indirect ELISA). PBS (150 mM, pH 7.2) 

without lysate was included as a negative control. Equal volumes of the lysates were 

loaded and separated on 12.5% (v/v) acrylamide gels at 110 V for 1.5 h. For SDS-

PAGE, the gel was treated with Instant Blue stain at room temperature on a plate rocker 

for 15 min. The stained gel was imaged using a BioRad EZ Imager. For the Western 

blots, the proteins were transferred to a nitrocellulose membrane using a Pierce G2 Fast 

Blotter. After the transfer, the membrane was blocked using 5% (w/v) MM at room 

temperature on a plate rocker for 1 h. The membrane was probed with HRP-labelled 

anti-HA secondary antibody diluted to 1:2,000 in MM at room temperature on a plate 

rocker for 1 h. The membrane was washed three times each with PBS-T (150 mM, pH 

7.2, 0.05% (v/v) Tween-20) and PBS (150 mM, pH 7.2). TMB was added to the 

membrane and incubated at room temperature for 5 min until colour formation was 

observed. 
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2.2.3.7 Indirect ELISA of 2G1 mutant lysates 

A Nunc MaxiSorp™ 96-well plate was coated with 5 µg/mL MC-LR-BSA in PBS (150 

mM, pH 7.2) (100 µL/well) and incubated at 37 °C for 1 h. The plate was blocked with 

5% (w/v) MM (200 µL/well) and incubated at 37 °C for 1 h. The antibody lysates were 

serially diluted from 1:5 to 1:1.95 x 10
6
 in 5% (w/v) MM. For a negative control, 5% 

(w/v) MM without lysate was used. The lysate samples were incubated on the coated 

and blocked multiwell plates (100 µL/well) for 1 h at 37 °C. Following this, the wells 

were washed three times each with PBS-T (150 mM, pH 7.2, 0.05% (v/v) Tween-20) 

and PBS (150 mM, pH 7.2). A HRP-labelled anti-HA secondary antibody diluted to 1 in 

2,000 in 5% (w/v) MM was added to each well (100 µL/well) and incubated at 37 °C 

for 1 h. A wash step was performed as above. TMB was added to each well (100 

µL/well) and incubated at room temperature on a plate shaker for 15 min. 10% (v/v) 

HCl was added to each well (50 µL/well) to stop the colourimetric reaction. The 

absorbance was measured using a Tecan Safire
2
 at 450 nm. 

2.2.3.8 Competitive ELISA of 2G1 mutant lysates 

A Nunc MaxiSorp™ 96-well plate was coated with 5 µg/mL MC-LR-BSA in PBS (150 

mM, pH 7.2) (100 µL/well) and incubated at 37 °C for 1 h. The plate blocked with 5% 

(w/v) MM (200 µL/well) and incubated at 37 °C for 1 h. Each antibody lysate solution 

was diluted in 5% (w/v) MM such that it should produce a maximum absorbance of 1, 

as determined by indirect ELISA. Tests for 2G1 wild type and mutants were carried out 

in triplicate (n = 3). MC-LR standard (free MC-LR) was used in the competition step at 

a range of concentrations from 5,000 to 0.76 ng/mL. A 0 ng/mL MC-LR sample was 

also prepared in order to determine the maximum absorbance of each antibody. In order 

to ensure solubility of MC-LR at this range of concentrations, each antibody-MC-LR 

sample included methanol at a final concentration of 0.5% (v/v). The antibody-MC-LR 

samples were incubated on the coated and blocked multiwell plates (100 µL/well) for 1 

h at 37 °C. Following this, the wells were washed three times each with PBS-T (150 

mM, pH 7.2, 0.05% (v/v) Tween-20) and PBS (150 mM, pH 7.2). A HRP-labelled anti-

HA secondary antibody diluted to 1 in 2,000 in 5% (w/v) MM was added to each well 

(100 µL/well) and incubated at 37 °C for 1 h. A wash step was performed as above. 

TMB was added to each well (100 µL/well) and incubated at room temperature on a 

plate shaker for 15 min. To stop the colourimetric reaction, 10% (v/v) HCl was added to 

each well (50 µL/well). The absorbance was measured using a Tecan Safire
2
 at 450 nm.   
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2.2.4 Optimisation of anti-MC-LR scFv stability and solubility by targeted 

mutagenesis 

2.2.4.1 In silico modelling 

The 3D 2G1 scFv model was generated according to Section 2.2.3.1. To identify 

surface-exposed hydrophobic amino acid (AA) residues, the 2G1 model surface was 

coloured according to the Kyte-Doolittle hydrophobicity scale using University of 

California, San Francisco (UCSF) Chimera 1.12 software (Pettersen et al., 2004).  The 

theoretical isoelectric point (pI) values for the wild type, single mutant and triple 

mutants were determined using the Protein-Sol online tool (Hebditch et al., 2017). 

2.2.4.2 QuikChange mutagenesis 

The aim of this experiment was to introduce charged residue mutations into the 2G1 

structure at positions of surface-exposed hydrophobic residues. This experiment was 

carried out as per Section 2.2.3.4, but using the mutagenesis primers listed in Table 

2.29. 

Table 2.29: Stability mutagenesis primer sequences. 

Primer name Sequence 

L124D – F 
5’ – GGACAACCCTGACCGTCGATGGTGGTTCCTCTGGAT 

CTTCC – 3’ 

L124D – R 
5’ – GGAAGATCCAGAGGAACCACCATCGACGGTCAGGG 

TTGTCC – 3’ 

L124R – F 5’ – CAACCCTGACCGTCCGAGGTGGTTCCTCTGG – 3’ 

L124R – R 5’ – CCAGAGGAACCACCTCGGACGGTCAGGGTTG – 3’ 

L153D – F 
5’ – CGAGTCCGGGGGCGGCGACCAGACGCCCGGAGG 

AGC – 3’ 

L153D – R 
5’ – GCTCCTCCGGGCGTCTGGTCGCCGCCCCCGGAC   

TCG – 3’ 

L153R – F 5’ – GAGTCCGGGGGCGGCCGCCAGACGCCCGGAGG – 3’ 

L153R – R 5’ – CCTCCGGGCGTCTGGCGGCCGCCCCCGGACTC – 3’ 

I255D – F 
5’ – CCACGGGACCGAAGTCGACGTCTCCTCCACTA   

GTGG – 3’ 
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I255D – R 5’ – CCACTAGTGGAGGAGACGTCGACTTCGGTCCCG  

TGG – 3’ 

I255R – F 5’ – CACGGGACCGAAGTCCGCGTCTCCTCCACTAG – 3’ 

I255R – R 5’ – CTAGTGGAGGAGACGCGGACTTCGGTCCCGTG – 3’ 

 

2.2.4.3 Small-scale expression of ‘stability mutant’ scFv fragments 

The small-scale expression of each ‘stability mutant’ clone was carried out as per 

Section 2.2.3.5. 

2.2.4.4 Indirect ELISA of 2G1 ‘stability mutant’ lysates 

The purpose of this experiment was to determine the binding response of each mutant 

lysate and to determine a suitable dilution factor to provide a binding response of ≈1 

absorbance unit. This dilution factor would then be subsequently used in a competitive 

ELISA.  

A 96-well Nunc Maxisorb
™

 plate was coated with 100 µL per well of 5 µg/mL MC-LR-

BSA. The plate was incubated at 37 °C for 1 h. The liquid was then removed. Each well 

was blocked with 200 µL of 5% (w/v) MM and incubated at 37 °C for 1 h. The liquid 

was then removed. A dilution series of each mutant lysate from Section 2.2.4.3 was 

prepared in 5% (w/v) MM, ranging from 1:5 to 1:1.95 x 10
6
. One hundred microlitres of 

each lysate dilution was placed into each well in triplicate. The plate was incubated at 

37 °C for 1 h. The wells were then rinsed three times with PBS-T (150 mM, pH 7.2, 

0.05% (v/v) Tween-20) and PBS (150 mM, pH 7.2). HRP-labelled anti-HA secondary 

antibody was diluted at 1:2,000 in 5% (w/v) MM and 100 µL was placed into each well. 

The plate was incubated at 37 °C for 1 h. The wells were then rinsed three times with 

PBS-T (150 mM, pH 7.2, 0.05% (v/v) Tween-20) and PBS (150 mM, pH 7.2). TMB 

was added at 100 µL per well. The plate was incubated at 37 °C for 15 min. Ten percent 

(v/v) H2SO4 was added at 50 µL per well. The absorbance was measured at 450 nm 

using a Tecan Safire
2 

plate-reader. 

2.2.4.5 Competitive ELISA 

The introduction of mutations into the framework regions of the 2G1 wild type may 

cause changes in the overall scFv structure, which may impact the binding-ability of the 

antibody. The purpose of this experiment was to determine if any of the mutations 
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carried out had any deleterious effects on the binding response of the antibody to MC-

LR. 

A 96-well Nunc Maxisorb
™

 plate was coated with 100 µL per well of 5 µg/mL MC-LR-

BSA in PBS (150 mM, pH 7.2). The plate was incubated at 37 °C for 1 h. The liquid 

was then removed. Each well was blocked with 200 µL of 5% (w/v) MM and incubated 

at 37 °C for 1 h. The liquid was then removed. Each antibody lysate solution from 

2.2.4.3 was diluted such that it should produce a maximum absorbance of 1, as 

determined by indirect ELISA. Free MC-LR was used in the competition step at a range 

of concentrations from 5,000 to 0.76 ng/mL. A 0 ng/mL MC-LR sample was also 

prepared in order to determine the maximum absorbance of each antibody. In order to 

ensure solubility of MC-LR at this range of concentrations, each antibody-MC-LR 

sample included methanol at a final concentration of 0.5% (v/v). Each lysate sample and 

free MC-LR dilution was placed into each well in triplicate. The plate was incubated at 

37 °C for 1 h. The wells were then rinsed three times with PBS-T (150 mM, pH 7.2, 

0.05% (v/v) Tween-20) and PBS (150 mM, pH 7.2). HRP-labelled anti-HA secondary 

antibody was diluted at 1:2,000 in 5% (w/v) MM and 100 µL was placed into each well. 

The plate was incubated at 37 °C for 1 h. The wells were then rinsed three times with 

PBS-T (150 mM, pH 7.2, 0.05% (v/v) Tween-20) and PBS (150 mM, pH 7.2). TMB 

was added at 100 µL per well. The plate was incubated at 37 °C for 15 min. Ten percent 

(v/v) H2SO4 was added at 50 µL per well. The absorbance was measured at 450 nm 

using a Tecan Safire
2 

plate-reader. 

2.2.4.6 Large-scale expression and purification 

The aim of this procedure was to express and purify each of the ‘stability mutant’ clones 

in order to determine the effect of the mutations on protein yield. In addition, it was 

desired to produce enough antibody to facilitate further experiments. 

The expression of each clone was carried out as per Section 2.2.4.3, but included the 

following amendments: 

 After culturing each clone in 5 mL SB overnight, they were sub-cultured into 

200 mL SB supplemented with 100 µg/mL carbenicillin, 0.5% (v/v) glycerol and 

0.05% (w/v) glucose.  
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 For resuspending the centrifuged cell pellet, in place of PBS (150 mM, pH 7.2), 

equilibration buffer was used and it was supplemented with cOmplete™ 

ULTRA protease inhibitor cocktail.  

After resuspending the lysate in equilibration buffer, the scFv was purified from the 

lysate as follows. One millilitre of IMAC resin (1:1 mixture of resin with 20% (v/v) 

ethanol) was added to a plastic column. The resin was allowed to settle and the ethanol 

storage solution was removed, producing a final resin volume of 500 µL. The IMAC 

column was equilibrated by the addition of 10 mL equilibration buffer. The resuspended 

lysate was applied to the equilibrated IMAC column. The column was sealed and mixed 

on a benchtop roller for 2 h at room temperature to allow the HIS-tagged scFv 

molecules to bind to the nickel resin in solution. Following this, the resin was settled 

and the lysate was passed through. Eight millilitres of wash buffer A was passed 

through the column followed by 8 mL of wash buffer B to remove non-specifically 

bound proteins from the resin. Five millilitres of elution buffer was applied to the 

column and 0.5 mL fractions were collected. The protein concentration was measured at 

280 nm using a NanoDrop ND-1000. The elution fractions containing observable levels 

of protein were pooled and buffer exchanged with 0.2 µm-filtered PBS (150 mM, pH 

7.2) using a 10,000 MWCO VivaSpin column.  

A BCA assay was carried out to determine the concentration of each antibody sample as 

per Section 2.2.1.4. Protein yields were determined by multiplying the concentration 

measured by the volume of sample. SDS-PAGE and Western blot analyses were also 

carried out on the lysate, flow through, wash A, wash B, elution and concentrated 

elution samples as per Section 2.2.3.6. Following imaging of the SDS-PAGE gels, the 

images were processed and analysed using the ‘enhance contrast’ feature in ImageJ 

software (Schindelin et al., 2012) in order to quantitatively measure the pixel intensity 

of the protein bands. In the concentrated elution lanes from each sample, the bands 

observed at approximately 25 kDa and 55 kDa, (corresponding to the monomeric scFv 

and the aggregated dimerised scFv, respectively) were analysed for pixel intensity. For 

the six clones, between 25,000 and 50,000 pixels were analysed and the mean pixel 

intensity was determined. The ratio of band intensity was determined as the mean pixel 

intensity of the ~25 kDa band divided by the mean pixel intensity of the ~55 kDa band. 
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2.2.4.7 Measurement of the solubility of the 2G1 wild type and ‘stability mutant’ 

clones 

The aim of this experiment was to determine the solubility of each antibody mutant 

when exposed to different conditions. The theory was that, as each mutant came out of 

solution it would be removed by high speed centrifugation. The protein concentration of 

the remaining solution would then be measured to determine the amount of remaining 

soluble protein. To determine the native solubility, each clone was incubated at 25 °C 

for a set duration, ranging from 0 – 6 days. To determine the non-native solubility, each 

clone was incubated at a set temperature, ranging from 25 – 95 °C, for 20 min followed 

by cooling to 25 °C for 20 min.  

Each antibody clone solution was diluted to 300 µg/mL and 30 µL was aliquoted per 

tube. Each sample was exposed to the various treatments in triplicate. Each sample was 

centrifuged at 10,000 x g for 20 min in an Eppendorf 5810R centrifuge (rotor: F45-30-

11). Twenty five microlitres of the supernatant was transferred to a multiwell plate and 

a BCA assay was carried out as per Section 2.2.1.4. Data were analysed by ANOVA 

using GraphPad Prism 5.0. If the ANOVA table was significant (P < 0.05), post-hoc 

analysis was performed using Dunnett’s test. 

2.2.4.8 Measurement of the functional stability of 2G1 wild type and ‘stability 

mutant’ clones by ELISA 

The purpose of this experiment was to determine if the mutation to each surface 

hydrophobic residue changed the functional stability of the antibody; i.e. to test if the 

mutation changed the ability of the antibody to bind to MC-LR at different 

temperatures.  

A 96-well Nunc Maxisorb
™

 plate was coated with 100 µL per well of 5 µg/mL MC-LR-

BSA in PBS (150 mM, pH 7.2). The plate was incubated at 37 °C for 1 h. The liquid 

was then removed. Each well was blocked with 200 µL of 5% (w/v) MM and incubated 

at 37 °C for 1 h. The liquid was then removed. In order to reduce the chance of protease 

digestion of the scFv molecules, each antibody was diluted to a final concentration of 10 

µg/mL in PBS (150 mM, pH 7.2) supplemented with cOmplete™ ULTRA protease 

inhibitor cocktail. Following this, each clone was treated at a range of temperatures, 

from 4 °C to 70 °C for 1 h. One hundred microlitres of each treated antibody was 

applied to the coated and blocked multiwell plate in triplicate. The plate was incubated 
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at 37 °C for 1 h. The wells were then rinsed three times with PBS-T (150 mM, pH 7.2, 

0.05% (v/v) Tween-20) and PBS (150 mM, pH 7.2). HRP-labelled anti-HA secondary 

antibody was diluted at 1:2,000 in 5% (w/v) MM and 100 µL was placed into each well. 

The plate was incubated at 37 °C for 1 h. The wells were then rinsed three times with 

PBS-T (150 mM, pH 7.2, 0.05% (v/v) Tween-20) and PBS (150 mM, pH 7.2). TMB 

was added at 100 µL per well. The plate was incubated at 37 °C for 15 min. Ten percent 

(v/v) H2SO4 was added at 50 µL per well. The absorbance was measured at 450 nm 

using a Tecan Safire
2 

plate-reader. Data was analysed by ANOVA using GraphPad 

Prism 5.0. If the ANOVA table was significant (P < 0.05), post-hoc analysis was 

performed using Dunnett’s test. 

 

2.2.5 Generation of an avian scFv library for Bacillus cereus 

2.2.5.1 Immunisation of White Leghorn chicken with B. cereus vegetative cells 

The purpose of this immunisation process was to raise an immune response in the host 

towards B. cereus antigens and to allow for subsequent development of polyclonal and 

recombinant anti-B. cereus antibodies. This work was carried out under license number 

B100/2705. For this work, the host was a female White Leghorn Chicken, designated 

‘ABG035’. A pre-bleed was taken 7 d before the initial immunisation. The host was 

immunised via subcutaneous injection with a total of 1 mL of immunogen over 5 

locations on the chicken. The initial immunogen contained 1 x 10
8 

formaldehyde-

inactivated B. cereus cells prepared in a 1:1 mixture with Freund’s Complete Adjuvant. 

All subsequent booster immunogens contained 1 x 10
8 

formaldehyde-inactivated B. 

cereus cells prepared in a 1:1 mixture with Freund’s Incomplete Adjuvant. In total, an 

initial immunisation and 3 booster immunisations were administered. Bleeds were taken 

7 d after each immunisation/booster. To isolate serum from each bleed, the bleed 

sample was allowed to clot at 4 °C overnight. The sample was then centrifuged at 3,200 

x g for 20 min in a benchtop centrifuge (Hermle Z233MK-2). The serum was removed 

and stored at -20 °C until required for use.   

2.2.5.2 Determination of avian immune response to B. cereus by indirect ELISA 

After the third booster immunisation, a serum titre ELISA was carried out to determine 

the response of the chicken using the sera obtained from the pre-bleed and bleed 3. The 
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response was measured against formaldehyde-inactivated B. cereus vegetative cells. A 

96-well Nunc Maxisorb
™

 plate was coated with 100 µL per well of 8 x 10
7
 cells/mL in 

PBS (150 mM, pH 7.4). The plate was incubated at room temperature for 2 h. The liquid 

was then removed. Each well was blocked with 200 µL of 3% (w/v) BSA in PBS (150 

mM, pH 7.4) and incubated at 4 °C overnight. The liquid was then removed. Each 

serum sample was diluted to the following dilutions in 1% (w/v) BSA in PBS (150 mM, 

pH 7.4); 1:1,000, 1:5,000, 1:10,000, 1:50,000 and 1:100,000. A negative control was 

also included, which omitted the serum. One hundred μL of each serum dilution and 

negative control was added to the plate in duplicate. The plate was incubated at 37 °C 

for 1 h.  The wells were then rinsed three times with PBS-T (150 mM, pH 7.4, 0.05% 

(v/v) Tween 20) and PBS (150 mM, pH 7.4). HRP-labelled anti-chicken secondary 

antibody was diluted at 1:2,000 in 1% (w/v) BSA in PBS (150 mM, pH 7.4) and 100 µL 

was placed into each well. The plate was incubated at 37 °C for 1 h. The wells were 

then rinsed three times with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 20) and PBS 

(150 mM, pH 7.4). TMB was added at 100 µL per well. The plate was incubated at 37 

°C for 15 min. Ten percent (v/v) H2SO4 was added at 50 µL per well to stop the 

colourimetric reaction. The absorbance was measured at 450 nm using a Tecan Safire
2 

plate-reader. 

2.2.5.3 Purification of polyclonal IgY from an egg of the B. cereus-immunised 

chicken 

An egg from chicken ABG035 was obtained 8 d after the third booster immunisation. In 

order to isolate pure IgY from this egg, an IgY EggPress Purification Kit was used, 

according to the manufacturer’s instructions. Briefly, the egg yolk was separated from 

the white using the egg separator. The yolk was drained into a beaker. 5x volumes of 

cold Reagent A was slowly added to the yolk and this was incubated at 4 °C for 2 h. 

The solution was gently mixed before being centrifuged at 4,000 x g for 15 min in an 

Eppendorf 5810R centrifuge (rotor: A-4-62). The supernatant was removed and an 

equal volume of cold Reagent B was added with continuous stirring for 2 min. This 

solution was incubated at 4 °C for 2 h and centrifuged at 4,000 x g for 15 min in an 

Eppendorf 5810R centrifuge (rotor: A-4-62). The supernatant was discarded and the 

pellet was resuspended in PBS (150 mM, pH 7.4). This IgY solution was passed 

through a 0.2 µm filter and the concentration was measured by absorbance at 280 nm 



 

111 

 

using a Nanodrop™ ND-1000. The IgY solution was dispensed into 1 mL aliquots and 

stored at -80 °C until required for use.  

2.2.5.4 Measurement of specificity of purified polyclonal IgY by ELISA 

The purpose of this experiment was to determine the specificity of the purified IgY by 

indirect ELISA. This was done by measuring the response of multiple concentrations of 

the antibody to formaldehyde-inactivated B. cereus and B. subtilis vegetative cells and 

spores coated onto a multiwell plate. A 96-well Nunc Maxisorb
™

 plate was coated with 

50 µL per well of 1 x 10
7
 cells or spores per mL in PBS (150 mM, pH 7.4). The plate 

was incubated at overnight at 4 °C. The liquid was then removed. Each well was 

blocked with 200 µL of 3% (w/v) BSA in PBS (150 mM, pH 7.4) and incubated at 37 

°C for 1 h. The liquid was then removed. A series dilution of the IgY was prepared in 

1% (w/v) BSA in PBS (150 mM, pH 7.4) from 500 µg/mL to 7.8 µg/mL. As a negative 

control, IgY from the egg of a non-immunised chicken was used. Limited stocks of this 

negative control IgY were available at the time of testing, therefore, it was diluted to 

31.3, 15.6 and 7.8 µg/mL. A negative control was also included, which consisted of 1% 

(w/v) BSA in PBS (150 mM, pH 7.4) without IgY. Fifty microlitres of each IgY 

dilution was added to the plate. Due to the limited stocks of the B. cereus and B. subtilis 

cells and spores available, each test was measured singly. The plate was incubated at 37 

°C for 1 h.  The wells were then rinsed three times with PBS-T (150 mM, pH 7.4, 

0.05% (v/v) Tween 20) and PBS (150 mM, pH 7.4). HRP-labelled donkey anti-chicken 

antibody (Abcam) was diluted to 1:2,000 in 1% (w/v) BSA in PBS (150 mM, pH 7.4) 

and 50 µL was placed into each well. The plate was incubated at 37 °C for 1 h. The 

wells were then rinsed three times with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 

20) and PBS (150 mM, pH 7.4). TMB was added at 100 µL per well. The plate was 

incubated at 37 °C for 15 min. Ten percent (v/v) H2SO4 was added at 50 µL per well. 

The absorbance was measured at 450 nm using a Tecan Safire
2 

plate-reader. 

2.2.5.5 Affinity preparation of IgY polyclonal antibody 

The aim of this experiment was to determine if it is feasible to optimise the affinity of 

the polyclonal IgY using a technique similar to phage display. Due to the high quantity 

of IgY obtained from the purification from egg yolk (60 mL of 5.97 mg/mL IgY = 

358.2 mg of IgY), this could have been a time- and cost-saving exercise. The principle 

applied was that the stock IgY would be exposed to a negative selection step, consisting 
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of B. subtilis spores. Once B. subtilis-specific IgY bound, the spores would be 

centrifuged to remove these IgY (negative selection). The supernatant would then be 

exposed to B. cereus spores to allow B. cereus-specific IgY to bind. These IgY would 

then be isolated by centrifuging the B. cereus spores and discarding the supernatant. The 

B. cereus spores and any bound IgY would then be washed to remove non-specific IgY 

(positive selection). The remaining IgY would then be eluted (positive elution). After 

each step, (negative selection, positive selection, positive elution) a small sample was 

taken to analyse for protein concentration by BCA assay. The response of equal 

concentrations of each sample would then be determined by ELISA. 

A 1.5 mL tube was blocked by the addition of 1 mL of 5% (w/v) MM. The tube was 

incubated at 4 °C overnight on a benchtop roller. The liquid was then discarded. Five 

hundred microlitres of the IgY stock was combined with 500 µL of 1 x 10
6
 B. subtilis 

spores in the blocked tube. This was incubated at room temperature for 2 h on a 

benchtop roller. The tube was then centrifuged at 4,000 x g for 15 min in an Eppendorf 

5810R centrifuge (rotor: A-4-62) to pellet the B. subtilis spores along with any IgY that 

bound to them. The supernatant was removed and the pellet was discarded. A sample of 

this supernatant was retained for BCA and ELISA (negative selection). The supernatant 

was mixed with 1 x 10
6
 B. cereus spores in a 1.5 mL tube that was blocked with 5% 

(w/v) MM. This was incubated at room temperature for 2 h on a benchtop roller. The 

tube was then centrifuged at 4,000 x g for 15 min in an Eppendorf 5810R centrifuge 

(rotor: A-4-62) to pellet the B. cereus spores. The supernatant was removed, being 

careful not to disturb the pellet. A small sample of this supernatant was retained for 

BCA and ELISA (positive selection). The pellet was washed by resuspending in 1 mL 

PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween 20) and centrifuging at 4,000 x g in an 

Eppendorf 5810R centrifuge (rotor: A-4-62) for 15 min. The supernatant was discarded. 

The pellet was resuspended in 50 µL 0.1 M glycine, pH 2.5 and incubated at room 

temperature for 10 min to elute IgY from the B. cereus spores. The elution buffer was 

neutralised by the addition of 50 µL 1 M Tris, pH 8.0. The sample was centrifuged at 

4,000 x g for 15 min Eppendorf 5810R centrifuge (rotor: A-4-62) to separate the B. 

cereus spores. The supernatant was retained for BCA and ELISA analysis (positive 

elution).  
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2.2.5.6 Measurement of affinity-matured polyclonal IgY by BCA assay 

The protein concentrations of the stock IgY, the negative selection, positive selection 

and positive elution samples from the Section 2.2.5.5 were determined using a Pierce 

BCA Protein Assay kit as per Section 2.2.1.4. Single measurements of each protein 

sample were made. 

2.2.5.7 Measurement of the specificity of the affinity-matured polyclonal IgY by 

ELISA 

The purpose of this experiment was to determine the specificity of the affinity-matured 

IgY by indirect ELISA. This was carried out by measuring the response of equal 

concentrations of the stock IgY, negative selection, positive selection and positive 

elution samples obtained from Section 2.2.5.5 to formaldehyde-inactivated B. cereus 

and B. subtilis vegetative cells and spores coated onto a multiwell plate. A 96-well Nunc 

Maxisorb
™

 plate was coated with 50 µL per well of 1 x 10
7
 cells or spores per mL in 

PBS (150 mM, pH 7.4). The plate was incubated at 37 °C for 1 h. The liquid was then 

removed. Each well was blocked with 200 µL of 3% (w/v) BSA in PBS (150 mM, pH 

7.4) and incubated at 37 °C for 1 h. The liquid was then removed. Each sample from the 

affinity preparation process was diluted to give a working concentration of 16.7 µg/mL 

of IgY in 1% (w/v) BSA in PBS (150 mM, pH 7.4). Fifty microlitres of each sample 

was added to the plate in triplicate. The plate was incubated at 37 °C for 1 h.  The wells 

were then rinsed three times with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween-20) and 

PBS (150 mM, pH 7.4). HRP-labelled donkey anti-chicken antibody was diluted to 

1:2,000 in 1% (w/v) BSA in PBS (150 mM, pH 7.4) and 50 µL was placed into each 

well. The plate was incubated at 37 °C for 1 h. The wells were then rinsed three times 

with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween-20) and PBS (150 mM, pH 7.4). 

TMB was added at 100 µL per well. The plate was incubated at 37 °C for 15 min. Ten 

percent (v/v) H2SO4 was added at 50 µL per well to stop the reaction. The absorbance 

was measured at 450 nm using a Tecan Safire
2 

plate-reader. 

2.2.5.8 RNA extraction from White Leghorn Chicken spleen 

The purpose of this experiment was to extract high quality RNA from the spleen of the 

B. cereus-immunised chicken, which will encode the genes required for the expression 

of the antibody variable fragments. Due to the susceptibility of RNA to degradation, 

prior to the extraction procedure, several preparatory steps were taken. Oakridge tubes 
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were cleaned with Virkon®, washed with ‘RNase-free’ water (Sigma), sprayed with 

RNase zap® (Sigma) and left overnight to ensure no contaminating RNases remained. 

The homogenizer used was incubated in Precept
TM

, washed thoroughly with ‘RNase-

free’ water, autoclaved and then baked in an oven at 60 °C overnight. Ethanol (75% 

(v/v) in ‘RNase-free’ water) was prepared in ‘RNase-free’ tubes and stored at -20°C. A 

laminar flow hood was de-contaminated by cleaning with 70% (v/v) Ethanol, 70% (v/v) 

IMS (both in ‘RNase-free’ water) and RNase Zap. Materials and reagents to be used 

during the extraction procedure were also decontaminated. Chicken ABG035 was 

sacrificed by cervical dislocation. The spleen was removed, placed in 15 mL 

RNAlater® in an ‘RNase-free’ tube and stored at -80 °C until use. On the day of the 

RNA extraction, the spleen was thawed and removed from RNAlater® and the excess 

RNAlater® was removed.  

In a fresh ‘RNase-free’ tube, the spleen was homogenised in 30 mL of TriZol® reagent 

(Sigma) using a sterile homogenizer (Ultra-Turrax) at 50% output for 1 min. The 

sample was centrifuged in an Eppendorf 5810R centrifuge (rotor: A-4-62) at 1,575 x g 

for 20 min at 4 °C. The supernatant was transferred into 50 mL Oakridge tubes 

containing 6 mL of chloroform. This was mixed well by shaking and was incubated at 

room temperature for 15 min. The sample was then centrifuged at 17,500 x g in an 

Eppendorf 5810R centrifuge (rotor: F45-30-11) for 20 min at 4 °C. Following this 

centrifugation step, three visible layers were produced. The upper aqueous layer was 

carefully removed (ensuring that none of the organic layer containing protein was 

transferred from the interphase) and added to a 50 mL Oakridge tube with 15 mL of 

isopropanol to aid in RNA precipitation. This was mixed and left at room temperature 

for 10 min. It was then centrifuged at 17,500 x g for 40 min at 4 °C in an Eppendorf 

5810R centrifuge (rotor: F45-30-11). The supernatant was carefully removed and 

discarded ensuring that the pellet was not disrupted. The RNA pellet was washed by 

adding 10 mL of 75% (v/v) ethanol. This was centrifuged once again at 17,500 x g for 

10 min at 4 °C in an Eppendorf 5810R centrifuge (rotor: F45-30-11) and the supernatant 

was discarded. The pellet was air dried in the laminar flow cabinet and then gently 

resuspended in 500 μL of molecular grade water (Sigma). The RNA was subsequently 

quantified in triplicate at 260 nm using the Nanodrop™ ND-1000 and cDNA synthesis 

was performed. 
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2.2.5.9 Synthesis of cDNA from RNA by reverse transcriptase PCR (RT-PCR) 

Total RNA was transcribed to cDNA by reverse transcriptase PCR, using the 

Superscript
TM

 III First Strand Synthesis Supermix kit (Invitrogen) according to the 

manufacturer’s instructions. Briefly, the reaction components of Mixture 1 was 

combined in a tube according to the Table 2.30. Mixture 1 was split into 21x 8µL 

aliquots and incubated at 65 °C for 5 min followed by incubation on ice for 1 min. 

Mixture 2 was prepared in a separate tube according to Table 2.30. Twelve µL of 

mixture 2 was added to each 8 µL aliquot of Mixture 1. This was incubated at 50 °C for 

50 min followed by 85 °C for 5 min. The reaction was finally cooled on ice for 5 min. 

The 21 aliquots were combined. Total cDNA was quantified at 260 nm using a 

Nanodrop™ ND-1000. They were then distributed into 50 µL aliquots and stored at -80 

°C. 

Table 2.30: Composition of Superscript™ reaction Mixtures 1 and 2. 

Mixture 1 Volume (µL) Mixture 2 Volume (µL) 

Total RNA (5 

µg/reaction) 

10.2 First Strand 

Reaction Mix 

220 

Oligo dT 22 Superscript III 44 

10mM dNTP 22   

Molecular grade water 121.8   

 

2.2.5.10 Amplification of antibody variable light and heavy genes 

Following cDNA synthesis, the immunoglobulin variable regions were amplified by 

PCR. Due to the highly conserved framework regions of avian antibodies, a single pair 

of primers were required for the amplification of the VL and VH genes. In addition, for 

the formation of a scFv-encoding gene, the VL and VH amplicons can be joined and 

amplified by SOE PCR using a single pair of overlap extension primers. The primer 

sequences used for the amplification of the VL and VH genes are presented in Table 

2.31. 
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Table 2.31: Avian scFv primer sequences. 

VL Primers 

CSCVK (sense) 

5’ GTG GCC CAG GCG GCC CTG ACT CAG CCG TCC TCG GTG TC 3’ 

CKJo-B (reverse) 

5’ GGA AGA TCT AGA GGA CTG ACC TAG GAC GGT CAG G 3’ 

VH Primers 

CSCVHo-FL (sense) 

5’ GGT CAG TCC TCT AGA TCT TCC GGC GGT GGT GGC AGC TCC GGT GGT 

GGC GGT TCC GCC GTG ACG TTG GAC GAG 3’ 

CSCG-B (reverse) 

5’ CTG GCC GGC CTG GCC ACT AGT GGA GGA GAC GAT GAC TTC GGT CC 3’ 

Overlap extension primers 

CSC-F (sense) 

5’ GAG GAG GAG GAG GAG GAG GTG GCC CAG GCG GCC CTG ACT CAG 3’ 

CSC-B (reverse) 

5’ GAG GAG GAG GAG GAG GAG GAG CTG GCC GGC CTG GCC ACT AGT GGA 

GG 3’ 

 

2.2.5.10.1 Small scale VL and VH amplification 

The VL and VH and control PCRs were prepared according to Table 2.32. For the VL 

test and control PCRs, the forward and reverse primers were CSCVK and CKJo-B, 

respectively. For the VH test and control PCRs, the forward and reverse primers were 

CSCVHo-FL and CSCG-B, respectively. To the control tubes, 0.5 µL of molecular 

grade H2O was added. To VL and VH test reactions, 0.5 µL of cDNA was added. The 

PCR was run in a Rotor-Gene 6000 Thermal Cycler according to the conditions 

described in Table 2.33. The completed PCR products were separated on a 1% (w/v) 

agarose gel stained with SYBR® Safe at 100 V for 35 min. A Hyperladder™ 1 kb was 

used as molecular size markers. 

  



 

117 

 

Table 2.32: VL and VH PCR reaction composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 75 1x 

F Primer 0.5 1 µM 

R Primer 0.5 1 µM 

Molecular grade H2O 23.5 - 

 

Table 2.33: VL and VH PCR amplification conditions. 

PCR stage Temperature (°C) Time 

Initialisation 94 5 min 

Denaturation 94 15 s 

Annealing 56 15 s            x 30 cycles 

Extension 72 90 s 

Final Extension 72 10 min 

 

2.2.5.10.2 Large scale VL amplification 

For the amplification of the VL gene, a 20x large scale PCR was carried out. The VL 

gene was amplified as follows; a master mix was prepared according to Table 2.34. This 

was divided into 21x 49.5 µL aliquots. To the control tube, 0.5 µL of molecular grade 

H2O was added. To test samples, 0.5 µL of cDNA was added. The PCR was run in a 

Rotor-Gene 6000 Thermal Cycler according to the conditions described in Table 2.33. 

The completed PCR was separated on a 1% (w/v) agarose gel stained with SYBR® Safe 

at 100 V for 35 min. A Hyperladder™ 1 kb was used as molecular size markers. The 

amplified VL fragments were gel-purified according to Section 2.2.1.2. The DNA 

concentration was determined by spectrophotometric measurement at 260 nm using a 

Nanodrop
™

 ND-1000. 

 

  



 

118 

 

Table 2.34: Large scale VL PCR master mix composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 525 1x 

CSCVK 10.5 1 µM 

CKJo-B 10.5 1 µM 

Molecular grade H2O 493.5 - 

 

2.2.5.10.3 VH amplification optimisation 

The VH amplification was optimised to determine the optimal primer concentration. The 

forward and reverse primers were optimised by varying the working concentration to 

0.5, 1 and 1.5 µM. For the control reaction, a primer concentration of 1 µM was used. 

The reactions were prepared according to Table 2.35. The PCR was run in a Rotor-Gene 

6000 Thermal Cycler according to the conditions described in Table 2.33. The 

completed PCR was separated on a 1% (w/v) agarose gel stained with SYBR® Safe at 

100 V for 35 min. A Hyperladder™ 1 kb was used as molecular size markers. 

Table 2.35: VH PCR optimisation reaction composition. 

Component 

Reaction 1 

(0.5 µM Primer) 

(µL) 

Reaction 2 

(1 µM Primer) 

(µL) 

Reaction 3 

(1.5 µM Primer) 

(µL) 

Control 

(µL) 

2x MyTaq Red 

Mix 25 25 25 25 

CSCVHo-FL 0.25 0.5 0.75 0.5 

CSCG-B 0.25 0.5 0.75 0.5 

cDNA 0.5 0.5 0.5 0 

H2O 24 23.5 23 24 

 

2.2.5.10.4 Large Scale VH amplification 

For the amplification of the VH gene, a 10x large scale PCR was carried out. The VH 

gene was amplified as follows; a master mix was prepared according to Table 2.36. This 

was divided into 11x 49.5 µL aliquots. To the control tube, 0.5 µL of molecular grade 

H2O was added. To test samples, 0.5 µL of cDNA was added. The PCR was run in a 

Rotor-Gene 6000 Thermal Cycler according to the conditions described in Table 2.33. 
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The completed PCR was separated on a 1% (w/v) agarose gel stained with SYBR® Safe 

at 100 V for 35 min. A Hyperladder™ 1 kb was used as molecular size markers. The 

amplified VL fragments were gel-purified according to Section 2.2.1.2. The DNA 

concentration was determined by spectrophotometric measurement at 260 nm using a 

Nanodrop
™

 ND-1000. 

Table 2.36: Large Scale VH PCR master mix composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 275 1x 

CSCVHo-FL 2.75 0.5 µM 

CSCG-B 2.75 0.5 µM 

Molecular grade H2O 264 - 

 

2.2.5.11 scFv gene construction by SOE PCR 

The full length scFv-encoding gene was constructed via SOE PCR as follows; a reaction 

mix was prepared according to Table 2.37. The control reaction was prepared, as 

described in Table 2.37, but omitted the VH and VL DNA and, instead, included 1 µL of 

molecular grade H2O. The PCR was run in a Rotor-Gene 6000 Thermal Cycler 

according to the conditions described in Table 2.38. The completed PCR was separated 

on a 1% (w/v) agarose gel stained with SYBR® Safe at 100 V for 45 min. A 

Hyperladder™ 1 kb Plus was used as molecular size markers.  

Table 2.37: SOE PCR composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 25 1x 

CSC-F 0.25 0.5 µM 

CSC-B 0.25 0.5 µM 

VH DNA 0.5 - 

VL DNA 0.5 - 

Molecular grade H2O 23.5 - 
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Table 2.38: SOE PCR amplification conditions. 

PCR stage Temperature (°C) Time 

Initialisation 94 5 min 

Denaturation 94 15 s 

Annealing 56 15 s                x 30 cycles 

Extension 72 120 s 

Final Extension 72 10 min 

 

After successfully amplifying the scFv gene by SOE PCR, a large scale SOE PCR was 

prepared according to Table 2.39. This master mix was divided into 21x 49 µL aliquots. 

To the test reactions, 0.5 µL each of VH and VL DNA was added. To the control 

reaction, 1 µL of molecular grade H2O was added. The PCR was run in a Rotor-Gene 

6000 Thermal Cycler according to the conditions described in Table 2.38. The 

completed PCR was separated on a 1% (w/v) agarose gel stained with SYBR® Safe at 

100 V for 45 min. A Hyperladder™ 1 kb Plus was used as molecular size markers. 

Table 2.39: Large-scale SOE PCR composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 525 1x 

CSC-F 5.25 0.5 µM 

CSC-B 5.25 0.5 µM 

Molecular grade H2O 493.5 - 

 

2.2.5.12 pComb3XSS preparation 

The pComb3XSS stock from the AZA library chapter was used. 

2.2.5.13 Restriction enzyme digestion of SOE and pComb3XSS 

It was suggested by Barbas et al. (2001) that 10 µg and 20 µg of SOE PCR product and 

pComb3XSS vector, respectively, would be sufficient to provide enough material to 

transform into E. coli.  

The SOE digestion was performed in duplicate as follows; a reaction mixture was 

prepared according to Table 2.40. The reaction was incubated at 50 °C for 3 h in a 

Rotor-Gene 6000 Thermal Cycler. The digested SOE products were pooled and ethanol-
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precipitated according to 2.2.1.1. They were centrifuged at 14,000 x g for 35 min in a 

benchtop centrifuge (Hermle Z233MK-2) and resuspended in 50 µL of molecular grade 

water. They were stored overnight at -20 °C.  

Table 2.40: SOE DNA digestion reaction mixture composition. 

Component Volume (µL) Working concentration 

H2O 18.9 - 

SOE DNA (5 µg) 24.1 100 ng/µL 

10x NEB Buffer 5 1x 

SfiI 2 0.8 U/µL 

 

The pComb3XSS digestion was performed in duplicate as follows; a reaction mixture 

was prepared according to Table 2.41. The reaction was incubated at 50 °C for 3 h in a 

Rotor-Gene 6000 Thermal Cycler. Four µL each of XbaI and XhoI was added and the 

reaction was incubated at 37 °C for 1 h to facilitate digestion of the Stuffer fragment. 

Following this, 5.8 µL of 10x AP buffer and 2 µL AP enzyme was added and the 

reaction was incubated at 37 °C for 15 min followed by an inactivation step at 70 °C for 

5 min. The digested pComb3XSS products were pooled and ethanol-precipitated 

according to Section 2.2.1.1. They were centrifuged at 14,000 x g for 35 min in a 

benchtop centrifuge (Hermle Z233MK-2) and resuspended in 50 µL of molecular grade 

water. They were stored overnight at -20 °C. 

Table 2.41: pComb3XSS digestion reaction mixture composition. 

Component Volume (µL) Working concentration 

H2O 38.85 - 

Vector (10 µg) 2.15 200 ng/µL 

10x NEB Buffer 5 1x 

SfiI 4 1.6 U/µL 

 

The digested pComb3XSS products were gel-purified according to 2.2.1.2 on a 0.7% 

(w/v) agarose gel. The 3,300 bp pComb3XSS product was isolated. The purified 

pComb3XSS DNA concentration was determined by spectrophotometric measurement 

at 260 nm using a Nanodrop
™

 ND-1000. 
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2.2.5.14 Ligation of SOE DNA insert into pComb3XSS vector 

A 20x ligation reaction was set up according to Table 2.42. The reaction was incubated 

at room temperature for 20 min. The reaction was inactivated by incubating at 65 °C for 

10 min in a Rotor-Gene 6000 Thermal Cycler. The reaction product was ethanol-

precipitated according to Section 2.2.1.1. This constructed library was stored at -20 °C 

until required for use. 

Table 2.42: Ligation reaction composition. 

Component Volume (µL) Working concentration 

H2O 326.8 - 

Vector (140 ng/reaction) 8.96 7 ng/µL 

SOE DNA (70 ng/reaction) 4.2 3.5 ng/µL 

10x Ligase buffer 40 1x 

T4 ligase 20 20 U/µL 

2.2.5.15 Electroporation of SOE-pComb3XSS into XL1 Blue E. coli 

The precipitated library was resuspended in 30 µL of molecular grade water and was 

placed on ice along with electroporation cuvettes. Three 100 µL aliquots of XL1 Blue 

electrocompetent E. coli were thawed on ice. Ten µL of ligated library from Section 

2.2.5.14 was added to 100 µL of E. coli in a cuvette. This was mixed and stored on ice 

for 1 min. Electroporation was carried out in a Bio-Rad GenePulser XCell
™

 using the 

following conditions; 2.5 kV, 25 µF, 200 Ω, τ ~ 4 ms. The cuvette was immediately 

flushed with a total of 3 mL pre-warmed SOC media and added to a 50 mL Falcon tube. 

This was repeated for a total of three electroporations. The Falcon tube was incubated at 

37 °C at 250 rpm for 1 h in an Excella® E25 shaking incubator.  

A titre of the transformed bacteria was performed by taking 2 µL of the culture and 

adding to 200 µL of SB. The titre plates were prepared by plating 100 µL and 10 µL of 

the diluted culture onto LB agar plates containing 100 µg/mL carbenicillin and these 

were incubated overnight at 37 °C. The following day the colonies were counted. The 

plates were also kept for colony pick PCR analysis (see Section 2.2.5.16). 

To the remaining culture, 10 mL of pre-warmed SB was added. Carbenicillin was added 

to a final concentration of 100 µg/mL. The culture was incubated at 37 °C, 250 rpm for 

2 h in an Excella® E25 shaking incubator. The culture was centrifuged at 3,200 x g for 
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20 min in an Eppendorf 5810R centrifuge (rotor: A-4-62). The supernatant was 

removed and the pellet was resuspended in 50 µL SB containing 100 µg/mL 

carbenicillin. This was spread on LB agar plates containing 100 µg/mL carbenicillin and 

incubated overnight at 37 °C. Five mL of SB containing 100 µg/mL carbenicillin was 

placed onto each plate and the colonies were collected using a cell scraper. Glycerol 

was added to a final concentration of 15% (v/v) and the culture was mixed and divided 

into aliquots and stored at -80 °C.  

2.2.5.16 Colony pick PCR of transformed XL1 Blue E. coli 

To determine the efficiency of the ligation and transformation experiments, a colony 

pick PCR was carried out as follows. A master mix was prepared according to Table 

2.42 and divided into 13x 25 µL aliquots. A single colony from the transformation titre 

plates was added to each of the 12 reaction tubes. No colony was added to the control 

tube. The PCR was carried out using the conditions described in Table 2.39 in a Rotor-

Gene 6000 Thermal Cycler. The PCR products were separated on a 1% (w/v) agarose 

gel stained with SYBR® Safe at 100 V for 35 min. A Hyperladder™ 1kb was used as 

molecular size markers. 

Table 2.43: Colony pick PCR master mix composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 162.5 1x 

CSC-F 3.25 1 µM 

CSC-B 3.25 1 µM 

Molecular grade H2O 156 - 

 

2.2.5.17 Screening of the anti-B. cereus recombinant scFv library by whole-cell 

panning 

The aim of this screening approach was to enrich for B. cereus-specific antibodies 

through a series of negative depletion and positive selection steps. The library was 

negatively depleted by exposure to B. subtilis cells, which should remove any antibodies 

that cross-react to both B. cereus and B. subtilis. The remaining depleted library was 

then exposed to B. cereus cells to allow any specific clones to bind.  
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Two hundred µL of E. coli library was added to 200 mL SB containing 100 µg/mL 

carbenicillin. This culture was grown at 37 °C and 200 rpm for ~6 h in an Excella® E25 

shaking incubator until OD600 reached approximately 0.5, at which point 1 x 10
11

 

M13KO7 helper phage were added. The culture was incubated, while static, at 37 °C for 

0.5 h, followed by incubation at 37 °C and 200 rpm for 1 h. Kanamycin was then added 

to a final concentration of 50 µg/mL and the culture was incubated overnight at 30 °C 

and 200 rpm. Two mL tubes were blocked overnight with 5% (w/v) MM.  

The following day, an overnight XL1 Blue E. coli culture was sub-cultured at the 

following dilutions: 1:50, 1:100, 1:500, 1:1,000, and 1:2,000. The overnight library 

culture was centrifuged at 3,200 x g for 30 min in an Eppendorf 5810R centrifuge 

(rotor: A-4-62). The supernatant was returned to the culture flask and PEG and NaCl 

were added to a final concentration of 4% (w/v) and 3% (w/v), respectively. This was 

incubated on ice for 1 h and centrifuged at 15,000 x g for 20 min, with the brake off, in 

an Eppendorf 5810R centrifuge (rotor: F45-30-11). The supernatant was discarded and 

the pellet was resuspended in 1 mL of sterile PBS (150 mM, pH 7.4). This was then 

centrifuged at 11,600 x g for 10 min in a benchtop centrifuge (Hermle Z233MK-2). The 

phage-rich supernatant was kept and 3% (w/v) OVA solution was added to a final 

concentration of 1% (w/v). 

The blocked 2 mL tube was washed once by filling with PBS (150 mM, pH 7.4). 

Twenty million B. subtilis cells were resuspended in 500 µL 5% (w/v) MM and were 

added to the tube followed by 1 mL of the phage-OVA. The tube was incubated at room 

temperature on a benchtop roller for 1 h. The tube was centrifuged at 11,000 x g for 10 

min in an Eppendorf 5810R centrifuge (rotor: F45-30-11) to pellet the B. subtilis cells. 

The supernatant was removed and was added to a second blocked tube. B. cereus cells 

at the cell concentration described in Table 2.44 was prepared in 500 µL 5% (w/v) MM) 

and was added to the tube. The tube was incubated at room temperature on a benchtop 

roller for 1 h. The tube was centrifuged at 11,000 x g for 10 min in an Eppendorf 5810R 

centrifuge (rotor: F45-30-11) to pellet the B. cereus cells and the supernatant was 

discarded. A series of wash steps was performed as follows; after centrifugation, the cell 

pellet was resuspended in 1 mL of wash solution. This was mixed at room temperature 

for 5 min followed by centrifugation at 11,000 x g for 10 min in an Eppendorf 5810R 

centrifuge (rotor: F45-30-11). This was repeated for the number of washes described in 
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Table 2.44. After the final wash, the cell pellet was resuspended in 1 mL PBS (150 mM, 

pH 7.4).  

Table 2.44: Conditions used for the screening of the anti-B. cereus scFv library 

Round B. cereus cell 

concentration (cells/mL) 

Number of washes 

(PBS-T:PBS) 

1 2 x 10
7 

3:3 

2 1 x 10
7 

4:4 

3 5 x 10
6 

5:5 

 

The growing XL1 Blue E. coli cultures prepared earlier were used for reinfection of the 

eluted phage and for phage input and output titres. The 1 mL of washed cell pellet was 

added to 5 mL XL1 Blue E. coli at OD600 = 0.5. This method of competitive elution is 

based on the theory that the phage will be competitively eluted off B. cereus by the 

disproportionate number of infection sites on E. coli (Stephenson et al., 1998). Serial 

dilutions of the input and output phage were also prepared from 10
-1

 to 10
-12

 and from 

10
-1

 to 10
-6

, respectively, using the XL1 Blue E. coli as the diluent. All cultures were 

infected at 37 °C for 0.5 – 1 h. The input and output cultures were plated onto separate 

LB agar plates containing 50 µg/mL carbenicillin at 100 µL per plate and incubated 

overnight at 37 °C. The 5 mL culture was centrifuged at 3,200 x g for 20 min in an 

Eppendorf 5810R centrifuge (rotor: A-4-62) and resuspended in 500 µL SB containing 

100 µg/mL carbenicillin. This was plated onto 6 LB agar plates containing 50 µg/mL 

carbenicillin at 100 µL per plate and incubated overnight at 37 °C. 

The following day, the input and output titre plate colonies were counted. These 

counting plates were also retained in order to carry out colony pick PCR analysis, as per 

Section 2.2.5.17. The six LB agar plates were scraped into SB containing 100 µg/mL 

carbenicillin. 75% of this SB culture was used for further rounds of panning. Glycerol 

was added to the remaining culture to a final concentration of 15% (v/v) and this was 

stored at -80 °C. After 2 rounds of panning, the output phage from round 2 were 

infected into Top10F’ E. coli to allow for soluble expression of the scFv molecules.  
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2.2.5.18 Monoclonal ELISA of solubly expressed clones 

The purpose of this experiment was to determine the response of individual scFv-phage 

clones for B. cereus and B. subtilis vegetative cells. Top10F′ E. coli were grown in SB 

containing 10 µg/mL tetracycline at 37 °C until the OD600 reached a value of 0.5. 

Twenty microlitres of output phage from round 2 of panning was added to 2 mL of 

Top10F′ E. coli and incubated, while static, at 37 °C for 1 h. The E. coli were diluted 

over a serial dilution range from 10
-1

 to 10
-8

 in SB containing 100 µg/mL carbenicillin. 

They were then plated onto LB agar plates containing 100 µg/mL carbenicillin at 100 

µL per plate. The plates were incubated at 37 °C overnight to allow for the growth of 

visible colonies. 

The following day, 192 colonies were picked each from the agar plates into 2x 96 well 

sterile culture plates (hereafter referred to as the master plates), each well containing 

100 µL SB supplemented with 100 µg/mL carbenicillin. The plates with visible colonies 

were kept for colony pick PCR analysis (see Section 2.2.1.19). The plates were 

incubated overnight at 37 °C and 220 rpm in an Excella® E25 shaking incubator. To 

allow for antibody-expression, 20 µL was taken from each well of the master plates and 

added to its corresponding well in a deep-well plate, each well containing 1 mL auto-

induction media with 100 µg/mL carbenicillin. These deep-well plates were incubated 

overnight at 37 °C, 220 rpm. To the master plates, glycerol was added to each well to a 

final glycerol concentration of 15% (v/v). The plates were mixed on a benchtop mixer 

to ensure even distribution of glycerol. These master plates were stored at -80 °C for 

long-term storage. 

Ninety six-well Nunc Maxisorb
™

 plates were coated with whole B. cereus and B. 

subtilis vegetative cells. Fifty microlitres of 9.5 x 10
5
 cells/mL in PBS (150 mM, pH 

7.4) was added to each well and the plates were incubated for 1.5 h, while shaking, at 

room temperature. The liquid was then removed. The wells were blocked with 200 µL 

5% (w/v) MM for 1.5 h, while shaking, at room temperature. The liquid was then 

removed. The overnight-incubated deep-well plates were freeze-thawed three times 

(each freeze-thaw cycle consisted of 30 min at -80 °C followed by 30 min in a 

waterbath at 37 °C) to lyse the bacterial cells and centrifuged at 3,200 x g for 20 min in 

an Eppendorf 5810R centrifuge (rotor: A-4-62) to pellet the cell debris. One hundred 

microlitres of deep-well plate supernatants were added to its designated well on the 
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ELISA plate. To reduce non-specific binding, 50 µL of 5% (w/v) MM was added to 

each well. The plates were incubated for 1.5 h, while shaking, at room temperature. The 

wells were washed three times with PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween-20) 

and PBS (150 mM, pH 7.4). HRP-labelled anti-HA secondary antibody was diluted at 

1:2,000 dilution in 5% (w/v) MM and 50 µL was added to each well and incubated for 

1.5 h, while shaking, at room temperature. The wells were washed three times with 

PBS-T (150 mM, pH 7.4, 0.05% (v/v) Tween-20) and PBS (150 mM, pH 7.4). One 

hundred µL TMB was added to each well for 30 min, while shaking, at room 

temperature. Fifty µL of 10% (v/v) H2SO4 was added to each well. The absorbance was 

measured at 450 nm using a Tecan Safire
2
 plate-reader.  

2.2.5.19 Colony pick PCR of the chosen scFv clones 

The purpose of this experiment was to determine the presence of the scFv-encoding 

gene in the nine E. coli clones chosen after the monoclonal ELISA analysis. A master 

mix was prepared according to Table 2.45 and divided into 11x 25 µL aliquots. Two 

microlitres of the culture media containing each chosen clone was added to each of the 

9 reaction tubes. Two microlitres of sterile SB media was added to the control tube. The 

PCR was carried out using the conditions described in Table 2.39 in a Rotor-Gene 6000 

Thermal Cycler. The PCR products were separated on a 1% (w/v) agarose gel stained 

with SYBR® Safe at 100 V for 35 min. A Hyperladder™ 1kb was used as molecular 

size markers. 

Table 2.45: Colony pick PCR master mix composition. 

Component Volume (µL) Working concentration 

2x MyTaq Red Mix 137.5 1x 

CSC-F 2.75 1 µM 

CSC-B 2.75 1 µM 

Molecular grade H2O 110 - 
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2.2.6 Investigation into the toxic effects of MC-LR, M. aeruginosa and AZA1 on 

the Hepatocellular Carcinoma cell line, HepG2 

2.2.6.1 Determination of the effects of MC-LR, M. aeruginosa cells and AZA1 on 

HepG2 cell proliferation 

The aim of this experiment was to determine: 

1. The effect of MC-LR alone and in tandem with 100 ng/mL lipopolysaccharide 

(LPS) on HepG2 cell proliferation. 

2. The effect of whole and lysed M. aeruginosa cells on HepG2 cell proliferation. 

3. The effect of AZA1 on HepG2 cell proliferation 

For all assays, a 96 well culture plate was coated with 100 µL of 1 x 10
6
 HepG2 

cells/mL in Dulbecco’s Modified Eagle Medium (DMEM) (supplemented with 10% 

(v/v) foetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin) (hereafter 

referred to as DMEM, unless specified otherwise) overnight. The media was removed 

and replaced with fresh DMEM. For the ‘cells alone’ control, 100 µL DMEM was 

added (n = 12). The vehicle control consisted of 100 µL DMEM + 0.5% (v/v) EtOH 

(corresponding to the EtOH concentration of the highest MC-LR test concentration) (n 

= 6). The positive control consisted of 100 µL DMEM + 10% (v/v) DMSO (n = 9). For 

the MC-LR alone and MC-LR + LPS assays, MC-LR dilutions were prepared in 

DMEM and DMEM supplemented with 100 ng/mL LPS, respectively. The MC-LR 

working concentrations ranged from 5 – 0.008 µM, with 1:5 dilutions. One hundred 

microlitres of each dilution was added to the plate (n = 3). The HepG2 cells were 

exposed for 24 h at 37 °C with 5% CO2. 

To facilitate the investigation into the effects of M. aeruginosa on HepG2 cells, M. 

aeruginosa was grown in BG-11 media at 25 °C, with 16 h/8 h light/dark cycles. The 

cyanobacterial cells were counted and prepared at a cell count of 1 x 10
7
 M. aeruginosa 

cells/mL in DMEM. This stock solution was split in half, with one half of this volume 

remaining untreated and the other half was lysed. The lysis method involved sonication 

using a Branson Digital Sonfier (Emerson Electric, St. Louis, MO, USA) at 40% output 

for 2 min, with a pulse duration of 6 s on and 6 s off. Both the untreated and lysed M. 

aeruginosa cells were diluted to concentrations ranging from 1 x 10
7
 – 1.6 x 10

4
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cells/mL in DMEM. One hundred microlitres of each dilution was applied to each well 

(n = 3). The vehicle control consisted of 100 µL DMEM + 1.1% (v/v) BG-11 media 

(corresponding to the BG-11 concentration of the highest M. aeruginosa test) (n = 3). 

The positive control consisted of 100 µL DMEM + 10% (v/v) DMSO (n = 9). The 

HepG2 cells were exposed for 24 h at 37 °C with 5% CO2.  

For the AZA1 assay, AZA1 was diluted in DMEM to a working concentration range of 

10 – 0.0001 µM. The vehicle control consisted of 100 µL DMEM + 0.76% (v/v) MeOH 

per well (corresponding to the MeOH concentration in the highest AZA1 test). The 

positive control consisted of 100 µL DMEM + 10% (v/v) DMSO per well. The HepG2 

cells were exposed for 24 and 48 h at 37 °C with 5% CO2. 

After the exposure, the media was removed. For plates with M. aeruginosa, in order to 

reduce interference from live M. aeruginosa in the MTT assay, all wells were gently 

rinsed twice with Dulbecco’s phosphate buffered saline (DPBS). To determine cell 

proliferation, a 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) 

assay was carried out using a Trevigen TACS® MTT Cell Proliferation Assay (Bio-

Techne, Minneapolis, MN, USA). One hundred microlitres of fresh DMEM 

supplemented with 10% (v/v) MTT reagent was added to each well. The plate was 

incubated at 37 °C with 5% CO2 for 2 h. One hundred microliters of detergent reagent 

was then added and the plate was incubated at 37 °C with 5% CO2 for 2 h. The 

absorbance was measured at 570 nm with a reference subtraction at 650 nm using a 

Tecan Safire
2
. Data was analysed by ANOVA using GraphPad Prism. If the ANOVA 

table was significant (P < 0.05), post-hoc analysis was performed using Newman-Keuls’ 

test.  

2.2.6.2 High Content Analysis (HCA) of the effects of AZA1 on HepG2 

This work was carried out in collaboration with researchers in Queen’s University 

Belfast. HCA was performed as per Meneely et al. (2018). Brielfy, HepG2 cells were 

cultured in Modified Eagle’s Media (MEM) supplemented with 10% (v/v) FBS, 1% 

(w/v) penicillin-streptomycin, 1 mM sodium pyruvate and 2 mM L-glutamine at 37 °C 

with 5% CO2. The cells were seeded into Corning® BioCoat™ Collagen I, 96 well 

microwell plates in 100 µL per well at a concentration of 1 x 10
5
 cells/mL. The cells 

adhered to the surface of the well for 24 h at 37 °C with 5% CO2. AZA1 solutions and 

the controls were prepared in MEM supplemented with 10% (v/v) FBS, 1% (w/v) 
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penicillin-streptomycin, 1 mM sodium pyruvate and 2 mM L-glutamine. AZA1 was 

prepared with a working concentration ranging from 5 µM to 0.0005 µM. The vehicle 

control consisted of 0.38% (v/v) MeOH. The positive control consisted of 60 µM 

valinomycin. The adhered HepG2 cells were exposed to all test conditions for 18 h at 37 

°C with 5% CO2. 

Two fluorescent probes were used to assess cell health. A working concentration of 100 

nM MitoTracker® Orange CMTMRos was prepared in DMEM without FBS, as the dye 

is susceptible to degradation by oxidases in serum. This stain was used to label the 

mitochondria. A working concentration of 2 µM Hoechst nuclear stain in PBS (150 

mM, pH 7.4) was used to label cellular DNA. Following 18 h of exposure, the media 

was carefully removed from all wells. Fifty microlitres of MitoTracker® Orange 

CMTMRos was added to each well and incubated (protected from light) at 37 °C for 30 

min. The mitochondrial dye was removed and the cells were fixed to the multiwell plate 

with 150 µL per well of 10% (v/v) formalin solution, while protected from light, at 

room temperature for 15 min. The formalin solution was removed and each well was 

gently washed with 200 µL PBS (150 mM, pH 7.4). Following the wash step, 100 µL of 

Hoechst DNA stain was added to each well and incubated at room temperature for 20 

min and protected from light. The nuclear stain solution was removed and each well 

was gently washed with 200 µL PBS (150 mM, pH 7.4). Two hundred microlitres of 

fresh PBS (150 mM, pH 7.4) was added to each well before sealing the plate with black 

vinyl film to protect the samples from light. 

The samples were analysed using a CellInsight™ NXT High Content Screening (HCS) 

platform (Thermo Fisher Scientific, UK). This instrument uses automated fluorescence 

microscopy and advanced imaging software to carry out quantitative analysis of five 

parameters i.e. cell number (CN), nuclear area (NA), nuclear intensity (NI), 

mitochondrial mass (MM) and mitochondrial membrane potential (MMP). In each well, 

data was captured at 10x objective magnification and five field of view images were 

captured. The excitation and emission wavelengths for the Hoechst nuclear stain and 

MitoTracker® Orange CMTMRos were 361/497 nm and 554/576 nm, respectively. 

Exposures were performed in triplicate. Data was analysed by ANOVA using GraphPad 

Prism. If the ANOVA table was significant (P < 0.05), post-hoc analysis was performed 

using Dunnett’s test. 
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2.2.6.3 Investigation of the combined effects of MC-LR with AZA1 and MC-LR 

with M. aeruginosa on HepG2 proliferation 

It was shown in Section 2.2.6.1 that a wide range of effects were observed after 

exposure of HepG2 cells to MC-LR, M. aeruginosa and AZA1 individually, with 

differing degrees of significance. However, very little is known about the potential 

effects on HepG2 cells when binary combinations of these toxins/cyanobacteria are 

present. Therefore, the aim of this section was to expose HepG2 cells to levels of the 

toxins/cyanobacteria that, when present alone, do not have a highly significant effect on 

HepG2 proliferation. The following concentrations of MC-LR, lysed M. aeruginosa and 

AZA1 were chosen; 0, 0.2 and 1 µM MC-LR; 0, 1.6 x 10
4
 and 8 x 10

4
 M. aeruginosa 

cells/mL; and 0, 0.1 and 1 µM AZA1. These experiments were carried out in duplicate 

and within each experiment at least three biological replicates for each test were carried 

out.  

For all assays, a 96 well culture plate was coated with 100 µL of 1 x 10
6
 HepG2 

cells/mL in DMEM overnight. The media was removed and replaced with fresh media 

containing the various test components. For the cells alone control, 100 µL DMEM was 

added (n = 24). In the MC-LR + M. aeruginosa exposure, the vehicle control consisted 

of 100 µL DMEM + 0.2% (v/v) EtOH + 1% (v/v) BG-11 (corresponding to the EtOH 

and BG-11 concentration of the highest MC-LR + M. aeruginosa test) (n = 6). In the 

MC-LR + AZA1 exposure, the vehicle control consisted of 100 µL DMEM + 0.2% 

(v/v) EtOH + 0.15% (v/v) MeOH (corresponding to the EtOH and MeOH 

concentrations of the highest MC-LR + AZA1 test) (n = 6). For both assays, the positive 

control consisted of 100 µL DMEM + 10% (v/v) DMSO (n = 12). For M. aeruginosa 

assays, lysed M. aeruginosa was prepared as per Section 2.2.6.1. For all test assays, 

MC-LR, M. aeruginosa and AZA1 were diluted to the required concentrations and 

combinations in DMEM and 100 µL was added to each designated well (n = 6). The 

HepG2 cells were exposed for 24 h at 37 °C with 5% CO2. 

After this exposure, the media was removed. To measure cell proliferation, an MTT 

assay was carried out using a Trevigen TACS® MTT Cell Proliferation Assay. One 

hundred microlitres of fresh DMEM supplemented with 10% (v/v) MTT reagent was 

added to each well. The plate was incubated at 37 °C with 5% CO2 for 2 h. One hundred 

microliters of detergent reagent was then added and the plate was incubated at 37 °C 
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with 5% CO2 for 2 h. The absorbance was measured at 570 nm with a reference 

subtraction at 650 nm using a Tecan Safire
2
. Data was analysed by ANOVA using 

GraphPad Prism. If the ANOVA table was significant (P < 0.05), post-hoc analysis was 

performed using Dunnett’s test. 

In addition to carrying out MTT assays on these samples, the supernatants were also 

kept for testing for the levels of IL-1β and TNF-α (see Section 2.2.6.6).  

2.2.6.4 Investigation of the combined effects of MC-LR with AZA1 and MC-LR 

with M. aeruginosa on HepG2 cell health using HCA 

HCA was performed as described in Section 2.2.6.2 but included the following 

amendments: 

For exposures to combinations of AZA1 and MC-LR, the working concentrations of 

AZA1 were 0.5, 0.05 and 0 µM, while the working concentrations of MC-LR were 2.5, 

0.5 and 0 µM. The vehicle control consisted of 0.29% (v/v) MeOH. For exposures to 

combinations of lysed M. aeruginosa and MC-LR, the working concentrations of M. 

aeruginosa were 2 x 10
5
, 4 x 10

4
 and 0 cells/mL, while the working concentrations of 

MC-LR were 2.5, 0.5 and 0 µM. The vehicle control consisted of 0.038% (v/v) MeOH. 

The positive control for all assays consisted of 60 µM valinomycin. The adhered HepG2 

cells were exposed to all test conditions for 18 h at 37 °C with 5% CO2. The post-

exposure procedure was carried out as described in Section 2.2.6.2. 

Exposures were performed in experimental triplicates. Data was analysed by ANOVA 

using GraphPad Prism. If the ANOVA table was significant (P < 0.05), post-hoc 

analysis was performed using Dunnett’s test. 

2.2.6.5 Determination of the effect of MC-LR-, AZA1- and M. aeruginosa-

exposure on caspase-dependent apoptosis in HepG2 cells 

The aim of this experiment was to determine if MC-LR and AZA1 activate caspases 3 

and 7, which are effector enzymes in the apoptosis cell death pathway.  

HepG2 cells were diluted to a concentration of 10
6
 cells/mL in DMEM. The cells were 

seeded into 6 well plates in a volume of 1 mL per well and allowed to adhere to the 

plate for 24 h at 37 °C with 5% CO2. The media was removed and replaced with fresh 

media containing the various test components. For MC-LR and AZA1 assays, the 
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vehicle controls consisted of 1 mL DMEM + 0.5% (v/v) EtOH and 0.38% (v/v) MeOH, 

respectively. For both assays, the positive control consisted of 1 mL DMEM + 4 µg/mL 

camptothecin (CAM). For MC-LR and AZA1 assays, the toxins were tested at 5 µM 

and 1 µM with and without 100 ng/mL LPS. For each test, the required volumes of MC-

LR, AZA1 and LPS stocks were added directly to 1 mL DMEM on the plate and mixed. 

The HepG2 cells were exposed for 24 h at 37 °C with 5% CO2. 

Caspase 3/7 assays were carried out using a Bio-Rad FAM-FLICA® Caspase-3/7 assay 

kit according to the manufacturer’s instructions, with minor adjustments. Briefly, a vial 

of FLICA was reconstituted in 50 µL of DMSO. Before use, this stock was diluted 1:5 

by the addition of 200 µL of DPBS (30x FAM-FLICA stock). The apoptosis wash 

buffer 10x stock solution was diluted 1:10 in sterile diH2O. After the exposure, the 

media was carefully removed from each well (this media was also retained for testing 

for levels of IL-1β and TNF-α cytokines by ELISA; see Section 2.2.6.6). Any cells in 

this media were retained by centrifugation at 200 x g for 10 min at 25 °C in an 

Eppendorf 5810R centrifuge (rotor: A-4-62). Cells that remained adhered to the 6 well 

culture plate were scraped into 1 mL fresh DMEM. These cells were retained by 

centrifugation at 200 x g for 10 min at 25 °C in an Eppendorf 5810R centrifuge (rotor: 

A-4-62) and combined with the non-adherent cells from the previous centrifugation step 

in a total volume of 290 µL of fresh DMEM. To stain each cell sample, 10 µL of 30x 

FAM-FLICA stock was added to each sample and incubated, while protected from light, 

at 37 °C, 5% CO2 for 1 h, with gentle mixing every 15 min. Following this staining step, 

three wash steps were performed to remove any residual FAM-FLICA dye. Each wash 

step consisted of the resuspension of the cell pellet in 2 mL of ‘apoptosis wash buffer’ 

provided with the kit, gentle mixing and centrifugation at 200 x g for 10 min at 25 °C in 

an Eppendorf 5810R centrifuge (rotor: A-4-62). Following the third wash, each sample 

was resuspended in 300 µL of apoptosis wash buffer. One hundred microlitres of each 

sample was added to a black, flat-bottom Nunc™ 96 well plate in triplicate. The 

fluorescence output was measured with excitation and emission wavelengths of 488 and 

530 nm, respectively, using a Tecan Safire
2
.  

In order to account for differing cell numbers per well, cell counts were performed on 

each sample prior to fluorescence measurement; the fluorescent output was then divided 

by the corresponding cell number. These values were normalised against the vehicle 
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control in order to represent the data as a fold-change relative to the vehicle. Data was 

analysed by ANOVA using GraphPad Prism. If the ANOVA table was significant (P < 

0.05), post-hoc analysis was performed using Dunnett’s test. 

 

2.2.6.6 IL-1β and TNF-α ELISAs 

The supernatants from the experiments in Sections 2.2.6.3 and 2.2.6.5 were kept and 

were analysed for concentrations of IL-1β and TNF-α, which are indicators of cell 

stress. For the measurement of IL-1β and TNF-α, R&D Systems® Human IL-1 beta/IL-

1F2 DuoSet™ ELISA and Human TNF-alpha DuoSet™ ELISA kits were used 

according to the manufacturer’s instructions.  

For the TNF-α ELISA, a 96-well Nunc Maxisorb
™

 plate was coated with 100 µL per 

well of 4 µg/mL capture antibody. The plate was incubated at room temperature for 2 h. 

The liquid was then removed. Each well was blocked with 200 µL of 1% (w/v) BSA in 

PBS and incubated at room temperature for 2 h. The liquid was then removed. TNF-α 

standards were prepared in 1% (w/v) BSA in PBS from 1000 – 15.6 pg/mL and a 

negative control was included which consisted of 1% (w/v) BSA in PBS. For the 

samples obtained from Section 2.2.6.3, the following replicates were tested; cells alone 

(n = 12); vehicles (n = 3); positive control (n = 6); test exposures with different 

toxin/cyanobacteria combinations (n = 3). The supernatants from Section 2.2.6.5 were 

added to the plate in triplicate. One hundred microlitres of each sample was added to the 

plate neat. One hundred microlitres of each standard was added to the plate in triplicate 

and the plate was incubated at 4 °C overnight. The wells were then rinsed three times 

with PBS-T and thoroughly dried. The detection antibody was diluted to 50 pg/mL in 

1% (w/v) BSA in PBS and 100 µL was placed into each well. The plate was incubated 

at room temperature for 2 h. The wells were then rinsed three times with PBS-T and 

thoroughly dried. HRP-labelled streptavidin was diluted 1:40 in 1% (w/v) BSA in PBS 

and 100 µL was place into each well. The plate was incubated at room temperature for 

20 min. The wells were then rinsed three times with PBS-T and thoroughly dried. One 

hundred microlitres of TMB was added to each well. The plate was incubated at room 

temperature for 30 min. Ten percent (v/v) H2SO4 was added at 50 µL per well. The 

absorbance was measured at 450 nm using a Tecan Safire
2 

plate-reader. 
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A similar method was used for the IL-1β ELISA but included the following 

amendments; the capture antibody was diluted to 4 µg/mL; the IL-1β standards were 

prepared in 1% (w/v) BSA in PBS from 1000 – 15.6 pg/mL; and the detection antibody 

was diluted to 500 ng/mL.  
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3 Generation of a murine anti-AZA1 scFv antibody fragment 
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3.1 Introduction 

This chapter describes the development of recombinant antibody fragments targeting 

azaspiracid-1 (AZA1). The algal toxin group AZAs are emerging food-borne 

contaminants that can cause severe gastrointestinal disorders such as vomiting, nausea 

and diarrhoea. ‘Knock-on’ effects of AZA shellfish contamination include economic 

losses due to massive shellfish recalls, fishery closures and job losses (GESAMP, 

2001). Also, due to factors such as increasing ocean temperatures from global warming, 

and eutrophication, HABs are expected to increase in intensity and AZA toxin levels are 

expected to rise (Paerl and Huisman, 2008; Michalak et al., 2013; Paerl and Otten, 

2013). Current regulations for AZA toxins legislate only for AZAs in food, and do not 

cover toxin and algal levels in the sea. Monitoring toxin levels in the sea may allow for 

mitigation of the effects of these toxins, by alerting coastal authorities of areas 

containing high levels and this may help in avoiding harvesting of contaminated 

shellfish. The current regulated detection method for AZA1 is reliant on LC-MS/MS 

which is a labour-intensive, laboratory-based analytical method with high costs 

associated (European Commission, 2011). Therefore, there is a pressing need for a 

‘real-time’, ‘on-site’, inexpensive monitoring device that can be deployed in the sea and 

monitor toxin levels and relay the data ashore to coastal authorities. Biosensors are a 

potential means to sensitively and specifically detect toxins at low levels at the point-of-

need (PON), with a low cost and a rapid turnaround time (TAT) (Murphy et al., 2015) 

and may present a promising solution to this issue. 

The aim of this research was to develop recombinant antibodies (rAbs) specific to 

AZA1 through the process of host-immunisation, library building, and screening via 

phage display and panning. The intended use of any identified rAbs was to incorporate 

them onto a microfluidic lab-on-a-disk (LOAD) platform that would be deployed on a 

marine-monitoring buoy in the sea. There, this biosensor platform would autonomously 

measure AZA1 concentration levels in situ and in ‘real-time’. 

In this chapter, an immune response was generated in mice towards AZA1. The highest 

serum titre was observed for Mouse A and was determined to be 1:20,000 by serum titre 

ELISA. Following this, the host spleen RNA was converted to cDNA and the antibody 

variable regions were amplified by PCR. These V regions were then fused by SOE PCR 

to form a scFv-encoding gene that was subsequently restriction-digested and ligated into 
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a phagemid vector. This vector was transformed into E. coli to form an antibody library, 

with a size in the order of 10
5
 clones. This library was then screened by phage display 

and panning. Unfortunately, AZA1-specific antibodies were not identified, and 

anomalous polyclonal phage ELISA results were also observed. It was later determined 

that the M13 phage used in the phage-display system bound to the AZA1-Bovine Serum 

Albumin (BSA) conjugate used for screening, which obstructed the identification of 

AZA1-specific antibodies. Subsequently, a new AZA1-Ovalbumin (OVA) conjugate 

was developed that eliminated the non-specific phage binding. The scFv library was re-

constructed. This newly constructed library was screened using the new AZA1-OVA 

conjugate. However, this screening process using the new AZA1-OVA conjugate was 

not successful in isolating AZA1-specific scFv from the library.  Therefore, a 

competitive assay was subsequently developed and optimised to detect AZA1 using 

polyclonal antiserum obtained from the immunised-mice bleeds, with an IC50 value of 

3.59 ng/mL. This showed the potential of the antibody library to isolate AZA1-specific 

scFv, but future work would need to involve more refined screening methodologies, 

such as single cell analysis, to sensitively screen the antibody library for the rare AZA1-

specific scFv.  

 

3.2 Results 

This results chapter describes the results of the construction (Sections 3.2.1 – 3.2.9) and 

screening (Section 3.2.10 – 3.2.13) of an anti-AZA1 scFv library. The initial attempt at 

screening the library involved the use of an AZA1-BSA conjugate. However, anti-

AZA1 scFv were not isolated with this initial screening process, as shown by the lack of 

response in a monoclonal ELISA. In this screening section, results are also presented 

that show non-specific interactions between the M13 phage, used in the phage display 

system, and the AZA1-BSA conjugate used for screening. Following this, Section 

3.2.14 describes the generation of a new AZA1-OVA conjugate. It was shown that no 

non-specific interactions occurred between M13 phage and this AZA1-OVA conjugate. 

In addition, Section 3.2.14 describes the construction of a new anti-AZA1 scFv library, 

which had a 10-fold greater library size than the previous library. This new library was 

screened using the AZA1-OVA conjugate; however, no anti-AZA1 scFv were isolated. 
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Finally, Section 3.2.17 describes the development of an assay to measure AZA1 using 

polyclonal mouse anti-serum. 

3.2.1 Determination of AZA1-BSA and AZA1-KLH protein concentration by 

BCA assay 

In order to accurately determine the protein concentration of the AZA1 conjugates 

synthesised in Section 2.2.2.1, a BCA assay was carried out according to the 

manufacturer’s guidelines. A BSA standard curve was generated (Figure 3.1) and using 

the equation of the line, the protein content of the AZA1-BSA and AZA1-KLH 

conjugates were measured as 2.72 mg/mL and 2.41 mg/mL, respectively.  

 

Figure 3.1: BCA standard curve. BSA protein standards were diluted from 25 to 2,000 µg/mL and 

measured in triplicate. Error bars = standard error of mean (SEM) (n = 3). 

 

3.2.2 Determination of murine immune response to AZA1 by indirect ELISA 

In order to determine the level of immune response exhibited by each immunised mouse 

towards AZA1, a serum titre was performed. The mice were immunised with AZA1-

KLH. So as to avoid the carrier protein-specific response, AZA1-BSA was used to 

determine the serum titre. The serum titres of Mouse A, Bleed 8 (Figure 3.2), and 

Mouse B and C, Bleed 10 (Figure 3.3) are shown. Mouse A, Bleed 8 appeared to titre at 

~1:20,000, Mouse B, Bleed 10 at ~1:10,000 and Mouse C, Bleed 10 at ~1:6,000. 
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Figure 3.2: Serum titre of Mouse A Bleed 8. This figure displays the response of the serum obtained 

from bleed 8 of Mouse A towards AZA1-BSA. The wells of the multiwell plate were coated with 5 

µg/mL AZA1-BSA. In triplicate, the serum was added to the plate in doubling dilutions from 1:400 to 

1:25,600. In the negative control wells, the same conditions as the test wells were used but the serum was 

omitted. The cut-off was determined at three times the negative control (i.e. the lowest signal that can be 

distinguished from background). Error bars = SEM (n = 3).  

 

Figure 3.3: Serum titre of Mouse B and C, Bleed 10. This figure displays the response of the serum 

obtained from bleed 10 of Mouse B and Mouse C towards AZA1-BSA. The wells of the multiwell plate 

were coated with 5 µg/mL AZA1-BSA. In triplicate, the serum was added to the plate in doubling 

dilutions from 1:400 to 1:25,600. In the negative control wells, the same conditions as the test wells were 

used but the serum was omitted. The cut-off was determined at three times the negative control (i.e. the 

lowest signal that can be distinguished from background). Error bars = SEM (n = 3). 
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3.2.3 Spectrophotometric determination of extracted mouse RNA concentration 

After the total RNA was extracted from each mouse spleen, the RNA concentration is 

required in order to correctly perform cDNA-synthesis. The purpose of this experiment 

was to determine the concentration of the RNA extracted from the spleens of mice A, B 

and C. The RNA concentration was quantified using the Nanodrop® ND-1000 at 260 

nm. The RNA concentrations of samples A-C are shown in Table 3.1.  

Table 3.1: Extracted mouse spleen RNA concentrations 

Sample Concentration (ng/µL) 

A 1,975 

B 1,145 

C 1,830 

 

3.2.4 Spectrophotometric determination of synthesised cDNA concentration 

The purpose of this experiment was to determine the concentration of the cDNA 

synthesised from the RNA of Mouse A and Mouse B. This cDNA would then serve as a 

template for amplification of the antibody V genes. The cDNA concentration was 

quantified using the Nanodrop® ND-1000 at 260 nm as 1078 ng/µL.  

 

3.2.5 Amplification of antibody genes; variable light and variable heavy chain 

genes 

The purpose of these experiments was to amplify the variable light (Vκ and Vλ) and 

heavy (VH) antibody genes from the synthesised cDNA template using sequence-

specific primers (outlined in Table 2.12). The amplified variable light and heavy chain 

DNA was used in further experiments to produce a scFv-encoding gene by SOE PCR 

using SOE primers (Section 2.2.2.7). All PCR products were separated on 1% (w/v) 

agarose gels stained with SYBR® Safe. The gel images of Vκ, Vλ, and VH are presented 

in Figures 3.4, 3.5 and 3.6, respectively. PCR products are visible in all lanes, with the 

exception of the lane that contained MSCVH18 (Figure 3.6, lane 18). After 

amplification, the PCR products were gel-purified. The Vκ and Vλ products were 

combined at a ratio of 17:2 (Vκ:Vλ), so as to approximately reflect the predominance of 

Vκ genes in mouse antibody repertoires (Almagro et al., 1998) (this product is hereafter 
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referred to as VL). The DNA concentrations of VL and VH were determined by 

spectrophotometric measurement at 260 nm (summarised in Table 3.2).  

 

Figure 3.4: Vκ gene amplification. Vκ PCR products were observed at ~350 bp. Additional bands were 

also observed at ~500-700 bp. L = Hyperladder 1kb Plus; Lanes 1 – 17 = PCR products using primers 

MSCVK-1 – MSCVK-17; C = control. (The control reaction included all reaction components except 

cDNA). 

 

Figure 3.5: Vλ gene amplification. Vλ PCR products were observed at ~350 bp. L = Hyperladder 1kb 

Plus; C = control. (The control reaction included all reaction components except cDNA). 

 

 

Figure 3.6: VH gene amplification. VH PCR products were observed at ~400 bp. L = Hyperladder 1kb 

Plus; Lanes 1 – 19 = PCR products using primers MSCVH-1 – MSCVH-19; C = control. (The control 

reaction included all reaction components except cDNA). 
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3.2.6 Generation of scFv-encoding gene by SOE PCR 

The purpose of these experiments was to fuse and amplify the VL and VH PCR products 

to form a complete scFv-encoding DNA fragment. A small-scale SOE PCR was carried 

out initially (Figure 3.7) followed by a large scale SOE PCR in order to have sufficient 

scFv-encoding DNA for restriction enzyme digestion and ligation into a phagemid 

vector. The large-scale SOE PCR product was gel-purified and the DNA concentration 

was determined by spectrophotometric measurement at 260 nm (see Table 3.2).  

 

Figure 3.7: SOE PCR. The SOE PCR product was observed at ~800 bp. A smear was also observed at 

sizes above and below the band of interest. L = Hyperladder 1kb Plus; C = control. (The control reaction 

included all reaction components except VL and VH DNA). 

 

Table 3.2: DNA concentration measurements of VL, VH and SOE PCR products. 

Product DNA concentration (ng/µL) 

VL 406.8 

VH 171.9 

SOE 170.0 

 

3.2.7 pComb3XSS concentration measurement 

The E. coli containing the pComb3XSS vector was grown in a small-scale culture and 

the plasmid was purified. In order to accurately carry out subsequent digestion 

experiments, the plasmid DNA concentration is required. The purified plasmid DNA 

was quantified by spectrophotometric measurement at 260 nm as 4653.1 ng/µL. 
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3.2.8 Restriction enzyme digestion and ligation of scFv DNA and pComb3XSS  

The purpose of this experiment was to digest the scFv DNA and pComb3XSS products 

using the SfiI restriction enzyme in order to form complementary ‘sticky’ ends that will 

facilitate the insertion of the scFv DNA into the plasmid. The pComb3XSS was also 

digested with XbaI and XhoI, which act on restriction sites within the plasmid’s Stuffer 

fragment. This was carried out in order to reduce the chance of the Stuffer fragment 

being re-ligated back into the plasmid. The digested scFv DNA and pComb3XSS 

products were separated on agarose gels (see Figures 3.8 and 3.9) and subsequently gel-

purified. The DNA concentrations of the purified digested scFv DNA and pComb3XSS 

vector were determined by spectrophotometric measurement as 119.9 ng/µL and 167.9 

ng/µL, respectively. After the ligation was carried out, a small amount of ligated 

product was separated on an agarose gel to check the extent of the ligation reaction (see 

Figure 3.10).  

 

Figure 3.8: Digested SOE product. The digested SOE product was observed at ~800 bp. L = 

Hyperladder 1kb Plus. 
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Figure 3.9: Digested pComb3XSS product. The digested pComb3XSS product was observed at ~3,300 

bp (as indicated by the blue arrow. This band was subsequently gel-purified. Additional bands were 

observed at ~4,000 bp (which is difficult to observe in this image, but is indicated by the orange arrow) 

and 1,200 bp (green arrow), corresponding to single-cut plasmid and the Stuffer fragment, respectively. L 

= Hyperladder 1kb Plus. 

  

Figure 3.10: Ligated pComb3XSS plasmid with SOE insertion. The circularised plasmid containing 

the SOE insert was observed at ~4,100 bp (blue arrow). A band was visible at ~4,800bp which was likely 

a linearised scFv-containing plasmid (orange arrow). The non-ligated SOE was observed at ~800 bp 

(green arrow). L = Hyperladder 1kb Plus.  
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3.2.9 Electroporation of SOE-pComb3XSS into XL1 Blue electrocompetent E. 

coli 

The pComb3XSS plasmid containing the scFv gene insert was electroporated into XL1 

Blue E. coli to allow for expression of the scFv-pIII fusion protein. A titre was carried 

out to determine the approximate library size. This titre was determined to be of the 

order of 10
5
 clones, which is a relatively small library size in comparison to previous 

work in this research group. A colony pick PCR was carried out to determine the 

proportion of the transformed clones that contained the scFv insert (see Figure 3.11). Of 

the ten picked colonies, all contained the scFv insert, indicating that all of the 

transformed clones have the potential to express scFv fragments.  

 

Figure 3.11: Colony pick PCR. The scFv gene insert was observed in 10 out of 10 lanes at ~800 bp. L = 

Hyperladder 1kb Plus; 1-10 = 10 PCR reactions; C = control. (The control reaction included all reaction 

components except a picked bacterial colony). 

 

3.2.10 Screening the anti-AZA1 scFv phage library by panning 

The purpose of the panning experiments was to screen and enrich the constructed 

antibody library for potential AZA1-binding clones. In order to determine if the 

screening process is selectively enriching the antibody library, after each round, the 

input and output phage were re-infected into E. coli and grown on LB agar plates 

supplemented with kanamycin. Only clones containing the re-infected phagemid vector 

will be resistant to kanamycin and so only these clones will be permitted to grow. Titres 

were determined by counting the E. coli colonies grown on titre plates (see Table 3.3). 
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Table 3.3: Input and output phage titres from each round of panning. 

Round Input titre (cfu/mL) Output titre (cfu/mL) 

1 3.2 x 10
13 

2 x 10
9 

2 8.3 x 10
10 

* 

3 1.9 x 10
10 

2 x 10
5
 

4 5.6 x 10
12 

1.4 x 10
7 

(*Note: An output phage titre was not acquired for round 2 due to no observed growth on these plates).  

 

3.2.11 Polyclonal phage ELISA of panning output phage 

The purpose of this experiment was to determine the response of the phage pool 

acquired from each round of panning towards AZA1 and to also investigate if any 

response was directed towards the carrier protein, BSA. The responses from each round 

of panning and the un-panned library towards AZA1-BSA and BSA are shown in 

Figure 3.12.  

 

Figure 3.12: Response of polyclonal phage pools towards AZA1-BSA and BSA. A high response was 

observed in the un-panned library and rounds 2-4 against AZA1-BSA. Very low response was observed 

in round 1 towards AZA1-BSA. Baseline response was observed from each round towards BSA. The 

negative control wells were treated the same as the test wells but omitted any phage. UP = Un-panned 

library; R 1 – 4 = Rounds 1 – 4; NC = Negative Control. The negative control consisted of 5% (w/v) MM 

without any phage.  
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3.2.12 Colony pick PCR of panning input and output phage 

In order to determine if the scFv gene insert was still present within the input and output 

phage library after round 4 of panning, a colony pick PCR was carried out on a number 

of colonies. Eight input and eight output colonies were tested and separated on an 

agarose gel (see Figure 3.13). 

 

Figure 3.13: Colony pick PCR of panning input and output phage. A PCR product of 800 bp was 

expected in each of the round 4 input and output reactions. One scFv out of eight round 4 input products 

and one out of eight round 4 output products were observed. The negative control consisted of all reaction 

components but omitted a picked colony. No DNA product was observed in the negative control lane. 

Primer dimers were observed at sizes smaller than 250 bp in all lanes. L = Hyperladder 1kb Plus. IR4 = 

Input round 4; OR4 = Output round 4; C = Negative control. 

 

3.2.13 Determination of wild type M13 response towards AZA1 by indirect ELISA 

The purpose of this experiment was to test the response of the output phage from round 

4 of panning to AZA1-BSA and compare this to the binding response of wild type M13 

helper phage (wtM13), i.e. M13 phage that do not present an antibody on their surface 

(Figure 3.14). Furthermore, for another point of comparison, the response of a phage 

library that was raised against pancreatic tumour markers was also tested against AZA1-

BSA, i.e. an scFv library that was heavily biased towards pancreatic tumour marker 

antigens that was displayed on M13 phage. The phage output from round 4 showed a 

low response towards AZA1-BSA, with a titre of ~1:50. The wtM13 showed a higher 

response towards AZA1-BSA, with a titre of ~1:1,000. The highest response was 

displayed by the anti-pancreatic tumour scFv-phage library, with a titre >1:1,280. 

Negligible response was displayed towards BSA for any of the phage pools tested. 
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Figure 3.14: M13 phage exhibited non-specific binding to AZA1-BSA. (A) The binding response of 

the phage pool isolated from Round 4 of panning. (B) The binding response of wtM13 helper phage to 

AZA1-BSA. (C) The binding response of a non-screened anti-pancreatic tumour marker phage library 

towards AZA1-BSA. The negative control in each assay included the same conditions as the test wells but 

the phage was omitted. Error bars = SEM (n = 3). 

 

3.2.14 Generation of a new AZA1-OVA conjugate and construction of a new anti-

AZA1 scFv library 

3.2.14.1 Measurement of AZA1-OVA protein concentration by BCA assay 

Following un-successful screening using the AZA1-BSA conjugate, a new AZA1-OVA 

conjugate was synthesized using a new conjugation process. The purpose of this 

experiment was to determine the protein concentration of this new conjugate for use in 

further experiments. The protein concentration of the newly synthesized AZA1-OVA 

conjugate was measured by BCA assay to be 1,532 µg/mL. 
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3.2.14.2 Binding response of mouse B antiserum and wtM13 to AZA1-OVA 

The purpose of this experiment was to determine if the conjugation of AZA1 to OVA 

was successful. This was determined by measuring the binding response of mouse B 

antiserum to AZA1-OVA. In addition, the response of wtM13 to the new conjugation 

was also measured, so as to determine if the non-specific interaction persisted. The 

results of these ELISAs are presented in Figure 3.15 below. As can be seen from Figure 

3.14(A), a strong response was observed from mouse B antiserum to AZA1-OVA, with 

negligible response towards OVA. This indicates that the conjugation was successful. 

From Figure 3.15(B), it can be seen that wtM13 exhibited no binding towards AZA1-

OVA or OVA, indicating that the non-specific interaction had ceased with the new 

conjugate. 

 

Figure 3.15: Binding response of (A) mouse B antiserum and (B) wtM13 towards AZA1-OVA. The 

mouse B antiserum and wtM13 were also tested against OVA as a control. The negative control consisted 

of all reaction components except antiserum or phage sample. 

3.2.14.3 Transformation of re-constructed anti-AZA1 antibody library 

The anti-AZA1 scFv library was re-constructed with the aim of increasing the size and 

diversity of the scFv library so as to improve the likelihood of isolating an AZA1-

specific scFv. After transforming the newly constructed library into E. coli, the library 

size was determined to be of the order of 2.5 x 10
6
 clones, which was a 10-fold 

improvement over the previous library. A colony pick PCR was performed on 10 

clones, the result of which is presented below in Figure 3.16. Using the OmpSeq and 

Gback primer pair, it is expected to observe the scFv insert at ~1,000 bp. The 1,000 bp 

gene was amplified in 9 out of the 10 tested clones, indicating 90% transformation 

efficiency. 
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Figure 3.16: Colony pick PCR of 10 clones from the re-constructed anti-AZA1 scFv library. The 

scFv gene, as amplified using the OmpSeq and Gback primers, was observed at 1,000 bp in 9 out of 10 

tested colonies.  L = Hyperladder 1kb; 1-10 = 10 PCR reactions; NC = negative control. (The negative 

control reaction included all reaction components except a picked bacterial colony). 

3.2.15 Screening the re-constructed anti-AZA1 scFv library 

The purpose of this experiment was to screen and enrich the re-constructed anti-AZA1 

antibody library for potential AZA1-binding clones using the newly synthesized AZA1-

OVA conjugate. The progress of the panning experiment was monitored by determining 

the input and output phage titres of each panning round (see Table 3.4), as was carried 

out previously in Section 3.2.10. 

Table 3.4: Input and output phage titres from each round of panning. 

Round Input titre (cfu/mL) Output titre (cfu/mL) 

1 5.2 x 10
13 

2.71 x 10
8 

2 6.2 x 10
12 

2.08 x 10
9 

3 1.24 x 10
13 

5.35 x 10
6
 

4 2.96 x 10
13 

1 x 10
5 

 

3.2.16 Polyclonal phage ELISA 

After carrying out 4 rounds of panning on the anti-AZA1 scFv phage library, the 

response of the phage output pools from each round was determined by indirect ELISA. 

The response of the wtM13 phage was also tested and served as a point of comparison. 

The result of the ELISA is presented in Figure 3.17 below. As can be seen from Figure 

3.17, there was no statistically significant difference in response between any of the 

tested samples (P > 0.05). This indicates that no enrichment occurred during the 

panning process. 
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Figure 3.17: Response of polyclonal phage pools towards AZA1-OVA. The phage outputs from each 

round of panning were tested against AZA1-OVA to determine if any enrichment of response was 

observed. No statistically significant changes in binding response were observed. NC = negative control. 

3.2.17 Development of an assay to measure AZA1 using polyclonal mouse 

antiserum 

In these experiments, the aim was to develop a competitive assay using the polyclonal 

antiserum from mouse B to measure AZA1. In order to optimise the appropriate 

antiserum dilution and AZA1-OVA conjugate dilution to use in a competitive assay, a 

checkerboard assay was first carried out (Section 3.2.17.1). Following this optimisation, 

three independent competitive assays were carried out to measure free AZA1 in solution 

(Section 3.2.17.2). 

3.2.17.1 Optimisation of Mouse B antiserum dilution and AZA-OVA coating 

concentration by checkerboard ELISA 

The purpose of this experiment was to determine a suitable dilution of the mouse B 

antiserum and the AZA1-OVA coating concentration for carrying out subsequent 

competitive assays. The aim was to identify an antiserum dilution and AZA1-OVA 

coating concentration that would produce a response significantly different to the 

negative control. A range of AZA-OVA concentrations were coated onto a plate surface 

and a series of mouse B antiserum dilutions were applied. The responses observed are 

presented in Figure 3.18. From the result of this experiment, a coating concentration of 

5 µg/mL AZA1-OVA and an antiserum dilution of 1:200 were chosen for further 

experiments. 
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Figure 3.18: Checkerboard ELISA of various AZA1-OVA coating concentrations and Mouse B 

antiserum dilutions. The wells of a multiwell plate were coated with AZA1-OVA at concentrations 

ranging from 0.625 µg/mL to 10 µg/mL. The antiserum was diluted from 1:200 to 1:12,800. The negative 

control consisted of all test components but omitted the AZA1-OVA coating and any antiserum. The ‘cut-

off’ (dotted line) was determined at three times the negative control (i.e. the lowest signal that can be 

distinguished from background). 

 

3.2.17.2 Development of competitive assay to detect AZA1 using polyclonal murine 

IgG  

The purpose of this experiment was to develop a competitive assay to determine the 

binding characteristics of the Mouse B antiserum, i.e. to determine the IC50 of this 

polyclonal Ab sample. Triplicate assays were conducted. The results of these three 

experiments are presented in Figure 3.19. As can be seen, there was considerable 

variation in the observed IC50 values and the R
2
 values would suggest a poor curve fit. 

The average IC50 value was 3.59 ng/mL ± 2.00 (SEM).  
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Figure 3.19: Competitive ELISA results of Mouse B antiserum for free AZA1. Assays A, B and C 

were carried out sequentially, i.e. assay A was carried out first, followed by B and then C. As can be 

observed from the error bars, each subsequent iteration of the assay appeared to introduce greater 

variability. Error bars = SEM (n = 3). 

 

3.3 Discussion 

There is a pressing need for on-site, real-time monitoring systems for AZA1 to ensure 

consumer safety and mitigate the harmful economic effects of this phycotoxin. The 

focus of this chapter was on the development of anti-AZA1 recombinant antibody 

fragments. RAb engineering affords an effective means to produce antibody fragments 

for diagnostic and therapeutic use in a relatively short time-frame and with relatively 

low cost. Such recombinant antibody fragments can be incorporated into PON 

biosensors to facilitate on-site detection and monitoring of toxins and offer a solution to 

the issue of monitoring AZA1-contamination in seafood. 

As AZA1 is a poorly immunogenic hapten molecule, in order to generate an immune 

response to this target it was conjugated to an immunogenic carrier protein. KLH is a 

large protein (molecular mass ranging from 0.5 – 13 MDa) isolated from keyhole 

limpets (Megathura crenulata). This organism is phylogenetically very distant from 

mice (Mus musculus). Thus, KLH is very ‘foreign’ to a mouse’s immune system and, 
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combined with its high molecular mass and complex structure, elicits a strong immune 

response. KLH also contains hundreds of primary amine groups that can be targeted for 

conjugation with the carboxyl-containing AZA1 by EDC-crosslinking. Carbodiimide 

conjugation reactions mediate the formation of amide bonds between carboxyl groups 

with primary amines. Carbodiimides are ‘zero-length’ linkers because no additional 

chemical structure is introduced between the conjugating molecules. A zero-length 

linker is useful for immunization strategies in certain circumstances as this eliminates 

the chance of linker-specific antibodies being generated within the host. However, they 

may be undesirable if steric hindrance becomes a factor (Bieniarz et al., 1996; 

Hermanson, 2008).  

BSA and OVA are other frequently used carrier proteins for hapten molecules. The 

large size of BSA and OVA (66.5 kDa and 42.7 kDa, respectively) and the high number 

of amine groups on their surfaces allowed for effective EDC conjugation with AZA1. 

The use of these secondary proteins as non-relevant carrier proteins is highly useful in 

determining serum titres in ELISA and in screening, as the use of a non-relevant carrier 

protein will reduce the binding of antiserum to the carrier, ensuring that the response 

observed is that directed towards the hapten (Hermanson, 2013).  

The development of an anti-AZA1 scFv was undertaken by the successive 

immunisation of three BALB/c mice with AZA1 conjugated to KLH, which promotes 

somatic hypermutation (SHM) of the antibody variable regions and the development of 

high-specificity antibodies. A serum titre is an effective means to determine the extent 

of the immune response in an immunised host, as it is used to measure the level of 

antibodies present in the serum that are specific to the target of interest. In this work, 

after a total of ten immunisations, serum titres of 1:20,000, 1:10,000 and 1:6,000 were 

observed for mice A, B and C, respectively. This is a moderate immune response that 

can be somewhat expected for such a non-immunogenic target as AZA1. This is 

reflected in other published work, as it was reported by Samdal et al. (2015) that a 

similar response was observed after a total of eleven host immunisations. Generally, it is 

recommended to establish an immune titre in the order of 1:10
5
 before commencing 

library construction (Barbas et al., 2001). However, due to pressing time constraints (a 

total of 10 immunisations required 28 weeks) and the high consumption of valuable and 

highly limited AZA1 materials, and despite the moderate antibody titre established, it 
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was decided to develop the antibody libraries of mice A and B. The spleens were 

harvested from mice A and B as the spleen is a rich source of antibody-producing B 

cells. The RNA from these spleens was extracted and reverse transcribed to cDNA. The 

VL and VH genes were amplified from this cDNA using sequence-specific sense and 

reverse primers. When amplifying the Vκ genes, additional bands were visible on the 

agarose gel at sizes between 500 – 700 bp (Figure 3.4). These products may have 

occurred due to product dimerisation. In the VH PCR, the MSCVH18 product was not 

produced, which may be due to the under-representation of this VH gene in the mouse 

antibody repertoire. Using SOE PCR, the VL and VH genes were spliced together and 

amplified to obtain a high yield of scFv-encoding gene template. When carrying out 

SOE PCRs, a smear was observed at sizes above and below the target band on the 

agarose gels. Such smearing can sometimes occur due to the presence of too much DNA 

template, incomplete polymerisation, or dimerization of PCR products (Bio-Rad, 2018). 

However, the ~800 bp band was excised from the agarose gel and gel-purified, which 

omitted most of these smeared products. The scFv gene and the pComb3XSS vector 

were restriction digested with the restriction enzyme SfiI, which facilitates the formation 

of ‘sticky’ ends and directional cloning upon ligation of the scFv gene into the vector. 

The pComb3XSS vector was also restriction digested with XbaI and XhoI, which cleave 

the stuffer fragment at two points within its sequence. This was done in order to reduce 

the chance of the stuffer fragment from re-ligating into the vector. The digested scFv 

gene and pComb3XSS vector were ligated and subsequently electroporated into XL1 

Blue E. coli. The resulting library size was of the order of 10
5
 clones. Ideally, a library 

size of >10
7
 clones would increase the likelihood of isolating high affinity antibodies. 

However, previous work from this research group yielded highly specific antibodies 

from libraries of ~10
5
 clones in size. Therefore, this library was used for phage display 

and panning to screen for potential anti-AZA1 antibody fragments.  

The XL1 Blue E. coli library was infected with M13 helper phage in order to convert 

this bacterial library into a phage-display library, where each encoded antibody is 

displayed on the phage surface. This phage library was screened by panning with 

decreasing coating concentrations of AZA1-BSA and increasing number of wash steps 

per round of panning. This was done in order to put selective pressure on the library so 

as to enrich for antibodies that bind strongly to AZA1 and exclude non-specific and 

weaker binders. This enrichment was shown by the decreasing output titres after each 
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round of panning (with the exception of Round 4) (Table 3.3). However, the result of 

the polyclonal phage ELISA (Figure 3.12) shows a high response in the un-panned 

library and a decreasing response from round 2 to round 4. This is a highly anomalous 

result, as it would be expected that a low response would be observed from the un-

panned library, where the antibody diversity is high and the proportion of potential 

AZA1-binding antibodies is relatively low. It would also be expected that the response 

towards AZA1-BSA would increase with further rounds of panning, when the AZA1-

binding clones are enriched and become more prevalent in the phage pool (Byrne et al., 

2009).  

To further investigate this, the phage outputs from rounds 3 and 4 were infected into 

non-suppressor strain Top10F′ E. coli to allow for soluble expression of the encoded 

scFv fragments. Unfortunately, when tested in a monoclonal ELISA format, no response 

was observed from any of the tested samples (results not shown). A possible reason for 

this is that the colonies picked may have contained an empty pComb3XSS vector, 

which would confer carbenicillin-resistance and allow colonies to grow, but without the 

scFv gene insert. This was investigated by means of a colony pick PCR. 

A colony pick PCR was carried out to determine if the scFv gene insert remained 

present before and after the final round of panning. The result indicates that the gene 

insert remained in only one of the eight tested input colonies and in one of the eight 

tested output colonies. This result suggests the scFv-encoding gene was present in only 

a very small proportion of the phage pool while the majority of the phage pool 

contained empty phagemid vector. Such clones would have less of a burden of 

expressing a deleterious gene and would have a competitive advantage over those 

clones that did express the gene (Hibbing et al., 2010). Therefore, the majority of the 

clones picked after soluble-expression in Top10F′ E. coli could not express scFv 

product, which would explain the result of the monoclonal ELISA. It is possible that the 

bacteria excised the scFv gene out of the phagemid vector but retained the carbenicillin-

resistance gene (Kliman, 2016). This would explain why colonies could grow in the 

presence of carbenicillin but not produce any scFv product. Bacteriophage are 

notoriously ‘sticky’ and so another possible explanation of these results is that perhaps 

wtM13 was interacting with the AZA1-BSA-coated immunotube surface, perhaps via a 

non-specific binding interaction of phage coat proteins with the conjugate (Miersch et 
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al., 2015; Hakami et al., 2015). This would allow non-scFv-displaying phage to be 

retained through the rounds of selection. This theory was investigated by comparing the 

response of phage from the round 4 of panning to that of wtM13 and to the response of 

an scFv-displaying phage library that was developed against pancreatic tumour markers; 

the binding of these phage pools was measured against AZA1-BSA and BSA using 

indirect ELISA (Figure 3.14). 

The result shown in Figure 3.14(A) clearly shows a high response for round 4 phage at 

1/4 dilution but declines rapidly with increasing dilutions. By comparison, a high 

response was observed from wtM13 towards AZA1-BSA with a titre observed at 

~1:1,000 (Figure 3.14(B)). Further, a negligible response was observed towards BSA, 

which would suggest that wtM13 binds to AZA1. This was further shown by the high 

binding response of the anti-pancreatic tumour marker scFv-phage pool towards AZA1-

BSA (Figure 3.14(C)). The likelihood of this response occurring due to the binding of 

the displayed scFv fragments is very low; the anti-pancreatic cancer antibody library 

was raised in BALB/c mice that would have never been exposed to AZA1. Furthermore, 

it should be stressed again how weak AZA1 is as an effective immunogen, requiring 10 

administrations of the AZA1-KLH immunogen to raise the BALB/c immune response 

to a modest level. Thus, the response observed in Figure 3.14(C) is likely not due to 

antibody-antigen binding. Therefore, the results presented in Figure 3.14 suggest a non-

specific binding interaction between the M13 phage and the AZA1-BSA conjugate, 

which is similar to other published work (Miersch et al., 2015; Hakami et al., 2015). 

There are considerable negative implications with the non-specific binding of the 

phage-carrier system to the target of interest. 

Firstly, it is important to note that the process of panning relies on two critical steps that 

affect library diversity; the selection step, which based on affinity to a target; and the 

amplification step in which eluted phage compete for a limited number of host cells to 

allow for propagation. As was noted by Derda et al. (2011), the amplification step in 

panning contributes a significant loss of diversity in phage libraries. This occurs due to 

the ability of faster growing clones to out-compete the slower growing clones; thus, the 

output from each round of panning is a function of the scFv affinity and also the 

propagation rate of each clone. This was exemplified by Derda et al. (2010); a 40% 
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difference in infection time between a rapid-growing phage (R) and a slower-growing 

phage (S) can lead to a R:S ratio of 300:1 after five hours of growth.  

It is well established that in a pool of E. coli clones, clones that do not have to over-

express a protein-of-interest will have a growth advantage over those that do, due to the 

devotion of energy and cellular resources into growth (Hibbing et al., 2010). In the 

present study, the scFv-expressing E. coli will be at a growth-disadvantage and will be 

quickly out-competed by the faster growing non-expressing clones. Furthermore, the 

fact that non-displaying M13 phage can bind to the AZA1-BSA target means that such 

clones can be retained through the wash steps in each round of panning, allowing them 

to be retained. With each subsequent propagation step, the non-displaying phage 

numbers will increase. This concept is presented in Figure 3.20 below. Therefore, the 

likely explanation of the high binding response observed in the polyclonal phage ELISA 

is that the response was related to the abundance and binding ability of the phage 

particles to the AZA1-BSA coated surface and not to the affinity of displayed antibodies 

for AZA1-BSA. Perhaps a number of clones lost the redundant scFv-encoding gene, as 

this would confer a higher growth rate, and binding to the AZA1-BSA surface would 

still be retained by the binding ability of wtM13. This may also explain the absence of 

scFv-inserts in the majority of clones tested in the colony pick PCR.  
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Figure 3.20: Concept of the enrichment of non-displaying M13 phage during panning. (A) The 

AZA1 scFv-phage library is made up of many clones that bind to AZA1 (red) and clones that bind to 

irrelevant antigen targets (blue). In addition, there are a small number of M13 phage (purple) that were 

transformed with phagemid lacking the scFv gene, thus they do not display an scFv on the surface (non-

displaying (ND) phage). (B) During the first round of panning, a number of red AZA1-specific clones are 

retained because of their affinity to AZA1. However, some non-specific blue clones and ND phage are 

also retained because of the non-specific binding interaction between the M13 phage and the AZA1-BSA 

conjugate. (C) Upon transfection of the output library into E. coli, ND phage grow much faster as they do 

not need to over-express a recombinant protein, while AZA1-specific and non-specific phage lag behind 

as they must devote energy and resources into over-expressing the encoded scFv. (D) The levels of ND 

phage post-round 1 have grown relative to the amount pre-round 1. (E) When this process is repeated for 

several rounds, the ND phage levels have grown to the point that they now heavily out-number any scFv-

displaying phage. 
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It was attempted to circumvent this issue by developing a new AZA1 conjugate, using 

an altered conjugation reaction. AZA1 was conjugated to OVA using a more efficient 

and better controlled EDC-NHS conjugation reaction. The binding of mouse B 

antiserum to AZA1-OVA (Figure 3.15) demonstrated that the conjugation was 

successful. Furthermore, the lack of binding between wtM13 and AZA1-OVA indicated 

that the non-specific binding interaction was successfully suppressed. This indicated 

that this new conjugate would be a viable target to use for phage-display and panning. 

Following this, the anti-AZA1 scFv library was successfully re-constructed with the aim 

of increasing the library size and diversity. This was achieved with the library size 

measured at 2.5 x 10
6
 clones, indicating a 10-fold increase in size versus the previous 

library. This library was confirmed to have 90% insert efficiency by colony pick PCR.  

Following successfully re-constructing the anti-AZA1 scFv library, panning was carried 

out using the new AZA1-OVA conjugate. After four rounds of panning, a polyclonal 

phage ELISA was carried out to determine if any enrichment of AZA1-specific clones 

occurred. Unfortunately, no significant difference was observed for any of the phage 

outputs versus the negative control, which indicated that no AZA1-specific clones were 

present in the outputs.  

When it appeared that no significant increase in response towards AZA1-OVA was 

observed after four rounds of panning, it was decided to develop a competitive assay to 

measure AZA1 using the polyclonal antiserum isolated from mouse B. First, a 

checkerboard assay was carried out, varying the AZA1-OVA coating-concentration and 

the dilution factor for the mouse B antiserum. The aim was to identify a combination of 

the two factors that produced a binding response of ~0.5 – 1 absorbance units. Thus, a 

coating concentration of 5 µg/mL AZA1-OVA and an antiserum dilution of 1:200 were 

chosen for further experiments. These parameters were used to develop a competitive 

ELISA to measure free AZA1 in solution. Three independent competitive ELISAs are 

presented in Figure 3.19. As can be seen, a range of IC50 and R
2
 values were observed 

between the three assays, which indicates high variability between assays. The 

variability observed in the assays may have been due to the use of polyclonal antiserum. 

The presence of other serum components may have interfered with the assay causing the 

variability observed (Cox et al., 2004). In addition, the inter-assay variability observed 

may have been due to the inherent heterogeneous nature of polyclonal antibodies 
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(Seida, 2017). It would be preferable to use purified IgG instead of antiserum but 

unfortunately the extremely limited quantity of antiserum meant that purification was 

impossible.  Despite this, the average IC50 value obtained from the assays was 3.59 

ng/mL ± 2.00 (SEM) which indicates good sensitivity of the polyclonal antiserum. 

Currently, the regulatory limit of AZA1 is 160 µg/kg of tested shellfish and there is no 

limit related to the levels of toxin in water. However, Samdal et al. (2015) reported the 

development of polyclonal anti-AZA1 antiserum with a similar IC50 of 1.9 ng/mL in 

buffer and a limit of quantification in shellfish of 57 µg/kg, well below the regulatory 

limit. Thus, the result of this competitive assay indicates that the antibody repertoire 

indeed contains AZA1-specific antibody clones, which are of high sensitivity and have 

good potential to meet the regulatory required detection limits.  

Unfortunately, the considerable difficulty that was exemplified in this research is 

successfully isolating such clones. It could be speculated that the failure to isolate 

AZA1-specific clones from the scFv library could be due to the relatively low immune 

response generated during the immunisation regime. After a total of ten immunisations, 

an antiserum titre of 1:20,000 was observed for the best-responding mouse. By 

comparison, it was observed in the Bacillus cereus chapter of this thesis that an 

antiserum response of 1:86,000 was observed after just three immunisations; it could be 

envisioned that if this latter immunisation regime was continued for longer, an even 

stronger immune titre could have been attained. Furthermore, the scFv library that was 

subsequently generated was of a moderate size, with 2.5 x 10
6
 clones. By comparison, 

other studies have reported antibody library sizes in excess of 10
10

 – 10
12

 clones (Van 

Blarcom et al., 2015; Sun et al., 2016). It is likely that this initial poor response from 

the immunised hosts to AZA1 was the reason for the moderate scFv library size of 2.5 x 

10
6
 clones being generated. Perhaps in future work, the issue of poor immunogenicity 

could be addressed by the development of synthetic AZA1 epitopes, as was reported 

previously (Forsyth et al., 2006; Frederick et al., 2009; Samdal et al., 2015). 

3.4 Future work 

The major issue presented by hapten targets with poor immunogenicity, such as AZA1, 

is the requirement of a carrier protein to elicit an immune response. However, because 

the carrier protein is more immunogenic than the hapten, this in turn can lead to the 

generation of antibodies with an extended binding site that recognise the hapten with a 
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portion of the protein carrier. Such antibodies would bind more tightly to the hapten-

protein conjugate that soluble hapten due to the greater number of interactions at the 

binding site. Hence, antibodies with high affinity to the soluble antigen are very rare in 

the immunised antibody repertoire (Sun et al., 2016). In this work, it was shown that 

AZA1 is not very immunogenic, as indicated by the prolonged immunisation regime, 

which is in agreement with the literature (Frederick et al., 2009; Stack et al., 2011; 

Samdal et al., 2015).  The disadvantage associated with the use of bulk-screening of 

heterogeneous libraries with panning is that rare clones, such as those binding to AZA1 

can easily be lost due to the bias for enriching the faster growing clones with no 

preference for those expressing desirable antibodies (Fitzgerald et al., 2015; Fitzgerald 

and Leonard, 2016). A potential path that could circumvent these disadvantages of 

whole-library-screening is the use of single cell analysis (SCA). A number of SCA 

systems have been devised to specifically circumvent the significant disadvantages of 

panning. One of the most prominent SCA systems is the coupling of yeast display with 

fluorescence-activated cell sorting (FACS). 

Yeast display utilises a similar strategy as phage display in that the scFv is presented on 

the surface of Saccharomyces cerevisiae (albeit with much higher numbers of 

antibodies per cell) while the scFv-encoding gene is contained within the yeast cell, 

thereby allowing for the recovery of the genetic material of any positively selected 

clones. However, an important distinguishing feature is that yeast display can be 

coupled with FACS. This can potentially allow for the analysis of 10,000 individual 

cells per second (Harriman et al., 2009). This in turn facilitates characterisation of 

individual candidates within vast quantities of cells, allowing for the isolation of rare 

antibodies. This is a prime reason for the wide adoption of this technology within the 

biopharmaceutical industry (Meehl and Stadheim, 2014; Doerner et al., 2014). Such a 

method was successfully applied by Tasumi et al. (2009) to identify mAbs specific to 

cholera toxin with high affinity. This technique utilised mAbs displayed on the surface 

of S. cerevisiae and fluorescently-labelled cholera toxin. Clones specific to cholera-

toxin could be identified by the fluorescent signal when analysed by FACS and 

subsequently sorted and isolated. This system was further use by Van Blarcom et al. 

(2015) to identify mAbs with high affinity to Staphylococcus aureus alpha toxin. 

Another instance of successfully applying yeast display was reported by Sun et al. 

(2016) and presented quite a similar situation as the current study; an scFv library of 4.4 
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x 10
6
 clones was raised against a poorly immunogenic polyaromatic hydrocarbon 

(PAH) hapten target. Yeast display and FACS were successfully used to isolate rare 

antibodies specific to the target. It was calculated that using this approach improved the 

chances of isolating hapten-specific scFv from 0.005% in the original library to 35% in 

the final pool. 

Unfortunately, a significant caveat associated with this system is the requirement of 

considerable investment into FACS equipment and the requirement to reformat the 

phage display library into a yeast display library, which are not readily accessible in the 

research group. However, a potential system that would not require reformatting the 

current library and that can allow for SCA was recently developed within DCU. The 

direct clone analysis and selection technology (DiCAST) was reported by Fitzgerald et 

al. (2015). This system is amenable to phage displayed antibody libraries and utilises 

microcapillary plates to analyse millions of putative antibody clones simultaneously. It 

is the author’s opinion that future work on this project should first investigate the use of 

DiCAST to screen the anti-AZA1 library for rare AZA1-specific scFv. If this should not 

prove successful, other SCA systems such as yeast display and FACS should be 

investigated. 
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4 Optimisation of anti-MC-LR scFv binding site and stability 
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4.1 Introduction 

This chapter describes the optimisation of an anti-MC-LR scFv, designated 2G1, which 

was previously developed in the Applied Biochemistry Group. 2G1 is a well 

characterised antibody that exhibits high affinity for MC-LR, with a limit of detection of 

0.19 ng/mL. It also shows high cross-reactivity to a number of MC congeners (Murphy 

et al., 2015). These properties make this antibody very attractive for the incorporation in 

biosensor systems to facilitate the monitoring of water bodies for the hazardous MC 

toxins. However, the 2G1-MC-LR antibody-antigen interaction had not yet been 

thoroughly investigated, thus, this afforded a valuable opportunity to investigate and 

learn more about the interactions between a recombinant antibody and its hapten target. 

The information and knowledge gained could be applied to improve the antibody-

hapten interactions of other anti-toxin recombinant antibodies. Indeed, it is possible that 

the information gained could be used to further improve the binding sensitivity of the 

2G1 antibody.  

Thus, in Section 4.2 of the chapter, the focus was on refining our understanding of the 

interaction between the 2G1 scFv and MC-LR by identifying the amino acids (AAs) 

that are specifically involved in MC-LR-binding and elucidating their specific role in 

this interaction, i.e. whether the residue is involved in direct antigen-binding or plays a 

secondary structural role. Firstly, in silico modelling of the antibody-antigen interaction 

was carried out to identify putative AAs central to the 2G1-MC-LR interaction. A 3D 

model of the avian 2G1 scFv was developed by homology modelling using another 

avian scFv developed in the Applied Biochemistry Group (Conroy et al., 2014). Owing 

to the highly conserved structure of avian antibody frameworks, this pairing allowed for 

high homology between these structures. Following this, 3D docking of the MC-LR 

molecule into the binding site of the 2G1 3D model was carried out using AutoDock 

Vina software using flexible side-chain docking. This allowed for the identification of 8 

putative AA residues in the 2G1 binding site. This, in turn, guided rational targeted 

mutagenesis, using alanine scanning to investigate the in vitro role of each AA residue 

(see Figure 4.1). Many of the mutations resulted in considerable decreases in binding 

affinity for the MC-LR antigen, indicating the likely antigen-binding role of the mutated 

residues. Of particular note, a glutamic acid residue was identified as having a critical 

role in binding, with the mutation of heavy (H) chain glutamic acid 102 (H-E102) 

(located in complementarity determining region heavy 3 (CDRH3)) to alanine resulting 
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in a drop in relative affinity to 1.2% compared to the wild type scFv. A number of 

mutations were carried out to improve the binding affinity between 2G1 and MC-LR. 

Interestingly, the alanine mutations of light chain serine 56 (L-S56) and light chain 

aspartic acid 57 (L-D57) resulted in the improvement in relative affinity to 347% and 

219%, respectively. The work in this chapter highlights the benefits of using modern 

computational methods and protein engineering strategies to gain greater insight into 

how an avian antibody interacts with its hapten target. The information gathered here 

should help serve the wider antibody engineering community in the future, and should 

contribute towards a rational approach of developing recombinant antibodies for 

binding specific targets. 

 

 

Figure 4.1: Concept of the approach used in this work. The 2G1 scFv DNA sequence was uploaded to 

SwissModel and, using a scFv template, a 2G1 model was developed. Next, using a combination of 

CASTp and AutoDock, the MC-LR structure was docked into a putative binding pocket of 2G1. This 

allowed for observation of potential interactions between the toxin and amino acids (AAs) in the binding 

pocket. In order to elucidate the nature of these interactions, these AAs were targeted for mutation by 

alanine scanning.  

In addition to identifying important AA residues in the antigen-binding site, it was the 

aim of the second part of this chapter (Section 4.5) to improve the stability and 
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solubility of the 2G1 scFv. The 2G1 scFv is a viable antibody to incorporate onto a 

number of in situ, water-monitoring biosensor platforms to tests for the presence of 

MCs in water, as was discussed earlier. One of the aims of this chapter was to improve 

the shelf-life of the antibody to facilitate long-term deployment of biosensors that 

incorporate this antibody. In addition, much literature has discussed the benefits of 

enhanced protein stability and solubility leading to better performance in different 

matrices, which is an important consideration given the environmental monitoring 

application of this antibody. A potential added benefit of improving the protein stability 

and solubility is the potential to improve protein expression yields, which has important 

cost benefits for protein manufacturing. 

A large number of previously published articles were investigated in order to determine 

the most frequently occurring beneficial mutations to improve protein stability. The 

most common stability- and/or solubility-enhancing mutations were hydrophobic-to-

hydrophilic mutations of surface exposed hydrophobic residues. It was evident in a 

number of reports that the hydrophilic residues most commonly used for substitution 

were arginine and aspartic acid (see Section 1.5.2). In order to identify putative surface-

exposed hydrophobic residues on the 2G1 scFv surface, the 2G1 3D model developed in 

the first part of the chapter was analysed and three surface-exposed hydrophobic 

residues were identified; L124, L153 and I255. These residues were each substituted 

with arginine and aspartic acid, creating six mutant clones each with single point 

mutations. To determine if these mutations had any deleterious effect on the binding to 

the 2G1 antigen, MC-LR, indirect and competitive ELISAs were carried out to 

determine the binding affinity of each mutant. These mutations were also investigated to 

elucidate the effect on protein expression and purification. Unfortunately, none of the 

mutations appeared to improve the overall protein yield, however, a number of 

mutations, in particular the mutation L153D, appeared to greatly reduce the aggregation 

propensity of the antibody mutants versus the wild type. In addition, experiments were 

carried out to measure the effect of the mutations on native and non-native solubility but 

it was determined that none of the mutations improved upon the solubility of the wild 

type. Finally, experiments were performed to determine the effect of the mutations on 

the functional stability of the scFv, i.e. if the scFv could retain binding-ability after 

treatment to denaturing conditions. Interestingly, three of the tested mutants, L124D, 

L124R and L153R exhibited improved thermal stability versus the wild type. In future 
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experiments, the individual mutations should be combined to develop double and triple 

mutant clones in order to determine if the hydrophilic mutations could exhibit 

cumulative benefits to antibody stability and solubility. 

 

4.2 Results – Binding Site Optimisation 

This results section describes the optimisation work carried out on the 2G1 scFv binding 

site. In Section 4.2.1, the results of in silico work for identifying the putative binding 

site are presented. In Section 4.2.2, the results of the in vitro mutagenesis for elucidating 

the role of each AA residues are presented. 

4.2.1 Identification of the potential 2G1 binding site and associated binding 

residues 

4.2.1.1 In silico modelling of 2G1 scFv using SwissModel and CASTp 

SwissModel was used to generate a 3D model of 2G1. This model was based on the 

crystal structure PDB: 4p48.1.A, an avian anti-cardiac troponin I scFv. This scFv shared 

high sequence homology with the 2G1 sequence, with a value of 85.41% homology, 

which suggests that the generated model should be reliable for further computational 

analysis (Roy et al., 2017). CASTp was used to predict the location of putative binding 

pockets on the scFv molecule, as this server provides identification and measurements 

of surface accessible pockets of proteins and can be used to guide protein-molecule 

interactions. The MC-LR 3D structure has a solvent accessible surface area (SASA) of 

1240.0 Å
2
. The largest pocket identified by CASTp located has a SASA of 479.6 Å

2
. 

Therefore, this pocket was chosen for molecular docking, as it was the most viable to 

accommodate the MC-LR structure.  

4.2.1.2 Molecular Docking of MC-LR into 2G1 scFv using AutoDock 

After CASTp was used to identify the potential binding pocket, 3D docking of MC-LR 

into the CASTp-predicted pocket was carried out using AutoDock Vina. The highest 

ranked docking pose was chosen as this represents the most probable binding 

conformation. The binding energy of the highest ranked docking pose was -7.8 

kcal/mol. The AutoDock Tools program was used to display the binding site 

interactions of this highest ranked docking pose, specifically displaying AA residues of 

the 2G1 wild type scFv that were in close contact and that shared hydrogen bonds with 
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MC-LR. The ‘van der Waals scaling factor’ was kept at the default setting of 1.00. The 

result of this displayed the following AA residues; L-Y49, L-P55, L-S56, L-D57, H-L2, 

H-Y32, H-E101 and H-E102. Figure 4.2 shows these residues in context to the CDRs of 

the 2G1 sequence. Figure 4.3 below and the videos in the supplementary material 

present these residues in close contact to MC-LR in the lowest energy docked pose. 

Following docking of MC-LR into 2G1, the shortest distances between the identified 

2G1 residues and the MC-LR structure were measured (see Table 4.1). 

 

Figure 4.2: 2G1 scFv sequence highlighting the CDRs and putative binding residues. The 2G1 scFv 

was numbered and the CDR residues were identified according to Kabat numbering. L = Light chain; H = 

Heavy chain. CDRL1 = blue, CDRL2 = green, CDRL3 = light green, CDRH1 = light orange, CDRH2 = 

dark orange, CDRH3 = red, and the residues identified by AutoDock are underlined. 
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Figure 4.3: 3D structure of the 2G1 scFv in complex with MC-LR. A = highest ranked docking pose 

of MC-LR (yellow) docked into binding site of 2G1. B = zoomed in image of A with the investigated 

AAs labelled. C = 90° rotation of B. The antibody residues in closest contact with MC-LR are labelled 

and the atoms are shown in the stick depiction. The regions were designated as follows: CDRL1, blue; 

CDRL2,  green; CDRL3, light green; CDRH1, light orange; CDRH2, dark orange; CDRH3, red, and the 

linker as pink. Images were generated using UCSF Chimera 1.12 (Pettersen et al., 2004). 

 

Table 4.1: This table shows the region of each identified residue. The shortest distances of each 

residue from MC-LR according to the highest ranked docking pose are also shown. Residue 

nomenclature: For each residue, the first letter, L or H, refers to the light or heavy chain, respectively. The 

letter following this refers to the AA code and the number designates the residue’s position. FR = 

Framework region; CDR = complementarity determining region. 

Residue Region Distance (Å) 

L-Y49 FRL2 1.98 

L-P55 CDRL2 3.41 

L-S56 CDRL2 2.75 

L-D57 FRL3 2.15 

H-L2 FRH1 3.29 

H-Y32 CDRH1 3.49 

H-E101 CDRH3 3.55 

H-E102 CDRH3 2.53 
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4.2.2 In vitro targeted mutagenesis of 2G1  

To investigate the importance of each of the identified binding pocket residues, they 

were each in turn substituted to alanine. Alanine has been shown to have the highest 

helix propensity of the 20 standard AAs (Pace and Scholtz, 1998) and, therefore, alanine 

mutations should have minimal effects on the stability and structural integrity as 

compared to the wild type protein (Ni et al., 2011). In addition to alanine mutations, 

mutations were made to L-D57 and H-E102 in order to determine the mode of 

interaction at these locations. These residues were chosen for further analysis due to the 

structural similarity shared between aspartic acid and glutamic acid with asparagine and 

glutamine, respectively, but the latter residues have a neutral charge at physiological 

pH. These mutations were carried out to determine if any electrostatic interactions were 

occurring at these positions. When it was determined that L-D57 was not playing any 

role in direct binding of the MC-LR antigen (as shown in Figure 4.7), an L-D57Y 

mutation was carried out in an attempt to improve the binding towards MC-LR, as 

tyrosine has been shown to greatly contribute to antigen-binding, allowing for a number 

of favourable binding interactions, such as hydrophobic and hydrogen bonding 

interactions (see Section 4.3). The targeted mutagenesis of the 2G1 scFv was confirmed 

by Sanger Sequencing (see Figure 4.4).  



 

173 

 

 

Figure 4.4: Sequence alignment of the 2G1 wild type with mutants. The 2G1 wild type and each 

mutant were sequenced by Sanger Sequencing. Sequence alignment was performed using Clustal Omega 

(Sievers et al., 2014). Note on nomenclature: the numbering of the AA sequence in this case is different 

than that of the Kabat numbering system. In this case, numbering begins from the methionine residue. For 

referencing to the Kabat numbering used in the bulk of the chapter: P71 = L-P55; S72 = L-S56; D73 = L-

D57; L144 = H-L2; Y174 = H-Y32; E246 = H-E101; E247 = H-E102. 2G1wt = Wild type 2G1 scFv. 
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4.2.2.1 Evaluation of 2G1 mutant clones by Western blot and indirect ELISA 

The expression of the wild type 2G1 scFv and mutants was checked qualitatively by 

Western blotting. Figure 4.5 shows that, with the exception of scFv L-Y49A, all clones 

were expressed. Interestingly, a band at ~55 kDa was observed for clone L-Y49A (data 

not shown). This clone was tested repeatedly for expression of the encoded scFv, but as 

the scFv could not be detected by Western blotting and by indirect ELISA (Figure 4.6), 

this clone was omitted from further testing. It is possible that this mutation led to 

instability of the scFv molecule and caused aggregation to occur. The binding of the 

wild type 2G1 scFv and the 2G1 mutants to MC-LR was determined by indirect ELISA.  

Figure 4.6 shows the binding of each clone to MC-LR over a series of lysate dilutions. 

A ‘cut-off’ was established as three times the mean of the negative control (i.e. the 

lowest signal that can be distinguished from the background). The titre for each scFv 

clone lysate was determined as the dilution factor that produced an absorbance value 

equal to the ‘cut-off’. The titres of 2G1 wild type and mutants are presented in Table 

4.2. The indirect ELISAs were carried out for each antibody in order to determine a 

dilution that should produce an absorbance value of 1; this dilution was then used for 

competitive ELISAs. 

 

 

Figure 4.5: Western blot of 2G1 scFv wild type and mutant lysates. The 27 kDa scFv was observed in 

the lysates of all clones except clone L-Y49A. The position of the 25 kDa band of the molecular weight 

ladder is indicated by the red mark. 
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Figure 4.6: Indirect ELISA comparing the binding profiles of 2G1 wild type and 2G1 alanine 

mutant lysates (A) and the 2G1 special case mutants (B). The wells of a multiwell plate were coated 

with 5 µg/mL MC-LR-BSA. For each clone, the lysate was diluted from 1:5 to 1:1.95 x 10
6
. The negative 

control and ‘cut-off’ were not presented so as to improve clarity of the images. The negative control 

consisted of all test components but omitted the bacterial lysate. The ‘cut-off’ was determined as three 

times the value of the negative control. Error bars represent the standard error of the mean (SEM) (n = 3). 

 

Table 4.2 Titres of 2G1 wild type and mutant lysates as determined by indirect ELISA. The titre 

values were determined as the dilution factors that produced an absorbance value equal to the ‘cut-off’ 

(i.e. the lowest signal that can be distinguished from background). 

Clone Titre 

2G1 wild type 1:50,000 

L-Y49A N/A 

L-P55A 1:41,000 

L-S56A 1:1.9 x 10
6
 

L-D57A 1:110,000 

H-L2A 1:26,000 

H-Y32A 1:50,000 

H-E101A 1:2,600 

H-E102A 1:275 

L-D57N 1:75,000 

L-D57Y 1:78,000 

H-E102Q 1:15,000 
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4.2.2.2 Comparison of the 2G1 wild type and mutants by competitive ELISA 

In order to more accurately compare the binding responses of the wild type 2G1 scFv 

and the mutant clones, competitive ELISAs were carried out on each antibody lysate. 

Figure 4.7  below show the response of each clone at a fixed lysate dilution with a range 

of concentrations of free MC-LR, from 5,000 to 0.76 ng/mL. The IC50 of each clone is 

compared in Table 4.3.  

 

 

Figure 4.7: Competitive ELISAs of 2G1 wild type and mutants. The wells of a multiwell plate were 

coated with 5 µg/mL MC-LR-BSA. The lysates of each antibody clone were diluted such that they should 

produce an absorbance value ≈1. The diluted lysates were mixed 1:1 with free MC-LR that was diluted to 

concentrations ranging from 5,000 to 0.76 ng/mL. Following this, the lysate-free MC-LR mixtures were 

applied to the multiwell plate. Error bars represent the standard error of the mean (SEM) (n = 3). A = 2G1 

wild type; B = L-P55A; C = L-S56A; D = L-D57A; E = H-L2A; F = H-Y32A; G = H-E101A; H = H-

E102A; I = L-D57N; J = L-D57Y; K = H-E102Q. 
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Table 4.3: Comparison of IC50 values for the 2G1 wild type and mutants. Relative affinity was 

calculated as the IC50 value of the wild type divided by that of the clone, multiplied by 100. Clones that 

are of particular note are marked by an asterisk (*). 

Clone IC50 (ng/mL) Relative affinity (%) 

2G1 4.68 100 

L-P55A 28.0 16.7 

L-S56A 1.35 347* 

L-D57A 2.14 219* 

H-L2A 24.4 19.2 

H-Y32A 7.04 66.5 

H-E101A 25.3 18.5 

H-E102A 406 1.2* 

L-D57N 4.70 99.6 

L-D57Y 3.69 127 

H-E102Q 32.3 14.5 

 

 

4.3 Discussion – Binding Site Optimisation 

In this work, the anti-MC-LR scFv 2G1 was modelled using SwissModel and the crystal 

structure of a chicken scFv was used as a template. A putative binding pocket was 

identified using the CASTp server, which is a freely available online server that readily 

identifies and measures the SASA of protein pockets. In this case, it identified the 

largest pocket of 2G1 with a SASA of 480 Å
2
, which appeared to be the most viable 

pocket to accommodate the MC-LR structure, which has a SASA of 1240 Å
2
.
 
This 

putative binding pocket was then targeted as the docking site for the 3D structure of 

MC-LR. AutoDock Vina was used for docking as it is a highly cited, freely available 

docking software package and has proven to be a valuable tool for researchers, guiding 

investigations into protein-protein and protein-compound interactions (Shityakov and 

Forster, 2014; Li et al., 2016). While there is a considerable learning curve associated 

with this software package, with the use of methods papers such as Huey et al. (2012) 

and the video tutorial by Trott (2012), AutoDock Vina is relatively accessible for the 

first-time user and can provide highly useful information about the binding interaction 

between a protein and ligand and the orientation of the ligand within the protein’s 
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binding pocket. AutoDock Vina was used to identify the amino acids in closest contact 

with MC-LR, based on the highest ranked docking pose. The role of each of these 

residues was subsequently investigated in vitro through the use of targeted mutagenesis, 

bacterial expression, and the analysis of the mutant clones by ELISA and Western 

blotting.  

It was decided to use non-purified bacterial lysates for testing each mutation. The results 

of the competitive ELISA for the 2G1 wild type showed that the IC50 value for this 

lysate (IC50 = 4.68 ng/mL) was consistent with the reported IC50 of the purified 

antibody, as reported by Murphy et al., (2015) (IC50 = 4.80 ng/mL) and also according 

to the authors’ own testing of this purified antibody (data not shown). In addition, it was 

shown elsewhere that avian antibody libraries can be efficiently screened, even when 

present in crude bacterial lysates (Leonard et al., 2007), which suggests that the 

bacterial lysate may not considerably negatively impact the antibody-antigen 

interaction. Therefore, testing the bacterial lysates may be a reliable measure of the each 

antibody mutant’s binding characteristics.  

Figure 4.2 shows the location of each residue with respect to the CDRs (as identified by 

the Kabat numbering). Five out of the eight residues were situated within CDRs, 

specifically, CDRL2 (L-P55, L-S56), CDRH1 (H-Y32) and CDRH3 (H-E101, H-E102). 

The remaining three residues identified were associated with the framework regions; 

FRL2 (L-Y49), FRL3 (L-D57) and FRH1 (H-L2). Binding residues from non-CDRs is 

not uncommon. In the study by Osajima et al., (2014), for antibody-antigen complexes, 

direct H bonds from non-CDR residues were observed in 6 out of 20 complexes, and for 

one of these complexes, between Mouse IgG1κ and Streptococcal Protein G, all direct 

H bonds were from non-CDR residues.  

The importance of non-CDR residues was also observed by Murphy et al., (2015) who 

also modelled this scFv 2G1 using a murine anti-interleukin (IL)-1β scFv template 

(PDB code: 2KH2B) and, using the Maximum Entropy based Docking (MEDock) 

program, determined that residue H-R66 (which resides in FR3) was important for 

binding to MC-LR, however, it was not fully determined if this residue played a direct 

antigen-binding role or a secondary, structural role of the antibody. It is interesting that 

in this current study, H-R66 was not identified by AutoDock Vina. A potential reason 

for this is due to the different antibody templates used for modelling 2G1, which could 
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easily have led to a different 3D structure being generated. In addition, the cavity on the 

protein surface differed to that investigated in this study. In that study, when observing 

that the docked pose of MC-LR appears to reside in close contact primarily with the 

heavy chain, this highlights the effect that different templates (and hence 3D model 

structures) and docking approaches can have. Another possible explanation for this is 

that perhaps H-R66 is indeed playing more of a role in the overall 3D conformation of 

the antibody structure and less of a direct antigen-binding role. Thus, the beneficial H-

R66S mutation that was observed by Murphy et al. (2015), which is a change from a 

bulky positively charged side chain to a less bulky uncharged side chain, may have 

allowed for better conformational stability of the scFv structure. It was noted elsewhere 

that serine allows for space and conformational flexibility, and plays an auxiliary role in 

allowing for productive contacts between other residues and the antigen (Bogan and 

Thorn, 1998; Fellouse et al., 2004). It should be noted that the primary focus of the 

work of Murphy et al. (2015) was on the optimisation of 2G1 for use in an in situ 

biosensor and less on the specific role of the AA residue in binding; the focus of this 

work, however, is to elucidate the role of each identified AA in the scFv-toxin 

interaction through use of alanine scanning. In the following sub-sections, the role of 

each identified AA will be discussed and the potential nature of each interaction will be 

suggested. 

4.3.1 The role of tyrosine 

When observing the identified AA residues in 2G1, it is perhaps unsurprising that 

tyrosine was well represented in the binding site of 2G1, accounting for 25% of the 

identified residues. Tyrosine is highly abundant in antigen-binding sites, accounting for 

~10% of the total CDR composition and for ~25% of antigen contacts (Mian et al., 

1991). In their paper, compiling a database of alanine-scanning studies of protein-

protein interactions, Bogan and Thorn (1998) observed that tryptophan, tyrosine, 

arginine and aspartic acid (with 3.91-, 2.47-, 2.29- and 1.67-fold enrichment over the 

database as whole, respectively) were much more likely to be located in interaction 

‘hot-spots’ than valine, leucine and serine (with fold enrichment values of 0, 0.01 and 

0.21, respectively). Energetically-unimportant residues, however, can serve a purpose in 

occluding the bulk solvent from the binding interface. Osajiima et al., (2014) analysed 

20 antibody crystal structures and identified that tyrosine has the second highest 

appearance in CDR loops, after serine. Tyrosine has the capacity for the formation of 
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the highest number of hydrogen bond, followed by asparagine, aspartic acid, and serine. 

The average number of direct H bonds for protein-protein interactions was 15.0 ± 7.8 

(st. dev.). For protein-compound interactions there are far fewer H bonds (e.g. 5-9 direct 

H bonds between HIV-1 protease and its inhibitors (Leonis et al., 2013)) which is due to 

the comparatively smaller contact area. Tyrosine is capable of making multiple types of 

favourable interactions; it offers a hydrophobic surface, it can form aromatic π-

interactions and it can form non-polar H bonds via its 4-hydroxyl group. Its rigidity can 

also be an advantage because a small loss in conformational entropy occurs when a side 

chain is immobilised in the binding interface. The rigidity may also contribute to 

specificity, as tyrosine-rich interfaces are less likely to accommodate non-specific 

interactions (Koide and Sidhu, 2009). 

According to the highest ranked docking model generated in AutoDock Vina, the 

hydroxyl group of L-Y49 (FRL2) is 1.98 Å from the H atom of the D-Alanine group of 

MC-LR. This distance should allow for short range H bonding. Unfortunately, the role 

of L-Y49 could not be elucidated by in vitro testing, due to the unsuccessful expression 

of this mutant. Further, Western blot analysis showed a band at ~55 kDa (data not 

shown), which may constitute an aggregated form of the scFv. This L-Y49A mutation 

may inhibit native protein expression or it may have caused a loss in conformational 

stability, which in turn may cause the formation of aggregates. Paul et al. (2017) 

showed that single point mutations can lead to profound changes in aggregation 

propensity. Sanjeev and Mattaparthi (2017) observed that in Parkinson’s disease, a 

Y39A mutation of α-synuclein accelerates protein aggregation whereas a Y133A 

mutation slows down the aggregation, highlighting the capacity of a tyrosine single 

point mutation to alter a protein’s structure. In any case, further work is required to fully 

elucidate the role of L-Y49 in the 2G1-MC-LR interaction. 

With respect to other identified residues in the putative 2G1 binding pocket, H-Y32 

(CDRH1) appeared to play a comparatively minor role in the binding of MC-LR. The 

H-Y32A mutation resulted in a relatively small change in the relative affinity with a 

drop to 66.5%. This suggests that H-Y32 may be interacting with MC-LR via weak H 

bonding or, given the distance of 3.49 Å between this residue and the toxin, perhaps H-

Y32 is interacting via water-mediated indirect H bonds. However, as with L-Y49, 
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further work is required to fully elucidate the binding interaction between L-Y32 and 

MC-LR. 

4.3.2 L-P55 appears to maintain 2G1 tertiary structure 

The appearance of proline in a potential antigen-binding ‘hot-spot’ is not surprising, 

given its reported 1.25-fold enrichment in the ‘hot-spot’ database complied by Bogan 

and Thorn (1998). It is well established that proline is important for protein-protein 

interactions, with proline-rich regions appearing in the Src homology 3 (SH3) domain 

of the intracellular signalling proteins Src and Abl (Weng et al., 1995) and in the ligase 

Itch (Desrochers et al., 2017). While Desrochers et al. (2017) showed that the proline-

rich region of the Itch protein can interact with numerous target residues via 

hydrophobic interactions, salt bridges and H bonds, however, at a distance of 3.41 Å 

from MC-LR, it is unlikely that L-P55 is interacting via H bonds. The result of the 

competitive ELISA for L-P55A (CDRL2) showed a decrease in relative affinity to 

16.7% versus the wild type. A similar loss of function was observed by Consler et al. 

(1991), in which they showed that in lac permease of E. coli a P28A mutation abolishes 

lactose transport through the membrane protein. In 2G1, L-P55 could play more of a 

role in the tertiary structure, restricting backbone flexibility (Adib-Conquy et al., 1998), 

forming molecular hinges (Ni et al., 2011), stabilising the scaffolding motifs (Augustine 

et al., 2001), or allowing binding residues to be better orientated to bind to MC-LR. 

4.3.3 L-S56 and L-D57 appear to sterically hinder the antibody-toxin interaction 

The result of the L-S56A (CDRL2) mutation appears to have improved upon the 

antigen-binding of the 2G1 wild type, with a change in relative affinity to 347%. This 

result suggests that L-S56 was not well optimised in this position in the wild type. 

While it has been noted in several studies that serine is highly abundant in natural 

antigen-binding sites, it rarely makes direct contacts with the antigen (Bogan and Thorn, 

1998; Fellouse et al., 2004), and, as was discussed earlier in this section, serine can 

allow for greater space and conformational flexibility. In the current situation for the 

2G1 residue L-S56, it is likely that the residue was not engaging in direct contact with 

the antigen and may have allowed for flexibility, however, the AA side chain may have 

sterically hindered the arginine residue of MC-LR. The mutation from serine to alanine 

would retain flexibility and would effectively remove the AA side chain and thus would 
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allow for greater space for antigen docking, thereby improving the binding to the toxin 

(Koide and Sidhu, 2009). 

In a similar way to L-S56, L-D57 (FRL3) appeared to be poorly optimised in its 

position in the wild type scFv, as a mutation to alanine resulted in a change in relative 

affinity to 219%. It was reported by Fellouse et al. (2004) that Asp residues within 

CDRs were not observed to make many antigen contacts, being almost entirely 

excluded from the binding interface, with less than 10% making contact with the 

antigen (as compared to tyrosine, which ~50% made contact with the antigen). 

However, the nearby, structurally related H-E102 was shown to be critical for binding, 

probably via electrostatic interactions with the Arg residue of MC-LR, L-D57 was 

shown to be deleterious to the scFv’s interaction with MC-LR. It is possible that the 

carboxylate group of L-D57 in this instance is unprotonated, which is generally 

accepted as ineffective for binding (Leonis, 2013) and, hence, the side chain may have 

sterically hindered efficient docking of MC-LR into the binding site, as was possible for 

the adjacent L-S56. This proposition was further backed up by the mutation L-D57N. 

Asparagine was chosen as it is the most structurally similar AA to aspartic acid but has 

no charge at physiological pH (Popovic et al., 2017). The relative affinity for this 

mutant was 99.6%. This result shows that even by changing the charge of the molecule 

from negative to neutral there was no effect on the binding capacity compared to the 

wild type. This finding could support the possibility of L-D57 not being protonated, 

which means that L-D57 would not be able to engage in any electrostatic interactions 

with MC-LR. When it was observed that L-D57 was playing no direct role in antigen-

binding, it was attempted to improve the binding to MC-LR through the mutation of L-

D57 to tyrosine. While this appeared to result in an improvement in relative affinity to 

127%, it did not surpass the improvement observed from the L-D57A mutation. This 

suggests that alleviating the steric hindrance at this location was more beneficial than 

introducing a new functional side chain to the region. 

4.3.4 H-L2 appears to engage in a hydrophobic interaction with MC-LR 

The mutation implemented at position H-L2 (FRH2) suggests that this leucine residue 

indeed plays a role in binding MC-LR, albeit a less critical role than H-E102, as 

discussed below. The H-L2A mutation resulted in a drop in relative affinity to 19.2%. It 

is possible that H-L2 is interacting with the benzene ring of MC-LR via hydrophobic 
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interactions. Carter et al. (1999) showed that leucine plays an important role in the 

binding between Type-1 Parathyroid Hormone (PTH) Receptor and PTH. Mutations of 

this residue to hydrophilic residues caused a 20-fold weakening of the response, 

suggesting hydrophobic interactions were involved. In addition, Kim et al. (2016) 

observed that a leucine residue of B-cell receptor associated protein 31 (BAP31) 

appeared to interact with a phenylalanine side chain of a monoclonal antibody (MAb), 

establishing a hydrophobic interaction. Perhaps the evidence that would most back up 

this potential interaction can be interpreted from the crystal structure of PP2A in 

complex with MC-LR Cho and Xu (2007). The crystal structure (PDB code: 2IAE) 

shows that the benzene ring of MC-LR appears to reside in a hydrophobic pocket of 

PP2A, which is made up of tryptophan 200 and isoleucine 123 of the PP2A catalytic 

domain. Therefore, with the structural similarity between isoleucine and leucine, it is 

plausible that H-L2 of 2G1 is interacting via hydrophobic interactions with the benzene 

ring of MC-LR. 

4.3.5 The critical role of glutamic acid 

The appearance of two simultaneous glutamic acid residues in 2G1 is interesting. 

Osajima et al. (2016) showed that in 20 analysed antibody-antigen interactions (PDB 

crystal structures), of all the charged, polar AA residues, glutamic acid appears the least 

frequently, with the highest average appearance of 3% found in CDRH2, and with the 

average appearance of 1.0% in CDRH3. Bogan and Thorn (1998) observed a 0.68-fold 

enrichment of glutamic acid in ‘hot-spots’. This would suggest that the appearance of 

two tandem glutamic acid residues in CDRH3 is rare. It may be speculated that this 

occurrence could be due to the nature of the target antigen, MC-LR, with its positively 

charged arginine residue; hence a highly negatively charged core of the antibody 

binding pocket would be optimal for interacting with such a target. 

The mutation H-E101A (CDRH3) had a similar effect on relative affinity as the L-P55A 

and H-L2A mutations, resulting in a drop of relative affinity to 18.5%. However, due to 

the 3.55 Å distance between the H-E101 side chain and the nearest MC-LR group, the 

role of H-E101 in 2G1 is more likely indirect bonding with MC-LR, i.e. potentially 

interacting with MC-LR via a long range ion pair or water-mediated H bonding (Jeffrey, 

1997; Leonis et al., 2013). In addition, as was speculated above, H-E101 may contribute 

with H-E102 to forming a highly negatively charged core of the antibody binding 



 

184 

 

pocket, with the specific function of binding to the positively charged guanidinium 

group of the MC-LR arginine residue. 

The result of the H-E102A (CDRH3) mutation has revealed that this residue plays a key 

role in the binding of MC-LR. The mutation to alanine led to a drop in relative affinity 

to 1.2%. It should be noted that for this competitive ELISA, the lysate was diluted to the 

relatively low dilution of 1/4. This was due to the fact that, despite being well expressed 

in this clone (see Figure 4.5), there was very low response observed in the indirect 

ELISA. It is likely that this poor binding and relatively high proportion of lysate 

contributed to the poor R
2
 value of 0.661. Despite this, this is quite a considerable drop 

in binding with just a single AA mutation. It was shown previously that despite the 

potential large size of binding interfaces, it is possible that single residues can contribute 

a substantial portion of the binding free energy at an interface (Clarkson and Wells, 

1995; Bogan and Thorn, 1998). Glutamic acid was shown to play a critical role in other 

protein-small molecule interactions; mutating glutamic acid 338 of ornithine 4,5-

aminomutase to glutamine, aspartic acid or alanine lead to 90-, 380- and 670-fold 

reductions in catalytic activity, respectively (Matkin et al., 2013). Kusharyoto et al. 

(2002) investigated the binding interaction between a fragment antigen-binding (Fab) 

and the hapten atrazine. In this Fab, H-E50 (in CDRH2) plays a key role in binding the 

chlorine atom of the atrazine molecule. It also interacts with an adjacent L-Y96, 

forming a hydrogen bond, and also forms a salt bridge with H-R52. Furthermore, in that 

study it was observed that mutating H-E50 to glutamine and to any other residue lead to 

a reduction of relative affinity to 14% and <2%, respectively, compared with the wild-

type Fab. Falco et al. (2010) showed, through site-directed mutagenesis, that in Natural 

Killer cells, killer cell Ig-like receptors (KIRs) contain a glutamic acid at site 35 that is 

important for recognition by two mAbs. It should also be noted that when observing the 

crystal structure of the PP2A-MC-LR complex the arginine of MC-LR appears to share 

no interactions with PP2A and instead appears to reside in the bulk solution away from 

the PP2A structure (Cho and Xu, 2007). This was a striking difference between that 

PP2A-MC-LR complex and the 2G1-MC-LR complex, i.e. that the MC-LR arginine 

residue is not involved in binding PP2A but is critical for binding to 2G1.  

In order to more fully elucidate the interaction at residue H-E102, and similar to the L-

D57N mutation, a H-E102Q mutation was carried out. This mutation replaced glutamic 
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acid for structurally-similar glutamine, albeit with the change in the side chain’s charge. 

Leonis et al. (2013) observed that in compound-protein interactions, van der Waals 

forces contribute more to the binding free energy than electrostatic energy. However, 

the result of the mutation H-E102Q would suggest the reverse is true in this case. The 

H-E102Q mutation would effectively remove the electrostatic interaction, but would 

maintain van der Waals interactions. This mutation caused a reduction in relative 

affinity to 14.5%, whereas the removal of both electrostatic and van der Waals 

interactions (i.e. the H-E102A mutation) caused a reduction in relative affinity to 1.2%. 

This would suggest that the electrostatic interaction was the dominant one in this 

position. 

4.4 Future work – binding site optimisation 

The work outlined in this chapter demonstrated the power of using modern 

computational tools and recombinant DNA techniques to investigate the interaction 

between an antibody and its hapten target. The findings made in this study lay a good 

groundwork for future investigations. In particular, the mutant clones L-S56A and L-

D57A should be investigated in greater detail, i.e. further antibody characterisations 

should be carried out, ideally using surface plasmon resonance (SPR) analysis to 

accurately determine the binding kinetics of these mutants and to compare to the wild 

type. It would also be very useful to carry out full assay development experiments to 

determine how these mutations affected the dynamic range and limits of detection of the 

assay. Provided that these mutants display improved binding characteristics versus the 

wild type, they could be incorporated into biosensors (such as that reported by Murphy 

et al., 2015) to allow for higher sensitivity detection of MC-LR in environmental 

settings. Furthermore, other future work should investigate the effects of multiple 

mutations on MC-LR-binding; for example, mutations to both L-S56 and L-D57 should 

be investigated to determine if further improvements in antigen-binding could be 

observed. 

 

4.5 Results – stability optimisation 

In this section, the results of the optimisation work on the 2G1 scFv stability and 

solubility are presented.  
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4.5.1 Amino acid residues targeted for mutation 

The 2G1 scFv model was generated as described in Section 4.2.1.1. Using UCSF 

Chimera 1.12 software, the 2G1 model molecular surface was coloured according to the 

Kyte-Doolittle hydrophobicity scale. Three surface-exposed hydrophobic AA residues 

were identified, namely L124, L153 and I255, as illustrated in Figure 4.8 below. (Note 

that the numbering of these residues is based on the AA numbering starting from the 

methionine residue and is not based on the Kabat numbering used in Section 4.2). The 

three identified AA residues were each subsequently mutated to Asp and Arg by 

targeted mutagenesis, producing a total of six mutant clones; L124D, L124R, L153D, 

L153R, I255D and I255R. The DNA sequences of the six mutant clones were 

sequenced by Sanger sequencing, which are presented in Figure 4.9 below. The 

theoretical isoelectric point (pI) values for the wild type, single mutant and triple 

mutants were determined using the ‘Protein-Sol’ online tool (Hebditch et al., 2017) and 

are presented in Table 4.4. 

 

 

Figure 4.8: Illustration of 2G1 scFv model. The model is represented in the ribbon format and the 

solvent accessible surface is shown. The amino acid sequence and surface are coloured by the Kyte-

Doolittle hydrophobicity scale, where hydrophilic residues are coloured blue, neutral residues are white 

and hydrophobic residues are orange. Labelled and circled are the three residues targeted in this study, 

L124, L153 and I255.  



 

187 

 

 

Figure 4.9: Sequence alignment of 2G1 wild type and six stability mutant clones. The 2G1 wild type 

and each mutant were sequenced by Sanger Sequencing. Sequence alignment was performed using 

Clustal Omega (Sievers et al., 2014). Note on nomenclature: the numbering of the AA sequence in this 

case is different than that of the Kabat numbering system. In this case, numbering begins from the 

methionine residue.  
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Table 4.4: Theoretical pI values for the 2G1 wild type, single Asp/Arg mutants and triple Asp/Arg 

mutants, for which all three sites, L124, L153 and I255, were theoretically substituted to aspartic 

acid or arginine. Theoretical pI values were calculated using the Protein-Sol online tool (Hebditch et al., 

2017). 

Clone Theoretical pI 

2G1 wild type 8.09 

L124D 7.20 

L124R 9.01 

L153D 7.20 

L153R 9.01 

I255D 7.20 

I255R 9.01 

Triple Asp Mutant 5.94 

Triple Arg Mutant 9.93 

 

The pI values calculated and presented in Table 4.4 indicate that the wild type scFv has 

a slightly basic pI. Each of the single aspartic acid mutants were calculated to have a 

relatively neutral pI value of 7.20 while it was predicted for each of the arginine mutants 

to have a higher pI value of 9.01. It was also calculated as to the pI values for triple 

aspartic acid mutants and triple arginine mutants; these were calculated as 5.94 and 

9.93, respectively. 

4.5.2 Determination of mutant binding response by indirect ELISA 

The purpose of this experiment was to determine the binding response of each antibody 

mutant lysate and to determine a suitable dilution factor that would produce a response 

≈1 absorbance unit. This dilution factor would then be subsequently used in a 

competitive ELISA. The binding response for the six generated mutants and the wild 

type scFv are presented in Figure 4.10. The titre values for each clone are presented in 

Table 4.5. In addition, the dilution factors that correlated with an absorbance value of 1 

are presented in Table 4.5. 
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Figure 4.10: Indirect ELISA comparing the binding profiles of 2G1 wild type and stability mutant 

lysates. The wells of a multiwell plate were coated with 5 µg/mL MC-LR-BSA. The lysate of each 

antibody clone was diluted from 1:5 to 1:1.95 x 10
6
 and applied to the multiwell plate in triplicate. The 

negative control included all test components but omitted the bacterial lysate. The ‘cut-off’ value was 

determined at three times the mean of the negative control. Error bars represent the standard error of the 

mean (SEM) (n = 3). 

 

Table 4.5: Titre values of the 2G1 wild type and stability mutant lysates as determined by indirect 

ELISA. For each clone, the dilution factor that corresponds to an absorbance value = 1 is also shown. 

Sample Titre Dilution factor (A450 = 1) 

2G1 9.5 x 10
5
 2,700 

L124D 1.52 x 10
6
 1,800 

L124R 1.55 x 10
5
 700 

L153D 6.0 x 10
5
 500 

L153R 9.2 x 10
4
 700 

I255D 2.9 x 10
5
 700 

I255R 2.7 x 10
4 

80 

 

4.5.3 Determination of mutant binding response by competitive ELISA 

The purpose of this experiment was to determine if any of the mutations carried out had 

any deleterious effects on the binding response of the antibody to MC-LR. It can be 
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seen from Figure 4.11 and Table 4.6 that the I255R mutation appeared to cause a 22-

fold reduction in binding response versus the wild type. Therefore, this clone was 

omitted from further testing. The other changes in binding response were not considered 

large enough to disregard these clones from further testing; therefore, the remaining 5 

mutant clones were kept for further analyses. 

 

Figure 4.11: Competitive ELISAs of 2G1 wild type and stability mutants. The wells of a multiwell 

plate were coated with 5 µg/mL MC-LR-BSA. The lysates of each antibody clone were diluted such that 

they should produce an absorbance value ≈1. The diluted lysates were mixed 1:1 with free MC-LR that 

was diluted to concentrations ranging from 5,000 to 0.76 ng/mL. Following this, the lysate-free MC-LR 

mixtures were applied to the multiwell plate. Error bars represent the standard error of the mean (SEM) (n 

= 3). A = L124D, B = L124R, C= L153D, D = L153R, E = I255D, F = I255R. 
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Table 4.6: Comparison of IC50 values for the 2G1 wild type and stability mutants. The relative 

affinity change was calculated as the IC50 value of the wild type divided by that of the mutant clone. 

Clone IC50 (ng/mL) Relative change 

Wild type 4.68 1 

L124D 4.09 0.88 

L124R 9.03 1.93 

L153D 8.69 1.86 

L153R 3.57 0.77 

I255D 16.01 3.42 

I255R 103.0 22.0 

 

4.5.4 Evaluation of the effect of mutations to surface-exposed hydrophilic 

residues on protein expression 

The purpose of these experiments was to determine if the mutations to the surface-

exposed hydrophilic residues would affect the expression characteristics of the scFv. 

This was investigated by culturing each clone in 200 mL SB and subsequently purifying 

the expressed scFv by IMAC. The levels of scFv were then analysed by SDS-PAGE, 

Western blotting and BCA assays. The SDS-PAGE and Western blotting analyses are 

shown in Figure 4.12 below. After imaging the SDS-PAGE gels, the concentrated 

elution lanes (lane 6) were analysed using ImageJ software. The bands at ~25 kDa and 

~55 kDa (corresponding to the monomeric scFv and dimerised aggregated scFv, 

respectively) were analysed for pixel intensity. The ratio of band intensity was 

calculated as the mean pixel intensity of the ~25 kDa band divided by the mean pixel 

intensity of the ~55 kDa band. The results are presented in Table 4.7. The yields of each 

scFv, as determined by BCA assay, are shown in Figure 4.13 below. 

From Figure 4.12(A)(i), lanes 5 and 6, it can be seen that the wild type 2G1 scFv (~27 

kDa) was successfully purified. However, a number of additional bands can be observed 

at higher molecular weight values. These are likely aggregation products. These 

aggregation products were also quite prominent in the clones L124D (Figure 4.12(C)), 

L153D (Figure 4.12(E)), and L153R (Figure 4.12(F)). The aggregation bands do not 

appear to be as prominent in the elutions of clone I255D (Figure 4.12(B)) or L124R 

(Figure 4.12(D)). To quantitatively analyse the intensity of these bands, ImageJ 

software was used. The mean of the pixel intensities was calculated and a ratio of pixel 
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intensity between the 25 kDa band and the 55 kDa band was also calculated; this serves 

as a useful indication of the aggregation propensity of the expressed scFv. It can be seen 

from Table 4.7 that the 2G1 wild type scFv appeared to have 1.12 ratio of band intensity 

(25 kDa:55 kDa). This would indicate close to equal intensity of the monomeric scFv 

and aggregated scFv, which would indicate a high aggregation propensity. By 

comparison, each of the mutant clones appeared to reduce the aggregation propensity, as 

indicated by a higher intensity of the 25 kDa band versus the 55 kDa band. The largest 

improvement was observed for clone L153D, which exhibited a 19.6 ratio of band 

intensity. This can easily be observed in Figure 4.12(E)(i) in which the ~27 kDa scFv is 

very prominent.  

The protein yields obtained from each clone were quite varied (Figure 4.13). The 2G1 

wild type exhibited the highest yield of protein after expression and purification, with 

2,940 µg obtained. However, given the high aggregation propensity reported in Table 

4.7, it is probable that only a small proportion of this protein yield accounts for 

monomeric, soluble scFv. Clone I255D exhibited the lowest yield of protein at 513 µg. 

(Note: this expression and purification was carried out in triplicate due to the low yield 

and the high consumption of antibody stocks in later experiments. However, the small 

error bars (SEM) indicate good reproducibility of the expression and purification 

process). Despite the low yield and given that I255D exhibited the second highest 

reduction in terms of aggregation propensity, it is likely that this protein yield should 

contain a high proportion of I255D scFv. Clones L124R, L124D and L153R exhibited 

intermediate levels of protein yield and a reduction of aggregation propensity. However, 

clones L153D showed good protein yield (2,390 µg) and the high ratio of 25 kDa:55 

kDa band intensity would indicate the a very high proportion of this yield should be 

accounted for by monomeric soluble scFv. 
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Figure 4.12: Analysis of 2G1 wild type and mutant clones by (i) SDS-PAGE and (ii) Western 

blotting. A = 2G1 wild type; B = I255D; C = L124D; D = L124R; E = L153D; F = L153R. Within each 

image, the lanes are numbered as follows; 1 = Lysate (diluted 1:5); 2 = Flow through (diluted 1:5); 3 = 

Wash A; 4 = Wash B; 5 = pooled elution fraction; 6 = concentrated elution (diluted 1:5). 

 

Table 4.7: Image analysis results of 2G1 wild type and mutant SDS-PAGE images. For each of the 

six clones, the concentrated elution (lane 6) of each SDS-PAGE image was analysed by ImageJ software. 

The ~25 kDa and ~55 kDa bands were analysed for pixel intensity. The ratio of band intensity was 

calculated as the mean pixel intensity of the~25 kDa band divided by the mean pixel intensity of the ~55 

kDa band. 

Clone 
Ratio of band intensity  

(25 kDa:55 kDa) 

2G1 wild type 1.12 

I255D 2.80 

L124D 1.39 

L124R 2.19 

L153D 19.6 

L153R 2.65 
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Figure 4.13: Protein yields of 2G1 wild type and hydrophobicity mutants. The numerical values are 

presented above each bar. The expression and purification of clone I255D was carried out in triplicate. 

Error bars = SEM (n = 3). 

 

4.5.5 Analysis of the solubility of 2G1 wild type and hydrophobicity mutants 

The purpose of these experiments was to determine if the mutations to the surface 

exposed hydrophobic residues affected the solubility of the antibody. It was 

hypothesized that a higher number of surface hydrophilic residues should improve the 

protein solubility. This was tested by incubating each antibody clone at the same 

concentration under different treatments; for native solubility, each clone was incubated 

at 25 °C for 0 – 6 d; for non-native solubility, each clone was incubated at temperatures 

ranging from 25 to 95 °C for 1 h. Following this, the protein that came out of solution 

was sedimented by centrifugation and the protein concentration of the supernatant was 

measured by BCA assay. The results of the native and non-native solubility 

measurements are presented in Figures 4.14 and 4.15 below. All data points represent 

the mean of triplicate independent measurements.  
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Figure 4.14: Native solubility of the 2G1 wild type compared to the stability mutants. Each antibody 

clone was prepared at 300 µg/mL in PBS (150 mM, pH 7.2), supplemented with protease inhibitor. Each 

clone was incubated at 25 °C for several days. Each day three aliquots of each clone was tested for the 

concentrations of protein remaining in the supernatant. 0% defined as A562 = 0.07 (which is the 

absorbance observed for 0 mg/mL protein). 100% was defined as the absorbance of day 0 data point for 

each data set. Error bars = SEM (n = 3). 
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Figure 4.15: Non-native solubility of the wild type 2G1 scFv compared to the stability mutants. Each 

antibody clone was prepared at 300 µg/mL in PBS (150 mM, pH 7.2), supplemented with protease 

inhibitor. Each clone was incubated at a variety of temperatures for 20 min. Each clone was tested in 

triplicate for the concentrations of protein remaining in the supernatant. A = 2G1; B = I255D; C = 

L124D; D = L124R; E = L153D; F = L153R. 0% defined as A562 = 0.07 (which is the absorbance 

observed for 0 mg/mL protein). 100% was defined as the absorbance of the 25 °C data point for each data 

set. Error bars = SEM (n = 3). Significance: P < 0.05*; P < 0.01**; P < 0.001*** as illustrated, all relative 

to the 25 °C data point. 
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As can be seen from Figure 4.15, a statistically significant decrease in protein 

concentration (P < 0.001) was observed after 75 °C for the wild type 2G1 scFv. For the 

mutant clones L124D, L124R, L153D and L153R, a statistically significant decrease in 

protein concentration was observed after 70 °C (P < 0.05; P < 0.001, P < 0.001, P < 

0.05, respectively). For the mutant clone I255D, a significant decrease was observed 

after 65 °C (P < 0.05).  

4.5.6 Investigation into the temperature stability of the 2G1 wild type and 

hydrophobicity mutants 

The purpose of this experiment was to determine if, after treating each scFv clone to a 

range of different temperatures (4 – 70 °C), the antibodies would retain the ability to 

bind to the MC-LR target. All scFv mutants were exposed to different conditions and 

then tested for binding by ELISA in triplicate. The result of this experiment is presented 

in Figure 4.16. In addition, the effective temperature that results in 50% reduction in 

binding response (ET50) for each clone is presented in Table 4.8. Note: L153D was 

unable to be tested due to depletion of stocks of this scFv mutant. 

As can be seen in Figure 4.16, a sharp decrease in response was observed for all clones 

as the temperature was increased. ANOVA statistical analysis showed that at 37 °C 

significant decreases in binding response were observed (P < 0.05 for L124D, P < 0.01 

for L124R and I255D, and P < 0.001 for 2G1 and L153R). For all clones, highly 

significant decreases in binding response were observed at 50 – 70 °C (P < 0.001).  
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Figure 4.16: Functional temperature stability of wild type 2G1 and mutant clones. A multiwell plate 

was coated with MC-LR-BSA and blocked. Each antibody was diluted to 10 µg/mL and treated at a range 

of temperatures (4 – 70 °C) for 1 h and then cooled. The treated antibodies were placed onto the coated 

and blocked ELISA plate. A HRP-labelled anti-HA secondary antibody was used to probe any bound 

scFv on the surface. Error bars = SEM (n = 3). 

 

Table 4.8: ET50 values of hydrophobicity mutants after temperature treatment. The ET50 is the 

effective temperature that results in 50% reduction in binding response. 

Clone ET50 value (°C) 

2G1 35.2 

L124D 40.4 

L124R 40.6 

L153R 40.0 

I255D 36.1 
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Table 4.9: Summary of findings in this section. AP = aggregation-propensity; NT = not tested. Due to 

the large reduction in binding affinity, clone I255R was omitted from further testing. 

Mutant 

Clone 

ELISA 

IC50 Yield AP 

Native 

Solubility 

Non-

Native 

Solubility 

Thermal 

Stability 

L124D ↑ ↓ ↓ - ↓ ↑ 

L124R ↓ ↓ ↓ - ↓ ↑ 

L153D ↓ ↓ ↓↓ - ↓ NT 

L153R ↑ ↓ ↓ - ↓ ↑ 

I255D ↓ ↓ ↓ - ↓ - 

I255R ↓↓ N/A* N/A* N/A* N/A* N/A* 

 

4.6 Discussion – stability optimisation 

In this section, mutations were made in order to improve the stability, solubility and 

expression characteristics of the 2G1 scFv. It is reported in the literature that in 

comparison to large antibody molecules such as IgG and Fab, antibody fragments such 

as scFv tend to have poor biophysical properties such as high aggregation propensity 

even at relatively low concentrations (Jespers et al., 2004a; Jespers et al., 2004b; 

Dudgeon et al., 2012). This is likely due to the lack of stabilising intermolecular bonds 

such as disulfide bonds between the variable heavy and light regions and exposure of 

hydrophobic areas between the variable regions to the bulk solvent (Gil and Schrum, 

2013). Thus, after examining the 3D structural model of the 2G1 scFv, three surface 

exposed hydrophobic residues were identified and chosen for mutation: L124, L153 and 

I255. From the generated 2G1 model (Figure 4.8), it appeared that the three chosen AAs 

reside in β-strands and may fit the definition of aggregation prone sequence regions 

(APRs), i.e. surface-exposed AA regions that contain hydrophobic residues and 

assemble by intermolecular β-strand interactions (Ganesan et al., 2016). It was reported 

that the most efficient strategy to supress APRs was to mutate a central or flanking APR 

residue to a charged residue or Pro, which are so-called aggregation ‘gatekeepers’. It is 

suggested that these ‘gatekeepers’ disfavour the β-structure formed by hydrophobic 

sequences in aggregates (Rousseau and Serrano, 2006) and kinetically control 

aggregation sufficiently to favour folding (Ganesan et al., 2016). A number of other 

studies have shown that the most successful mutations involve the introduction of 
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charged residues. It is suggested that this may be due to the increase of the colloidal 

stability by altering the net charge of the protein (Jespers et al., 2004; Sahin et al., 2011; 

Perchiacca et al., 2011; Zhang et al., 2012; Buck et al., 2012; Perchiacca et al., 2014; 

Rouet et al., 2014). Therefore, based on much literature evidence, it was decided to 

mutate these residues with the hydrophilic charged residues arginine and aspartic acid. 

It was decided to investigate both positively and negatively charged mutations at each 

site because a charged mutation may inadvertently lead to charge repulsion, leading to 

destabilisation (Strub et al., 2004). Thus, it is possible that introduction of a positive 

charge in a position may cause destabilisation, whereas a negative charge it that position 

may improve stability, or vice versa. 

In this preliminary study, the strategy devised was to investigate each mutation 

individually to determine if any improvements in expression, solubility and functional 

stability were observed. Following this, any promising mutations would be combined to 

determine if any cumulative effects could be achieved as it was observed in a number of 

studies that multiple mutations can result in significant improvements in production, 

solubility and stability (Strub et al., 2004). 

Firstly, it was investigated if the mutations had an effect on the binding of the scFv to 

MC-LR, as it was desired in the utmost to preserve the antigen-binding ability of the 

wild type scFv. It can be seen from Table 4.6 that the mutations L124R, L153D and 

I255D caused a 1.93-, 1.86- and 3.42-fold changes (reductions) in binding, respectively. 

A slight improvement in antigen-binding was observed after L124D and L153R 

mutations, with 0.88- and 0.77-fold changes in IC50 versus the wild type, respectively. 

For these five mutants, the changes in binding were considered acceptably small and so 

these mutants were brought forward for further analysis. In contrast, however, the 

largest relative change in IC50 was observed for clone I255R, which exhibited a 22.03-

fold reduction in binding versus the wild type. However, when looking at the sequence 

of this mutant, it was observed that an 8 AA insertion was made adjacent to the target 

mutation (Figure 4.9). It shown by the I255D mutation (with a 3.424-fold relative 

change in IC50 versus the wild type), that this location appears to be quite sensitive to 

any mutations. Therefore, a significant structural change such as an 8 AA insertion 

would likely account for the large reduction in binding observed for I255R. Thus, it was 

decided to omit this clone from further testing. 
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After expressing and purifying the wild type 2G1 and five mutant clones, the IMAC 

purification products were analysed by SDS-PAGE and Western blotting. It was evident 

from the results that the 27 kDa scFv was successfully expressed and purified for all 

clones. However, with the exception of clones I225D and L124R, additional prominent 

bands were observed for all clones at molecular weights up to 55 kDa in the Western 

blotting results (Figure 4.12 (C, E and F)). Staining of these proteins on the Western 

blot indicates that these protein bands are positive for the hemagglutinin (HA) affinity 

tag. Thus, it is likely that these protein bands are aggregated forms of the expressed 

scFv molecule. Furthermore, additional bands were observed in some of the elutions at 

sizes lower than 25 kDa. However, these bands were not observed when subsequently 

analysed by Western blotting. This would indicate that these might correspond to 

truncated scFv which can occur from proteolytic digestion or incomplete translation by 

the ribosome (Dunnen and Van Ommon, 1999; Hauss and Muller, 2007; Whitaker et 

al., 2015). 

In order to determine the extent of aggregation present in the purified samples, the ~25 

kDa and ~55 kDa bands in the concentrated elution lanes of each SDS-PAGE gel were 

analysed for mean pixel intensity using ImageJ software. This produced a ratio of pixel 

intensity, presented in Table 4.7, which is highly useful for determining the proportion 

of the intact scFv (27 kDa) to aggregated, dimerised scFv (~54 kDa) (which tended to 

be the most prominent protein bands observed in the elutions). This can serve as an 

overall indication of the aggregation-propensity of the scFv. For the 2G1 wild type, it 

appeared there was approximately equal intensity of the ~25 kDa and ~55 kDa bands 

(ratio 1.12:1). This would indicate a high aggregation-propensity for the wild type. The 

yield of the 2G1 wild type from the expression study was the highest of all the clones 

(2,940 µg), but the high aggregation-propensity would indicate that only a relatively 

small proportion of this yield accounted for the monomeric, native scFv product. The 

mutant clone L124D, exhibited a slight improvement in the ratio of 25 kDa to 55 kDa 

protein bands (1.39:1) versus the wild type. Nevertheless, the yield of protein product 

was also considerably reduced (1,300 µg). Further reductions in aggregation-propensity 

were observed for the mutant clones I255D, L124R and L153R, with 25 kDa to 55 kDa 

ratios of 2.80:1, 2.19:1 and 2.65:1, respectively. However, the yields of these clones 

varied considerably and were markedly reduced versus the wild type; the yields of 

I255D, L124R and L153R were 513 µg, 1,860 µg, and 1,640 µg, respectively. The 
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greatest changes in expression characteristics were observed for clone L153D (Figure 

4.12(E)); the ratio of 25 kDa to 55 kDa protein bands improved to 19.6:1 versus the 

wild type. While the yield of L153D was slightly lower than the wild type (2,390 µg), 

given the high proportion of monomeric scFv present, it appears that this mutation 

greatly improved the scFv yield. Furthermore, the reduced aggregation-propensity 

would also greatly improve the efficiency of the bacterial expression and purification 

method, as less antibody product would be lost due to aggregation. It is possible that the 

mutation to this site may have suppressed the APR in this area; hydrophobic-to-charged 

mutations are reported to suppress APRs and can improve solubility and expression 

(Rousseau and Serrano, 2006; Ganesan et al., 2016). 

Indeed, the image analysis method applied here provides a useful estimation of the ratio 

of 25 kDa to 55 kDa protein bands. However, it was not estimated as to the ratio of the 

25 kDa band to all of the other protein bands present in the elutions, which is 

prohibitively arduous. It is difficult at this stage, without further testing, to accurately 

and quantitatively determine the exact percentage purity of the 27 kDa scFv in each 

sample. The purification method used in this study was IMAC, and while it greatly 

reduced the amount non-specific proteins present compared to the unprocessed lysate 

(lane 1 for all images in Figure 4.12), the persistent presence in the elutions of proteins 

other than the target indicate that the purification process could be improved. A highly 

beneficial component that could compliment this process is the addition of size 

exclusion chromatography (SEC) after IMAC. This would allow for the IMAC elutions 

to be further polished to remove aggregated products and obtain pure scFv product. 

Quantification of this pure product would give a much better indication as to which 

mutations had a beneficial impact on protein expression. Furthermore, this method can 

be coupled with absorbance measurements and is highly sensitive to aggregation bodies. 

Using SEC, aggregated proteins will stick to the wall of the column, which can be 

interpreted as poor elution peaks on the chromatogram, and so SEC could also allow for 

the quantification of the extent of protein aggregation in the scFv samples (den 

Engelsman et al., 2011; Perchiacca et al., 2014). 

Another aim of this study was to determine if the mutations to the scFv surface residues 

would enhance the protein solubility. Similar work in this area was carried out by 

Perchiacca et al. (2012, 2014) and their work was used as a guideline for this current 
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study. In order to estimate if the mutations induced changes in the scFv solubility, 

native solubility measurements were conducted. Native solubility is a measure of how 

well the protein stays in solution when it is in its native folded conformation. Estimating 

the native solubility involved exposing each protein to favourable conditions (i.e. 

ambient temperature, neutral pH, physiological salinity levels) that will encourage the 

retention of the native conformation. The exposure was carried out for an extended 

duration (several days) and the proteins were continuously monitored to determine the 

time when aggregation occurred and the extent of protein loss due aggregation. Such 

measurements are related to the observations that antibodies tend to unfold after 

prolonged storage (Perchiacca and Tessier, 2012; Gil and Schrum, 2013). It was 

expected that the proteins with poorer solubility would precipitate out of solution at an 

earlier time point that those with enhanced solubility, and this would be indicated by a 

decrease in protein concentration in the supernatant. However, from Figure 4.14, with 

the exception of slight fluctuations on Day 1, there was no apparent change in protein 

concentration after 6 days of treatment for any of the clones. A possible reason for this 

is that the protein concentration used at the beginning of the experiment may have been 

too low for changes in solubility to be observed using this technique; the scFv 

concentration for all samples was 300 µg/mL (11.1 µM). By comparison, the initial 

antibody concentration used by Perchiacca et al. (2014) was ~55 µM. In that report, it 

was observed that for native-solubility measurements, the minimum concentration for 

each antibody after aggregation had occurred was ~10 – 15 µM (see Figure 4.17 below). 

It is important to remember that protein solubility is a concentration-dependent 

parameter, and even unfolded protein can remain soluble, albeit at a much lower 

concentration than the folded protein. Thus, the range of 10 – 15 µM may represent the 

concentration at which the unfolded antibody will remain soluble. In the case of the 

present study, the use of starting concentrations of >50 µM of each scFv clone (as used 

by Perchiacca et al. (2012, 2014)) was not feasible, due to the very high protein-

consumption. To illustrate this, the use of 300 µg/mL (11.1 µM) of each antibody 

equated to a consumption of ~360 µg in total for each antibody. By comparison, 

increasing this concentration to 55 µM would have led to a very high consumption of 

~1800 µg of each antibody, which was simply not feasible given the yields of antibody 

achieved (Figure 4.13). In future experiments, if this method of analysis is to be used for 

native solubility determination, higher protein concentrations should be used, which in 
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turn will require larger scale of protein expression and purification to facilitate the 

inherent higher cost of protein. However, an alternative means to determine the native 

solubility, with a reduced cost in terms of scFv product, is the use of circular dichroism 

(CD). CD is a method that is frequently used for the analysis of protein solubility and 

folding. This technique has the distinct advantage of being non-destructive (i.e. the 

protein is not used up in the measurement), its high sensitivity means that it can also be 

used to analyse very small quantities of protein sample and has frequently been used for 

the analysis of protein solubility, as reported in the literature (Hawe et al., 2009; Miklos 

et al., 2009; den Engelsman et al., 2011; Perchiacca et al., 2014). 

 

Figure 4.17: Native solubility measurements of antibody mutants reported by Perchiacca et al. 

(2014). For native solubility measurements, the starting concentration used in this study was ~55 µM, 

which was prohibitively high to be replicated in the present study. Furthermore, the starting 

concentrations used in the present study (11.1 µM) approximated the lowest concentrations observed by 

Perchiacca et al. (2014).  

When it was observed that no significant changes in native solubility measurements 

could be determined, it was decided to evaluate if the mutations resulted in any changes 

in non-native solubility. Non-native solubility is a measure of how well the protein 

remains soluble when it is in it non-native, unfolded conformation. It is also a measure 

of how well a protein can both resist unfolding and how well it can refold back into its 
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native folded state (Gil and Schrum, 2013). The advantage of this analysis is that it is 

expected that exposure to unfavourable conditions (elevated temperatures of 60 – 95 

°C) will induce aggregation at a lower concentration; thus, changes in protein 

concentration should be more observable using the current methodology (as it would be 

expected that the protein concentration in the supernatant would drop to ~4 – 8 µM 

(Perchiacca et al., 2012, 2014). Indeed, the results presented in Figure 4.15 show that 

changes in protein concentration were observed, and slight variations were observed in 

the profiles of each clone. The results indicated that the wild type 2G1 scFv appeared to 

have the highest non-native solubility, as a significant decrease in protein concentration 

(P < 0.001) was observed only upon treatment at 75 °C. By comparison, for the clones 

L124D, L124R, L153D and L153R, significant reductions in protein concentration were 

observed after treatment at the lower temperature of 70 °C. Finally, clone I255D 

appeared to have the lowest non-native solubility, as a significant reduction in protein 

concentration was observed at 65 °C (P < 0.05). In general, these observations are in 

agreement with many studies in that antibody fragments tend to precipitate out of 

solution when exposed to temperatures greater than 70 °C (Wang et al., 2007; Zhang et 

al., 2012; Gil and Schrum, 2013). These results would indicate that none of the mutant 

clones improved upon the non-native solubility of the 2G1 wild type scFv.  

It should also be noted that a potential benefit of carrying out multiple hydrophobic-to-

charged mutations would be to shift the pI of the protein. It is well known that proteins 

are less stable when around their pI, where their net charge is zero (Cohn and Edsall, 

1943; Lawrence et al., 2007). It can be seen in Table 4.4 that the theoretical pI of the 

wild type was calculated as 8.09. While the arginine mutations shifted the pI of the 

respective mutants to 9.01, the aspartic acid mutations shifted the pI to 7.20, which is 

approximately the same pH of the PBS buffer used for suspending the antibody clones. 

Thus, it is possible that the near-neutral pI of the aspartic acid mutants may have led to 

unfavourable conditions in terms of net charge. In contrast to the individual mutants, the 

pI of the triple aspartic acid mutant and arginine mutants was predicted to be 5.94 and 

9.93, respectively. Shifting the pI drastically in this way might help to improve the 

solubility and/or stability of the mutant clones when they are suspended in neutral pH 

buffers as was observed by Lawrence et al. (2007) who observed significant stability 

benefits in green fluorescent protein (GFP), streptavidin and glutathione-S-transferase 
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(GST) upon ‘supercharging’ the protein surfaces (see Section 1.5.2). This should be 

investigated in future studies. 

However, returning to the current study, in order to gain greater insight into how the 

mutations caused changes in protein solubility and stability, further experiments were 

carried out to examine how each clone could retain antigen-binding ability after heat-

induced unfolding, i.e. the functional stability of the clones was measured. The 

functional stability of each clone was determined by pre-heating each clone to a 

specified temperature for 1 h, returning the clones to room temperature and then 

measuring the binding response to a MC-LR-BSA-coated and blocked ELISA plate. 

This ELISA functional stability method is highly useful because it relies on the 

exquisite sensitivity of the 2G1 scFv for the MC-LR molecule. Any loss in protein 

conformation will have a pronounced effect on binding capacity and so was expected 

that this method would be quite indicative of changes in protein folding. It was expected 

that any clones with enhanced thermal stability and refolding ability would exhibit 

higher binding responses than clones with poorer stability. It was shown in Section 

4.5.3 that there were slight variations in binding shown by each mutant that occurred as 

a result of the mutations. However, in the current method, each antibody clone was 

treated at the same protein concentration and the only differing factor between each 

treatment was the temperature of exposure; thus, any changes in binding response 

observed are due to the antibody’s ability to withstand heat denaturation and to refold, 

rather than due to changes in affinity. (Note: unfortunately, due to depletion of the 

stocks of clone L153D, this clone was not tested. This clone may be retested in future 

experiments). It can be seen from Table 4.8 that the wild type 2G1 exhibited an ET50 of 

35.2 °C, i.e. at this temperature the response of the 2G1 antibody was reduced to 50%. 

A similar response was observed for clone I255D. By comparison, the L124D, L124R 

and L153R mutations appeared to improve the heat resistance of the antibody by 

approximately 5 °C, which is an indication of a slight improvement in stability. Given 

that only one site was mutated per clone, an improvement of 5 °C is considerable. 

Generally, it is rare that a single mutation alone would result in improvements in 

stability (Pedone et al., 2001; Perchiacca et al., 2011) and usually 2 or 3 mutations are 

required before significant improvements in stability are observed (Strub et al., 2004). It 

is possible that the introduction of charged residues in these positions increased the 

electrostatic interactions with the surrounding water, which plays a key role in protein 
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stability (Boulet-Audet, 2014). It was noted elsewhere that the introduction of charged 

residues can help to finely modulate protein stability (Loladze and Makhatadza, 2002). 

The stabilising effect of these charged residues may be due to the kosmotropic nature of 

their side chain groups, which can form favourable interactions with water to improve 

hydration and thus enhance stability (Perchiacca et al., 2014). 

It is also important to comment on the apparent reduction in ELISA binding activity at 

37 °C. At first glance, the result presented in Figure 4.16 may indicate that it is 

unfavourable to carry out ELISA incubations at 37 °C, as is generally the traditional 

method. However, in this circumstance, and in contrast to an ELISA, the antibodies 

were incubated in the absence of their antigen target. It was noted in a number of 

previous studies that the CDRs introduce considerable instability in the antibody 

molecule (Rothlisberger et al., 2005; Perchiacca et al., 2011; Gil and Schrum, 2013). 

For example, the presence of hydrophobic residues in the CDR could lead to instability. 

However, in ELISA, when an antibody binds to its antigen, the result is a lower entropy 

state which also conceals such hydrophobic residues. In the absence of the epitope, the 

flexible structure of the CDRs may compromise the folding of an isolated antibody 

fragment (Saerens et al., 2005; Vincke et al., 2009; Gil and Schrum, 2013). 

Furthermore, in ELISA, the use of a higher temperature improves the reaction rates of 

the antibody with its antigen (Bommarius and Paye, 2013; Magliery, 2015). 

The work presented in this preliminary study indicates at the complexity surrounding 

antibody stability/solubility. Table 4.9 summarises the results of the various tests carried 

out on the different antibody clones. Clones L124D and L153R showed modest 

improvements in antigen binding and also showed improvements in terms of reduced 

aggregation-propensity and increased thermal stability. Clones L124R and I255D each 

exhibited a drop in antigen binding affinity (clone I255D more so) but also displayed 

reduced aggregation propensity versus the wild type. Further, L124R exhibited an 

improvement in thermal stability, whereas the thermal stability of I255D was largely 

unchanged versus the wild type. Generally, clone I255D exhibited the greatest reduction 

in binding affinity, protein yield and non-native solubility and exhibited no 

improvements in thermal stability. These observations may give credence to the 

observations of Perchiacca et al. (2014) and Ganesan et al. (2016) that the precise 

positioning of the mutations can have considerable effect on protein solubility and 
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stability. Furthermore, it is possible that residue I255 is important for the antibody 

structure as it has been observed that some hydrophobic residues may be beneficial for 

stability if they provide a shield from penetrating water molecules (Strub et al., 2004). 

Thus, perhaps in future work, the I255D mutation should be omitted as it did not confer 

an acceptable balance of advantages to disadvantages. Meanwhile, clone L153D 

exhibited a considerable reduction in aggregation propensity. Unfortunately, due to 

depletion of stocks of this clone, it was unable to be tested for thermal stability. 

However, in future work, this gap will be addressed. No improvements were observed 

in terms of the native solubility for any of the clones. Furthermore, the analysis of 

protein yield and native solubility will require more refined techniques in order to more 

accurately measure changes in terms of these parameters (see below).  

In general, with the exception of the reduced aggregation propensity of clone L153D, 

the single point mutations carried out in this work resulted in modest changes in terms 

of the measured parameters. This is mostly in line with the published literature that, 

generally, single point mutations do not greatly change a protein’s solubility/stability 

(Reidhaar-Olson and Sauer, 1990, Rennell et al., 1991, Perchiacca et al., 2014). The 

aim of this early stage of the research was to carry out systematic analysis of how 

individual point mutations would affect the antibody’s solubility and stability before 

combining multiple mutations together. The work presented here is still in the 

preliminary stages of the research, but lays a good groundwork for future experiments. 

It is expected that incorporating multiple mutations, such as L124D/R with L153D/R, 

could result in more drastic changes in protein stability and solubility than the 

individual mutations and could result in cumulative beneficial effects, as was reported 

previously (Strub et al., 2004; Ganesan et al., 2016).  

4.7 Future work – stability optimisation 

As was mentioned throughout the discussion, in general, the individual mutations were 

observed to result in only slight alterations in the antibody’s stability and solubility, 

which is in line with the literature. The greatest gains were observed for the L153D 

mutation which considerably reduced the aggregation propensity. However, in future 

studies, multiple mutations may be combined to determine the possibility of cumulative 

benefits in stability, solubility and expression. Particular focus should be placed on 
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investigating the cumulative effects of mutations to positions L124 and L153 which 

generally appeared more amenable to mutations than position I255.  

It was suggested in a number of studies that conformational stability of antibodies can 

be increased by replacing hydrophobic residues situated on the complementary surfaces 

between the light and heavy chains with charged AAs (Riechmann and Muyldermans, 

1999; Muyldermans, 2001). This proposition follows the examples of shark and camelid 

domain antibodies (dAbs) which have excellent stability properties owing to the highly 

charged surfaces of their interfacial regions. This avenue could be investigated in future 

studies.  

A promising means to screen mutant clones with favourable properties was developed 

by Dudgeon et al. (2009), and briefly discussed in Section 1.5.2. Mutant antibody 

libraries could be generated to incorporate substitutions at designated target locations 

with all 20 standard AAs. The antibody library could then be displayed on phage and 

screened by heat denaturation. Protein A is a highly conformation-specific protein with 

affinity for VH domains (Jansson et al., 1998) and so it could be used to retrieve 

antibody clones that can withstand denaturation and that remain stable. This method 

should also be easily facilitated in the research group as the technology required can be 

adapted from the phage display techniques currently in use.  

As was also discussed above, a number of the analyses could benefit from more refined 

technologies or methodologies to observe the subtle improvements expected from single 

point mutations. For example, the use of CD in future experiments may allow for better 

resolution of the native solubility measurements. Furthermore, the incorporation of SEC 

into the antibody purification method would greatly enhance the purity of the end 

product and would aid in measuring the changes in protein yield. 

4.8 Future work – integration of antibodies into a microfluidic detection 

system 

It was discussed in earlier sections that it was the long-term aim of this project to 

incorporate the anti-MC-LR antibody fragments into a biosensor system to allow for 

sensitive detection of this toxin at the point-of-need (PON). The system developed by 

Murphy et al. (2015), which was already discussed in detail, allows for highly sensitive 

MC-LR-detection. However, a disadvantage of this system is the requirement of an 
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analyst to process the suspect sample for analysis. Thus, this system is not currently 

amenable to autonomous and continuous long-term monitoring. However, a project that 

was on-going during the time of the present research was on the development of such an 

autonomous biosensor system. The ToxiSense system was developed in the Water 

Institute in DCU and consists of a microfluidic, centrifugally-driven lab-on-a-disk 

(LOAD), a spin stand motor to generate the centrifugal force and a fluorescence reader 

to quantify the fluorescent signal. The design of the ToxiSense system is described in 

Figure 4.18. Work was carried out on the optimisation of the anti-MC-LR scFv and 

MC-LR-BSA coating concentrations on the disk, including the optimisation of the 

surface-activation and conjugation chemistry, as described by Maguire et al. (2018). 

 

Figure 4.18: ToxiSense LOAD design. The ToxiSense disk allows for measurement of triplicate 

measurements of either three target molecules, MC-LR, Domoic acid and Saxitoxin, or three day analysis 

of the same target molecule. In zone 1, a test sample, such as a suspect freshwater sample, is added and 

this is separated and mixed with detection antibodies located in zone 2. In the case of MC-LR-detection, 

during fabrication of the disk, the anti-MC-LR scFv is fluorescently labelled with Alexa 430 and is 

adsorbed and dried onto the surface of zone 2. Upon mixing of the water sample in zone 2, the anti-MC-

LR scFv is resuspended and interacts with any free MC-LR toxin in the sample. The sample is driven by 

the centrifugal force to zone 3 in which MC-LR-BSA is conjugated onto the surface. In this competitive 

assay, any anti-MC-LR scFv that did not bind to free MC-LR in solution will bind onto the surface-

immobilised MC-LR, thus, there is an inverse relationship between the toxin concentration in the sample 

and the fluorescent signal. The sample further proceeds to zone 4, the control zone. In this chamber, any 

remaining anti-MC-LR scFv will be captured by polyclonal anti-IgY that is conjugated onto the surface. 

The amount of bound anti-MC-LR scFv in the detection and control zones can be quantified by 

fluorescence measurement, with excitation and emission wavelengths at 434 and 541 nm, respectively. 

Finally, the analysed sample will accumulate in zone 5, the waste reservoir. Image sourced from Maguire 

et al. (2017). 

The ToxiSense system was designed as part of a larger EU Seventh Framework 

Program project called MariaBox (Marine environmental in-situ assessment and 

monitoring toolbox). The aim of this consortium project was to incorporate the 

ToxiSense biosensor system into a custom-built marine monitoring buoy that could be 
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deployed for months at a time in fresh or brackish waters. The buoy would incorporate 

automated fluid handling to filter the water sample and deliver the sample to the 

ToxiSense LOADs for analysis. A stockpile of the ToxiSense disks would be stored on 

the buoy and automatic disk-changing would facilitate periodic measurements of the 

surrounding waters for a targeted deployment of six months. In addition, the fluorescent 

signal measured by the reader would be relayed to the laboratory via wireless network 

(Maguire, 2019).  

The work described in this thesis chapter focused on the optimisation of the anti-MC-

LR scFv such that it would achieve high-sensitivity detection of the MC-LR target 

molecule as well as the improvement of the antibody’s stability such that it would 

remain stable for the expected six month deployment of the biosensor system. In future 

experiments, if such anti-MC-LR mutant scFv are to be incorporated into the ToxiSense 

system, optimisations of the antibody coating concentrations and analysis of the on-disk 

binding characteristics would be required. Furthermore, long-term stability studies 

would be required to determine the stability of the mutant clones over the required six 

month deployment period, during which time, wide temperature fluctuations would be 

expected. However, if such challenges can be met, this detection system may provide a 

revolutionary means to monitor algal toxins in real-time and may help to mitigate their 

harmful effects on humans and wildlife. 
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5 Generation of an avian anti-B. cereus scFv antibody fragment 
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5.1 Introduction 

This chapter describes the development of recombinant antibody fragments for targeting 

B. cereus vegetative cells and spores. B. cereus is an endospore-forming, toxin-

producing foodborne pathogen (Agata et al., 1994; Ehling-Schulz et al., 2004; Alonzo 

et al., 2015). The current EC regulations on B. cereus states that Bacillus contamination 

should be “as low as possible” for dried infant formula and dried dietary food, with a 

limit of 500 cfu/g (European Commission, 2005).  While there are no official EC 

regulations on B. cereus levels in milk, companies often impose a strict limit of 10 

cfu/mL (International Dairy Federation, 2016). However, the approved culture-based 

detection methods have significant disadvantages such as a long turnaround time of 

days and are labour- and time-intensive (Izadi et al., 2016). Another disadvantage of 

culture-based methods is the inability to enumerate viable but non-culturable (VBNC) 

or non-viable cells present (Cronin and Wilkinson, 2010). Therefore, there is a pressing 

need for a system that can rapidly and sensitively measure B. cereus contamination in 

food. A viable system to achieve this is the use of flow cytometry (FCM). FCM is an 

established method that can distinguish live cells from VBNC and non-viable cells with 

excellent sensitivity. FCM can be coupled with fluorescent dyes and species-specific 

antibodies to allow for species-level identification and quantification. However, B. 

cereus is a very difficult target to measure; many members of the Bacillus genus are 

very closely related and share a high number of similar genetic and morphological 

features. Thus, in order to facilitate accurate measurement of B. cereus using FCM, 

there is a requirement of species-specific antibodies. 

Therefore, the aim of this chapter was to develop rAbs with high specificity to B. cereus 

vegetative cells and spores and that have low cross-reactivity to the closely related 

Bacillus species B. subtilis (vegetative cells and spores). This was carried out through 

the processes of host-immunisation, library construction and screening via phage 

display and whole-cell panning. It was intended then that these rAbs will then be 

incorporated into a FCM assay being developed in the University of Limerick that will 

quantify B. cereus cells and spores in dairy products with high sensitivity and 

specificity.  

In this chapter, a White Leghorn chicken was immunised with inactivated B. cereus 

cells and a strong immune response was generated. Polyclonal IgY antibodies were 
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harvested and purified from eggs. This polyclonal IgY was shown to exhibit strong 

binding to B. cereus cells and spores but also showed cross reactivity to B. subtilis. This 

highlighted the requirement to screen the antibody repertoire for B. cereus-specific 

antibodies. Thus, following the completion of the immunisation regime, the host spleen 

was harvested and the RNA was extracted. The RNA was converted to cDNA by 

reverse transcription to allow for the amplification of the variable antibody genes. 

Following amplification, the variable genes were joined by SOE PCR to form a scFv-

encoding gene that was subsequently restriction-digested and ligated into a phagemid 

vector. This vector was transformed into E. coli to form an antibody library of 2.8 x 10
7
 

clones. This scFv library was subsequently screened by phage display and whole-cell 

panning. Each round of this whole-cell panning approach utilised a negative selection 

step with B. subtilis followed by a positive selection step with B. cereus. Following two 

rounds of panning, 192 clones were isolated and tested by monoclonal ELISA, which 

allowed for the identification of 9 potential scFv clones. Despite exhibiting some degree 

of cross-reactivity, these appeared to show preferential binding towards B. cereus. 

Future work on this project would require further characterisation of the identified scFv 

clones. In addition, further work should focus on the identification of species-specific 

biomarkers for B. cereus and further rounds of screening to isolate more potential 

antibodies specific to B. cereus. 

 

5.2 Results 

5.2.1 Development of polyclonal anti-B. cereus IgY 

5.2.1.1 Determination of avian immune response to B. cereus by indirect ELISA 

During the immunisation regime, in order to determine the level of immune response 

exhibited by the immunised chicken towards B. cereus, a serum titre was performed 

according to Section 2.2.5.2. A high serum titre indicates a strong immune response 

towards the target. The serum titres of the pre-bleed and bleed 3 antisera are shown in 

Figure 5.1. It was observed that the titres of the pre-bleed and bleed 3 antisera were 

1:7,300 and 1:86,000, respectively. 
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Figure 5.1: Serum titre of B. cereus-immunised chicken pre-bleed and bleed 3 antisera. The wells 

were coated with 8x10
7
 cells/mL in PBS. In duplicate, the diluted serum was added to the plate. In the 

negative control wells, the same conditions as the test wells were used but the serum was omitted. The 

‘cut-off’ was determined at three times the negative control (i.e. the lowest signal that can be 

distinguished from background). 

 

5.2.1.2 Purification of polyclonal IgY from an egg of the B. cereus-immunised 

chicken 

The purpose of this experiment was to isolate polyclonal IgY from an egg of the B. 

cereus-immunised chicken. Egg yolk is a rich and readily-available source of IgY and 

this polyclonal IgY is highly useful for assay development. The polyclonal IgY was 

purified using an IgY EggsPress Purification kit (Gallus Immunotech) according to 

Section 2.2.5.3. The IgY solution was quantified using a Pierce BCA Protein Assay kit 

according to Section 2.2.1.4. The standard curve for the BCA assay is presented in 

Figure 5.2. The polyclonal IgY protein concentration was determined as 5.97 mg/mL in 

a total volume of ~60 mL. 
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Figure 5.2: BCA assay standard curve. BSA protein standards were diluted from 25 to 2,000 µg/mL 

and measured in triplicate. Error bars = SEM (n = 3). 

 

5.2.1.3 Measurement of specificity of purified IgY by ELISA 

The purpose of this experiment was to determine the response of the purified polyclonal 

IgY to B. cereus and B. subtilis vegetative cells and spores. Due to how closely related 

B. cereus is to B. subtilis, and given that the antibody used was polyclonal in nature, it 

was expected that cross-reactivity would be observed. Due to limited stocks of B. cereus 

and B. subtilis vegetative cells and spores, each measurement was carried out singly. 

For the test wells, the polyclonal IgY from the B. cereus-immunised chicken was used, 

while for the control wells, polyclonal IgY from a non-immunised chicken was used. 

The ELISA absorbance readings are presented in Figure 5.3 while the titres of each 

antibody are presented in Table 5.1. It can be seen in Figure 5.3 that a similar response 

curve was observed from the B. cereus-immunised chicken IgY for the four targets, 

which shows high cross-reactivity of this antibody pool for both B. cereus and B. 

subtilis cells and spores. The control IgY also showed a response to the four targets, 

albeit at a lower level. However, it can be seen that the response from the B. cereus-

immunised chicken IgY was in general higher for all four targets than the control IgY, 

which is likely due to the enrichment of the immune response after the immunisation 

regime.  
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Figure 5.3: Response of polyclonal IgY from B. cereus-immunised (test) and non-immunised 

(control) chickens. The wells were coated with 1x10
7
 cells or spores per mL. Singly, the diluted IgY 

from B. cereus-immunised chicken and non-immunised chicken (control) were added to the plate. A 

negative control was included, which omitted IgY from the test. The ‘cut-off’ was determined at three 

times the negative control. 

Table 5.1: Titre values of B. cereus-immunised and control IgY samples for B. cereus and B. subtilis 

cells or spores. 

Target 
B. cereus-immunised IgY 

Titre (µg/mL) 

Control IgY Titre 

(µg/mL) 

B. cereus vegetative cells <7.8 17 

B. cereus spores 10.4 18 

B. subtilis vegetative cells 8.6 16 

B. subtilis spores 12.9 30 

 

5.2.1.4 Measurement of the specificity of the affinity-matured polyclonal IgY by 

ELISA 

The purpose of this experiment was to determine if it is possible to improve the cross-

reactivity profile of the purified polyclonal IgY; it is desirable to improve the ratio of 

binding such that the IgY selectively binds to B. cereus and not B. subtilis. This was 

carried out by negatively depleting the IgY using B. subtilis cells (‘Negative selection’). 

Following this, the remaining IgY underwent positive selection using B. cereus cells 

(‘Positive selection’). The B. cereus cells will bound IgY were washed to remove non-

specific antibodies and finally the bound IgY were eluted using a low pH elution 

(‘Positive elution’).  
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Following each stage of this process, antibody samples were kept for protein 

concentration analysis, as measured by BCA assay. This was carried out so as to 

facilitate analysis of equal quantities of antibody by ELISA. The protein concentrations 

of the samples obtained from the affinity preparation process are outlined in Figure 5.4. 

 

Figure 5.4: Protein concentration measurements after affinity preparation of IgY. The 

concentrations of stock the IgY, the negative selection (Neg sel), positive selection (Pos sel) and positive 

elution (Pos Elu) samples obtained after the affinity preparation of the IgY were determined by BCA 

assay. Each data point represents a single measurement for each sample. The protein concentration 

(µg/mL) in numerical format is presented above each bar.  

In addition to measuring the protein concentrations of each sample, the binding 

response of the samples from the IgY affinity preparation process to B. cereus and B. 

subtilis vegetative cells and spores were determined by ELISA. So as to provide an 

equal estimation of the binding response of each sample, the antibody-containing 

samples were each normalised to 16.7 µg/mL. The results of this ELISA are shown in 

Figure 5.5. 

Looking at the response to B. cereus cells, a slight drop was observed after the negative 

selection step. This might suggest that some of the IgY clones that were cross-reactive 

between B. cereus cells and B. subtilis cells were removed. For B. cereus spores, very 

little change was observed between the stock IgY, negative selection and positive 

selection. This might suggest that the B. cereus spore-specific IgY in the sample were 

retained. For B. subtilis cells and spores, there was no change observed between the 

stock IgY and the negative and positive selections. The result of the positive elution for 

all 4 targets shows a significant drop in binding response of this sample, with responses 
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close to the negative control. This would suggest that there was insufficient IgY in this 

sample to produce an observable response. 

 

Figure 5.5: Binding response of the affinity preparation samples towards B. cereus and B. subtilis 

cells and spores. The stock IgY, the negative selection (Neg sel), positive selection (Pos sel) and positive 

elution (Pos Elu) samples were tested on wells coated with 1x10
7
 cells or spores per mL. Each IgY-

containing sample was diluted to 16.7 µg/mL. The negative control consisted of all test components but 

omitted the IgY. Error bars = SEM (n = 3). 

 

5.2.2 Development of an anti-B. cereus recombinant scFv library 

5.2.2.1 Spectrophotometric determination of extracted avian RNA and 

synthesized cDNA concentration 

After the extraction of RNA from the B. cereus-immunised chicken spleen, the RNA 

was quantified by absorbance measurement at 260 nm. After cDNA-synthesis, the 

cDNA was also quantified by absorbance measurement at 260 nm (see Table 5.2). 

Table 5.2: Measurement of extracted RNA and synthesized cDNA concentrations 

Sample Concentration (ng/µL) 

Extracted RNA 10,752 

Synthesized cDNA 2,366 
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5.2.2.2 Amplification of antibody variable light and heavy genes 

The purpose of these experiments was to amplify the variable light and heavy antibody 

genes from the synthesised cDNA template using sequence-specific primers (outlined in 

Table 2.31). The amplified variable light and heavy DNA was used in further 

experiments to produce a scFv-encoding gene by SOE PCR using SOE primers (Section 

2.2.5.11). All PCR products were separated on 1% (w/v) agarose gels stained with 

SYBR® Safe. The gel image of the small-scale VL and VH amplifications is presented 

in Figure 5.6.  

 

Figure 5.6: Small-scale VL and VH amplification. A faint band was observed at ~ 400 bp in the VH lane, 

as indicated by the red box. L = Hyperladder 1 kb; C = control. (The control reaction included all reaction 

components except cDNA). 

The VL and VH fragments were observed at ~350 and 400 bp, respectively. The intensity 

of the VL reaction suggested that the conditions were well optimised. These conditions 

were utilised and a large-scale VL PCR was carried out. The gel image from the large-

scale VL PCR is presented in Figure 5.7. The large-scale VL product was purified and 

quantified by absorbance measurement at 260 nm (see Table 5.3). The VH PCR band 

was not very intense, which suggested that further optimisation would be required. For 

the VH PCR optimisation, the primer concentration was varied to 0.5, 1 and 1.5 µM. 

The gel image of these amplification reactions can be observed in Figure 5.8. Each of 

the reactions appeared to have similar, albeit faint, intensity of bands. Therefore, a 

primer concentration of 0.5 µM was subsequently used. 
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Figure 5.7: Large-scale VL amplification. The VL fragment was observed at ~350 bp. L = Hyperladder 

1 kb; C = control. (The control reaction included all reaction components except cDNA). 

 

 

Figure 5.8: VH PCR optimisation. The VH fragment was observed in all test lanes at ~400 bp, as 

indicated by the red box. L = Hyperladder 1 kb; 1 – 3 = VH amplification using 0.5, 1 and 1.5 µM primer 

concentration, respectively; C = control. (The control reaction included all reaction components except 

cDNA). 

A large-scale VH PCR was carried out using the optimised 0.5 µM primer concentration. 

A sample of the large-scale PCR was run on a 1% (w/v) agarose gel stained with 

SYBR® Safe. The gel image of the large-scale VH PCR is presented in Figure 5.9. The 

large-scale VH product was purified and quantified by absorbance measurement at 260 

nm (see Table 5.3).  

 

Figure 5.9: Large-scale VH amplification. The VH fragment was observed at 400 bp as indicated by the 

red box. L = Hyperladder 1 kb; C = control. (The control reaction included all reaction components 

except cDNA). 
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5.2.2.3 Generation of scFv-encoding gene by SOE PCR 

As can be seen from Figure 5.9, the VH band at ~400 bp is quite faint. It was decided to 

attempt to amplify the SOE PCR fragment using this VH product and the VL product. 

The purpose was to determine if the SOE PCR product could be amplified; if it could 

not be amplified, further optimisation of the VH PCR would be carried out. 

The purified VL and VH DNA samples were used for the amplification of the scFv DNA 

fragment by SOE PCR. A small-scale SOE PCR and subsequently a large-scale SOE 

PCR were carried out. The small-scale SOE PCR product and a sample of the pooled 

SOE PCR product were separated on a 1% (w/v) agarose gel stained with SYBR® Safe. 

The gel image of the SOE PCR products is presented in Figure 5.10. It can be seen in 

Figure 5.10 that strong bands were observed at ~800 bp, hence further optimisation of 

the VH PCR was not required. 

 

Figure 5.10: SOE PCR. The small-scale and large-scale SOE products can be observed in lanes 1 and 2, 

respectively, at ~800 bp.  L = Hyperladder 1 kb; C = control. (The control reaction included all reaction 

components except VL and VH DNA). 

 

Table 5.3: DNA concentration measurements of purified PCR products as determined by 

spectroscopic measurement at 260 nm. 

Sample Concentration (ng/µL) 

VL 128.9 

VH 15.7 

SOE 207.6 
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5.2.2.4 Restriction enzyme digestion and ligation of scFv DNA and pComb3XSS 

plasmid 

The purpose of this experiment was to digest the scFv DNA and pComb3XSS products 

using the SfiI restriction enzyme in order to form complementary ‘sticky’ ends that 

would facilitate the insertion of the scFv DNA into the plasmid. The pComb3XSS was 

also digested with XbaI and XhoI, which act on restriction sites within the plasmid’s 

Stuffer fragment. This was carried out in order to reduce the chance of the Stuffer 

fragment being re-ligated back into the plasmid. Sufficient stocks of pComb3XSS 

plasmid were obtained in Chapter 3. The digested scFv DNA and pComb3XSS plasmid 

were separated on 1% (w/v) and 0.7% (w/v) agarose gels, respectively. They were each 

gel-purified and the DNA concentrations were measured by spectroscopic measurement 

as 332.8 and 312.4 ng/µL, respectively. These concentrations were needed in order to 

determine the volumes of scFv and pComb3XSS plasmid to be included in the ligation 

reaction. After the ligation was carried out, the ligated DNA was ethanol-precipitated in 

order to remove the ligase enzyme and buffer components. The DNA was then stored at 

-20 °C. 

5.2.2.5 Electroporation of SOE-pComb3XSS into XL1 Blue E. coli 

The purpose of this experiment was to transform E. coli with the scFv-encoding 

phagemid to allow for expression of scFv-displaying phage. The pComb3XSS plasmid 

containing the scFv gene insert was electroporated into XL1 Blue E. coli to allow for 

expression of the scFv-pIII fusion protein. A titre was carried out to determine the 

approximate library size. This titre was determined to be 2.8 x 10
7
 clones. A colony pick 

PCR was carried out to determine the proportion of the transformed clones that 

contained the scFv insert (see Figure 5.11). Eleven out of twelve picked colonies 

(91.7%) contained the scFv insert, indicating that a high proportion of the transformed 

clones have potential of expressing scFv fragments.  

 

Figure 5.11: Colony pick PCR of transformed anti-B. cereus scFv library. The scFv gene was 

observed at ~800 bp in 11 out of 12 tested colonies. L = Hyperladder 1 kb; C = Control. (The control 

reaction included all reaction components except a picked colony). 
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5.2.2.6 Screening of anti-B. cereus recombinant scFv library by whole-cell 

panning 

The purpose of the panning experiments was to screen and enrich the constructed 

antibody library for clones that preferentially bound to B. cereus and not to B. subtilis. 

In order to determine if the screening process was sequentially reducing the size of the 

antibody library, after each round, the input and output phage titres were determined by 

counting the colonies grown on titre plates (see Table 5.4). 

Table 5.4: Input and output phage titres from each round of panning. 

Round Input titre (cfu/mL) Output titre (cfu/mL) 

1 4.61 x 10
13 

1.06 x 10
8 

2 2.10 x 10
13 

3.57 x 10
7
 

 

5.2.2.7 Colony Pick PCR of screened scFv library 

A colony pick PCR was carried out on a number of colonies in order to determine if the 

scFv gene insert was still present within the input and output phage library after each 

round of panning. Five colonies from the input and output titre plates from rounds 1 and 

2 of panning were picked and PCRs were carried out to amplify the scFv-encoding gene 

present. The PCR products were separated on a 1% (w/v) agarose gel stained with 

SYBR® Safe. The gel image of the colony pick PCRs is presented in Figure 5.12. It can 

be seen from round 1 that the 800 bp scFv fragment was observed in 2 of the 5 tested 

input colonies and 2 of the 5 tested output colonies; this suggests that the scFv insert is 

present in ~40% of the colonies. From round 2, the 800 bp scFv fragment was observed 

in 4 of the 5 tested input colonies and 1 of the 5 tested output colonies; this would 

suggest that going into round 2, the insert was present in ~80% of clones, however, 

following round 2, this was reduced to ~20%. 
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Figure 5.12: Colony pick PCR of panning input and output titres. The scFv gene insert was observed 

at ~800 bp. L = Hyperladder 1 kb.  

 

5.2.2.8 Measurement of response of individual scFv clones for B. cereus and B. 

subtilis by monoclonal ELISA 

The purpose of this experiment was to determine the response of individual scFv 

molecules for B. cereus and B. subtilis vegetative cells. After re-infection of the round 2 

output phage into Top10F’ E. coli, 192 colonies were picked and grown to express their 

encoded scFv molecules. Each scFv molecule was analysed for binding to B. cereus and 

B. subtilis vegetative cells adsorbed onto multiwell plates. The response of each clone is 

shown in Figures 5.13 and 5.14 below. An average background absorbance value of 

0.041 was determined. A ‘cut-off’ value equal to 2x the background absorbance (0.082) 

was applied.  
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Figure 5.13: Monoclonal ELISA Plate 1. Response of 96 colonies from Round 2 to B. cereus (black 

bars) and B. subtilis (grey bars). The ‘cut-off’ was established as 2x the absorbance of the background 

response.  

 

Figure 5.14: Monoclonal ELISA Plate 2. Response of 96 colonies from Round 2 to B. cereus (black 

bars) and B. subtilis (grey bars). The ‘cut-off’ was established as 2x the absorbance of the background 

response.  



 

227 

 

As can be seen from Figure 5.13, 11 clones appeared to display responses to B. cereus 

greater than the ‘cut-off’, while 10 clones showed responses to B. subtilis greater than 

the ‘cut-off’. Meanwhile, from Figure 5.14, it can be seen that 0 clones and 12 clones 

appeared to display responses to B. cereus and B. subtilis greater than the ‘cut-off’, 

respectively. 

Due to how closely related B. cereus and B. subtilis are, it was assumed that cross-

reactivity would be observed for many of the scFv molecules. Therefore, the responses 

of each clone to B. cereus was divided by the response to B. subtilis, to obtain a 

response ratio (B. cereus:B. subtilis). The response ratios for plates 1 and 2 are 

presented in Figures 5.15 and 5.16 below. It can be seen from Figure 5.15 that a number 

of colonies showed a response ratio >1, which indicates that these scFv molecules may 

show more favourable binding towards B. cereus than to B. subtilis. Of these clones, 9 

clones were picked for further analysis; these clones with their respective responses are 

shown in Table 5.5 below. Only clones from Plate 1 were chosen, as none of the clones 

on plate 2 displayed responses towards B. cereus greater than the ‘cut-off’.  

 

Figure 5.15: Monoclonal ELISA Plate 1 Response Ratio. The response ratio was calculated as the 

response of each clone to B. cereus was divided by the response to B. subtilis. Clones that show 

preferential binding to B. cereus should have a response ratio >1. 
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Figure 5.16: Monoclonal ELISA Plate 2 Response Ratio. The response ratio was calculated as the 

response of each clone to B. cereus was divided by the response to B. subtilis. Clones that show 

preferential binding to B. cereus should have a response ratio >1. 

 

Table 5.5: Clones chosen from Monoclonal ELISA. Clones were chosen only from Plate 1, as no 

clones from Plate 2 showed response to B. cereus greater than the ‘cut-off’. 

Clone Response to B. 

cereus (A450) 

Response to B. 

subtilis (A450) 

Response Ratio 

(B. cereus:B.subtilis) 

E1 0.1025 0.0562 1.82 

H2 0.1011 0.0576 1.76 

D1 0.1012 0.0618 1.64 

H1 0.1154 0.0711 1.62 

H3 0.1052 0.0689 1.53 

F1 0.0932 0.0656 1.42 

G1 0.0873 0.0633 1.38 

A9 0.0945 0.0705 1.34 

C1 0.0903 0.0731 1.24 
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5.2.2.9 Colony pick PCR of the chosen scFv clones 

The purpose of this experiment was to determine if the scFv-encoding gene could be 

identified in each of the nine clones chosen from the screened library. The PCR 

products were separated on a 1% (w/v) agarose gel stained with SYBR® Safe. The gel 

image of the colony pick PCRs is presented in Figure 5.17. It can be seen from Figure 

5.17 that a band was observed at ~800 bp for clones A9, C1, D1, G1 and H3. A band 

was observed at ~500 bp for clones A9, E1, H1, H2 and H3. 

 

Figure 5.17: Colony pick PCR of nine clones from Monoclonal ELISA. L = Hyperladder 1 kb; 1 = 

A9; 2 = C1; 3 = D1; 4 = E1; 5 = F1; 6 = G1; 7 = H1; 8 = H2; 9 = H3; C = Control. (The control assay 

included all reaction components but included SB that contained no bacterial growth). A band was 

observed at ~800 bp in lanes 1, 2, 3, 6 and 9 (faint 800 bp bands in lanes 2 and 9 are indicated by red 

boxes). A band was observed at ~500 bp in lanes 1, 4, 7, 8 and 9 (a faint ~500 bp band in lane 4 is 

indicated by a yellow box). 

 

5.3 Discussion 

The development of a recombinant antibody library specific to B. cereus was initiated 

by the immunisation of a female White Leghorn chicken with formaldehyde-inactivated 

B. cereus vegetative cells. Whole cells were used for this purpose as, in the absence of a 

known B. cereus-specific biomarker, they present the most viable approach to 

displaying all B. cereus antigens to the host’s immune system in their native state. After 

observing enrichment in the response of the host antiserum towards B. cereus following 

the third booster immunisation, the host was sacrificed and the RNA was extracted from 

the spleen. The RNA was successfully converted to cDNA and the antibody V genes 

were amplified. After joining the VL and VH genes by SOE PCR, the scFv-encoding 

genes were digested and ligated into the pComb3XSS phagemid vector. This vector was 

transformed into E. coli, creating a recombinant antibody of 2.8 x 10
7
 clones. Finally, 

this library was screened by whole cell panning in order to enrich for clones showing 

specificity to B. cereus.  



 

230 

 

The use of chickens as a host for immunisations and generation of antibodies has a 

number of advantages over mammalian hosts; these include the ability to produce high 

yields of IgY from egg yolks, and easier construction of recombinant antibody libraries, 

which is due to the highly conserved framework regions of the IgY variable regions 

meaning that fewer primer combinations are required to amplify these V genes. It has 

also been observed that chickens can be used to generate immune responses towards 

targets that would be difficult to achieve with mice or rabbits (Barbas et al., 2001).  

In this current work, the immunisation regime consisted of the initial immunisation plus 

two subsequent booster immunisations. It was discussed in an earlier chapter that a 

serum titre is an effective means to determine the extent of the immune response in an 

immunised host. The serum titre is used to measure the level of antibodies present in the 

serum that are specific to the target of interest. The serum titre of 1:7,300 was observed 

for the pre-bleed antiserum. This is an interesting observation, as it would ordinarily be 

assumed that the host would not have prior exposure to the immunogen and so the pre-

bleed antiserum would not be expected to show a response to the target. For example, 

the mice used for the generation of an anti-AZA antibody did not show any response in 

the pre-bleed antisera towards AZA (see Figure 3.2). However, as was discussed in 

Section 1.4, B. cereus is a ubiquitous organism in nature. Hence, it could reasonably be 

expected that a chicken may become exposed to B. cereus via food or water that is 

contaminated with B. cereus cells or spores. Therefore, perhaps it is not surprising that 

prior to immunisations the response of the host antiserum to whole B. cereus cells was 

relatively high. Despite this, enrichment in the host’s immune response was observed, 

since following the second booster immunisation, a strong immune response towards B. 

cereus was observed, as indicated by a serum titre of 1:86,000 for the bleed 3 antiserum.  

After a strong immune response was observed from the host, IgY was purified from egg 

yolk. The protein concentration of the purified IgY was 5.97 mg/mL in a volume of ~60 

mL. Assuming 90% purity of IgY in the sample (based on the manufacturer’s 

guidelines; Gallus Immunotech (2018)), this equates to 322 mg of IgY. It was discussed 

by Carlander et al., (1999) that 2 g of IgY from egg yolk approximately corresponds to 

the IgY content of 600 mL of blood, which demonstrates the advantage of using 

chickens as a host for immunisations.  
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The specificity of the purified IgY was measured by indirect ELISA. Polyclonal IgY of 

the B. cereus-immunised and a non-immunised chicken were tested for binding to B. 

cereus and B. subtilis vegetative cells and spores. The IgY of the B. cereus-immunised 

chicken showed strong response to all four targets, with titre values of <7.8, 10.4, 8.6 

and 12.9 µg/mL observed for B. cereus vegetative cells, B. cereus spores, B. subtilis 

vegetative cells and B. subtilis spores, respectively. The control IgY also showed a 

response to all four targets, with titre values of 17, 18, 16 and 30 µg/mL observed for B. 

cereus vegetative cells, B. cereus spores, B. subtilis vegetative cells and B. subtilis 

spores, respectively. The response from the control IgY is similar to the observation of 

the pre-bleed antiserum response to B. cereus (Figure 5.3). It was discussed previously 

that these bacteria are highly ubiquitous in nature, thus, it is possible that the control 

chicken was pre-exposed to these Bacillus species, and this immune response may have 

been passed from mother to embryo. Furthermore, these observations are similar to the 

results reported by the collaborating researchers in the University of Limerick (UL). 

The purified IgY from Section 5.2.1 were sent to UL to facilitate early development of a 

FCM method. Preliminary work showed that this polyclonal chicken IgY responded to 

three B. cereus strains and to one B. subtilis strain (see Section 9.1). In any case, the 

result presented in Figure 5.3 shows a strong albeit non-specific response to B. cereus. 

However, this result and the result of Section 9.1 also highlight the requirement of a 

stringent screening process to enrich for only B. cereus-specific antibodies. 

Following on from this, given the abundant quantities of IgY available, enrichment of 

the polyclonal IgY pool for B. cereus-specific antibodies was attempted. If this 

relatively rapid method proved successful, it would indicate the high potential of the 

recombinant scFv library to produce B. cereus-specific clones. The theory posited was 

based on the whole-cell panning approach applied to the recombinant antibody-phage 

library in Section 5.2.2.6; by exposing the IgY pool to B. subtilis spores, allowing Abs 

specific for this species to bind, and by subsequently separating the spores, the 

remaining pool will be more depleted of B. subtilis-specific Abs. This pool could then 

be subjected to positive selection by exposing the Abs to B. cereus spores and allowed 

to bind. By separating the B. cereus spores and the bound Abs, and by subsequently 

eluting the Abs, the resultant pool should be enriched towards B. cereus antigens. The 

concept of this immunoaffinity-purification is illustrated in Figure 5.18 below. 
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Figure 5.18: Concept for immunoaffinity-purification of IgY sample. (a) The polyclonal IgY pool 

consists of antibody clones specific to B. subtilis (green) and B. cereus (red) and also contains non-

specific IgY (blue). (b) The IgY pool is presented with B. subtilis spores. The B. subtilis-specific IgY 

(green) bind to these spores. By applying a centrifugation step, the spores and the bound IgY are 

removed, while the remaining IgY are retained (these are designated ‘Negative Selection’). (c) The 

‘Negative Selection’ IgY pool are presented with B. cereus spores. B. cereus-specific IgY (red) bind to 

the spores. A centrifugation step is carried out to separate the spores with bound IgY from the non-

specific IgY (blue). These non-specific IgY are removed and designated ‘Positive Selection’. (d) The B. 

cereus spores are subjected to a wash step to remove any loosely bound IgY. The remaining B. cereus-

specific IgY are eluted by low pH elution and are separated from the spores by centrifugation. These 

eluted B. cereus specific IgY are designated ‘Positive Elution’. 

As can be seen from Figure 5.4, the treatment effectively reduced the protein 

concentration, with a successive drop in protein concentration with each step. The result 

shows that the negative selection resulted in a ~50% drop in protein concentration 

versus the stock IgY. There is negligible difference in protein concentration between the 

negative and positive selection samples. The negative selection step should effectively 

remove most B. subtilis spore-specific IgY in the pool. The remaining pool was then 

exposed to B. cereus spores and only those IgY molecules that remained bound after the 

wash step and that were eluted went into the positive elution sample. It can be seen from 

the Positive Elution sample that the concentration measured, 102.7 µg/mL, is a 

considerable reduction when compared to the starting stock IgY concentration of 5,965 

µg/mL. The low concentration is due to the very small number of antibody molecules 

that would be permitted to bind to the B. cereus spore surface and that were 

subsequently eluted. 
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By normalising the protein concentration of each sample to 16.7 µg/mL (which was 

chosen due to the limitation of the positive elution sample), it was expected that the 

cross-reactivity of the IgY pool towards B. subtilis would drop with each step of the 

process while the response specific to B. cereus was expected to increase. However, as 

can be seen from Figure 5.5, the stock IgY, negative selection and positive selection 

samples each showed similar binding responses to the four targets. Meanwhile, little or 

no response was observed from the positive elution for the four targets. It is likely that 

very little IgY was retained and subsequently eluted from the B. cereus spores used in 

the positive selection step. It was discussed in the BCA assay section that this was likely 

due to the low number of unique binding sites on B. cereus compared to B. subtilis that 

would allow for binding to the enriched IgY pool. It could be reasonably expected that 

the low number of binding sites and the small surface area of the B. cereus spores would 

have implications for the number of IgY molecules that would be pulled through this 

selection process. Whereas in phage display, the scFv-phage molecules brought through 

the selection can be subsequently amplified by re-infection and propagation in E. coli, 

in this case, the IgY brought through the selection cannot be amplified; hence, the 

number of IgY molecules available for ELISA was too low to allow for a signal to be 

observed. It is possible that the protein concentration for the positive elution sample in 

the BCA assay was close to the limit of detection of the assay and may have over-

estimated the true concentration. It may be also possible that the pH elution process was 

not stringent enough to elute any high affinity binders on the B. cereus spore surface. It 

was subsequently attempted to develop a recombinant scFv library keeping these issues 

in mind. 

Following the immunisation of the host and the development of a strong immune 

response to B. cereus, the host was sacrificed and the spleen tissue was harvested. The 

RNA of this tissue was successfully extracted and converted to cDNA, with RNA and 

DNA concentrations of 10,752 ng/µL and 2,366 ng/µL obtained, respectively. The VL 

region was subsequently amplified by large-scale PCR (Figure 5.7) and was purified 

with a DNA concentration of 128.9 ng/µL obtained. However, the VH gene proved more 

difficult to amplify. It was attempted to optimise the primer concentration, but the 

resultant bands were of similar intensity (Figure 5.8). The 0.5 µM primer concentration 

was used for further experiments as this was the most economical use of the primers. 

Following this a large-scale VH PCR was carried out and purified, with a DNA 
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concentration of 15.7 ng/µL obtained. The low concentration observed may have been 

due to this particular lot of the NucleoSpin kit being used, as it was observed by other 

users at this time that issues with this particular kit had arisen. The purified VH DNA 

was kept and was used to carry out a single SOE PCR. It can be observed in Figure 5.10 

lane 1 that a strong band at ~800 bp was observed. This suggests that the VH region was 

successfully purified, as poor SOE amplification would be expected otherwise. It is 

possible that some of the NucleoSpin kit reagents were not thoroughly removed by the 

wash steps. Such reagents may have been co-eluted from the silica membrane with the 

VH DNA. The presence of interfering substances in the DNA solution may have caused 

an error in the 260 nm absorbance reading, which in turn may have caused the VH DNA 

concentration to be underestimated. It should be noted that the VL, VH and SOE PCRs 

were carried out over several months and different lots of the NucleoSpin kits were used 

for the purifications. It is possible that the kit used for VH purification may have 

experienced degeneration of kit components.  

A large-scale SOE PCR was carried out in order to have sufficient scFv gene product to 

transform into E. coli. The SOE PCR product was observed at ~800 bp (Figure 5.10 

lane 2). A number of additional bands can also be observed at sizes between 500 – 700 

bp in lanes 1 and 2. These are likely PCR products that did not undergo complete 

polymerisation or perhaps occurred from imperfect pairing of the VL and VH genes. 

However, the 800 bp band was carefully excised from the gel and was subsequently 

purified, with a concentration of 207.6 ng/µL obtained.   

This scFv-encoding gene along with the phagemid vector pCOMB3XSS were 

subsequently restriction enzyme digested. The scFv gene was ligated into the 

pCOMB3XSS vector and this was transformed into E. coli. The resultant library size 

was 2.8 x 10
7
 clones, which is considered a suitable size for a recombinant scFv library 

before screening (Barbas et al., 2001). A colony pick PCR was also carried out which 

confirmed the presence of the scFv gene in eleven out of the twelve colonies, which 

indicates high transformation efficiency.  

The E. coli scFv library was subsequently infected with helper phage to convert the 

library into a phage-displayed antibody library. Following this, it was attempted to 

screen the library by whole-cell panning. The theory behind the strategy employed is the 

same as that applied to the IgY immunoaffinity maturation; in each round the library 
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would be depleted for B. subtilis-specific clones by negative selection with B. subtilis 

vegetative cells; following this B. cereus-specific clones would be enriched by a 

positive selection step using B. cereus cells. The stringency of the screening was also 

increased by reducing the concentration of B. cereus cells and increasing the number of 

wash steps. In addition, the potential issue of poor elution of high affinity binders (as 

was alluded to in the IgY immunoaffinity section) was addressed through the use of a 

competitive elution strategy. By mixing the scFv-phage-bound B. cereus cells with the 

E. coli used for phage recovery, the number of F pili on the E. coli cells will far 

outnumber the binding sites on B. cereus cells, thereby out-competing these sites. After 

2 rounds of panning, the number of clones was reduced, as presented in Table 5.4. Also, 

as shown in the colony pick PCR result (Figure 5.12), the scFv gene was retained after 

the 2 rounds of panning, albeit in a relatively low proportion of the tested colonies. The 

presence of empty-vector clones in a phage pool is often a cause for concern, as these 

clones will not have the burden of expressing the encoded protein, hence they will have 

a competitive growth advantage. However, it appears that in most of the tested clones, 

DNA bands with sizes ranging from 400 – 600 bp were observed. These may have 

occurred due to truncation of the DNA molecule, low specificity of binding with the 

amplification primers, or by incomplete polymerisation of the target DNA. In the case 

that clones containing an empty vector or truncated scFv gene, such clones would likely 

have a growth advantage over the clones that over-express a full length scFv gene; 

hence it is possible that the latter clones would be out-competed by those growing at a 

faster rate, which would have negative implications for the successful isolation of B. 

cereus-specific scFv molecules. Thus, it was decided to temporarily end the panning 

process in order to check for the presence of B. cereus-specific clones by monoclonal 

ELISA. If such clones could not be identified at this stage of panning, further rounds of 

screening could be subsequently carried out. 

It was decided to test 192 individual clones after round 2 of panning, as it was hoped 

that by showing preferential enrichment for B. cereus rather than B. subtilis, it would 

show the potential of this library for producing scFv molecules that can distinguish 

these bacterial species. It was also anticipated that the identification of such clones 

would show the potential for this whole-cell panning approach for enriching such 

clones, even in the absence of a species-specific biomarker. The result of the 

monoclonal ELISA, plate (Figures 5.13 and 5.14) shows that 11 clones showed a 
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response to B. cereus greater than the ‘cut-off’ value, while and 10 clones showed a 

response to B. subtilis greater than the ‘cut-off’ value. When looking at the response 

ratio data for this plate (Figure 5.15), a number of clones had favourable binding for B. 

cereus over B. subtilis. Nine clones were chosen from the original 192 clones picked 

from Round 2 of panning. These clones were chosen on the basis that they showed a 

binding response towards B. cereus in a monoclonal ELISA greater than the ‘cut-off’ 

and they also showed a response ratio for B. cereus: B. subtilis of greater than 1.2. The 

scFv-encoding gene was observed in clones A9, C1, D1, G1 and H3. A band was 

observed at ~500 bp for clones A9, E1, H1, H2 and H3, which may indicate that the 

scFv gene was truncated or incompletely polymerised for these clones.  

As can be seen from Table 5.5 that the nine clones picked were obtained from outermost 

wells of the 96 well plate. This phenomenon is frequently observed by colleagues in this 

research group; these wells will experience much more efficient heat exchange with the 

surrounding medium. This has important implications for the expression of the encoded 

scFv molecule as these E. coli clones will have a growth- and protein-expression-

advantage as they will achieve the designated temperature more quickly, whereas those 

in the inner wells will experience a lag due to the slower rate of heat transfer. In 

addition, the location of the wells, and hence the heat-transfer characteristics, will also 

have implications for the freeze-thaw lysis method employed, as the outer wells will 

more quickly freeze and thaw than inner wells and, therefore, the lysis method will be 

less efficient for these inner wells. In future experiments, the lysis method could be 

adjusted to include a lysozyme treatment. Alternatively, if using the freeze-thaw 

method, which has proven to be effective, the inoculation of each clone into individual 

microtubes would allow for more efficient heat-transfer for each tube. Thus, this would 

allow for better representation of the entire array of clones being tested, rather than just 

the outermost wells of a 96 well plate. 

Further work is also required to more fully determine the response of these clones for B. 

cereus and B. subtilis. A limitation of the monoclonal ELISA method is that the signal 

observed is proportional to not only the binding response of the antibody to the target 

but also the levels of the antibody present, which is in turn proportional to the 

expression characteristics of this protein. Therefore, future experiments would entail the 

expression and purification of each individual scFv. Following this, each scFv can be 



 

237 

 

assayed for binding to B. cereus cells and spores. A potential means to determine cross-

reactivity for B. subtilis would be to carry out competitive assays, whereby each scFv 

would be mixed with varying concentrations of B. subtilis in solution and applied to a B. 

cereus-coated ELISA plate. Any clones that exhibit cross-reactivity to B. subtilis 

antigens will show a decrease in binding to the B. cereus surface when the B. subtilis 

concentration in solution is increased. On the reverse side of this, clones that exhibit no 

cross-reactivity to B. subtilis antigens will exhibit no change in binding to the B. cereus 

surface regardless of the B. subtilis concentration in solution.  

As mentioned previously, by the end of the work carried out here, only two rounds of 

panning were carried out. Future work on this project would also entail carrying out 

further screening by panning. It is the author’s belief that the results of the monoclonal 

ELISAs show the potential of this scFv library; after just two rounds of panning clones 

were isolated that, based on the results, appear to show preferential binding towards B. 

cereus. It must also be noted that the absence of a species-specific biomarker for 

distinguishing B. cereus is a significant impediment to the screening of this scFv library. 

Until such a time when a specific-specific marker, ideally a surface protein or 

carbohydrate, is identified, it will be highly difficult to isolate a scFv that can perfectly 

distinguish B. cereus from B. subtilis.   
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6 Evaluation of the toxic effects of AZA1, MC-LR and M. aeruginosa 

on human hepatocellular carcinoma cells 

 

  



 

239 

 

6.1 Introduction 

This chapter features toxicity work carried out to determine the toxic effects of exposure 

of HepG2 liver carcinoma cells to AZA1, MC-LR and M. aeruginosa. The effects of 

combinations of these harmful contaminants on HepG2 cells were also investigated. 

Much in vivo and in vitro work was previously carried out on AZA1 to elucidate its 

mode of toxicity, as was discussed in Section 1.2.7. To date, it is well established that 

AZAs target the liver, pancreas, lung, spleen, thymus and small intestine (Ito et al., 

2000; Ito et al., 2002) and they display toxicity in all cell lines tested (Twiner et al., 

2005; Ronzitti et al., 2007). A number of previous studies aimed to identify the mode of 

cell death induced by AZA exposure and have demonstrated apoptosis-induced effects 

of AZAs in lymphocytes, intestinal, neuroblastoma and liver cell lines (Román et al., 

2001; Twiner et al., 2012; Doerr et al., 2016). However, there is a gap in the knowledge 

as to the apoptotic effects of AZA1 in HepG2 cells at 24 h and also the effects of higher 

AZA1 concentrations on HepG2 viability.  

Since its discovery in the middle of the 20
th

 century (Bishop et al., 1959; Konst et al., 

1965), significant research was directed at understanding MC-LR hepatotoxicity  e.g. 

the effects of microcystins on primary hepatocytes as well as on HepG2 cells (Ding et 

al., 1998; Fladmark et al., 1998; Ding et al., 1999; Humpage and Falconer, 1999; Ding 

et al., 2000; Ito et al., 2000; Gehringer et al., 2004; Gan et al., 2010; Zhang et al., 2013; 

Ma et al., 2017). A number of in vivo models have been used to determine the toxic 

effects of M. aeruginosa cyanobacteria on live fish cultures (Rogers et al., 2011; Abdel-

Latif and Khashaba, 2017; Rodrigues Pires Júnior et al., 2018; Xia et al., 2018; Qian et 

al., 2019). A small number of studies have investigated the effects of M. aeruginosa on 

mammalian cell lines but from these reports, it was indicated that M. aeruginosa has 

highly toxic effects, inducing cell changes associated with necrosis. Furthermore, it was 

indicated that exposure to M. aeruginosa had a higher potency than exposure to pure 

MC-LR (Rao et al., 1998; Masango et al., 2008). However, while the World Health 

Organisation’s (WHO) guideline limit for MC-LR is 1 µg of MC-LR per litre of water 

for consumption (WHO, 2003), no guidelines are in place for acceptable levels of M. 

aeruginosa. In addition, it is expected that humans and other organisms would be 

exposed to combinations of waterborne contaminants rather than individual compounds. 

However, there appears to be a lack of information on the combined effects of M. 
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aeruginosa and MC-LR in the literature. In addition, there are no published studies on 

the combined effects of AZA1 and MC-LR in the literature.  

Thus, the aim of this chapter was to identify the potential effects of individual and 

binary combinations of AZA1, MC-LR and M. aeruginosa on HepG2 cells using a 

number of metrics:  

a) the effects on cell proliferation measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assays; 

b) induction of apoptosis as measured by changes in caspase 3/7 activity using 

carboxyfluorescein-Fluorescent Labelled Inhibitors of Caspases (FAM-FLICA) 

assays; and 

c) the combined effects of MC-LR with M. aeruginosa, or with AZA1, 

investigated in great detail using next generation High Content Analysis (HCA).  

In this study, using proliferation assays, it was found that MC-LR can modulate the 

toxic effects of lipopolysaccharide (LPS) on HepG2 cells. Whole and lysed M. 

aeruginosa cultures can induce highly significant reductions in cellular proliferation, 

with potential hormetic effects also observed. The cytotoxic effects of AZA1 were 

determined following 24 h and 48 h exposure, with the EC50 values determined as 2.43 

µM and 0.92 µM, respectively. Using HCA, it was found that AZA1-exposure induces 

apoptosis-associated cellular changes at sub-nanomolar concentrations. In addition, co-

exposure of AZA1 with LPS increases the potency of the toxic effects of AZA1. It was 

also determined, using HCA, that exposure to 2.5 µM MC-LR appeared to induce 

necrosis- and proliferation-associated cellular changes. When HepG2 cells were co-

exposed to MC-LR and AZA1, antagonistic effects were observed, likely due to the 

induction of different cell death pathways. Further, it was observed that co-exposure of 

HepG2 cells to MC-LR and M. aeruginosa increased the necrotic and proliferative 

effects versus exposure to MC-LR alone. In addition to the necrotic and proliferative 

effects of MC-LR, it was indicated from FAM-FLICA assays that MC-LR also induced 

apoptosis at concentrations of 5 and 1 µM, indicating a highly complex mode of 

toxicity. It was speculated that the occurrence of such opposing cellular processes may 

have been due to the heterogeneous morphology associated with the HepG2 cell line. 

Overall, the work presented in this chapter expands our understanding of the effects 
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AZA1-induced apoptosis, MC-LR-induced necrosis and proliferation, and the cytotoxic 

effects of M. aeruginosa cells on HepG2 cells. 

 

6.2 Results 

6.2.1 Determination of the effects of MC-LR, M. aeruginosa cells and AZA1 on 

HepG2 cell proliferation 

The aim of this experiment was to determine the effect of MC-LR, whole and lysed M. 

aeruginosa cells, and AZA1 on HepG2 cell proliferation. HepG2 cells were cultured 

with 1 x 10
5
 cells per well and were exposed to various treatments. For MC-LR 

exposures, HepG2 cells were treated with varying concentrations of MC-LR (5 – 0.008 

µM) alone and in the presence of 100 ng/mL LPS for 24 h (Figure 6.1). For M. 

aeruginosa exposures, HepG2 cells were treated with whole and lysed M. aeruginosa 

cells (1 x 10
7
 – 1.6 x 10

4
 cells/mL) for 24 h (Figure 6.2). For AZA1 exposures, HepG2 

cells were treated with AZA1 (10 – 0.0001 µM) alone for 24 h (Figure 6.3). MTT 

assays were carried out after each exposure to measure cell proliferation, the results of 

which are presented below. 

6.2.1.1 Effect of MC-LR on HepG2 proliferation 

Treatment of HepG2 cells with 5 µM – 0.008 µM MC-LR alone did not significantly 

affect cell proliferation. Treatment with 100 ng/mL LPS alone caused 92.5% reduction 

in cell proliferation (P < 0.01). However, exposures to 5, 0.4 and 0.008 µM MC-LR 

used in combination with 100 ng/mL LPS, resulted in 88.3 – 94.1% reduction in cell 

proliferation (P < 0.01), while 1 µM MC-LR with LPS resulted in 65.4% reduction in 

cell proliferation (P < 0.05).  

6.2.1.2 Effect of M. aeruginosa cells on HepG2 proliferation 

Treatment of HepG2 cells with whole M. aeruginosa cells caused a number of 

significant reductions in cell proliferation; 1 x 10
7
 M. aeruginosa cells/mL resulted in 

98.5% reduction in cell proliferation (P < 0.001), 1.6 x 10
4
 cells/mL caused 83.5% 

reduction (P < 0.01) and 2 x 10
6
 – 8 x 10

4
 cells/mL caused 48.2 – 63.5% reduction (P < 

0.05). Treatment with lysed M. aeruginosa appeared to increase the potency of the toxic 

effects; 1 x 10
7
 and 2 x 10

6
 lysed cells/mL caused 98.0% and 98.3% reduction, 

respectively (P < 0.001). Exposure to 4 x 10
5
 lysed cells/mL caused 72.9% reduction in 
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cell proliferation (P < 0.01), while exposure to 8 x 10
4
 and 8 x 10

4
 cells/mL caused 

46.4% and 59.9% reduction (P <0.05). 

6.2.1.3 Effect of AZA1 on HepG2 proliferation 

Exposure of HepG2 cells to AZA1 for 24 h caused highly significant changes in cell 

proliferation, with 10 µM and 1 µM resulting in 91.9% and 26.8% reductions in 

proliferation, respectively (P < 0.001). The EC50 value of 24 h exposure to AZA1 was 

calculated as 2.43 µM. In addition, the EC50 value for 48 h exposure to AZA1 was also 

determined to be 0.92 µM. 
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Figure 6.1: Proliferation of HepG2 cells after 24 h exposure to (A) MC-LR and (B) MC-LR + 100 

ng/mL LPS. Results indicate a mean value from three independent replicates and error bars represent 

mean ±SEM (standard error of mean). Significance: P < 0.05*; P < 0.01**; P < 0.001*** as illustrated, 

all relative to the HepG2 cells alone control. 

 

Figure 6.2: Proliferation of HepG2 cells after 24 h exposure to (A) whole and (B) lysed M. 

aeruginosa cells. Results indicate a mean value from three independent replicates and error bars represent 

mean ±SEM. Significance: P < 0.05*; P < 0.01**; P < 0.001*** as illustrated, all relative to the HepG2 

cells alone control. 

 

Figure 6.3: Effect of 24 h exposure to AZA1 on HepG2 cells. (A) Proliferation of HepG2 cells after 24 

h exposure to AZA1. (B) Calculation of the half maximal effective concentration (EC50) value of 24 h 

exposure of HepG2 cells to AZA1. Results indicate a mean value from three independent replicates and 

error bars represent mean ±SEM. Significance: P < 0.05*; P < 0.01**; P < 0.001*** as illustrated, all 

relative to the HepG2 cells alone control. 
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6.2.2 Analysis of the effects of AZA1 on HepG2 cell health using High Content 

Analysis (HCA) 

The aim of this experiment was to gain greater insight into the effects of AZA1 on 

HepG2 by simultaneously measuring five indicators of cell health and this was achieved 

through use of next generation HCA.  

6.2.2.1 Exposure of HepG2 cells to AZA1 indicates activation of apoptosis 

For AZA1 exposures, HepG2 cells were exposed to AZA1 at concentrations ranging 

from 5 to 0.005 µM alone and in the presence of 100 ng/mL LPS for 18 h. HepG2 cells 

were stained with MitoTracker® Orange CMTMRos mitochondrial stain and Hoechst 

nuclear stain and analysed by HCA, which allows for the automated and rapid analysis 

of a number of cell parameters, including cell number (CN), nuclear area (NA), nuclear 

intensity (NI), mitochondrial mass (MM) and mitochondrial membrane potential 

(MMP). The results of the analyses are presented in Figure 6.4 below and are 

summarised in Table 6.1. It can be seen in Figure 6.4(A) that treatments with AZA1 

alone and with LPS did not have any significant effect on HepG2 CN at any of the 

tested concentrations.  

6.2.2.1.1 AZA1 exposure significantly reduced Nuclear Area and increased 

Nuclear Intensity 

From Figure 6.4(B)(i) it can be observed that treatment with 5, 0.5 and 0.005 µM AZA1 

alone resulted in a significant decrease in NA, ranging from 7.0 – 7.9% reduction (P < 

0.05), and a highly significant decrease in NA was observed at lowest tested 

concentration of 0.0005 µM, with a 9.3% reduction (P < 0.01). No significant change 

was observed for 0.05 µM AZA1. In the presence of 100 ng/mL LPS alone (Figure 

6.4(B)(ii)); 0 µM AZA1), there was no significant change in NA. However, treatment 

with both AZA1 and LPS resulted in a more potent effect on HepG2 NA; treatment with 

0.5 and 0.005 µM AZA1 plus 100 ng/mL LPS resulted in a significant decrease in NA 

(10.8% reduction; P < 0.01), while at 5, 0.05 and 0.0005 µM AZA1 plus 100 ng/mL 

LPS a greater decrease in NA was observed (12.7 – 13.5 % reduction; P < 0.001). For 

NI analysis (Figure 6.4 (C)(i)), treatment with AZA1 at all concentrations resulted in a 

highly significant increase in NI (35.0 – 38.9% increase; P < 0.001). When exposed to 

LPS alone (Figure 6.4 (C) (ii); 0 µM AZA1), no significant change was observed, 

whereas treatment with LPS plus all concentrations of AZA1 resulted in a highly 
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significant increase in NI (40.9 – 44.7% increase; P < 0.001). Thus, it appeared that the 

use of LPS in tandem with AZA1 increased the potency of the effect on NI.  

6.2.2.1.2 AZA1 exposure significantly increased Mitochondrial Membrane 

Potential 

The effects of AZA1 on the mitochondria were determined by MM and MMP 

measurements. For MM analysis (Figure 6.4(D)), treatment with AZA1 at all 

concentrations, with and without 100 ng/mL LPS, resulted in a highly significant 

decrease in MM (AZA1 alone: 26.9 – 28.4% reduction; AZA1 + LPS: 29.9 – 31.4% 

reduction; P < 0.001). Treatment with 100 ng/mL LPS alone (Figure 6.4(D)(ii)) resulted 

in a significant decrease in MM (7.0% reduction; P < 0.05). For MMP analysis (Figure 

6.4(E)(i)), treatment with AZA1 alone resulted in changes in MMP ranging from 18.7% 

to 29.9%, but these changes were not statistically significant (P > 0.05). However, 

treatment with 0.5 µM AZA1 + 100 ng/mL LPS (Figure 6.4(E)(ii)) resulted in 24.6% 

increase in MMP (P < 0.05).  
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Table 6.1: Summary of the effects of AZA1 alone and with 100 ng/mL LPS on five HepG2 cell 

health parameters. Arrows indicate a significant increase or decrease in each parameter, relative to the 

vehicle control. The number of arrows corresponds to the significance value; P < 0.05 *; P < 0.01 **; P < 

0.001 ***. CN = cell number; NA = nuclear area; NI = nuclear intensity; MM = mitochondrial mass; 

MMP = mitochondrial membrane potential. 

Cell 

Health 

Parameter 

AZA1 (µM) AZA1 (µM) + LPS 

5 0.5 0.05 0.005 0.0005 5 0.5 0.05 0.005 0.0005 

CN           

NA ↓ ↓  ↓ ↓↓ ↓↓↓ ↓↓ ↓↓↓ ↓↓ ↓↓↓ 

NI ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ 

MM ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ 

MMP       ↑    
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6.2.3 Investigation of the combined effects of MC-LR with M. aeruginosa and 

MC-LR with AZA1 on HepG2 proliferation 

The purpose of these experiments was to determine the effects of MC-LR in 

combination with either lysed M. aeruginosa cells or with AZA1. It was shown in 

Section 6.2.1 that different concentrations of each toxin/cyanobacteria exhibited 

different degrees of toxicity, as shown by changes in HepG2 cell proliferation. In this 

section, an attempt was made to determine if concentrations of these 

toxins/cyanobacteria that did not have a highly significant effect on their own would 

have an effect of higher significance when used in combination. HepG2 cells were 

exposed to multiple combinations of MC-LR (1, 0.2 and 0 µM), lysed M. aeruginosa 

cells (8 x 10
4
, 1.6 x 10

4
 and 0 cells/mL) and AZA1 (1, 0.1 and 0 µM). The effects on 

HepG2 cell proliferation were tested by MTT assay. The results of the combination 

exposures with MC-LR and AZA1, and with MC-LR and M. aeruginosa were 

normalised to the HepG2 ‘Cells Alone’ control and are shown in Figures 6.5 and 6.6 

below. 

It was observed Figure 6.6 that only the combination of 0.2 µM MC-LR plus 8 x 10
4
 M. 

aeruginosa cells/mL resulted in a significant effect on HepG2 proliferation (31.1% 

reduction; P < 0.05). No significant changes in HepG2 proliferation were observed for 

any of the other MC-LR and M. aeruginosa combinations. Furthermore, no significant 

changes in proliferation were observed for any of the tested MC-LR and AZA1 

combinations (Figure 6.5).  
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Figure 6.5: Proliferation of HepG2 cells after 24 h exposure to MC-LR and AZA1. Results indicate a 

mean value from at least three independent experiments and error bars represent mean ±SEM (standard 

error of mean). Significance: P < 0.05*; P < 0.01**; P < 0.001*** as illustrated, all relative to the HepG2 

cells alone control. 

 

Figure 6.6: Proliferation of HepG2 cells after 24 h exposure to MC-LR and M. aeruginosa. Results 

indicate a mean value from at least three independent experiments and error bars represent mean ±SEM 

(standard error of mean). Significance: P < 0.05*; P < 0.01**; P < 0.001*** as illustrated, all relative to 

the HepG2 cells alone control. 
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6.2.4 Determination of the combined effects of MC-LR-, AZA1- and M. 

aeruginosa-exposure on HepG2 using HCA  

The aim of this experiment was to use HCA to gain greater insight into the combined 

effects of MC-LR, AZA1 and M. aeruginosa. It was shown previously in the Section 

6.2.4 that the combined effects of MC-LR with AZA1 and/or M. aeruginosa could not 

be fully elucidated using MTT assays. The advantage of HCA versus MTT assays for 

investigating combinations of different compounds is its excellent sensitivity. In 

addition, analysis of changes in CN, NA, NI MM and MMP can provide insights into 

apoptosis and/or necrosis and, thus, HCA has an ability to better demonstrate the risk of 

human exposure to mixtures of environmental toxins (Wilson et al., 2016). HepG2 cells 

were exposed to MC-LR at 2.5, 0.5 and 0 µM in combination with AZA1 at 0.5 0.05 

and 0 µM for 18 h. Additionally, exposures were carried out using MC-LR at 

concentrations of 2.5, 0.5 and 0 µM in combination with lysed M. aeruginosa cells at 2 

x 10
5
, 4 x 10

4
 and 0 cells/mL for 18 h. Treated HepG2 cells were subsequently stained 

with MitoTracker® Orange CMTMRos mitochondrial stain and Hoechst nuclear stain 

and analysed by HCA to measure changes in CN, NA, NI MM and MMP. The results 

from each measurement were normalised to the vehicle control. The results of the 

analyses are presented in Figures 6.7 and 6.9 and are summarised in Tables 6.2 and 6.3 

below. 

6.2.4.1 MC-LR-exposure appeared to activate necrosis while AZA1-exposure 

appeared to activate apoptosis 

It can be seen from Figure 6.7(A) that treatment with 2.5 µM MC-LR alone resulted in 

an 18.7% increase (P < 0.05) in CN. No significant changes were observed for 

exposures to AZA1 alone or for any of the tested combinations of the two toxins. From 

Figure 6.7(B), it can be observed that exposure to 2.5 µM and 0.5 µM MC-LR resulted 

in 13.0% increase (P < 0.001) and 8.6% increase (P < 0.05) in NA, respectively, which 

is an indicator of necrosis. Treatment with AZA1 alone at 0.5 µM and 0.05 µM did not 

cause any significant changes in NA (3.0% and 5.2% reduction, respectively).  A 

combination of 2.5 µM MC-LR and 0.5 µM AZA1 resulted in 11.1% increase (P < 

0.01) in NA. The result of the combination of 2.5 µM MC-LR plus 0.05 µM AZA1 

would suggest that this concentration of AZA1 is antagonistic to the effect of 2.5 µM 

MC-LR. NA and NI are parameters that are intrinsically linked, and usually an increase 

in one results in a decrease in the other, or vice versa. It can be seen in Figure 6.7(C) 
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that at 2.5 µM and 0.5 µM MC-LR alone, a decrease of 9.8% and 5.0% in NI was 

observed, however, these data were not statistically significant. However, treatment 

with 0.5 and 0.05 µM AZA1 alone resulted in 26.0% and 26.2% increases in NI, 

respectively (P < 0.001), which is an indicator of apoptosis. A combination of 0.5 µM 

MC-LR plus 0.5 µM and 0.05 µM AZA1 resulted in 18.4% (P < 0.05) and 25.6% (P < 

0.001) increase in NI, respectively. A combination of 2.5 µM MC-LR plus 0.05 µM 

AZA1 resulted in 17.5% (P < 0.05) increase in NI.  

To observe the effect of the toxins on the mitochondria, changes in MM and MMP were 

measured. It can be observed in Figure 6.7(D) that treatment with MC-LR alone did not 

cause any significant changes in MM, whereas exposure to 0.5 and 0.05 µM AZA1 

alone resulted in 26.5% (P < 0.05) and 29.1% (P < 0.01) decrease in MM, respectively. 

A combination of 2.5 µM MC-LR with 0.5 and 0.05 µM AZA1 caused 25.0% and 

25.2% reduction in MM (P < 0.05), respectively. This can be clearly visualised from the 

microscopy images presented in Figure 6.8. A combination of 0.5 µM MC-LR with 0.5 

and 0.05 µM AZA1 caused 35.2% (P < 0.01) and 27.3% (P < 0.05) reduction in MM, 

respectively. From Figure 6.7(E), it can be observed that treatment with MC-LR alone 

did not significantly affect MMP. However, treatment with AZA1 alone at 0.5 µM and 

0.05 µM resulted in 44.8% and 51.4% increase in MMP, respectively (P < 0.001). A 

combination of 0.5 µM MC-LR with 0.05 µM resulted in 85.4% increase in MMP (P < 

0.001), while the remaining combinations of MC-LR with AZA1 resulted in increases in 

MMP ranging from 36.9% to 57.2% (P < 0.001) relative to the vehicle control.  

6.2.4.2 Co-exposure with lysed M. aeruginosa cells appeared to enhance the 

necrotic effect of MC-LR 

The results of the HepG2 exposure to MC-LR and M. aeruginosa cells are presented in 

Figure 6.9 below. It can be observed in Figure 6.9(A) that treatment with MC-LR alone 

at 2.5 µM and 0.5 µM caused 18.7% and 16.6% increase in CN, respectively (P < 0.05). 

Treatment with 2 x 10
5
 and 4 x 10

4
 M. aeruginosa cells/mL alone caused 17.3% and 

17.1% increase in CN, but this change was not statistically significant. A combination 

of 2.5 µM MC-LR with 2 x 10
5
 and 4 x 10

4
 M. aeruginosa cells/mL caused 19.0% and 

21.2% increase in CN, respectively (P < 0.05). A combination of 0.5 µM MC-LR with 2 

x 10
5
 M. aeruginosa cells/mL caused 22.7% increase in CN (P < 0.05). From Figure 

6.9(B), it can be observed that treatment with MC-LR alone at 2.5 µM resulted in 13.0% 
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increase in NA (P < 0.01), while treatments with M. aeruginosa cells alone at either 

concentration did not cause any significant changes in NA. A combination of 2 x 10
5
 M. 

aeruginosa cells/mL with 2.5 µM and 0.5 µM MC-LR resulted in 18.8% (P < 0.001) 

and 12.2% increase in NA, respectively (P < 0.05). This suggests that the presence of 2 

x 10
5
 M. aeruginosa cells/mL had a synergistic effect on MC-LR toxicity. No 

significant changes were observed for the remaining parameters (NI, MM and MMP). 

 

Figure 6.7: Effects of combined exposure of HepG2 cells to MC-LR and AZA1 for 18 h. A = Cell 

Number Analysis; B = Nuclear Area Analysis; C = Nuclear Intensity Analysis; D = Mitochondrial Mass 

Analysis; E = Mitochondrial Membrane Potential Analysis. Results indicate a mean value from at least 

three independent experiments and error bars represent mean ±SEM (standard error of mean). 

Significance: P < 0.05*; P < 0.01**; P < 0.001*** as illustrated, all relative to the vehicle control. 
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Table 6.2: Summary of the effects of combinations of MC-LR and AZA1 on five HepG2 cell health 

parameters. Arrows indicate a significant increase or decrease in each parameter, relative to the vehicle 

control. The number of arrows corresponds to the significance value; P < 0.05 *; P < 0.01 **; P < 0.001 

***. CN = cell number; NA = nuclear area; NI = nuclear intensity; MM = mitochondrial mass; MMP = 

mitochondrial membrane potential. 
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Figure 6.9: Effects of combined exposure of HepG2 cells to MC-LR and M. aeruginosa cells for 18 

h. A = Cell Number Analysis; B = Nuclear Area Analysis; C = Nuclear Intensity Analysis; D = 

Mitochondrial Mass Analysis; E = Mitochondrial Membrane Potential Analysis. Results indicate a mean 

value from at least three independent experiments and error bars represent mean ±SEM (standard error of 

mean). Significance: P < 0.05*; P < 0.01**; P < 0.001*** as illustrated, all relative to the vehicle control. 

Table 6.3: Summary of the effects of combinations of MC-LR and lysed M. aeruginosa cells on five 

HepG2 cell health parameters. Arrows indicate a significant increase or decrease in each parameter, 

relative to the vehicle control. The number of arrows corresponds to the significance value; P < 0.05 *; P 

< 0.01 **; P < 0.001 ***. CN = cell number; NA = nuclear area; NI = nuclear intensity; MM = 

mitochondrial mass; MMP = mitochondrial membrane potential. 
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6.2.5 Determination of the effect of MC-LR- and AZA1-exposure on caspase-

dependent apoptosis in HepG2 cells 

In order to delve deeper into the interactions at play between HepG2 cells and the 

toxins, FAM-FLICA assays were carried out to determine if the caspases 3 and 7 were 

activated, which are indicators of apoptosis. In the previous sections, the HepG2 cell 

concentration required ranged from 10
4
 to 10

5
 cells/well. For analysis of apoptosis using 

FAM-FLICA and measurement using a fluorescent plate reader, a higher cell 

concentration of 10
6
 cells/well was required. Therefore, the HepG2 cells were grown in 

6 well plates and treated at a cell concentration of 10
6
 cells/mL in a 1 mL volume. This 

larger volume (1 mL/well for FAM-FLICA assay versus 100 µL/well for MTT assay) 

inherently required larger volumes of toxin stocks for the exposures. Therefore, the 

number of toxin concentrations to be tested was reduced. This higher consumption of 

toxins meant that each experiment was carried out once. It was shown previously that 

peak activities of caspase 3/7 correspond to the AZA1 concentration and time points 

associated with cytotoxicity (Twiner et al., 2012). Thus, AZA1 was tested at 5 and 1 

µM (i.e. concentrations similar to the EC50 value of 2.43 µM), with and without 100 

ng/mL LPS. For the sake of comparison, MC-LR was also used at these concentrations 

with and without LPS. When measuring the fluorescence output by the fluorescence 

plate reader, measurements were carried out in triplicate. In order to account for 

differing cell numbers per well, cell counts were performed on each sample prior to 

fluorescence measurement. The fluorescent output was then divided by the 

corresponding cell number and these values were normalised against the Vehicle control 

to obtain a ‘fold change’ value. The results of the FAM-FLICA assays are presented in 

Figure 6.10 below. 

It can be seen from Figure 6.10 that treatment with 5 µM and 1 µM MC-LR caused 

~2.45-fold and ~1.77-fold increases in caspase 3/7 activity (P < 0.001), while in the 

presence of 100 ng/mL LPS, co-exposure with 5 µM and 1 µM MC-LR caused 1.81-

fold increase (P < 0.001) and 0.66-fold decrease (P < 0.05) in caspase 3/7 activity. 

When treated with AZA1, highly significant decreases in caspase activity were observed 

for both concentrations of AZA1, with and without LPS, ranging from 0.33- to 0.56-

fold decreases in caspase 3/7 activity (P < 0.001). 
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Figure 6.10: Effect of 24 h exposure to MC-LR and AZA1, with and without 100 ng/mL LPS, on 

activation of Caspase 3/7 in HepG2 cells. Results indicate a mean value from three fluorescence 

measurements and error bars represent the mean ±SEM (standard error of mean). Significance: P < 0.05*; 

P < 0.01**; P < 0.001*** as illustrated, all relative to the vehicle control. 

6.2.6 IL1β and TNFα ELISAs 

The aim of these experiments was to determine if the exposures of HepG2 cells to MC-

LR, M. aeruginosa and AZA1 lead the production of the cytokines IL-1β and TNF-α, 

which are indicators of cell stress. The supernatants from Sections 6.2.3 and 6.2.5 were 

retained for testing for the presence of these cytokines using commercial DuoSet™ 

ELISA kits (Bio-Techne). It was expected that low levels of these cytokines would be 

present in the cell supernatants, therefore these supernatants were tested neat by ELISA. 

However, no statistically significant changes in IL-1β or TNF-α levels were observed 

after any of the toxin treatments. 

6.3 Discussion 

AZAs, MCs and M. aeruginosa are significant environmental hazards to humans and 

other terrestrial and aquatic animals with highly toxic effects being observed in 

numerous animal models and cell lines. However, to date the combined effects of these 

toxins/pathogen have not been investigated. Furthermore, there are gaps in the 

published research on the effects of AZAs on liver cell lines. Thus, in this chapter, the 

effects of MC-LR, M. aeruginosa cells and AZA1 on HepG2 cells were investigated. In 

addition, the effects of MC-LR and AZA1 in combination with LPS were also 

investigated. The rationale behind the combination of MC-LR or AZA1 with LPS 

stemmed from discussions with Prof. Geoffrey Codd of the University of Dundee (G. 
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Codd, personal communication). It was proposed that the true toxic potential of marine 

and/or freshwater toxins is due to co-exposure of toxins with microbial agents. This 

proposition is based on in vivo studies showing that the co-exposure of LPS can enhance 

the potency of toxins present (Best et al., 2003; Stewart et al., 2006). It was shown 

through a number of different tests that the effects of these harmful contaminants are 

greatly varied. It was shown that different combinations of these can even further vary 

the potency. In this section, the results of these exposures will be discussed in detail and 

the observations made in this study will be equated to those published in the literature.  

6.3.1 The effects of individual exposure to MC-LR, M. aeruginosa cells and AZA1 

on HepG2 cell proliferation 

Firstly, the effects of MC-LR alone and in combination with LPS were investigated by 

means of cell proliferation assays. It can be seen in the MC-LR treatment results (Figure 

6.1) that exposure to MC-LR alone did not have a significant effect on HepG2 

proliferation at the concentrations tested (Figure 6.1(A)). This is in agreement with the 

published literature. For example, it was shown that treatment of HepG2 cells with 10 

µM MC-LR for 24 h resulted in ~40% reduction in cell survival (P < 0.01), whereas 

treatment with 5 µM MC-LR did not significantly affect cell survival. The IC50 was 

calculated as 21.9 µM (Gan et al., 2010). Meanwhile, Zhang et al. (2013) exposed 

HepG2 cells and primary mouse hepatocytes (PMHs) to 0.001 – 1 µM MC-LR showed 

no significant changes in HepG2 proliferation but significant changes were observed in 

PMHs as low as 0.05 µM. It was also shown elsewhere that HepG2 cells are not as 

sensitive to MC-LR as primary liver cells (Fladmark et al., 1998). Thus, the 

observations in the present study further verify the observations of a number of other 

sources. 

However, treatments with MC-LR in combination with LPS (which may simulate co-

infection with Gram negative bacteria), significant effects on proliferation were 

observed (Figure 6.1(B)). The results suggested that LPS was playing the dominant role 

in affecting HepG2 proliferation. Exposure to 100 ng/mL LPS alone (i.e. 0 µM MC-LR) 

resulted in a significant reduction in HepG2 proliferation (P < 0.01). However, the 

combination of 100 ng/mL LPS and MC-LR at 5, 0.04 and 0.008 µM showed similar 

reductions in cell proliferation. In addition, co-exposure of 1 µM MC-LR with 100 

ng/mL LPS significantly reduced HepG2 proliferation, albeit at a lower significance 
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level (P < 0.05). While 0.2 µM MC-LR did not have an observable significant effect on 

HepG2 proliferation, it should be noted that the error bars on this data point are very 

large, indicating high variability. Testing at this concentration, therefore, would require 

further investigation. Interestingly, the result of exposure to 1 µM MC-LR with LPS 

suggested that the toxin appeared to have an almost protective effect on the cells or may 

be having an antagonistic effect on LPS toxicity. This indicated a complex relationship 

between toxin and LPS concentrations. Such complex interactions have been reported in 

the literature. For example, Best et al. (2002) exposed zebra fish to Microcystis and E. 

coli LPS with MC-LR and measured the effect on detoxification activity of glutathione-

s-transferase (GST). Exposure to E. coli LPS alone resulted in a significant reduction in 

GST activity. However, co-exposure of E. coli LPS and MC-LR did not change GST 

activity and it was speculated that this could have been due to a potential interaction, 

such as non-specific binding, between E. coli LPS and MC-LR in the medium, making 

the LPS unavailable. In contrast, treatment with Microcystis LPS with and without MC-

LR caused significant reductions in GST activity. The combined effects of MC-LR 

(0.001 – 1 µM) with LPS was also tested in macrophages, but no significant changes in 

cell viability were observed (Adamovsky et al., 2015). 

Following on from the findings of HepG2 exposure to MC-LR, from the result of the 

exposure to whole M. aeruginosa cells (Figure 6.2(A)) indicated a ‘bell-shaped curve’ 

effect on HepG2 proliferation; 1 x 10
7
 and 1.6 x 10

4
 cells/mL of whole M. aeruginosa 

cells each had a significant effect, with P < 0.001 and P < 0.01, respectively; however, 

the intermediate concentrations had an effect of a lower significance (P < 0.05). Such a 

‘bell-shaped curve’ is suggestive of complex biological effects, such as multiple targets 

or more than one mechanism of action (Owen et al., 2014). A ‘bell-shaped curve’ is 

characteristic of the phenomenon known as ‘hormesis’, which can be defined as an 

adaptive response characterised by a biphasic dose response (Calabrese and Baldwin, 

2002). Such hormetic responses are frequently reported in the literature using many 

different cell lines and treatments (Sonnenschein et al., 1989; Moriguchi et al., 1997; 

Wetherill et al., 2002; Vandenberg et al., 2012; Wang et al., 2012; Jiao et al., 2014), 

and are highly indicative of the plasticity associated with biological responses 

(Calabrese and Mattson, 2011). This suggests a complex relationship about how living 

M. aeruginosa cells interact at different cells concentrations. Different cyanobacterial 

concentrations may affect quorum sensing and, therefore, may change how the 
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cyanobacteria interact with their environment. It is well known that both Gram-positive 

and Gram-negative bacteria use quorum sensing communication to regulate a diverse 

range of physiological activities, including virulence (Miller and Bassler, 2001; Hibbing 

et al., 2010). Changes in quorum sensing may change the expression of bioactive 

peptide products of M. aeruginosa other than microcystins, such as microginins, 

cyanopeptolins and aeruginosins, which have been shown to exert cytotoxic effects (Le 

Manach et al., 2018). It was also reported in the literature that changes in the toxic 

potential of drug molecules can be observed due to the formation of drug aggregates 

(Owen et al., 2014). It is known that M. aeruginosa can undergo morphological changes 

and form cell aggregates depending on cell concentration (Shen et al., 2011). Thus, M. 

aeruginosa cell-aggregation may have also played a role in the ‘bell-shaped’ dose 

response observed in this study. In any case, further work is required to more fully 

elucidate such cell aggregation and the toxic effects of living M. aeruginosa cells on 

liver toxicity. 

That being said, it is likely that ingestion of M. aeruginosa-contaminated water or food 

will result in the breaking-down of the cyanobacteria by the digestive system. Hence, it 

is more likely that in vivo the liver will be presented with lysed M. aeruginosa cell 

components rather than whole living cells. Therefore, Figure 6.2(B) may illustrate a 

more telling result; as can be seen from Figure 6.2(B), there is a concentration-

dependent effect on HepG2 proliferation and significant decreases in cell proliferation 

were observed; at 1 x 10
7
 and 2 x 10

6
 cells/mL, at 4 x 10

5
 cells/mL, and at 8 x 10

4
 and 

1.6 x 10
4
 cells/mL, decreases of ~98% (P < 0.001), ~73% (P < 0.01), and 46 – 60% (P < 

0.05) were observed, respectively. It appears that exposure to lysed M. aeruginosa cells 

was more potent than whole cells. The higher potency of lysed M. aeruginosa cells was 

also observed by Best et al. (2003). After 24 h exposure of rainbow trout to lysed M. 

aeruginosa cells, significant increases in gut water content were observed, but this 

effect was not observed using whole M. aeruginosa. It was suggested that this greater 

volume of water entering the gut would increase the exposure to heterotrophic bacteria 

and cyanobacteria as well as toxins, which could cause subsequent toxicity to internal 

organs such as the liver. It is likely that the cytotoxic effect on HepG2 proliferation 

observed in this study is due to the toxic effect of the cyanobacteria’s own LPS 

structure, as cyanobacterial LPS has been shown to be highly toxic and inflammatory, 

causing stimulation of a number of cytokines such as TNF-α and IL-1 (Hewett and 
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Roth, 1993). However, cyanobacterial LPS has approximately one tenth of the toxic 

potential as Salmonella LPS (Raziuddin et al., 1983), while M. aeruginosa LPS had a 

potency ~12 times lower than E. coli O113:10 (Bláhová et al., 2013). It is possible that 

the toxic effect of M. aeruginosa cells may be due to LPS toxicity as well as the release 

of intracellular digestive enzymes or other bioactive peptides. Such effects have been 

reported in the literature; it was observed that both non-MC-producing and MC-

producing strains of M. aeruginosa induced significant hepatocellular damages along 

with disruption to cell death and survival pathways. It was speculated that this was due 

to bioactive peptide products of M. aeruginosa other than microcystins, such as 

microginins, cyanopeptolins and aeruginosins (Le Manach et al., 2018).  

It is apparent from the results of the exposures to MC-LR and M. aeruginosa cells that 

the cyanobacterial cells exhibited much higher potency than pure MC-LR. Such 

observations were also reported by Masango et al. (2008), who observed that after 72 h 

treatment of primary hepatocytes, M. aeruginosa-containing extracts had 6.5-fold high 

potency than exposure to purified MC-LR (however, it should be noted that the 

concentrations of other toxins and/or toxic algae were not measured, and so the higher 

potency of the M. aeruginosa-containing extracts cannot be attributed to M. aeruginosa 

cells alone). In addition, it was noted that exposure of medaka fish to M. aeruginosa 

cells induced a more acute effect than treatment with MC-LR extract (Le Manach et al., 

2018). Considering the highly toxic effects of lysed M. aeruginosa cells observed in the 

proliferation assays, the effects of these lysed cyanobacteria were further explored by 

HCA, as discussed below. 

In addition to treatments with MC-LR and M. aeruginosa, HepG2 cells were also 

exposed to a range of AZA1 concentrations and changes in cell proliferation were 

measured. To the best of the author’s knowledge, this is the first reported exposure of 

HepG2 cells to this wide range of AZA1 concentrations and the first elucidation of EC50 

values for AZA1 exposure in this cell line. It can be seen in Figure 6.3 that after 24 h 

exposure, a concentration-dependent effect was observed on HepG2 proliferation, with 

the highest concentrations of 10 and 1 µM AZA1 causing a significant reduction in cell 

proliferation (91.92% and 26.81%, respectively; P < 0.001). The EC50 values of 24 and 

48 h exposure to AZA1 were calculated from this data as 2.43 µM and 0.92 µM, 

respectively. In the current study, the toxicity of AZA1 towards HepG2 cells appears to 
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be more acute than MC-LR, however, it does not appear to have near the same level of 

toxicity as in other cell lines. The cytotoxicity of AZA1 has been reported in a number 

of other cell lines and the EC50 values differ greatly depending on the cell type used, but 

the EC50 values generally range from low nanomolar to hundreds of nanomolar (Twiner 

et al., 2005; Vilarino et al., 2006; Vilarino et al., 2007; Twiner et al., 2008; Cao et al., 

2010; Vale et al., 2010; Twiner et al., 2012). For example, the 48 h EC50 of AZA1 in 

Jurkat T lymphocytes, Caco-2 intestinal and BE(2)-M17 neuroblastoma cell lines was 

reported by Twiner et al. (2012) as 1.5, 2.6 and 7.5 nM, respectively. It is well 

documented that AZAs have been shown to be open stage blockers of hERG potassium 

channels (Twiner et al., 2012). The lower potency of AZA1 towards HepG2 observed in 

the current study may be explained by the expression levels of hERG potassium 

channels, which were shown to be upregulated in liver cells, and especially for HepG2 

cells (Zhang et al., 2012; Babcock and Li, 2013; Xia et al., 2016). Thus, in order to 

effectively block hERG channels and exert a toxic effect on HepG2 cells, a higher 

concentration of AZA1 would be required. The toxic effects of AZA1 on HepG2 were 

further investigated through the use of HCA. 

6.3.2 HCA indicates that AZA1 induces apoptosis 

Following on from the cell proliferation assays, it was decided to attempt to delve 

deeper into the effects of AZA1 on HepG2, using HCA. One of the key advantages of 

HCA is the retrieval of vast amounts of data for each test (see Section 1.2.10). In this 

work, HCA data was gathered in the form of CN, NA, NI, MM and MMP data. These 

parameters provide in-depth information on the effects of a compound on cytotoxicity, 

cell count and cell morphology, which can in turn be re-interpreted to determine modes 

of cell death, such as apoptosis and/or necrosis (Mattiazzi Usaj et al., 2016; Meneely et 

al., 2018). 

The treatments of HepG2 cells with AZA1 revealed that the toxin can have significant 

effects on cell health at concentrations several orders of magnitude lower than the EC50 

established above. Treatments with AZA1 at concentrations as low as 0.5 nM (0.0005 

µM) had significant effects on NA and NI (P < 0.01 and P < 0.001, respectively). After 

18 h exposure to 0.5 nM AZA1, it was observed that NA reduced by 9.3% while NI 

increased by 36.9%. Nuclear shrinkage is morphological trait characteristic of apoptosis 

(Raffray and Cohen, 1997). Hence, the reduction in NA and increase in NI would 
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indicate nuclear shrinkage is occurring, which would indicate that the cells are likely 

undergoing apoptosis as a result of AZA1 exposure. 

As was reported in the literature, mitochondria are very sensitive to toxins and effects 

on this organelle are observed more rapidly than other cell parameters (O’Brien et al., 

2006), hence, MM and MMP serve as valuable indicators of cell health (Meneely et al., 

2018). The results of exposure to AZA1 alone showed significant reductions in MM at 

concentrations as low as 0.5 nM, with 28.0% reduction in MM observed after 18 h 

exposure to 0.5 nM (P < 0.001). This reduction in MM may suggest a reduction in 

mitochondrial biogenesis has occurred (Addabbo et al., 2009; Lohr et al., 2016). No 

significant changes in MMP were observed for the exposures tested in this assay, 

however, it was observed in Section 6.2.5 that treatment with AZA1 alone caused 

significant increases in MMP (P < 0.001). Disruption of MMP is considered a ‘point-of-

no-return’ in apoptotic signalling (Susin et al., 1997). Mitochondrial dysfunction is 

known to be central to the apoptotic pathway and is more classically associated to a 

decrease in MMP rather than an increase (Ly et al., 2003). However, an increase in 

MMP, also known as mitochondrial hyperpolarisation (MHP), has been reported as 

occurring in several cell death pathways. For example, MHP is an early event in 

apoptosis that occurs before activation of caspases or phosphatidylserine externalisation 

in Jurkat T lymphocytes and normal human peripheral bloom lymphocytes (PBLs) 

(Banki et al., 1999). It was also reported that MHP was observed in TNF-induced 

necrosis (Goossens et al., 1999). In any case, it is clear from the HCA results that 

exposure to AZA1 resulted in cell death pathway activation, and most signs indicated 

that apoptosis was the likely pathway. 

Next, the effects of co-exposure of HepG2 cells to AZA1 and LPS were investigated. It 

is well established that each microbial species has different structures of LPS (Milner et 

al., 1971; Best et al., 2002). Indeed, the LPS structure of Azadinium spinosum would be 

an ideal compound to use for co-exposure with AZA1, as it could be reasonably 

expected that the two compounds would be present together in contaminated food or 

water. However, unfortunately, A. spinosum cultures were not available when these 

experiments were being conducted, nor were any putative A. spinosum LPS structures. 

Despite this, the LPS structure used was that of E. coli, which is highly ubiquitous in 

nature. Thus, it was proposed that for the lack of availability of A. spinosum LPS, the E. 
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coli LPS would serve as a proxy for the effect of co-exposure to AZA1 and Gram 

negative bacterial agents.  

As can be seen from the results of exposure to AZA1 and LPS, the presence of LPS 

greatly increased the potency of AZA1 on HepG2 cells. Relative to treatments with 

AZA1 alone, treatments with AZA1 and LPS resulted in changes to NA of much higher 

significance, while such treatments also further increased and decreased the effects on 

NI and MM, respectively. It was also observed that exposure to LPS alone resulted in 

significant reduction in MM (7.0% reduction; P < 0.05). Previously, it was shown that 

exposure to LPS alone resulted in significant reduction in HepG2 proliferation (92.5% 

reduction; P < 0.01) (Section 6.2.1). The MTT assay is a measure of mitochondrial 

activity/health (Meneely et al., 2018), thus, these results suggest treatment with LPS 

alone had a significant detrimental effect on the mitochondria. In addition, treatment 

with 0.5 µM AZA1 with LPS showed a significant increase in MMP. Overall the results 

together further verify the apoptotic effect of AZA1 on HepG2 cells discussed above 

and indicate that co-exposure of AZA1 with microbial agents may have a synergistic 

effect, resulting in greater toxicity. 

6.3.3 Investigations into the combined effects of MC-LR with M. aeruginosa and 

MC-LR with AZA1 on HepG2 proliferation 

Exposure to single toxic compounds is widely reported in the literature in numerous 

human or animal in vitro and in vivo models. However, there is limited evidence on the 

effects of co-exposure of multiple toxic compounds. It is generally considered that 

animals and humans are most likely to be exposed to multiple water pollutants rather 

than individual compounds, likely as a result of inadvertent consumption of 

contaminated water or during swimming (Ma et al., 2017). It was shown in Section 

6.2.1 that exposure to individual toxins and cyanobacteria can result in a range of toxic 

effects on HepG2 cells, with concentration-dependent effects being observed (e.g. for 

AZA1), and concentration-independent effects also occurring (as was the case for whole 

M. aeruginosa cells). In general, it was observed that the highest concentrations of 

toxin/cyanobacteria resulted in the greatest reductions in cell proliferation. Thus, it was 

proposed to investigate the effects of combinations of these toxins and cyanobacteria at 

concentrations did not have highly significant effects when used individually to 
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determine if co-exposure to these contaminants could result in synergistic effects on 

cellular proliferation. 

From the results (Figure 6.6), it can be observed that with the exception of treatment 

with 0.2 µM MC-LR and 8 x 10
4
 M. aeruginosa cells/mL, there was no significant 

change for any of the other tested combinations of MC-LR and M. aeruginosa and no 

significant effects were observed for any combinations of MC-LR and AZA1 on HepG2 

proliferation.  It was expected that exposure to 1 µM AZA1 alone should cause a 

significant decrease in HepG2 proliferation, as was shown to occur in Figure 6.3. In a 

similar way, treatments with M. aeruginosa alone did not significantly affect cell 

proliferation as was shown to occur previously in Figure 6.2. It was noted that during 

these experiments that the HepG2 morphology was different to that of the earlier MTT 

assays; the HepG2 cells were noticeably more clumped together. It is possible that the 

occurrence of such clumping may have allowed the cells to better tolerate the tested 

concentrations in this experiment. It has been reported in the literature that the 

susceptibility of cells to drug treatment can vary greatly due to variations in morphology 

such cell size and local cell density (Slack et al., 2008, Snijder et al., 2009). The higher 

tolerance of the HepG2 cells in this experiment is apparent when comparing the results 

of this proliferation assay to those of the previous proliferation assays (Section 6.2.1). In 

the current experiment, it can be observed in Figure 6.6 that treatment with 0.2 µM MC-

LR and 8 x 10
4
 M. aeruginosa cells/mL resulted in a 31.10% reduction in cell 

proliferation (P < 0.05). By comparison, it was observed in Figure 6.2 that treatment 

with 8 x 10
4
 cells/mL of M. aeruginosa resulted in 46.38% reduction in proliferation (P 

< 0.05). In addition, treatment with 0.2 µM MC-LR resulted in 35.58% reduction in 

proliferation, though this was not statistically significant in this assay (Figure 6.1). 

Thus, there appeared to be a less potent effect on the HepG2 cells used in this 

experiment. The occurrence of clumping is a well-known feature of HepG2 cells in 

culture and is dependent on the cell confluency before subculturing. In these 

experiments, typically, the HepG2 cells were cultured to ~80% confluency before 

seeding or subculturing, but differences in culturing technique may have caused slight 

changes in inter-assay variability. In future experiments, the cells should be seeded at 

lower confluency level to reduce the occurrence of cell clumping and experiments will 

be replicated in greater number to reduce inter-assay variability.  
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6.3.4 High Content Analysis – Combination of MC-LR and AZA1 

In order to address the issues that occurred in the previous experiment, in collaboration 

with researchers at Queen’s University Belfast, fresh cultures of HepG2 cells were 

prepared. It was then attempted to determine the effects of combinations of MC-LR 

with AZA1 and MC-LR with M. aeruginosa on HepG2 cells using HCA analysis, as it 

was expected that the excellent sensitivity of HCA should allow for the elucidation of 

the complex effects of these toxins/cyanobacteria, such as synergistic or antagonistic 

effects. In addition to this, the concentrations of MC-LR and M. aeruginosa were 

increased so as to induce a greater and more measureable effect on the HepG2 cells. In 

contrast, it was shown in Section 6.2.2 that AZA1 produced significant effects at a 

range of concentrations in NA, NI and MM analysis. In addition, when AZA1 was used 

in combination with LPS, a significant increase in MMP was observed after exposure to 

0.5 µM AZA1. Therefore, the concentrations of AZA1 used for HCA combination 

analysis were 0.5 and 0.05 µM.  

Firstly, evaluating the results of exposures to MC-LR with AZA1 (Figure 6.7), it is 

interesting that exposure to 2.5 µM MC-LR significantly increased cell numbers (P < 

0.05), which would indicate a proliferative effect on the cells. A proliferative effect of 

MC-LR was observed in HepG2 cells previously, with increases in cell viability 

observed for treatments with MC-LR at 0.01 – 5 µM (Zhang et al., 2013). It was also 

previously observed that, depending on the MC-LR concentration, hepatocytes can 

undergo apoptosis or increased cellular proliferation (Humpage and Falconer, 1999). 

However, in other reports, the proliferative effect of MC-LR was observed at MC-LR 

concentrations several orders of magnitude lower than used in this study. For example, 

it was observed by Ma et al. (2017) that treatment of HepG2 with MC-LR alone at 1 pM 

to 1 nM induced proliferation whereas treatment at 1 – 0.001 µM decreased viability. 

Treatments with AZA1 alone did not have any significant effect on cell number. When 

used in combination with 2.5 µM MC-LR, AZA1 treatment appeared to negate the 

proliferative effect of MC-LR. 

Treatments with 2.5 µM and 0.5 µM MC-LR alone significantly increased NA (P < 

0.001 and P < 0.05, respectively) but had no significant effect on NI. However, 

treatment with a combination of 2.5 µM MC-LR and 0.5 µM AZA1 resulted in a 

significant increase in NA (P < 0.01), albeit a lower increase than 2.5 µM MC-LR 
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alone. In addition, combinations of 2.5 µM MC-LR with 0.05 µM AZA1, and 0.5 µM 

MC-LR with 0.05 µM AZA1 did not have significant effects on NA. This would 

suggest AZA1 and MC-LR are having antagonistic effects on NA.  Further evidence of 

antagonism may be observed in the NI data. Exposure to 0.5 µM and 0.05 µM AZA1 

alone causes highly significant increase in NI (P < 0.001). However, with increasing 

concentration of MC-LR, the significance level drops, and a combination of 2.5 µM 

MC-LR with 0.5 µM AZA1 did not significantly affect NI (P > 0.05). It is also 

interesting that the lower concentration of AZA1 rather than the higher is having more 

of an effect on NI. This would suggest a complicated relationship between toxin 

concentration and co-exposure of toxins with different modes of action. The apparent 

antagonism observed in these results may be explained by the effects of the treatments 

with toxins alone; as was mentioned above, nuclear shrinkage is associated with 

apoptosis. Therefore, the significant increases in NI would suggest nuclear shrinkage is 

occurring, which would further suggest that AZA1 alone at 0.5 µM and 0.05 µM has 

induced apoptosis. Meanwhile, the result of the NA analysis showed that MC-LR alone 

significantly increased NA, which is an indicator of necrosis (Berghe et al., 2010). 

Clearly, further work is required to fully evaluate these findings but it is possible that 

the apparent antagonistic relationship between AZA1 and MC-LR is due to the 

induction of different cell death pathways.  

Meanwhile, analysing the effects of co-exposure of the toxins on HepG2 mitochondrial 

health, AZA1 appears to have much more of a significant impact than MC-LR. 

Treatments with MC-LR alone at 2.5 µM and 0.5 µM MC-LR had no effect on MM or 

MMP, whereas exposure to AZA1 caused significant decrease in MM and increase in 

MMP, regardless of the concentration of MC-LR co-exposure. This might suggest that 

the tested concentrations of MC-LR do not affect mitochondrial health. Further 

evidence of this can be observed in the co-exposure of MC-LR with M. aeruginosa 

(Figure 6.9); MM and MMP were not significantly affected by any of tested 

concentrations of MC-LR or M. aeruginosa. This reflects the observation by Zhang et 

al. (2013) that treatment of HepG2 with up to 5 µM MC-LR induced only slight MMP 

loss. In contrast, it was indicated in other reports (Ding et al., 2000; Gehringer, 2004) 

that in hepatocytes, MC-LR treatment is associated with onset of mitochondrial 

permeability transition (MPT). However, as was discussed earlier, HepG2 cells appear 

to be less susceptible to MC-LR-induced damage than primary hepatocytes (Fladmark 
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et al., 1998; Zhang et al., 2013) and so changes to HepG2 mitochondrial health may not 

occur at the concentrations and duration tested in this study. 

Analysing of the results of co-exposure of MC-LR and M. aeruginosa, it appears that 

MC-LR significantly increased CN, which may indicate that this toxin has proliferative 

effects on HepG2 cells, similar to the previous observations described above. Further, 

the co-exposure of MC-LR with M. aeruginosa cells also caused similar increases in 

CN, which might indicate that M. aeruginosa cells did not have any significant effect on 

CN. However, more interesting is the observation that co-exposure of 2.5 µM MC-LR 

and 2 x 10
5
 M. aeruginosa cells/mL caused an increase in NA with a higher significance 

than the two components alone (Figure 6.9(B)). This would suggest that the presence of 

M. aeruginosa cells increases the effect of MC-LR on NA, which may indicate a 

synergistic interaction. No significant changes were observed for NI, MM or MMP, 

which is in agreement with the previous observations MC-LR alone (HCA MC-

LR+AZA). However, given the highly significant reductions in cell proliferation 

observed in Section 6.2.1.2, it was expected the exposure to M. aeruginosa cell would 

result in significant changes in cell health as measured by HCA. It is possible that the 

differences observed between these two experiments may have been due to the different 

stocks of M. aeruginosa cells used; for proliferation assays (Sections 6.2.1.2 and 6.2.3), 

the lysed cells used were prepared from active cultures that were readily growing at 25 

°C with 16 h/8 h light/dark cycles. However, due to the unavailability of live M. 

aeruginosa cultures at the time of the HCA assays, the cells used were prepared from 

frozen starter culture stocks. The difference in growth conditions may have affected the 

M. aeruginosa physiology and hence may have had implications on the toxic effect on 

HepG2 cells. Therefore, further work is required to investigate the effects of lysed M. 

aeruginosa cells on HepG2 cells. 

Treatments with MC-LR appeared to induce both cellular proliferation and necrosis 

(Figure 6.7), which intuitively would be considered opposing cellular processes. 

However, in previous work, it was shown that MC-LR exposure leads to the generation 

of ROS (Zegura et al., 2004; Nong et al., 2007), which has major implications on a 

number of cellular activities. Oxidative stress can stimulate mitogen-activated protein 

kinase (MAPK) and H2O2 and can result in the induction of c-Jun N-terminal kinase 

(JNK) (Jones and Czaja, 1998). These mechanisms have further implications, inducing 
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hepatic damage leading to apoptosis or necrosis, and/or increasing cellular proliferation 

(Toivola and Eriksson, 1999; Ding and Nam Ong, 2003). 

Furthermore, it has been observed that cell populations exist as mixtures of a limited 

number of phenotypically distinct subpopulations. It was briefly discussed early that it 

has been reported that susceptibility to drug treatment can vary greatly from cell to cell, 

which can occur due to cellular heterogeneity, such as variations in gene expression, 

cell size, local cell density, and position on a cell islet edge (Slack et al., 2008, Snijder 

et al., 2009). Such factors may be quite relevant in the current work which focuses on 

exposures with HepG2, a cell line known to have a varied morphology (such as single 

cells or large cellular clumps). For example, the effects of cell-cell variability in HCA 

results was assessed by Snijder et al. (2009), who ascertained that 60-80% of variability 

in treatments was due to differences in local microenvironment, which can occur due to 

subtle variations in local cell density, cell size and mitotic state. It was found that 

different cell states within a population can arise from adaptation of individual cells to 

the ‘population context’ that they find themselves in. Thus, the occurrence of the 

opposing cellular processes of necrosis and proliferation may be due to the 

heterogeneity of the HepG2 cultures. Clearly further work is required to culture more 

homogeneous HepG2 cells and to more clearly establish the dominant cellular processes 

induced by MC-LR. These effects of heterogeneity may also be addressed with the 

inclusion of more inter-day and intra-day replicates of these experiments. 

In summary, the investigations into the combined effects of AZA1 and MC-LR on 

HepG2 using HCA revealed a number of antagonistic interactions between these toxins: 

a) Treatment with 2.5 µM MC-LR alone exhibited proliferative effects on HepG2, 

but this effect was negated by the co-exposure to AZA1.  

b) Treatment with AZA1 alone caused nuclear shrinkage, as indicated by 

significant increases in NI, which is indicative of apoptosis. In contrast, 

treatment with MC-LR caused nuclear de-condensation, as indicated by 

significant increases in NA, which is an indicator of necrosis. Co-exposure of 

these toxins resulted reduced effects on both NA and NI, which would indicate 

antagonistic effects. 

c) Exposure of HepG2 cells to AZA1 alone caused significant effects on MM and 

MMP. However, exposure to MC-LR alone did not cause any significant 
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changes in mitochondrial health. The effects of co-exposure to AZA1 and MC-

LR were the same as the effects of exposure to AZA1 alone, indicating the MC-

LR did not act antagonistically or synergistically in effecting mitochondrial 

health. 

Meanwhile, the combination of MC-LR with M. aeruginosa appeared to have a 

synergistic effect on nuclear de-condensation, as the exposure to both of these 

components resulted in a greater increase in NA than the effect of the individual 

components. No other synergistic or any antagonistic effects were observed for MC-LR 

and M. aeruginosa. 

6.3.5 FAM-FLICA experiments indicated MC-LR induced apoptosis in HepG2 

As it was indicated in HCA experiments that AZA1 exposure may induce apoptosis, 

while MC-LR exposure may cause necrosis, it was decided to further investigate 

apoptosis pathways by means of FAM-FLICA assays to measure caspase 3/7 activity. 

Due to restrictions in terms of equipment available at the time of testing, such FAM-

FLICA assays were carried out using fluorescence plate reader measurements. It was 

predicted that use of such a measurement system may not be as sensitive to changes in 

caspase activity as a system like flow cytometry, for example. Therefore, the 

concentrations of both toxins were increased to 5 µM and 1 µM. In addition, it was 

shown in Section 6.2.2 that the presence of LPS increases the potency of AZA1, 

whereas in Section 6.2.1.1, it was suggested that the co-exposure of MC-LR and LPS 

may have inhibitive effects. Thus, HepG2 cells were treated with each toxin alone and 

in the presence of 100 ng/mL LPS.  

It was shown in Figure 6.10 that a range of changes in caspase 3/7 activity were 

observed. Treatment with 5 µM MC-LR caused the largest increase in caspase 3/7 

activity, which is in agreement with the literature (Ding et al., 2000; Gan et al., 2010; 

Zhang et al., 2013). However, when combined with LPS, 5 µM MC-LR had a 

significant effect, albeit with lower fold-change than without LPS. The increase in 

caspase 3/7 activity would indicate that the cells are undergoing apoptosis. Interestingly, 

a combination of 1 µM MC-LR with LPS resulted in a reduction in caspase 3/7 activity.  

In a similar way, all tested concentration of AZA1 with and without LPS resulted in an 

apparent reduction or absence of in caspase 3/7 activity. Such observations may be 
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explained by published literature in the area. A previous report on exposure of 

neuroblastoma cells to AZAs indicated cell death occurred via a non-apoptotic pathway 

(Roman et al., 2002), which may have been explained by simultaneous induction of 

apoptosis and necrosis (Cao et al., 2010). However, it was observed by Twiner et al. 

(2012) that 24 h treatment with 1 – 95 nM AZA1 did not significantly increase caspase 

3/7 activity, whereas caspase 3/7 activity was significantly increased only after 48 h 

exposure. Thus, the exposure duration in the present study may not have been sufficient 

in order to observe increased caspase 3/7 activity with AZA1 treatment. This 

observation might be corroborated by the observed increase in MMP during HCA 

analysis, which is associated with the early stages of apoptosis that precede caspase-

activation (Banki et al., 1999). However, the results of the NA and NI parameters in 

HCA analysis would indicate successful induction of apoptosis using lower AZA1 

concentrations and shorter duration of exposure; thus, the lack of caspase 3/7 activation 

may indicate early-stage apoptosis or a non-classical induction of apoptosis. Such 

effects were observed previously in other reports. For example, it was shown that T 

lymphocytes exposed to AZA1 showed late stage DNA laddering but in the absence of 

cell shrinkage and membrane blebbing (Twiner et al., 2012). Clearly, further testing is 

required to more fully elucidate the cell death pathway involved, whether early-stage 

apoptosis or a non-classical apoptosis induction, perhaps by investigating other markers 

of apoptosis. Other potential markers of apoptosis include cytoplasmic levels of 

cytochrome c (McConkey, 1998), or an alternative mean to measure cell stress would be 

to measure levels of reactive oxygen intermediates (ROI) (Banki et al., 1999; Wilson et 

al., 2016; Meneely et al., 2018). 

It was shown in the current study and in the literature that MC-LR alone is not highly 

potent when treating HepG2 cells in vitro (Gan et al., 2010) whereas, by comparison, 

AZA1 shows much greater toxicity. It is possible that the concentrations of the AZA1 

used in these instances were of such a toxicity level that, by the time of testing, the 

HepG2 cells had proceeded past apoptosis and were necrotic or already dead.  It should 

also be noted that carrying out these FAM-FLICA assays using fluorescence plate 

reader measurements required much higher numbers of cells and involved a 

considerable number of processing steps. This inevitably limited the ability to scale up 

the number of replicates available per assay. Thus, it is also possible that due to the lack 

of biological replicates, the inherent variability in cell-based assays was not fully 
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accounted for, and the number of processing steps may have introduced unwanted cell 

stress. Therefore, it is difficult to draw definitive conclusions from these apoptosis 

results without further replicates of these experiments. Ideally, in future experiments 

FAM-FLICA assays should be carried out in experimental triplicates using flow 

cytometry as a measurement.  

6.3.6 Cytokine ELISAs 

In addition to investigating the effects of MC-LR, M. aeruginosa and AZA1 on HepG2 

proliferation and cell health, it was attempted to use ELISA to determine the levels of 

the cytokines IL-1β and TNF-α produced during exposure to these contaminants. A 

number of previous studies have shown the exposure to MC-LR can result in changes in 

cytokine expression (Chen et al., 2004; Chen et al., 2005; Adamovsky et al., 2015). 

Only a small number of studies reported the effects of M. aeruginosa cells on cytokine 

expression (Mayer et al., 2011; Bláhová et al., 2013) and no studies feature the HepG2 

cell line. Furthermore, to the best of the author’s knowledge, there are no reports on the 

effect of AZA1 exposure on cytokine expression. However, in this present study no 

significant increases in IL-1β or TNF-α levels observed for the MC-LR-, M. 

aeruginosa- or AZA1-exposed HepG2 cells in these experiments. It is possible that 

exposure to these contaminants does not cause a change in expression of these 

cytokines. However, it is also possible that the levels of these expressed cytokines were 

below the limit of quantification of the ELISA assays, as it is known that hepatocyte 

cells express IL-1β, TNF-α and other cytokines, albeit in low levels (Humpage and 

Falconer, 1999; Stonans et al., 1999; Gallucci et al., 2000; Gutierrez-Ruiz et al., 2001). 

It is also possible that the lack of observed cytokine expression in this study may have 

been due to the toxin concentration and exposure duration. For example, it was 

observed that treatment of primary mouse hepatocytes with MC-LR induced IL-6 

production for exposures with up to 0.02 µM MC-LR, with maximal production after 12 

h exposure. However, higher concentrations and longer duration of exposure did not 

significantly increase cytokine levels (Zhang et al., 2013). Hence, in future experiments, 

concentrations of toxins should be reduced and the cytokine levels should be measured 

at earlier time points.  
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7 Outcomes and Conclusions 

 

HABs and their toxic secondary metabolites are a major global health hazard, with the 

effects of these toxins exhibited as gastrointestinal disorders, liver disease, cancer 

promotion and death. Two specific toxins were investigated. Microcystins (MCs) are 

the most common cyanotoxins and are found globally (Harke et al., 2016), while, 

azaspiracids (AZAs) are a widely distributed group of marine toxins associated with 

shellfish contamination and gastrointestinal disorders. In addition to these algal toxins, a 

focus of the research was the pathogenic food-poisoning bacterium, Bacillus cereus. 

The monitoring of waterborne and foodborne toxins and bacterial contaminants is 

highly important for reducing and preventing their entry into the food chain and for 

ensuring consumer safety. The aim of this thesis was the development and optimisation 

of recombinant antibody fragments specific to AZA1, MC-LR and B. cereus. Ideally the 

anti-AZA1 and anti-MC-LR antibodies would be incorporated into novel autonomous 

biosensor systems that would improve the monitoring and detection of these toxins at 

the point-of-need. It was desirable that the anti-B. cereus antibody would allow for 

species-level identification and could be incorporated into a flow cytometry-based 

platform to enhance food safety monitoring.  

The development of a novel recombinant anti-AZA1 scFv was described in Chapter 3 of 

the thesis. This was undertaken by the immunisation of BALB/c mice with an AZA1-

KLH conjugate. After a moderate immune response of 1:20,000 was observed, the 

recombinant scFv library was constructed. Initial attempts to screen this scFv library 

were unsuccessful and it was determined that this was due to non-specific binding of the 

M13 phage to the AZA1-BSA conjugate used for screening. A new AZA1-OVA toxin-

conjugate was subsequently developed which overcame this non-specific interaction. 

The anti-AZA1 scFv library was re-constructed and screened using the new AZA1-

OVA conjugate. Unfortunately, this second screening did not successfully isolate 

AZA1-specific scFv clones. While the aim of this chapter was to generate novel AZA1-

specific rAbs, it was speculated that the moderate immune response generated in the 

immunised mice was not sufficiently strong for AZA1-specific clones to be highly 

represented in the recombinant scFv library; this in turn meant that the whole-library 

screening approach was not sensitive enough to isolate these rare AZA1-specific clones. 
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Thus, in order to develop an assay to measure AZA1 in solution, a competitive assay 

was developed using mouse polyclonal antiserum. This assay could detect free AZA1, 

with the lowest IC50 determined as 1.19 ng/mL. However, the assay suffered from inter-

assay variability due to the heterogeneous nature of the polyclonal antibody used. 

Future experiments should aim to utilise single cell analysis systems to simultaneously 

screen high numbers of individual clones for antibodies with desirable binding 

properties. Such systems have been reported to improve the outcomes of screening 

experiments and could improve the retrieval of rare AZA1-specific scFv present in the 

libraries developed. Isolation of high affinity scFv from the library would allow for high 

sensitivity detection of AZA1 and would have great potential to improve the monitoring 

and detection of AZA1 in the environment and in food. 

Chapter 4 of this thesis described the optimisation of the anti-MC-LR scFv, 2G1, 

through the use of modern computational modelling and docking, as well as through the 

use of targeted mutagenesis. The aim of the first section was to identify key amino acid 

(AA) residues involved in scFv-MC-LR binding and to improve the binding interaction. 

The combination of homology modelling, putative binding pocket identification by 

‘CASTp’ and ligand docking by ‘AutoDock Vina’ provided an easily accessible route to 

gain valuable information into an antibody-antigen interaction and facilitated rational 

mutagenesis. The use of molecular modelling and antigen docking allowed for the 

identification of 8 putative AA residues in the scFv’s binding pocket. These AA 

residues were each investigated using alanine scanning targeted mutagenesis. It was 

observed that 5 of the putative AAs were involved in binding to MC-LR, as indicated by 

reductions in antigen-binding upon substitution with alanine. In particular, the residue 

H-E102 was identified as having a key role in MC-LR-binding, as indicated by in a 

reduction in relative affinity to 1.2% upon alanine substitution. The model for the 

lowest energy docking pose indicated that it is likely that the negatively charged side 

chain of H-E102 was directly interacting with the guanidinium group of the MC-LR 

arginine residue.  

In addition to identifying key residues essential for MC-LR-binding, mutations at 2 AA 

sites resulted in improvements in antigen-binding. The residues L-S56 and L-D57 were 

identified as being poorly optimised in these positions in the wild type antibody as upon 

substitution with alanine the antigen-binding improved to 347% and 219%, respectively. 
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Furthermore, this was confirmed by the substitution of residue L-D57 with asparagine 

which retained 99.6% antigen binding ability; this indicated that the L-D57 side chain 

was likely not protonated and was interacting only via van der Waals interactions. 

Furthermore, it is possible that the side chains of residues L-S56 and L-D57 were 

sterically hindering a closer interaction between 2G1 and MC-LR. Thus, the aims of 

identifying key AA residues involved in antigen-binding and of improving the binding 

properties of the scFv were achieved. The results indicated that further work on the 

mutant clones L-S56A and L-D57A is warranted. The effect of combining these two 

mutations should be investigated and the binding affinity of the mutant clones should be 

further investigated by techniques such as surface plasmon resonance. The improvement 

in binding response may allow for higher sensitivity of MC-LR-detection and/or an 

improved dynamic range for the assay.  

In the second part of Chapter 4, the focus was on using 3D modelling and targeted 

mutagenesis to identify surface exposed hydrophobic residues that could be mutated, as 

it is extensively reported in the literature that such mutations may improve the protein 

stability, solubility and expression. Three AA residues, i.e. L124, L153 and I255, were 

identified, and each mutated to aspartic acid and arginine. It was observed that the 

L124D/R and L153D/R mutants did not greatly affect antigen-binding. However, 

mutant I255R considerably reduced antigen-binding and was omitted from further work. 

None of the mutations appeared to improve the net yield of protein after expression and 

IMAC purification. However, all of the mutants reduced the aggregation propensity 

versus the wild type; in particular, the L153D mutation considerably reduced 

aggregation propensity. No changes in native solubility were observed following any of 

the mutations, which was possibly due to the lack of sensitivity of the assay. In addition, 

none of the mutant clones exhibited improved non-native solubility versus the wild 

type. It was observed that the mutations L124D, L124R and L153R improved the 

thermal stability of the antibody by ~5 °C. With regard to the overall aims of this 

section, no individual mutations resulted in improvements in solubility or expression, 

but improvements in terms of aggregation propensity and thermal stability were 

observed. Based on much literature evidence, it can be reasonably expected that such 

individual mutations may not greatly affect protein solubility and/or expression, but 

combinations of multiple mutations may give rise to more observable improvements. 

Thus, in future studies, multiple mutations should be combined to determine cumulative 
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benefits in terms of antibody solubility, stability and expression. Taken together, the 

work presented in this Chapter furthers our understanding of the interactions between 

antibodies and small molecule antigens and sheds more light onto the complex effects 

of AA mutations on antibody structure and function. The work presented should help 

with future investigations into the rational design of antibodies for specific targets. 

Next, the aim of Chapter 5 was the development of B. cereus-specific recombinant 

antibodies that can distinguish between B. cereus and non-pathogenic B. subtilis. This 

was undertaken by the immunisation of an avian host with inactivated B. cereus 

vegetative cells, so as to present all available epitopes to the host’s immune system. A 

strong immune response was generated, as evident by the serum titre of 1:86,000. A 

high yield of polyclonal IgY was obtained from an egg of the immunised chicken. It 

was shown in this work, and in work carried out by collaborators in the University of 

Limerick, that this polyclonal IgY exhibited high cross reactivity to the non-pathogenic 

B. subtilis. This highlighted the requirement to stringently screen the antibody repertoire 

for B. cereus-specific antibodies. Thus, a recombinant antibody library was developed, 

with the library size estimated at 2.8 x 10
7
 clones. In order to screen this library, a 

whole-cell panning approach with negative depletion steps was utilised. This approach 

was used as it appeared to be the most viable means to isolate B. cereus-specific 

antibodies, due to the lack of species-specific biomarkers. After two rounds of 

screening, 192 clones were picked and their encoded scFv were tested by monoclonal 

ELISA against B. cereus and B. subtilis. It was observed that 9 clones exhibited 

preferential binding towards B. cereus versus B. subtilis. Due to time constraints, these 

clones were unable to be tested further, but future work should investigate the binding 

response of these antibodies towards selected bacterial targets. The work presented 

shows the promise of the generated scFv library to contain antibodies that can 

distinguish B. cereus from B. subtilis and also shows the potential of the whole-cell 

panning approach to effectively enrich the library for such antibodies. 

In addition to the generation and optimisation of antibodies for toxin- and pathogen-

detection, the aim of Chapter 6 of this thesis was to further extend our understanding of 

the toxic effects of individual and combined exposure of MC-LR, M. aeruginosa and 

AZA1 on HepG2 cells. Initial proliferation assays showed that whole M. aeruginosa 

cells exhibited a hormetic response on HepG2 proliferation, while lysed M. aeruginosa 



 

277 

 

cells exhibited cytotoxicity with as few as 1.6 x 10
4
 cells/mL present. It was shown that 

AZA1 induced dose- and time-dependent cytotoxic effects on HepG2 cells, with EC50 

values for 24 h and 48 h exposure determined as 2.43 µM and 0.92 µM, respectively. To 

the best of the author’s knowledge, this is the first study to report the EC50 values of 

AZA1 in the HepG2 cell line. Using High Content Analysis (HCA) it was further shown 

that exposure to AZA1 alone induced apoptosis and that co-exposure to AZA1 with 

LPS increased the potency of AZA1 toxicity, potentially due to synergistic effects. The 

effects of co-exposure to MC-LR with M. aeruginosa and MC-LR with AZA1 were also 

investigated. Initial attempts involved the use of MTT assays and it was observed that 

only the combination of 8 x 10
4
 M. aeruginosa cells/mL with 0.2 µM MC-LR resulted 

in significant reductions in HepG2 proliferation. The clumping effects observed with 

HepG2 cells introduced variability between the individual- and combined-exposure 

experiments and was a considerable impediment to obtaining meaningful results from 

these experiments. However, HCA was used to determine the effects of individual- and 

combined- exposure to MC-LR, M. aeruginosa and AZA1. The apoptotic effect of 

AZA1 alone was further verified, while exposure to MC-LR alone resulted in necrotic 

and proliferative effects. Co-exposure to AZA1 and MC-LR appeared to cause 

antagonistic effects, whereas co-exposure to MC-LR with M. aeruginosa had 

synergistic effects, resulting in enhanced proliferation and necrosis. In future 

experiments, the HCA assays should be replicated to obtain inter-day replicates and 

improve statistical power. The investigations into the toxic effects of M. aeruginosa 

should also be replicated as it is possible that the cyanobacteria’s cell state and 

physiology may affect it toxic potential. Thus, the work in this chapter highlights the 

complexity of co-exposure to multiple toxic contaminants but sheds some light onto 

possible antagonistic and synergistic relationships between toxins and cyanobacteria.  
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9 Appendix A 

9.1 Testing the anti-B. cereus polyclonal antibody using flow cytometry 

The polyclonal chicken antibodies isolated from the B. cereus-immunised chicken that 

were developed in Section 5.2.1 were sent to collaborating researchers in the University 

of Limerick (UL). This facilitated the preliminary development of a flow cytometry 

(FCM)-based assay to measure B. cereus levels in milk samples. The following is an 

assay performed in UL using the anti-B. cereus polyclonal antibodies developed in 

DCU.  

Bacillus cereus strains DSM 4312, DSM 31 (DSMZ, Braunschweig, Germany), NCTC 

7464 (Public Health England, Salisbury, UK) and B. subtilis strain DSM 10 (DSMZ) 

were grown for 18 hours in nutrient broth at 30 °C. Cells were harvested and incubated 

with the anti-B. cereus polyclonal antibody at a concentration of 10 μg/100 µL cell 

suspension. Following this the anti-B. cereus antibody was probed with an Alexa-Fluor 

647-conjugated anti-chicken IgY antibody. The cells were stained with a universal 

DNA-binding dye to label all cells to ensure detection. Control cells were stained with 

fluorescence-labelled secondary antibody and the cell stain only (“- antibody” samples).  

The stained B. cereus and B. subtilis cells were analysed by FCM. The results of these 

assays are presented in Figure 9.1 below. The cytograms display the DNA stain on the 

x-axis and Alexa-Fluor 647 on the y-axis. Events occurring in the upper right quadrant 

of the plots represent cells binding to the anti-B. cereus antibody. It was observed that 

the anti-B. cereus polyclonal antibody binds to the three live and unfixed B. cereus 

strains tested, and to the B. subtilis strain. This cross-reactivity for both the pathogenic 

B. cereus strains and the non-pathogenic B. subtilis highlights the need to stringently 

screen for antibodies with high specificity for only B. cereus. 
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Figure 9.1: Response of anti-B. cereus chicken polyclonal antibody to B. cereus and B. subtilis 

strains. The anti-B. cereus polyclonal antibody was tested by FCM against the B. cereus strains DSM 

4312 (1), DSM31 (2) and NCTC 7464 (3) and B. subtilis strain DSM 10 (4). For the analysis of each 

species and strain, the control cells were not treated with the anti-B. cereus polyclonal antibody (a), while 

the test cells were treated with the anti-B. cereus polyclonal antibody (b). 


