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Abstract 
Airway Hypersecretory Diseases (AHDs) are conditions in which the main 

pathophysiology is mucus hypersecretion. The incidence of AHDs is high (over 500 

million affected worldwide) and comes with a diminished quality of life for patients. 

Very few treatment protocols focus on mucus hypersecretion. We propose a 

nanobody-conjugate platform for the targeted treatment of AHDs based on 

nanobody targeting of goblet cell surface antigens and a site-directed conjugation 

method to allow therapeutics to be attached to the nanobodies.  

A diverse synthetic nanobody library based on the shark vNAR 5A7 scaffold 

and expressed as N-terminal pIII fusion proteins within the phagemid pSEX81 was 

developed to create a naïve nanobody library displayed on M13-based bacteriophage 

particles, for screening. NGS analysis confirmed a diversity of 2.56 x 109, comparable 

to libraries described in the literature.  

Human bronchial epithelial cells (HBEpc) were cultured at the air- liquid 

interface as a model for the human airway epithelium, and IL-13 stimulation was used 

to simulate the hypersecretory phenotype observed in AHDs. Flow cytometry analysis 

validated IL-13 driven airway remodelling, and goblet cells metaplasia. Increases in 

the percentage of goblet cells in culture were observed, similar to the effects 

reported in the literature (from 3.77% to 17.92% post IL-13 stimulation, N=3). A 

whole cell biopanning protocol was designed for phage display selection of potential 

binders to stimulated epithelial cells and yielded 8 clones. Sequencing of these clones 

revealed highly disturbed origin of replication and nanobody regions, and no binders 

could be identified.  

Functionalisation of nanobodies by site-specific bioconjugation of a 

fluorescent tag was investigated.  Sortase A catalysed coupling was selected as it 

allowed for the conjugation of the fluorescent label selectively at the C-terminus, 

preventing the labelling of the binding sites of nanobodies. A Cy5.5 label was 

synthesised by solid-phase peptide synthesis and amide coupling. The label encoded 
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the oligoglycine recognition site of Sortase A enzyme, and the cyanine fluorophore 

was coupled to the side chain of a lysine. The original vNAR 5A7 was engineered to 

express the LPXTG recognition sequence of Sortase A alongside a poly-histidine tag 

for purification by immobilized metal affinity chromatography. Despite several 

optimisations of the expression protocol, the Hen egg white lysozyme specific vNAR 

5A7 was not expressed in E. coli, and further work will be needed to produce the 

protein. The challenges of whole cell biopanning and nanobody expression and 

purification are discussed.   
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Chapter 1 General Introduction 
and Literature Review 
Airway hypersecretory diseases are characterised by a build-up of mucus in the 

airways, resulting in respiratory problems (Ha and Rogers, 2016). These conditions 

have a high incidence, and some of them also present high mortality rates. Moreover, 

the quality of life for patients suffering from AHDs is greatly diminished (Ståhl et al., 

2005). Treatments are available, but not always very effective. They can also be costly 

and present with many side effects. In the last two decades, new biotechnologies 

have appeared and have been applied therapeutically to many diseases, but those 

applications did not target AHDs. 

In this review, an overview of airway hypersecretory diseases and current 

treatments is presented, followed by a presentation of new technologies, 

mechanisms, and current applications. Finally, the combined use of nanobodies and 

various bio-conjugate technologies for the treatment of AHDs is discussed and 

prospective research is investigated. 

1.1  Airway Hypersecretory Diseases 

1.1.1 The Airway Epithelium 

The human airway epithelium serves as a protective physical barrier against 

pathogens, toxins, and pollutants, preventing them from entering the body through 

the respiratory system. It houses various immune cells such as dendritic cells, 

macrophages, and intraepithelial lymphocytes, and produces antimicrobial peptides 

and proteins antimicrobial peptides and proteins, including defensins, cathelicidins, 

and lysozyme, that directly target and neutralize microbes (Nicod, 2005; Schleimer et 

al., 2007). The airway epithelium main role is gas exchange, which occurs across the 

epithelial lining of the respiratory tract. Oxygen molecules diffuse across the thin 

epithelial barrier of the alveoli and into the bloodstream, while carbon dioxide 

molecules produced by cellular metabolism diffuse across the airway epithelium from 
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the bloodstream into the alveolar spaces, where it can be exhaled (Davis and Wypych, 

2021). 

The airway epithelium consists of a layer of specialised cells that vary in 

structure and function along different regions of the respiratory tract, from the nasal 

passages down to the smaller airways of the lungs. In the larger airways, such as the 

trachea and bronchi, the epithelium appears pseudostratified, where all cells are 

attached to the basal membrane, but might not all reach the apical surface. In the 

smaller airways, such as the bronchioles, the epithelium transitions to a simple 

columnar or cuboidal arrangement. This type of epithelium is thinner and composed 

of a single layer of cells (Knight and Holgate, 2003). 

The human airway epithelium is composed of various cell types, most 

commonly ciliated cells, goblet cells, basal cells, and club (secretory) cells (formerly 

Clara cells). Other less common cell types include neuroendocrine cells, surface 

serous cells and brush cells (Proud, 2008).  

Ciliated cells are characterised by the presence of cilia on their apical surface. 

Those structures play a critical role in moving mucus and trapped particles out of the 

airways through mucociliary clearance (Yaghi and Dolovich, 2016). Secretory (or club) 

cells (formerly known as Clara cells) are non-ciliated, secretory cells found primarily 

in the bronchioles of the respiratory tract. They secrete proteins and lipids and 

contribute to the regeneration of the epithelial lining following injury. Goblet cells 

are specialised secretory cells that produce and secrete mucus, which helps to trap 

and eliminate inhaled particles, pathogens, and pollutants. Basal cells are located at 

the base of the epithelial layer and contribute to the maintenance and repair of the 

airway epithelium by differentiating into other cell types, such as ciliated cells and 

goblet cells, in response to injury or damage (Rogers, 1994).  

Neuroendocrine cells are scattered throughout the airway epithelium and 

play a role in regulating airway function and homoeostasis by secreting 

neurotransmitters and neuropeptides that modulate processes such as airway 

smooth muscle contraction, mucus secretion, and inflammation in response to 

various stimuli (Thakur et al., 2024). Serous cells are secretory cells most commonly 



University of Nottingham  Chapter 1 
 

3 
 

found in the submucosal glands but can be sporadically observed in the small bronchi 

and bronchioles. Finally, brush cells are rare, columnar-shaped cells with microvilli on 

their surface. They are found predominantly in the trachea and larger airways and 

are thought to be involved in chemical sensing and immune surveillance (Joo et al., 

2004). 

Overall, the human airway epithelium is a dynamic tissue that plays a crucial 

role in maintaining the integrity and function of the respiratory tract, while also 

protecting it from harmful external agents. A schematic representation of the airway 

epithelium can be seen in Figure 1.1.  

 

 

Figure 1.1 Schematic representation of the airway epithelium and the mechanism of mucus 

secretion and mucociliary clearance.  

Ciliated cells (in green) are equipped with cilia that beat in a coordinated manner to move 

mucus towards the epithelium, aiding in its clearance. Goblet cells (in pink) are responsible 

for mucus production and secretion, which traps inhaled particles and pathogens. Basal 

(progenitor) cells (in yellow) help regenerate and repair the epithelium, maintaining its 

integrity. Secretory cells (in blue) secrete proteins and lipids and contribute to the 

regeneration of the epithelial lining following injury. This schematic emphasises the 

collaborative roles of these cells in respiratory health. Figure created using Affinity Designer 

2.6.2 (available at affinity.serif.com).  
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1.1.2 Pathophysiology and Incidence of Airway 
Hypersecretory Diseases 

Four main conditions can be categorised as AHDs: Chronic obstructive 

pulmonary disease (COPD); Asthma; Cystic fibrosis (CF) and bronchiectasis. All 

present different pathophysiology, but all include mucus hypersecretion as a main 

symptom. Those pathologies also have various causes and incidence and mortality 

rates (Hill et al., 2022). In this section, those pathologies are detailed, and their 

various characteristics are listed. A schematic representation of affected airways can 

be seen in Figure 1.2. 
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Figure 1.2 Schematic representation of airways and alveoli in both healthy patients and 

patients suffering from AHDs focusing on main symptom presentation.  

Asthma: narrowing of the airway; CF: mucus oversecretion; COPD: damaged air sacs; 

Bronchiectasis: extended air sacs and mucus oversecretion. Figure created in BioRender 

(available at biorender.com). 

1.1.2.1 Chronic Obstructive Pulmonary Disease 

Chronic obstructive pulmonary disease, or COPD, is a common lung disease 

characterised by inflamed respiratory tissues and damaged alveoli, along with mucus 

hypersecretion. Key aspects of COPD pathophysiology include chronic inflammation 

triggered by exposure to noxious particles, leading to the recruitment of 

inflammatory cells and the release of pro-inflammatory mediators. This chronic 

inflammation causes structural changes in the airways, such as thickening of airway 

walls and mucus hypersecretion, contributing to airflow limitation and increased 

airway resistance (Bourdin et al., 2009). Additionally, parenchymal destruction, 

primarily emphysema, leads to loss of lung tissue elasticity and impaired gas 

exchange. Oxidative stress from environmental pollutants exacerbates inflammation 

and promotes airway remodelling and emphysema. Dysregulated immune responses 

compromise host defence mechanisms, increasing susceptibility to respiratory 

infections and exacerbations. Overall, the complex interplay of inflammation, 

structural changes, oxidative stress, and altered immune responses contributes to 

the characteristic symptoms of COPD, including dyspnoea, cough, sputum 

production, and exercise intolerance (World Health Organisation, 2020a). 

Previously categorised into chronic bronchitis and emphysema, it is now 

recognised as one condition with several stages, starting from simple tissue irritation 

to unrepairable tissue damage. It is mainly caused by smoking, although other 

environmental factors such as air pollution and industrial triggers have been isolated 

(Schikowski et al., 2014). Moreover, in rare cases, non-smokers who lack a protein 

called alpha-1 antitrypsin can develop a form of COPD. COPD is the third leading 

cause of death worldwide (Chen et al., 2023), cases increased to 384 million in 2010, 

with a global prevalence of 11.7% (8.4%–15.0%) (Adeloye et al., 2015), and those 

numbers are predicted to increase, especially in developed countries (Mathers and 
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Loncar, 2006). In 2015, over 3.17 million people died of COPD worldwide (World 

Health Organisation, 2020a). 

1.1.2.2 Asthma 

Asthma is a chronic disease of the air passages of the lungs, characterised by 

inflamed and narrowed airways, which results in sporadic breathing difficulties. 

Cause by a combination of genetic and environmental factors, it is often first 

observed in childhood but affects people of all ages. Pathophysiology involves a 

complex interplay of factors, including inflammation, airway hyper-responsiveness, 

bronchoconstriction, mucus hypersecretion, and airway remodelling (see Figure 1.2). 

Triggers like allergens or pollutants lead to inflammation, recruiting inflammatory 

cells that release mediators causing bronchoconstriction. Airway hyper-

responsiveness exacerbates symptoms, leading to wheezing, coughing, and chest 

tightness (Rogers, 2004). Bronchoconstriction narrows airways, while mucus 

hypersecretion worsens obstruction. Chronic inflammation and recurrent 

bronchoconstriction can cause structural changes, contributing to persistent airflow 

limitation. Overall, asthma pathophysiology involves a dynamic interplay of these 

factors, resulting in the characteristic symptoms experienced by individuals with 

asthma. There is currently no definitive cure, but symptom management protocols 

have been developed, and low mortality is now being observed in developed 

countries (World Health Organisation, 2020b). While in many locations, asthma is 

underdiagnosed, 272.7 million cases were estimated in 2017 (Ellwood et al., 2017; 

James et al., 2018).  

1.1.2.3 Cystic Fibrosis 

In 1938, Doctor Dorothy Hansine Andersen, an American pathologist, first 

described cystic fibrosis as a distinct clinical entity in the American Journal of Diseases 

of Children, after observing pancreatic fibrosis and cyst formation during the 

autopsies of malnourished children (Andersen, 1938). Cystic fibrosis (CF) is a chronic, 

progressive genetic condition that affects the respiratory, digestive, and reproductive 

systems of 1 in 2000–3000 newborns (Cystic Fibrosis Worldwide, 2020). A long term 

often fatal condition, CF patients have a reduced life expectancy of 48.4 years 
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(Marshall et al., 2018). Over 150,000 people worldwide are estimated to be living 

with CF in 2022 (Guo et al., 2022). It is caused by a mutation of the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene, and results in an abnormally 

thick mucus layer along the epithelia (Wang et al., 2014). The CFTR gene encodes an 

ATP-binding cassette transporter that functions as a ligand-gated chlorine ion 

channel and is tightly regulated by an intrinsically disordered protein segment 

distinguished by multiple consensus phosphorylation sites (Riordan et al., 1989). 

 Abnormal functioning of CFTR results in mucus hypersecretion in narrowed 

airways, which causes persistent coughing, at times with phlegm, wheezing or 

shortness of breath. It can also lead to fatal lung infections due to the normal cleaning 

mechanism of mucus being compromised. This abnormally thick mucus also creates 

digestive issues, as nutrient uptake is limited by the thickening of mucus in the 

gastrointestinal system, resulting in excessive appetite but poor weight gain, and 

greasy bulky stools. Over a thousand different mutations of the CFTR gene have been 

identified (Fanen et al., 2014). 

1.1.2.4 Bronchiectasis 

Bronchiectasis is a chronic and progressive respiratory disease characterised 

by an abnormal widening of the airways. Dilation of the bronchi and bronchioles 

disrupt mucociliary clearance of the airway, leading to an accumulation of mucus. 

This initial airway damage and mucus accumulation leads to chronic inflammation 

driven by recurrent infections, injuring the airway and leading to further structural 

damages and dilation. Thickening of bronchial walls exacerbates airflow limitation, 

and obstruction by mucus and debris further impairs gas exchange. This creates a 

vicious cycle of mucus accumulation, inflammation, and structural damages, 

perpetuating bronchiectasis and causing progressive lung deterioration and 

respiratory symptoms such as cough and dyspnoea. Again, symptoms such as 

wheezing, coughing and shortness of breath are common (Bush and Floto, 2019; 

Chalmers, 2018; Chalmers et al., 2018). 

Bronchiectasis can be caused by a wide variety of factors. Post-infectious 

damage resulting from prior conditions such as tuberculosis, pertussis or pneumonia 
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can trigger the initial airway damage; the risk can also be heightened by the presence 

of immunodeficiency or autoimmune disorders. Environmental factors such as air 

pollution have also been shown to trigger bronchiectasis (Carbajal and Teneback, 

2022). Finally, genetic conditions such as cystic fibrosis or primary ciliary dyskinesia 

are linked to the development of bronchiectasis due to their impact on mucus 

production and clearance (Morillas et al., 2007).   

It is estimated that around 700 people per 100,000 are affected, with a 

mortality rate of 5 to 20% depending on age (Chalmers, 2018; Quint et al., 2016). 

1.1.3 The Problem of Mucus Hypersecretion 

Mucus is a necessary component of the respiratory system. It acts as a trap 

for foreign molecules, more specifically pathogens and particles such as dust and 

pollen. The mucus is then moved through the airway by the cilia. Cilia are situated on 

the apical surface of ciliated cells and move the mucus away from the peripheral 

airways and towards the pharynx, where the mucus can then be coughed out or 

swallowed. This clearing defensive mechanism prevents pathogens from infecting the 

cells of pulmonary tissues. The particles trapped within the mucus are then destroyed 

by the digestive system. Mucus consists of a thin layer of viscous gel. Its main 

components include water, lipids, proteins, and mucus glycoproteins called mucins. 

Mucus is produced by the goblet cells and the submucosal glands through a complex 

production and secretion pathway (Fahy et al., 2010).  

Mucus hypersecretion occurs when the mucus synthesis or secretion 

mechanism is upregulated. This can be caused by genetic, environmental, or 

infectious factors. Mucus hypersecretion can lead to airway obstruction and 

subsequently diminished lung function. It also increases the risk of infection, as the 

cilia cannot clear all the mucus and foreign particles. The process of mucus 

production and secretion is discussed in more details in section 1.3.1, page 31.  



University of Nottingham  Chapter 1 
 

9 
 

1.2 Current Treatments for Airway Hypersecretory 
Diseases 

1.2.1 Commonly Used Treatments for Airway 
Hypersecretory Diseases 

Respiratory diseases are primarily treated by bronchodilators (either beta2-

adrenergic receptor agonist or anticholinergic), anti-inflammatory drugs (such as 

corticosteroids, phosphodiesterase-4 inhibitors, or leukotriene modifiers), and 

mucolytic agents (such as cysteine derivatives) (Spina, 2014).  

Selective beta2-adrenergic receptor agonists stimulate the binding of the 

receptor to epinephrine to induce smooth muscle relaxation through calcium channel 

interaction. This, in turn, relaxes the smooth muscle of the airway, widening bronchi 

and increasing airflow through the lungs (Ito et al., 2002). They exist either as short- 

or long-acting treatments. Anticholinergics block muscarinic acetylcholine receptors, 

preventing acetylcholine from binding and generating an action potential at the 

neuromuscular junction. This inhibition stops calcium release through the cell 

membrane responsible for muscle contraction. As a result, the contractility of the 

smooth muscles decreases. Again, this leads to relaxation of the smooth muscles, 

widening of the bronchi and increasing airflow through the respiratory system. The 

main side effects of bronchodilators are results of the muscular relaxation process: 

muscle cramps, vasodilatation, headaches and arrhythmias are commonly observed 

in patients (Spina, 2014). 

Glucocorticoids attenuate the immune response by inhibiting the 

inflammatory process, and therefore the inflammation of the lung tissue, which can 

help decrease mucus synthesis and secretions (Van Der Velden, 1998). 

Glucocorticoids bind the cytoplasmic glucocorticoid receptor, inducing a 

conformational change and a hyper-phosphorylation. This leads the receptor to 

dissociate from the multi-protein complex and translocate into the nucleus, where it 

regulates gene expression through the glucocorticoid receptor (Ramamoorthy and 

Cidlowski, 2016). The glucocorticoid receptor normally resides in the cytoplasm, 
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bound to a large multi-protein complex. When glucocorticoids are present, the 

glucocorticoid receptor is translocated to the nucleus, where it binds to 

glucocorticoid response elements and stimulates gene expression or is recruited to 

chromatin with the transcriptional activation of NF-κB (a major transcription factor 

for both the innate and adaptive immune response) and activator protein-1 (AP-1, a 

regulator of cytokine expression). While glucocorticoids have been used since the 

early 1950s, they cannot definitively treat AHDs, but only mitigate the symptoms 

(Benedek, 2011). Moreover, due to their wide range of actions and untargeted nature 

of the treatment, those drugs come with many side effects (see Table 1.1). 

Glucocorticoid-associated side effects may involve most major organ systems, and 

interfere with musculoskeletal, gastrointestinal, cardiovascular, endocrine, 

neuropsychiatric, dermatological, ocular, and immunologic processes. Proper use 

and careful monitoring can mitigate some of the risks and minimise side effects (Oray 

et al., 2016). Finally, resistance to corticosteroids has been observed in severe 

asthma, reducing the treatment options for this condition (Hakim et al., 2012).  

Phosphodiesterase-4 (or PDE-4) inhibitors inhibit the activity of 

phosphodiesterase type-4 and subsequently the degradation of cyclic adenosine 

monophosphate (cAMP) to 5’adenosine monophosphate (5′-AMP). This leads to 

increased levels of cAMP, which results in suppression of pro-inflammatory mediator 

synthesis and promotes anti-inflammatory mediators, relaxing smooth muscles and 

inhibiting inflammation and fibrosis (Mulhall et al., 2015). Leukotrienes are a group 

of inflammatory mediators produced in leukocytes through the oxidation of 

arachidonic acid (released from cell membrane phospholipids mainly by 

phospholipase A2) and the essential fatty acid eicosapentaenoic acid and catalysed 

by the enzyme arachidonate 5-lipoxygenase. Leukotrienes promote inflammation, 

mucus secretion, bronchoconstriction, and microvascular permeability in AHDs. 5-LO 

inhibitors (Zileuton) prevent the catalytic activity of arachidonate 5-lipoxygenase, 

preventing the synthesis of leukotrienes, while cysteinyl leukotriene receptor 

antagonist (such as montelukast and zafirlukast) prevent the binding of leukotrienes 

to CysLT1 and 2 receptors, blocking the leukotriene pathways. While corticosteroids 

might also impact the leukotriene pathway by inhibiting phospholipase A2 and 
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subsequent synthesis of eicosanoid inflammatory mediators, the more targeted 

action of leukotriene modifiers leads to fewer side effects and treatment resistance 

in patients (Montuschi and Peters-Golden, 2010; Paggiaro and Bacci, 2011; Scott and 

Peters-Golden, 2013).  

Mucolytic agents, especially cysteine derivatives such as carbocysteine, N-

acetylcysteine and N-acystelyn (lysine salt of n-acetylcysteine), have also been used 

to target mucus production in AHDs. Cysteine derivatives demonstrate radical 

scavenging activities and can counteract the decrease in antioxidant enzyme activity 

by activating the NF-κB signalling pathway, resulting in the transcription of 

inflammatory mediators such as interleukin 6 (IL-6) and tumour necrosis factor α 

(TNFα). Cysteine derivatives have also been shown to hydrolyse the disulphide bonds 

of mucus protein, which decreases mucus viscosity, as well as increases chloride 

secretion (Aldini et al., 2018). 

Several other molecules have been developed to treat AHDs. Theophylline 

has historically been used in the treatment of asthma and remains the primary line 

of defence in undeveloped countries. First introduced as a clinical treatment in 1922, 

theophylline is a dimethylxanthine that functions as a phosphodiesterase inhibitor, 

an adenosine receptor blocker, and a histone deacetylase activator. It also acts as a 

diuretic, smooth muscle relaxant, bronchial dilator, cardiac and central nervous 

system stimulant, and has been used as an oral therapy to alleviate the symptoms of 

asthma (Barnes, 2013; Ito et al., 2002; Jenne et al., 1972).  

While numerous therapeutic options exist, serious and common side effects 

have been reported (see Table 1.1). Within the last decade, several new treatment 

options have been explored for AHDs in an attempt to find therapeutic options with 

less severe impacts on patients. For example, mucus hydration therapies have been 

trialled in cystic fibrosis patients, with promising results (Tildy and Rogers, 2015). 

Mucus hydration therapy works by increasing the water content of mucus within the 

airway, thus thinning the viscous layer, and facilitating its evacuation through 

coughing. Mucus hydration can be induced by administering hypertonic saline 

through inhalation, creating an osmotic gradient. It can also be achieved 
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pharmaceutically by targeting ion channels on epithelial cells (Bennett et al., 2016). 

However, this treatment would not be efficient for other AHDs where no mucus 

dehydration is observed, such as asthma or COPD. New gene therapies are also being 

developed for cystic fibrosis, with the aim of re-introducing a functional CFTR gene 

into airway epithelial cells. Using retroviral or cationic liposome/DNA complexes, the 

CFTR gene is targeted. These promising techniques are not yet approved but show 

promising results for the treatment of cystic fibrosis (Cooney et al., 2018). New small 

molecules have also been developed to specifically target the CFTR gene. For 

example, Ivacaftor is a CFTR potentiator. By binding to the defective CFTR, it restores 

the flow of chloride ions through the cell membrane, preventing mucus build up and 

progressively increasing lung function. It can be used in combination with CFTR 

correctors, such as lumacaftor and tezacaftor, which bind to CFTR to facilitate its 

translocation to the cell surface, where it can perform its function of regulating 

chloride ion transport. Together, these drugs can correct the effect of the G551D and 

F508del mutations, which impact the acting and folding domain of CFTR 

(respectively). Other therapeutic options, including antimicrobials, beta blockers and 

oxygen therapy, have been used to mitigate the symptoms and associated risks of 

AHDs but still do not offer a real cure for those diseases (Rosenwasser et al., 2022).  
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Table 1.1 Side effects of the main drugs used in the treatment of AHDs classed by 

commonality. 

As reported by the National Institute for Health and Care Excellence as part of the British 

National Formulary (Joint Formulary Committee, 2024). 

 Common or very 
common 

Uncommon Rare or very rare 

MAIN DRUG GROUPS 
Beta-2-
adrenoceptor 
agonists 

Arrhythmias; 
headache; palpitations; 
tremor. 

Hyperglycaemia. 
 

Bronchospasm 
paradoxical 
(sometimes 
severe). 

Anticholinergic Arrhythmias; 
constipation; cough; 
dizziness; dry mouth; 
headache; nausea. 

Dysphonia; glaucoma; 
palpitations; skin 
reactions; stomatitis; 
urinary disorders; 
vision blurred. 

 

Corticosteroids Anxiety; behaviour 
abnormal; cataract 
subcapsular; cognitive 
impairment; Cushing’s 
syndrome; electrolyte 
imbalance; fatigue; 
fluid retention; 
gastrointestinal 
discomfort; headache; 
healing impaired; 
hirsutism; 
hypertension; 
increased risk of 
infection; menstrual 
cycle irregularities; 
mood altered; nausea; 
osteoporosis; peptic 
ulcer; psychotic 
disorder; skin 
reactions; sleep 
disorders; weight 
increased. 

Adrenal suppression; 
alkalosis 
hypokalaemic; 
appetite increased; 
bone fractures; 
diabetic control 
impaired; eye 
disorders; glaucoma; 
haemorrhage; heart 
failure; hyperhidrosis; 
leucocytosis; 
myopathy; 
osteonecrosis; 
pancreatitis; 
papilloedema; seizure; 
thromboembolism; 
tuberculosis 
reactivation; vertigo; 
vision blurred. 
 

Malaise; tendon 
rupture. 
 

PDE-4 
inhibitors 

Appetite decreased; 
back pain; cough; 
depression; diarrhoea; 
fatigue; 
gastrointestinal 
discomfort; 
gastrointestinal 
disorders; headaches; 

Gastrointestinal 
haemorrhage; suicidal 
behaviours; anxiety; 
asthenia; back pain; 
dizziness; malaise; 
muscle complaints; 
muscle weakness; 
palpitations; skin 

Angioedema; 
constipation; 
gynaecomastia; 
haematochezia; 
respiratory tract 
infection; taste 
altered 
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increased risk of 
infection; insomnia; 
nausea; vomiting; 
weight decreased 

reactions; tremor; 
vertigo 

Leukotriene 
modifiers 

Diarrhoea; fever; 
gastrointestinal 
discomfort; headache; 
nausea; skin reactions; 
upper respiratory tract 
infection; vomiting. 

Akathisia; anxiety; 
arthralgia; asthenia; 
behaviour abnormal; 
depression; dizziness; 
drowsiness; dry 
mouth; haemorrhage; 
irritability; malaise; 
muscle complaints; 
oedema; seizure; 
sensation abnormal; 
sleep disorders. 

Angioedema; 
concentration 
impaired; 
disorientation; 
eosinophilic 
granulomatosis 
with polyangiitis; 
erythema 
nodosum; 
hallucination; 
hepatic disorders; 
memory loss; 
palpitations; 
psychiatric 
disorders; 
pulmonary 
eosinophilia; 
speech disorder; 
suicidal 
behaviours; 
tremor. 

N-
acetylcysteine 
 

Diarrhoea; fever; 
gastrointestinal 
discomfort; headache; 
hypotension; nausea; 
stomatitis; tinnitus; 
vomiting, acidosis; 
anaphylactoid reaction; 
angioedema; anxiety; 
arrhythmias; cardiac 
arrest; chest 
discomfort; cough; 
cyanosis; eye pain; eye 
swelling; generalised 
seizure; hyperhidrosis; 
hypertension; 
hypotension; joint 
disorders; malaise; 
nausea; pain facial; 
respiratory disorders; 
skin reactions; 
syncope; 
thrombocytopenia; 
vasodilation; vision 
blurred. 
 
 

 Haemorrhage. 
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OTHER NOTABLE TREATMENTS 
Theophylline 
 

Frequency unknown 
Anxiety; arrhythmias; diarrhoea; dizziness; gastrointestinal discomfort; 
gastroesophageal reflux disease; headache; hyperuricaemia; nausea; 
palpitations; seizure; skin reactions; sleep disorders; tremor; urinary 
disorders; vomiting. 

 

1.2.2 Biologics 

The field of biologics started developing in 1982 when the Food and Drug 

Administration (FDA) first approved recombinant human insulin for clinical use. It 

encompasses a class of medications derived from living organisms, such as humans, 

animals, or microorganisms, through biotechnological processes. Biologics can 

include monoclonal antibodies, cytokines, growth factors, enzymes, and vaccines. 

They are designed to target specific molecules or pathways involved in diseases, 

offering highly targeted treatment approaches. Biologics are used to treat a wide 

range of conditions, including autoimmune diseases, cancer, and inflammatory 

disorders (Morrow and Felcone, 2004).  

Recently, several biologics have been approved for the treatment of severe 

eosinophilic asthma and cystic fibrosis. In 2003, omalizumab was approved by the 

FDA for the treatment of asthma. Omalizumab is a monoclonal antibody that targets 

the mediator of allergic response immunoglobulin E (IgE). By binding to the antigen-

specific region of IgE, omalizumab prevents its interaction with the high-affinity IgE 

receptors (FcεRI) on mast cells and basophils. This inhibits the release of 

inflammation mediators and reduces the symptoms associated with asthma, leading 

to improved control of symptoms and reduced frequency of exacerbations 

(Schulman, 2001). Following the success of omalizumab, mepolizumab and 

reslizumab were developed and approved (2015 and 2016, respectively). These 

monoclonal antibodies bind to interleukin 5 (IL-5), therefore preventing the IL-5 

mediated production and maturation of eosinophils. This leads to decreased 

eosinophilic inflammation in the airways and lungs, alleviating the symptoms 

associated with eosinophilic asthma (Ridolo et al., 2020). Last in date, benralizumab 

was approved in 2017. Similarly to mepolizumab and reslizumab, it targets the IL-5 
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pathway by binding the IL5 receptor α, blocking IL5 binding and inducing antibody-

dependent cell-mediated cytotoxicity (ADCC), which further reduces eosinophil levels 

by triggering the destruction of eosinophils by natural killer cells (Pelaia et al., 2018).  

These examples highlight the relevance of biologics in the treatment of AHDs. 

They also offer the advantage of low production costs, and a lower number of 

reported side effects (see Table 1.2). While the lower amount of reported side effects 

could be due to the more recent launch of these drugs, the more targeted mechanism 

of action of biologics often results is a lower overall impact due to their specificity, 

reduced systemic exposure or enhanced therapeutic index.   
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Table 1.2 Reported side effects of newly approved biologics for the treatment of asthma.  

As reported by the National Institute for Health and Care Excellence as part of the British 

National Formulary (Joint Formulary Committee, 2024). 

Drug Common or very 
common 

Uncommon Rare, very rare or 
frequency not known 

Benralizumab Fever; headache; 
hypersensitivity 
(may be delayed); 
increased risk of 
infection; skin 
reactions 

 Anaphylactic reaction 

Mepolizumab Abdominal pain 
upper; 
administration-
related reaction; 
back pain; eczema; 
fever; headache; 
hypersensitivity; 
increased risk of 
infection; nasal 
congestion 

  

Omalizumab Headache; skin 
reactions 

Cough; diarrhoea; 
dizziness; drowsiness; 
dyspepsia; fatigue; 
flushing; increased 
risk of infection; 
influenza-like illness; 
limb swelling; nausea; 
paraesthesia; 
photosensitivity 
reaction; postural 
hypotension; 
respiratory disorders; 
syncope; weight 
increased 

Angioedema; 
hypersensitivity; 
systemic lupus 
erythematosus (SLE), 
alopecia; eosinophilic 
granulomatosis with 
polyangiitis; immune 
thrombocytopenic 
purpura; joint 
disorders; 
lymphadenopathy; 
myalgia 

Reslizumab  Anaphylactic reaction; 
myalgia 

Secondary malignancy 

 

1.2.3 Technologies 

In recent years, new mechanisms for cell targeting and the delivery of 

biological compounds to specific cell types have been developed. Those new tools 

allow for the development of several new treatments and diagnostic tools. Here, 
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nanobodies and bioconjugates are presented and explored as new tools in 

biomedical science. 

1.2.3.1 Nanobodies 

1.2.3.1.1 The Origins of Immunotherapy 

Immunoglobulins, colloquially referred to as antibodies, are large protein 

molecules that bind to a small molecule or specific region of a macromolecule (called 

an epitope or antigenic determinants) with very high specificity. Antibodies 

contribute to immunity through neutralisation, where they bind to antigens, 

preventing them from binding cellular receptors; the triggering of complement 

activation, where antibodies recruit complement components to induce cell lysis; and 

opsonisation, where antibodies facilitate phagocytosis of the pathogen.  

Antibodies are composed of four polypeptide chains organised in a Y-shaped 

structure (see Figure 1.3). The fragment antigen binding (Fab) region encompasses 

both the light and heavy chain above the antibody hinge and is composed of 

conserved and variable domains. The Fab region is responsible for antigen binding 

variability, which greatly varies amongst different immunoglobulins. The heavy chain 

part of the Fab is composed of a conserved (CH) and variable (VH) domain. The light 

chains also contain a conserved (CL) and a variable (VL) domain. The fragment 

crystallisable (Fc) region encompasses the bottom part of the two longer heavy (H) 

chains of immunoglobulins, below the hinge, and provide stability to the molecule 

through multiple conserved (CH) domains. They encode either a C-terminal 

hydrophobic transmembrane region for membrane-bound antibodies, which are 

anchored on the surface of B lymphocytes and combine with other membrane 

proteins to trigger B lymphocytes proliferation, differentiation and immunoglobulin 

production, or a hydrophilic tail for secreted antibodies. The conserved domain 

anchors the light chain to the heavy chain by disulphide bonds, while the variable 

domain is responsible for antigen binding (Vidarsson et al., 2014).  

Human antibodies are classified into five main isotypes: IgG, IgA, IgM, IgD, and 

IgE, each defined by the structure of their heavy chains (γ, α, μ, δ, and ε, respectively). 

Each isotypes plays a different function in immune responses. IgG has a monomeric 
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structure and is primarily found in serum. IgG is further subdivided into four 

subclasses (IgG1, IgG2, IgG3, and IgG4) based on variations in the CH domains. IgG 

covers a number of functions, including pathogens and toxins neutralisation, 

opsonisation of microbes and activation of the complement system (IgG1 and IgG3). 

Therapeutic monoclonal antibodies are primarily produced using the IgG scaffold due 

to its stability, long serum half-life, and ease of production (Castelli et al., 2019; 

Ryman and Meibohm, 2017). IgA is primarily found in mucosal tissues (where it 

presents as a dimer and has the ability to resist to proteases in secretions) and acts 

as a first line of defence by preventing microbial adhesion and invasion. IgM is 

primarily found in serum and is the first type of antibody produced in a primary 

immune response and a strong activator of the classical complement pathway. Its 

pentameric forms makes it particularly efficient at agglutination, contributing to 

pathogen immobilisation and enhancing phagocytosis. IgM has been investigated as 

a scaffold for therapeutic antibodies due to its high avidity and potential for rapid 

pathogen neutralization but poses challenges in recombinant expression systems 

(Keyt et al., 2020).  IgD is a monomeric immunoglobulin found on the surface of 

immature and naïve B cells and primarily functions as a receptor, triggering cell 

activation and transition to IgM or IgG producing cells. Finally, IgE plays a key role in 

mediating allergic reactions by triggering the degranulation of mast cells and 

basophils upon allergen binding, releasing mediators such as histamine (Sun et al., 

2020). 

While differences in heavy chains results in difference isotypes, 

immunoglobulins can also possess either kappa (κ) or lambda (λ) light chains, both of 

which contribute to antigen binding specificity. During B cell development, the κ 

genes attempt rearrangement, if the recombination of the fragments fails, the cell 

initiates λ chain gene rearrangement, leading to only one type of light chain being 

expressed in any given B cell. In the human B cell repertoire, the kappa-to-lambda 

ratio is approximately 2 to 1 in healthy individuals (Abe et al., 2001; Heilmann and 

Barington, 1989). The kappa-to-lambda ratio can be used to diagnose B-cell disorders 

such as myeloma or light chain amyloidosis.  No major biophysical differences can be 

observed between λ and κ antibodies, with both displaying similar levels of antigen 
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binding. κ antibodies are generally considered more developable than λ antibodies, 

with lower risks of aggregation, but both κ and λ light chains have been successfully 

employed in FDA-approved monoclonal antibodies, such as adalimumab (IgG1-κ) and 

trastuzumab (IgG1-λ) (Boekhout et al., 2011; Raybould et al., 2024; Scheinfeld, 2003).  

The development of the hybridoma technology by the fusion of B cells and 

myeloma cells in 1975, allowing for the mass production of targeted monoclonal 

antibodies, accelerated the development and use of therapeutic antibodies  (Köhler 

and Milstein, 1975). Antibodies can be used to elicit immunogenicity in patients, 

disturb the normal function of their target cell, evoke antibody-dependent cellular 

cytotoxicity (ADCC) and complement mediated cytotoxicity (CMC), and regulate the 

immune response. They possess multiple applications as diagnostic tools, and can, 

for example, be engineered to detect tumours through molecular imaging (Mishani 

and Hagooly, 2009; Zhao et al., 2008). Antibodies can also be engineered to carry 

various loads, the resulting molecule being termed an Antibody Drug Conjugate 

(ADC), such as cytotoxic drugs, nanomedicines or other nanoparticles (Fay and Scott, 

2011). Their applications are diverse, from fighting infectious diseases to cancers, to 

vaccines, or to help regulate autoimmune diseases (Alley et al., 2010). But if 

antibodies are versatile, they are also big molecules (150 kDa and above). Their large 

size can lead to suboptimal dispersal and limited tissue penetration, which can 

diminish their efficacy (Minchinton and Tannock, 2006). They also require significant 

engineering to improve stability and reduce micro-heterogeneity to produce defined 

products. Unstable or poorly engineered antibodies lead to reduce target binding, 

hindering their efficacy. To remedy this, novel types of modified antibodies have been 

developed.  

The binding capacity of antibodies is contained within the light and heavy 

variable domains of the molecule (VL & VH) present on the tip of the antigen binding 

fragment (Fab). Therefore, antibody fragments have been developed using only this 

Fab binding motif. This also allowed for the development of bispecific antibodies (Fab2) 

by conjugating two Fab together (Nisonoff and Rivers, 1961). In 1994, minibodies  

were developed. Minibodies are composed of one light and one heavy variable 

domain (VL and VH), linked via CH3 domains, which are both attached through 
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heterodimerization to a conserved light and heavy chain (respectively) linked by 

disulphide bonds. Minibodies are smaller but conserve the bivalency of full-size 

antibodies and the concomitant avidity effect. Despite successful isolation, low 

expression, and poor solubility remained challenging. 

Synthetic scaffolds have also been developed. Non-immunoglobulin protein 

fragments of around 100 amino acids have been developed based on the scaffold of 

naturally occurring proteins and can be engineered to target specific epitopes. Their 

sequence can be altered to adjust their specificity and affinity to the target. Those 

synthetic scaffolds can then present the same targeting properties as 

immunoglobulin-based antibodies, while being more customisable and applicable to 

a wider range of uses. For example, affibodies, developed in 1997, utilise a three-

helical subdomain of a natural receptor as a scaffold for the development of target-

binding molecules (Nord et al., 1997). By creating a library of affibodies with random 

amino acid sequences for two of the three helices and then isolating binding 

molecules using a variety of display methods, specific affibodies can be isolated. The 

binding molecule can then be engineered to fit specific requirements (Beck et al., 

2010; Goulet and Atkins, 2020; Richards, 2018).  

Heavy-chain only antibodies were discovered in the camel (Camelus 

dromedarius) in 1993 (Hamers-Casterman et al., 1993), followed closely by the 

discovery of similar structures in nurse sharks (Ginglymostoma cirratum) (Greenberg 

et al., 1995). In camelids, the absence of light chains led to the V region being termed 

VHH. Whereas the homodimeric heavy-chain complex, which also naturally lacks light 

chains, was discovered in the serum of the nurse shark and named immunoglobulin 

isotype novel antigen receptor (IgNAR). Camelid and shark antibodies can be isolated, 

like other species antibodies, by hyper-immunisation of animals, and affinity 

purification. 

Those heavy-chain only antibodies possess a unique paratope architecture 

composed of single variable heavy domains involved in antigen recognition, and a 

heavy chain conserved domain, with no light chain. The molecules, however, do still 

form as dimers of the same heavy chain protein. Consequently, the variable domain 
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can easily be isolated and engineered, creating a molecule termed a nanobody, 

composed of only one variable heavy chain domain (VHH), conserving all targeting 

properties of full-length antibodies with a much smaller size (generally below 15 kDa, 

compared to up to 160 kDa for full-size IgG antibodies). Nanobodies are monomeric 

and show no tendency to aggregate, with a favourable solubility:  normally, residues 

that form the interaction with the light chain in the V region are highly hydrophobic, 

but in heavy chain only antibodies, these residues are substituted for more 

hydrophilic amino acids, since the region is solvent exposed (Desmyter et al., 1996; 

Muyldermans et al., 1994). These properties mean that they can diffuse into tissues 

relatively easily compared to full-size antibodies. While the physical size of 

nanobodies can vary depending on factors such as the amino acid sequence, post-

translational modifications, and specific structural features, they usually have a 

diameter of around 2.5 nm and a height of around 4 nm, which means they can 

penetrate cell membranes if required (Revets et al., 2005). Their small size also means 

nanobodies fall below the renal threshold and can therefore be easily cleared by the 

kidneys. They can possess high affinity, selectivity, and specificity. Moreover, they 

present with low toxicity and low immunogenicity, meaning they can bind with their 

target without eliciting an immune response (Tanha et al., 2002). This is due to their 

lack of conserved domains, which are involved in complement activation. The ability 

of nanobodies to bind to specific target without triggering the immune cascade 

allows for a wider range of applications, they can for example be used for imaging, or 

in immunocompromised patients. They were also shown to be robust molecules, 

relatively resistant to high temperatures, and show an ability to refold (Dumoulin et 

al., 2009). They possess a longer Complementarity-Determining Region 3 (CDR3) than 

humans and mice, and non-canonical cysteine-cysteine disulphide bonds between 

CDR1 and CDR3 that have evolved to stabilise the biophysical properties of the 

domain (Mendoza et al., 2020; Muyldermans et al., 1994). These unique features 

enable the isolation of antigen-binding fragments with high affinity in the nanomolar 

range, which are also stable at elevated temperatures like 37° C (Arbabi Ghahroudi 

et al., 1997). Similar to minibodies, nanobodies can be produced in a multivalent 

format to regain bivalency if needed. Other multivalent formats have also been 

explored successfully. For example, the company Ablynx developed a trimeric 
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Nanobody that binds the antigenic site II of human respiratory syncytial virus  F 

protein with subnanomolar affinity  (Detalle et al., 2016; Steeland et al., 2016).  

Different variations of nanobodies have also been developed to facilitate 

intracellular activity. Intrabodies, for example, are nanobodies intracellularly 

expressed and bind directly to intracellular proteins (Kontermann, 2004). 

Transbodies are fused to cell-penetrating moieties and are therefore capable of 

crossing the cell membrane, and have, for example, been used to treat human lung 

adenocarcinoma by using cell-penetrating nanobodies to bind the EGFR tyrosine 

kinase domain in order to inhibit intracellular signaling and supress the growth and 

migration of EGFR-overexpressing cancer cells (Tabtimmai et al., 2019). Finally, 

advancements in phage display technology allowed for easy construction and 

screening of scFv (single-chain Fv) and dsFv (dual-specificity Fv) antibody fragments 

libraries (Hoogenboom et al., 1998; Winter et al., 1994). 

 

Figure 1.3 Compared structures of human, camelids, and shark antibodies, alongside a 

single domain nanobody.  

The Fc region is shown in blue. The Fab region is shown either in orange (heavy chain) or green 

(light chain). Figure created using Affinity Designer 2.6.2 (available at affinity.serif.com). 

1.2.3.1.2 Limitations of Nanobodies 

If nanobodies present a wide range of interesting characteristics, they also 

present some inconveniences. If their small size guarantees good diffusion and cell 
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penetration, it also means that nanobodies are very quickly cleared through kidney 

glomerular filtration. This is advantageous for nanobodies used in in-vivo imaging but 

is a problem for therapeutic approaches and, more specifically, cell targeting and 

penetration (Gainkam et al., 2008). This can be addressed by creating multivalent 

nanobodies, which include a nanobody cross-reacting with serum albumin, which has 

a half-life of 19 days (Roovers et al., 2011; Tijink et al., 2008). PEGylation can also be 

used to improve the penetration of nanobodies across biological barriers and has 

been successfully used to facilitate the accumulation of anticancer drugs in Epidermal 

Growth Factor Receptor (EGFR)-positive tumour cells (Wu et al., 2018).  

Another issue of nanobodies is that they are incapable of triggering antibody-

dependent cellular cytotoxicity and complement-dependent cytotoxicity. In 

canonical full-length antibodies, the Fc region is responsible for those events. As 

nanobodies do not include this Fc region, they cannot trigger those events. Including 

the Fc region into the design of nanobodies could fix this issue, and allow, for 

example, tumour eradication by the activation of cell lysis. However, the small size 

advantages of nanobodies would be lost, as well as their low immunogenicity (Bell et 

al., 2010; Richard et al., 2013). 

1.2.3.1.3 Applications 

Nanobodies have already been applied to various diseases. Firstly, 

nanobodies are being extensively researched and used in cancer treatment, as a new 

form of immunotherapy (Roovers et al., 2011). More specifically, the targeting of 

EGFR with nanobodies has been extensively researched and successfully used in in 

vivo labelling and tumour growth inhibition (Gainkam et al., 2008; Huang et al., 2008; 

Mishani and Hagooly, 2009; Schmitz et al., 2013). Nanobodies have also been used in 

infectious diseases, for example in the treatment of Rotavirus-Induced Diarrhoea 

(Pant et al., 2006; van der Vaart et al., 2006). Lactobodies, or nanobodies produced 

by genetically engineered probiotic Lactobacilli, were developed for this purpose. 

They can also be used as prophylactics or therapeutics. A large number of nanobodies 

are currently being developed and tested for a wide range of conditions, from 
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influenza viruses to parasitic infections, all the way from cancers to autoimmune 

disorders . 

1.2.3.1.4 Nanobody Libraries 

One main advantage of nanobodies is that they can easily be selected and 

produced from synthetic libraries. This removes the need for in vivo production, and 

allows for fast, easy and cheap production of specific nanobodies (Harmsen and De 

Haard, 2007). Various molecular display platforms have been developed for efficient 

screening of peptide or protein libraries. Yeast display systems utilise Saccharomyces 

cerevisiae to present recombinant proteins on the cell surface, offering advantages 

of fast growth and relatively large library sizes, although lower throughput due to 

lower transformation efficiency (Benatuil et al., 2010; Rosowski et al., 2018). 

Mammalian cell systems are suitable for producing full-length immunoglobulin 

molecules with proper folding and post-translational modifications, despite 

limitations in throughput and speed (Parthiban et al., 2019; Waldmeier et al., 2016). 

Bacterial cell display offers fast and inexpensive culture conditions but lacks 

endoplasmic reticulum-specific processing, potentially affecting nanobody folding 

and activity (Bessette et al., 2004). Ribosome display systems enable high diversity 

and affinity through a cell-free process without transformation limitations (Lipovsek 

and Plückthun, 2004; Plückthun, 2012). Phage display, the most extensively 

employed platform, involves genetic fusion of proteins to bacteriophage coat 

proteins, allowing selection of specific binders via simple biopanning methods but 

may face challenges in elution and binder loss during selection (Schwimmer et al., 

2013; Tiller et al., 2013). Phage display is discussed in more detail in section 2.1.2 

(page 41).  

1.2.3.2 Bioconjugation and Bioconjugates 

Bioconjugation is a technique that attaches two molecules together, usually 

through a covalent bond, to create a complex consisting of both molecules linked 

together (Hermanson, 2013). The resulting complex possesses the combined 

properties of its individual components.  
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The idea of bioconjugates can be linked to Paul Ehrlich’s concept of the ‘magic 

bullet’, a targeted therapeutic agent. He envisioned compounds that could selectively 

target pathogens without harming the host, laying the groundwork for the idea of 

conjugating drugs to targeting moieties (Ehrlich, 1910; Zipfel and Skerka, 2022). 

1.2.3.2.1 Bioconjugation Techniques 

Several techniques of bioconjugation have been developed and are routinely 

used. The most common is amide coupling. Amide coupling can be used on a wide 

range of proteins or peptide molecules, as well as other types of macromolecules. 

Two types of reactions result in amide coupling: acylation or alkylation, creating 

either stable amide or secondary amid bonds between the two molecules. A very 

common type of amide coupling is N-hydroxy-succinimide (NHS) ester coupling (see 

Figure 1.4, A). This acylation reaction was first introduced in 1975 and is now 

extensively used in the production of amine-reactive crosslinking or modification 

reagents (Bragg and Hou, 1975). 

The second most common type of crosslinking reaction are thiol reactions. 

This links a sulphydryl containing molecules to an amine-reactive group, either by 

alkylation or disulphide interchange, to create thioether or disulphide bonds. A 

common example of thiol bioconjugation are maleic acid imides, or maleimides, 

reactions (see Figure 1.4, B). Maleimides undergo an alkylation reaction with 

sulphydryl groups to form stable thioether bonds (Smyth et al., 1964).  

More recently, copper catalysed azide-alkyne cycloaddition (CuAAC, or ‘click 

chemistry’) methodologies have been developed and awarded the Nobel Prize in 

Chemistry in 2022 (Rostovtsev et al., 2002; Tornøe et al., 2002). In CuAAC, the copper 

catalyst first activates and binds the alkyne, forming a copper-acetylide intermediate 

(see Figure 1.4, C). The azide then attacks the copper-activated alkyne, leading to the 

formation of a triazole ring, resulting in a 1,4-disubstituted 1, 2, 3-triazole. 

Other types of bioconjugation reactions include those involving carboxylate, 

hydroxyl, aldehydes and ketones, active hydrogen, photochemical and cycloaddition 

reactions. Different types of bioconjugates will be more suited to certain types of 
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bioconjugation reactions. The first successful cancer drug developed using 

bioconjugation was Adcetris (brentuximab vedotin). Adcetris is an antibody-drug 

conjugate (ADC) that consists of the cAC10 anti-CD30 monoclonal antibody 

(brentuximab) linked by a maleimide reaction to a highly potent antimicrotubule 

agent called monomethyl auristatin E (MMAE). The antibody targets the CD30 

protein, which is expressed on the surface of certain cancer cells, including Hodgkin 

lymphoma and systemic anaplastic large cell lymphoma. Upon binding, the ADC is 

internalised, and MMAE is released inside the cells, where it disrupts the microtubule 

network, leading to cell cycle arrest and apoptosis (Van De Donk and Dhimolea, 

2012). For nanobodies, various methods have been explored. Labelling at solvent-

exposed lysine residues by NHS ester has been used to attach fluorophores to 

nanobodies (Ries et al., 2012). Maleimides functional groups have also been used to 

label cysteine residues of nanobodies (Kim et al., 2008; Massa et al., 2014).  

Finally, chemoenzymatic labelling has also been used.  Sortase A conjugation 

allows for the site-specific labelling of nanobodies (see Figure 1.4, D). Sortase A is a 

transpeptidase enzyme derived from Staphylococcus aureus and can covalently 

attach various molecules to a protein of interest by targeting a specific amino acid 

sequence. Sortase A labelling is particularly relevant to the functionalisation of 

antibodies and antibody fragment, as labelling is confined to the C-terminus, 

preventing unwanted interactions between the tag and the CDRs (David Row et al., 

2015; Guimaraes et al., 2013; Massa et al., 2016; Rashidian et al., 2016).  

The mechanisms of the main bioconjugation techniques can be seen in 

Figure 1.4.  
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Figure 1.4 Mechanisms of various bioconjugation methods.  

A) N-hydroxy-succinimide (NHS) ester coupling; B) Maleimides, reactions; C) Click chemistry 

D) Sortase A conjugation, amino acids are shown in blue. Figure created using ChemDraw 

23.1.2 (available at revvitysignals.co). 
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1.2.3.2.2 Bioconjugates and Chemical Functionalisation of Nanobodies 

The definition of bioconjugates encapsulates every functional molecule 

bound to a biologic. Therefore, theoretically, any molecule could be used as a 

bioconjugate. However, a certain number of molecules have been developed 

specifically for the functionalisation of antibodies or nanobodies. Those can be 

categorised into two groups.  

Firstly, bioconjugates consisting of directly active compounds such as 

enzymes, toxins, fluorescent proteins, markers, or photosensitisers (molecules that 

trigger the production of reactive oxygen species when exposed to light at a specific 

wavelength, thus resulting in the destruction of the targeted cell). Chromobodies, for 

example, are nanobodies conjugated to fluorescent protein, such as Green 

Fluorescent Protein (GFP) or Red Fluorescent Protein (RFP) and have been used in 

cellular imaging (de Beer and Giepmans, 2020). Immunocytokines are composed of 

nanobodies bound to nontoxic cytokines and are used to activate the cytokine 

cascade (Lode et al., 1998). Finally, photoimmunotherapy uses nanobodies bound to 

photosensitisers to induce cell death in tumours (Mohiuddin et al., 2023). 

Secondly, bioconjugates can also consist of vesicles that act as vessels for the 

active compound. Bionanocapsules were developed using the scaffold of the 

hepatitis B virus (Higuchi et al., 1997). Micelles, monolayer aggregates of surfactant 

molecules, allow for the delivery of hydrophobic compounds to the site of interest. 

Spherical protein shells containing gas, known as microbubbles or nanobubbles, 

depending on size, have been used as contrast agents for ultrasound imaging. 

One of those vessels is the liposome, they were first described in 1964 by 

Dr Alec D. Bangham. They consist of a microscopic spherical membrane-enclosed 

vesicle or sac (20–30 nm in diameter), with a lipid bilayer structure. A hydrophobic 

head group made of phosphate and other organic molecules is attached to a glycerol 

backbone and a hydrophobic tail made of fatty acids. Their properties, such as size, 

charge, lamellarity and membrane fluidity, can be easily altered to fit a wide range of 

applications. Six types of naturally occurring phospholipids (phosphatidylcholine, 

phosphatidylethanolamine, phosphatidylserine, phosphatidylinositol, 
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phosphatidylglycerol, and phosphatidic acid) can be used to form liposomes, but 

synthetic phospholipids can also be engineered (Grimaldi et al., 2016). Lipid 

composition can affect the stability of the liposome and other physiochemical 

properties. For example, archaeal lipids can be used for increased immunogenicity. 

Thanks to their hydrophilic core, liposomes can be used to carry extra molecules, such 

as hydrophilic drugs, DNA or RNA for gene therapy. On the other hand, hydrophobic 

molecules can be inserted in the membrane leaflet. And finally, targeting molecules 

such as peptides, antibodies and nanobodies can easily be bound to the surface for 

site-directed application. Liposomes have been engineered and used to treat a 

variety of conditions in a variety of form (Daraee et al., 2016). Various vaccines for 

both viral and bacterial diseases have been developed using liposomes (Drulis-Kawa 

and Dorotkiewicz-Jach, 2010; Gould-Fogerite et al., 1998; Kende et al., 1985; Wong 

et al., 2003). A notable example is the used of the liposome technology in the 

formulation of the  Pfizer/BioNTech SARS-Cov-2 vaccine. Most importantly, 

liposomes have been extensively researched and used in relation to cancer, for both 

detection of cancerous cells and for the development of new treatments (Olusanya 

et al., 2018; Park, 2002).  
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1.3 A Nanobody-Conjugate Platform for the 
Treatment of Airway Hypersecretory Diseases 

As previously stated, nanobody-conjugate platforms have already been 

developed and used to treat a variety of conditions. But no such platform has been 

developed for the treatment of AHDs. This gap in research could be explained by the 

lack of exposure received by AHDs, despite their high incidence. 

1.3.1 Targeting the Mucin Pathway 

The mucus production and secretion pathways are complex multi-step 

processes regulated by a large number of proteins. Twenty different mucin genes 

(MUC) have been identified. Those can be divided between secreted and membrane-

tethered mucins. MUC5AC and MUC5B are two major secreted gel-forming mucins 

in the respiratory tract. They exist as overlapping sequences on chromosome 11 in 

the region p15.5 and are crucial for maintaining the viscoelastic properties of mucus, 

and this is reflected in their structure. Starting at the N-terminal, each protein 

encodes specific D domains, followed by alternating cysteine-rich and PTS 

(proline/threonine/serine) domains. A central multi-domain structure containing O-

glycosylated variable numbers of tandem repeats intercalated with unique 

sequences and cysteine-rich domains. O-glycosylation initiates within the Golgi 

apparatus, where an enzyme called N-acetyl galactosaminyl peptidyl transferase 

attaches N-acetyl galactosamine to serine or threonine residues on the mucin 

polypeptide chain. Subsequently, specific glycosyltransferases catalyse the stepwise 

addition of additional glycan components, including galactose, N-acetylglucosamine, 

fucose, and sialic acid, resulting in the formation of the complete glycan side chain. 

At the C-terminal, domains D, B, C and CK conclude the structure (Figure 1.5) (Lillehoj 

et al., 2013; Moniaux, 2001). These unique domains confer mucins their gel-forming 

properties: the formation of disulphide bonds between the structures creates long 

linear polymers, creating a viscous mucus layer in the airway.  
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Figure 1.5 Schematic structures of proteins MUC5AC and MUC5B domains and glycan side 

chains.  

D domains flank the N terminus of MUC5AC and MUC5B, preceding the MUC 11p15 type 

domain. Subsequently, repeated PTS and cysteine rich domains precede tandem repeats of O-

glycosylated elements, intercalated with unique sequences and cysteine-rich domains. At the 

C-terminus, the mucin specific domains MUC 11p15, D B, C and CK conclude the protein. 

Reproduced with permission from Lillehoj et al. (2013) Elsevier. © 2013. Licensed for use in 

this thesis through the Copyright Clearance Center. 

The mucin pathway can be divided into two distinct processes: mucin 

expression and mucin secretion (depicted in Figure 1.6). 

The expression of mucin genes MUC5AC and MUC5B is regulated at the 

transcriptional level by various transcription factors and signalling pathways. Most 

notably, cytokines such as IL-4 and IL-13 can trigger the JAK/STAT (Janus kinase (JAK)-

signal transducer and activator of transcription (STAT)) pathway, which triggers the 

transcription factor SPDEF (SAM Pointed Domain Containing ETS Transcription 
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Factor) and blocks FOXA2 (Forkhead box protein A2), leading to MUC5AC gene 

expression as a response to exposure to pulmonary allergens (Krishn et al., 2018; 

Turner and Jones, 2009). Toll-like receptor 4 (TLR4) activation by bacterial 

lipopolysaccharide (LPS) leads to NF-κB (Nuclear Factor κB) activation, which in turn 

triggers the expression of mucin genes as a response to infection (Chen et al., 2009). 

Nearby cell signalling can also lead to mucin gene expression: Epidermal Growth 

Factor (EGFR) ligands bind to EGFR, resulting in EGFR tyrosine phosphorylation, which 

induces the Ras–Raf–MEK1/2–ERK1/2-Sp1 pathway, leading to MUC5AC and MUC5B 

transcription (Nadel, 2001).  

Following mucin gene expression, the peptide backbone of mucins is 

synthesised in the ribosomes attached to the rough endoplasmic reticulum (RER) and 

secreted into the RER lumen. These apomucins then undergo post-translational 

modifications leading to the formation of the glycan side chains described above. 

Mucins then travel to the Golgi apparatus, where they are packaged into carrier 

vesicles. Those mucin granules are transported towards the plasma membrane 

through cytoskeletal interactions regulated by Myristoylated Alanine-Rich C-Kinase 

Substrate (MARCKS) protein (Adler et al., 2013). There, they become tethered to the 

membrane by Rab and Munc13 proteins, and undergo exocytosis mediated by the 

Synaptosomal-Associated Protein Receptors (SNARE) and Vesicle-Associated 

Membrane Protein (VAMP) proteins (Jaramillo et al., 2018).  

Finally, mucus production can also be triggered by increased goblet cell 

differentiation, as an increased proportion of goblet cells within the airway 

epithelium results in increased mucus in the airway. The Wnt/β-catenin signal 

transduction pathway was shown to play a critical role in the differentiation of the 

respiratory epithelium (Mucenski et al., 2005). The Notch pathway was implicated in 

the silencing of ciliated cell differentiation, leading the cells to further expand and 

further differentiate into secretory phenotypes (Guseh et al., 2009; Tsao et al., 2009). 

As well as triggering mucin gene expression, IL-13 activation of signal transducer and 

activator of transcription 6 (STAT6) also triggers the p38 mitogen-activated protein 

kinase (p38-MAPK) and extracellular signal-regulated kinase (ERK), leading to goblet 
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cell metaplasia (Fujisawa et al., 2008). Similarly, the EGFR pathway has also been 

implicated in goblet cells metaplasia (Nadel, 2001). 

 

 

 

Figure 1.6 Schematic representation illustrating the regulatory mechanisms governing the 

expression and secretion of mucins MUC5AC and MUC5B in the lungs.  

Upon stimulation by diverse signalling pathways, gene expression of MUC5AC and MUC5B is 

initiated. The transcribed mRNA molecules traverse to the endoplasmic reticulum, where they 

undergo translation to synthesise apomucins. Subsequently, these apomucins are processed 

and glycosylated within the ER and Golgi apparatus. The mature mucins are then 

encapsulated into secretory vesicles within the Golgi network. Finally, these vesicles fuse with 

the cell membrane, enabling the release of mucins into the airway lumen. This depiction 

elucidates the sequential events underlying the finely orchestrated process of mucin synthesis 

and secretion in the respiratory epithelium. Figure created using Affinity Designer 2.6.2 

(available at affinity.serif.com). 

In asthma, COPD, CF and bronchiectasis, mucus hypersecretion is a major 

issue. But no currently available treatment currently focuses on this specific aspect 
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of the conditions. Several inhibitors have been isolated, which focus on either mucin 

synthesis within the goblet cells and submucosal glands, or on mucin secretion into 

the airway. As of April 2020, the company Biomarck Pharmaceuticals has reached 

clinical trial phase 2A with their compound BIO-11006. This peptide inhibits the 

phosphorylation of the MARCKS protein, which blocks mucin secretion into the 

airway. More compounds are in the developmental stages or in clinical trial phase 1, 

but none has reached the market as of time of this thesis (Table 1.3). The main 

inconvenience of inhibitor-only compounds is the number of side effects they could 

generate. Moreover, the limited size of molecules means a fast clearance rate 

through glomerular filtration and therefore increases the dosage and the overall cost 

of treatments: this is an important issue when looking at long-term conditions such 

as AHDs. Using some of these inhibitors but combining them with nanobodies for a 

targeted approach could solve these problems. Nanobody-conjugate platforms could 

allow for site-directed drug delivery, longer in vivo half-life, and reduced treatment 

costs. As of now, nanobody-conjugate platforms have not been applied to AHDs. 

Table 1.3 Potential targets and inhibitors of mucus synthesis and secretion as described by 

Ha and Rogers (2016).  

Reproduced with permission from Ha and Rogers (2016) Elsevier. © 2016. Licensed for use in 

this thesis through the Copyright Clearance Center. 

 Targets Inhibitor(s) 

Mucin 
synthesis 

CCR3 Anti-CCR3 monoclonal antibodies 
EGFR tyrosine kinase BIBW 2948, BIBX1382, BIBX1522, cetuximab, 

gefitinib 
GABA-A receptors GABAA receptor antagonists 
hCLCA1  Niflumic acid 
HIF-1 YC-1 
Hyperplasia (goblet 
cells) 

Ellagic acid, statins 

MUC5AC expression Macrolides, statins 

Mucin 
secretion 

HSP-70 MAL3-101 
MARCKS Bio-11006, MANS peptide 
Munc proteins Munc-18 inhibitors 
P2Y2 receptors P2Y2 receptor agonists (mucus hydration) and 

antagonists 
SNARE proteins Modified bacterial neurotoxins of Clostridium 

botulinum 
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1.3.2 Platform Mechanism 

This thesis proposes a new platform to include a nanobody specific to extra- 

or intracellular targets of goblet cells. As the compound is administered, it will travel 

through the body and only bind with those specific targets. The conjugate portion of 

the platform, be it the inhibitor itself or an inhibitor-containing vessel, will then be 

able to interact with its target. In the case of an extracellular nanobody target, a 

vessel presenting a phospholipid bilayer envelope would be able to fuse with the cell 

and release the inhibitor intracellularly. The inhibitor will then be able to bind to its 

intracellular target and inactivate one or multiple mucus-related mechanisms. In the 

case of an intracellular nanobody target, then a smaller compound would be needed 

to penetrate the cellular envelope and reach the intracellular target directly, where 

the inhibitor will be able to take effect. Various routes of administration could be 

considered. In the past, nanobody-conjugates have been administered orally, 

intravenously or directly into airways via inhalation (Detalle et al., 2016; Tokuhara et 

al., 2013).  

Several advantages of such a platform in the treatment of mucus 

hypersecretion in AHDS can be cited. Firstly, a targeted approach, achieved through 

the isolation of nanobodies specific to cell types or receptors of the lung epithelium, 

helps maximise delivery efficiency, all while limiting side effects, and notably on the 

digestive system, which is often impacted by the current treatment protocols of 

AHDs. The dose required would also be lowered, and thus treatment impact of the 

patient’s quality of life, and costs would be reduced. Secondly, the small size of 

nanobody-conjugates limits the amount of bio-disruption and increases cell 

penetration, which would be ideal for intracellular approach. This also means that 

the complex could easily be cleared through glomerular filtration, increasing, or 

decreasing the size of the compound would allow for a tailored in vivo half-life. 
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1.4 Conclusion 

In conclusion, AHDs are highly prevalent diseases with a high impact on 

patients’ quality of life. New discoveries in biotechnology have revealed a range of 

technologies that could be suited for the treatment of such conditions. A nanobody-

conjugate platform could target elements of the mucin pathway and deliver a specific 

mucus synthesis or mucus secretion inhibitor, therefore reducing mucus secretion, 

which is a major pathophysiology in AHDs. Such platform could come at a lower cost 

for patients and the healthcare system, be easily administered by a variety of routes, 

and target specifically goblet cells to limit side effects. This could lead to an 

improvement in patients’ quality of life. 

1.5 Aims and Objectives 

 This PhD consists of three objectives, reflected in the three chapters. Firstly, 

the generation of a diverse nanobody library based on the IgNAR scaffold. Secondly, 

the isolation of goblet cells as targets for nanobody enrichment, and the biopanning 

of the phage-displayed nanobody library. Finally, the functionalisation of goblet cell-

specific nanobodies with a fluorescent label, using a specific Sortase A-catalysed 

methodology.   The overall aim of this thesis is to present a targeted drug delivery 

platform utilising goblet cell-specific nanobodies to deliver therapeutic molecules to 

the site of mucus secretion.  
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Chapter 2 Constructing a Semi-
Synthetic Nanobody Library 

2.1 Introduction 

This introduction will cover the characteristics and structure of the nanobody 

scaffold in the wild, the various molecular display platforms available for the 

construction of nanobody libraries and provide background for the method used 

throughout this project.  

2.1.1 The Nanobody Scaffold in the Wild 

As previously stated, nanobodies are naturally occurring in sharks and 

camelids. Sharks are a group of elasmobranch fish from the class Chondrichthyes or 

Cartilaginous fish. As cartilaginous fishes, sharks lack bone marrow and instead rely 

on a specialised epigeal organ to perform lymphopoiesis. They possess three 

immunoglobulin isotypes: pentameric IgM, long and short form IgW, and IgNAR 

(Barelle and Porter, 2015; Rumfelt et al., 2004; Zhang et al., 2013). IgNAR, or 

immunoglobulin isotype novel antigen receptor, has been isolated in the serum of 

the nurse shark Ginglymostoma cirratum (Greenberg et al., 1995). The IgNAR is 

secreted by splenocytes and does not associate with immunoglobulin light chains; 

instead, they are composed of two identical heavy chains containing three to five 

conserved domains and one variable domain each (Greenberg et al., 1995; Roux et 

al., 1998).  

IgNAR are not derived from conventional antibody gene locus, but instead a 

specific cluster encoding a specific set of V (Variable), D (Diversity), and J (Joining) 

gene segments, and a constant (C) region. A rearrangement occurs within a single 

cluster, involving the recombination of a V gene with two or more D gens and one J 

gene. The resulting variable domain (VNAR) is capable of binding antigen 

independently, without a light chain (Zielonka et al., 2015). By contrast, camelids use 

a conventional immunoglobulin heavy chain locus, similar to other mammals. 
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Specialised V gene segments have evolved to function without a light chain rearrange 

with D and J segments through the same recombination process seen in conventional 

antibodies: they possess unique amino acid changes that allows for enhanced 

solubility and stability despite the lack of light chain. Additional diversity is acquired 

through random nucleotide additions at the J (joining) sites and through somatic 

hypermutation, particularly affecting the CDR3 region (Muyldermans et al., 2009). 

Since the IgNAR lacks a light chain, its variable region does not dimerise but 

instead each variable domain (vNAR) acts as a bivalent antigen binding site. The 

hydrophobic residues responsible for domain interaction, which are typically 

conserved, show poor conservation in these regions (Roux et al., 1998). It remains 

unclear whether the single-domain function of IgNAR is a leftover trait from an 

ancestral antigen receptor that predates the evolution of homodimeric antigen 

receptors or if it has evolved to withstand the harsh physiological conditions they 

encounter. 

Despite as low as 25% sequence identity with other mammalian VH regions, 

the immunoglobulin fold remains well preserved in the IgNAR variable region 

(Mashoof and Criscitiello, 2016). Initial sequence analysis categorised IgNAR variable 

domains into two closely related classes. A notable feature of IgNAR V regions in both 

classes is the deletion of a substantial portion of the Fr2 (framework 2) 

Complementarity-Determining region 2 (CDR2), resulting in a comparatively small 

domain size (∼12 kDa). Type IV regions contain conserved cysteine residues in Fr2 

and Fr4, with additional cysteine pairs within CDR3. Two structural models have been 

proposed for the type IV region: one suggests that the extra CDR3 cysteine pairs form 

disulphide bridges within the CDR, similar to bovine VH domains with long CDR3s 

encoding multiple cysteine residues; the second proposes disulphide bonds between 

certain CDR3 cysteine residues and the Fr2/Fr4 encoded cysteine residues, with 

remaining cysteine residues forming intra-CDR3 disulphide bonds (Cabanillas-Bernal 

et al., 2019; Roux et al., 1998). 

Type II IgNAR V regions resemble type I in overall structure but have 

additional cysteine residues situated in CDR1 and CDR3. These cysteine residues are 
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thought to form a domain-constraining disulphide bond, akin to camel VHH 

(Muyldermans et al., 1994; Roux et al., 1998). The primary repertoire of IgNAR V 

regions arises from four recombination events, leading to a diverse CDR3 repertoire 

in terms of sequence and length. Upon encountering an antigen, this repertoire 

undergoes rapid expansion through extensive somatic hypermutations with a 

clustering of mutations in CDRs (Diaz et al., 1998). Recent findings suggest that the 

position of disulphide bridges in the two variable region types differentially 

influences the selection of replacement mutations in CDR1 and CDR3. Thus, 

mutations tend to accumulate in CDR1 of type II clones and in CDR3 of type I clones, 

indicating an impact on domain structure (Diaz et al., 2002). 

As a result, the IgNAR V domain can be envisioned as a constrained two-loop 

library displayed on a stable V region framework. Similar to camelid VHH, the IgNAR 

domain retains the original antigen-binding site of its parent molecule, implying an 

anticipated response to antigens with high specificity and affinity. Previous research 

by Nuttall et al. (2001) demonstrated the feasibility of selecting antigen-binding 

clones from a semisynthetic library of IgNAR variable regions. This library was 

founded on the IgNAR variable region sequence from the wobbegong shark 

(Orectolobus maculates), a member of the shark family Orectolobidae, similar to the 

nurse shark. The library was designed to incorporate a randomised, synthetic CDR3 

of either 16 or 18 amino acids. Selection against several proteinaceous antigens 

yielded anti-Kgp protease clones, exhibiting specific and high-affinity binding (Nuttall 

et al., 2002, 2001). 

In 2003, a study led by Helen Dooley’s research group at the University of 

Maryland focused on IgNAR (Dooley et al., 2003). This study described the successful 

immunisation of nurse sharks (Ginglymostoma cirratum) with the proteinaceous 

antigen HEL (Hen Egg-white Lysozyme), followed by the creation of a phage-displayed 

single-domain library based on the IgNAR V region repertoire of these sharks. This 

approach facilitated the extraction of intact antigen-specific binders that matured in 

vivo. Selection from this library yielded clones with remarkable specificity for the 

antigen, demonstrating nanomolar affinity and notable resilience against irreversible 

thermal denaturation. This study was later used as the basis for Zadeh et al. method 
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papers describing the efficient construction of a nanobody library based on this 

isolated scaffold (Zadeh et al., 2019).  

2.1.2 Molecular Display Platforms for Nanobody 
Libraries 

Construct screening of libraries requires an efficient molecular display 

platform that can successfully express all the genetic variants, be utilised for 

biopanning and variant screening and provides endoplasmic reticulum-specific post-

translational processing for efficient folding and activity.  

Various molecular display platforms have been developed for the 

presentation and efficient screening of peptide or protein libraries. Yeast display 

platforms can display recombinant proteins on the surface of Saccharomyces 

cerevisiae by C-terminal fusion to the Aga2p mating adhesion receptor (Boder and 

Wittrup, 1997; Cherf and Cochran, 2015). Yeasts are fast and cheap to grow, and the 

observed library size is usually around 109  (Benatuil et al., 2010; Rosowski et al., 

2018). The lower transformation efficiency of yeast cells can limit the size of the 

libraries.  

Mammalian cell expression systems are particularly well suited to the 

production of human full-length immunoglobulin molecules, as they provide the 

proper folding, glycosylation and post-translational modifications, thus most 

commercially available antibody therapeutics are produced in mammalian cells (Birch 

and Racher, 2006). Mammalian cell display libraries have been developed using 

various cell lines and genetic fusion of the C-terminus of VHH to various 

transmembrane domains. New tools, such as CRISPR/Cas9 and transposon 

technologies can also be used to increase the genetic diversity of the library (Bowers 

et al., 2014; Parthiban et al., 2019). However, mammalian cell lines are not ideal as 

molecular display platforms for VHH domains. If biopanning can be achieved easily 

through fluorescence-activated cell sorting (FACS), transiently transfected cells 

require the plasmid to be recovered after each round of biopanning, which 

considerably limits the throughput and fastness of the molecular display platform. 
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 Bacterial cell display was first developed in 1997. Bacteria are a good option 

for surface molecular display, as they offer fast and inexpensive culture conditions, 

as well as high transformation efficiency. However, surface secreted bacterial protein 

lacks the appropriate folding offered by reticulum-specific post-translational 

modification, which can impact the folding and activity of nanobodies. However, if 

the nanobody displays a sensitive and specific antigen binding capacity, the lack of 

similarities between the eukaryotic and prokaryotic-produced molecules is not 

necessarily problematic. Thus, bacterial molecular display libraries have been used to 

isolate engineered, full-length antibodies (Mazor et al., 2007; Ward et al., 1989). 

Molecular display platforms require fluorescence-activated cell sorting and 

fluorescently labelled antigen for biopanning, which can complicate the process.  

Cell-free or ribosome display technologies fuse the library candidate to its 

corresponding mRNA to form mRNA-ribosome-polypeptide complexes (Hanes et al., 

2000; Hanes and Plückthun, 1997; Mattheakis et al., 1994). The main advantage of 

ribosome display is that a cell-free system requires no transformation, and therefore 

transformation efficiency of the host does not limit the library size (Lipovsek and 

Plückthun, 2004; Plückthun, 2012). Moreover, diversity can be increased throughout 

the selection process by gene shuffling or error-prone PCR amplification, increasing 

the potential affinity of binders (Hanes et al., 2000).  

Phage display, which was awarded the Nobel Prize in 1985, stands as the most 

extensively employed molecular platform for peptides and antibodies (Barderas and 

Benito-Peña, 2019; Smith, 1985; Smith and Petrenko, 1997). This technique combines 

the benefits of bacterial display technologies with a simpler biopanning process, as 

phage particles can be secreted and used for panning against various antigens. Phage 

display involves the genetic fusion of a protein of interest to a coat protein of a 

bacteriophage, typically the minor coat protein pIII of the filamentous phage M13. 

This fusion results in the presentation of the protein of interest on the surface of the 

phage, enabling the selection and isolation of phages that bind to specific targets. 

Selections can be conducted using antigen-coupled magnetic beads or antigen-

coated microtitre plates. To enhance the isolation of high-affinity binders, stringent 

conditions can be applied, such as reducing antigen concentration and intensifying 
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washes during subsequent selection rounds. The strength of binding between the 

binders and their antigens can impact elution difficulty, potentially leading to the loss 

of the best binders during the selection process.  

Various molecular display technologies yield different library sizes. Table 2.1 
presents the reported size of antibody gene libraries constructed for various display 
technologies.  

Table 2.1 Antibody gene library sizes per platform technology. From Valldorf et al. (2022). 

published in Biological Chemistry. © 2022, licensed under CC BY. 

Display technology Library size (unique 
clones) 

References 

Mammalian 
display 

107 to 109 Waldmeier et al., (2016); Parthiban et al. 
(2019) 

Yeast surface 
display 

109 Benatuil et al. (2010; Rosowski et al. 
(2018) 

Bacterial display 1011 Bessette, Rice and Daugherty (2004) 
Phage display 1011 to 1012 Schwimmer et al. (2013); Tiller et al. 

(2013) 
Ribosome display 1012 to 1015 Lipovsek and Plückthun (2004); 

Plückthun (2012) 

In order to construct a phage display library, a collection of genes encoding 

different protein variants (here IgNAR nanobodies) and representing a diverse array 

of potential binding partners is cloned into a phagemid and fused to a coat protein 

gene of a bacteriophage (most often the minor coat protein pIII of the M13 

filamentous phage). This allows for the library to be introduced into bacteria, which 

are subsequently infected with helper phages supplying the essential components to 

phage production. The phage-bound library can then be amplified and propagated, 

resulting in the display of the protein variants on the phage surface. 

Next, the phage library is exposed to the target of interest, such as an antigen 

or protein, and phages binding specifically to the target are retained while unbound 

phages are washed away. The binding to the target immobilised on a solid phase 

depends on multiple factors, such as molecular affinity, surface characteristics, 

number of attachment points (avidity effects), and hydrodynamic conditions. Bound 

phages can then be eluted from the target, usually by increasing pH or by using 

cleaver enzymes such as trypsin and be used to reinfect bacteria for further 

amplification. This enrichment process, also referred to as biopanning, selects for 
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phages with the desired binding properties. Multiple rounds of biopanning with 

increasingly more stringent conditions are usually required to isolate the best 

binders.  

Finally, individual clones can be sequenced, or the enriched library can be 

analysed through next-generation sequencing, resulting in a consensus sequence. 

Binding capabilities can then be further assessed by Enzyme Linked Immunosorbent 

Assay (ELISA), surface plasmon resonance, or other protein-protein interaction 

assays.  

This system can be improved upon using specialised helper phages like 

Hyperphage. Hyperphages do not carry a functional version of the pIII gene, 

necessary for the infectivity and stability of filamentous phages. Instead, they rely on 

the Escherichia coli (E. coli) host to provide a functional copy of pIII. When the 

bacterium also contains a phagemid encoding for a pIII protein linked to an antibody 

fragment, this phagemid is used by the Hyperphage for packaging, resulting in all pIII 

copies displaying the antibody fragment. This highly increases the number of 

antibody fragments displayed by the phage, enabling the display of multiple copies 

of the target molecule and facilitating selections based on increased number of 

attachment points, also referred to as avidity (Rondot et al., 2001; Soltes et al., 2003). 
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2.1.3 Constructing a Nanobody Library 

2.1.3.1 Introduction of Genetic Diversity in the Nanobody Scaffold 

To create a nanobody library, a high number of random variants needs to be 

produced. In the case of the vNAR nanobody, the sequence diversity is confined to 

the Complementary-Determining Region 3, or CDR3 (Dooley et al., 2003). The CDR3 

encodes different combinations of non-canonical cysteines, thought to be providing 

structural stability to the vNAR through disulphide bonds (Roux et al., 1998). A 

method developed by Zadeh et al. (2019) utilised randomised primers to introduce 

genetic diversity into the CDR3 through a two-step splicing by overlap extension 

polymerase chain reaction: the first step inserting genetic diversity within the CDR3, 

and the second adding enzymatic restriction site for ease of cloning (see Figure 2.1). 

Each primer was designed around the two conserved cysteine residues, and with 

variable length to increase the structural diversity within the library. The 5A7 domain 

isolated by Helen Dooley was used as a template (Dooley et al., 2003). 

An established issue with randomised codons is the appearance of stop codon 

with a probability of above 50% after 10 random codons. To remedy this issue, 

degenerated NNK codons were used where N has an equal chance of standing for 

adenine (A), cytosine (C), guanine (G), and thymine (T), and K has an equal chance of 

standing for thymine (T) or guanine (G) (Jacobs et al., 2015). This means that the NNK 

codons can code for the 20 amino acids, and one stop codon (TAG) or amber codon. 

SupE E. coli strains (like TG1) can translate the amber codon into glutamine (Bossi, 

1983). This means that NNK primers allow for the production of a high number of 

genetic variants without the introduction of stop codons within the sequence, which 

increases the diversity of the library produces.  
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Figure 2.1 Schematic representation of the two-step splicing by overlap extension PCR 

introducing genetic diversity into the CDR3 of 5A7 vNAR.  

CDR = complementarity-determining region; HV2 and HV4 = hypervariable regions 2 and 4; C 

= cysteine-encoding codon; X = NNK codon. Figure created using Affinity Designer 2.6.2 

(available at affinity.serif.com). 

2.1.3.2 Phage Display 

To produce and select binding variants, the diversified 5A7 domains were 

fused to the pIII protein – a coliphage protein responsible for the infection of bacteria 

through binding of the F pili – to create a phage display library. A phagemid 

expressing a single chain variable antibody fragment (scFv) fused to pIII was obtained 

commercially (pSEX81, Progen). The pSEX81 cassette vector was engineered to 

facilitate the easy incorporation of coding regions for heavy and light chain variable 

domains. It was designed specifically for generating single-chain Fv antibody-pIII 

fusion proteins that are functional and can be displayed on the surface of M13 

bacteriophages (Breitling et al., 1991). Subsequently, the scFv can be separated from 

the pIII protein by trypsinisation. The gene fragments that have been amplified and 

encode the variable domain of either the heavy or light chain are inserted in a 

sequential manner, aligning them with the signal peptide sequence of bacterial 

pectate lyase (pelB). This positioning ensures the fusion protein’s secretion into the 

periplasmic space.  
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The VH and VL genes were connected using a DNA fragment that encodes a 

flexible linker spanning eighteen amino acids. This linker includes the initial six amino 

acids from the CH1 constant region domain and the hydrophilic peptide sequence 

EEGEFSEAR from the pig brain alpha tubulin. Additionally, the vector backbone 

features essential components, such as a robust promoter (inducible by IPTG), the T7 

terminator, the ColE1 origin of replication, the intergenic region of phage F1, and an 

ampicillin resistance marker for the purpose of selection. 

This system can be modified to suit the expression of pIII-fused nanobodies, 

by removing the coding regions for heavy and light chain variable domains as well as 

the flexible linker using a simple restriction digest. Subsequently the digested plasmid 

can be used for ligation of prepared randomised nanobody fragment. 

2.1.4 Aims and Objectives 

This chapter will focus on the construction of a genetically diverse nanobody 

library. The library will be constructed by randomisation of the vNAR 5A7 CDR3. The 

library quality and diversity will be assessed by next-generation sequencing. The 

binding capability of vNAR 5A7 against its original target hen egg-white lysozyme will 

also be tested.  
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2.2 Materials and Methods 

2.2.1 Microbiology Techniques 

2.2.1.1 Agar Plates 

LB agar plates were prepared using 25 mL of LB broth (Lennox) per plate 

(Lysogeny Broth Lennox, 0.5% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) 

Sodium chloride, pH at 20° C 7.0 ± 0.2, Sigma Aldrich, L3022), autoclaved with 1.5 % 

(w/v) agar powder. After cooling down, antibiotics were added if required. Under 

sterile conditions, plates were poured and left to solidify, before being used, or dried 

at 37° C for 30 to 60 minutes for storage. Stored plates were reheated in the 37° C 

incubator for 15 to 30 minutes before being used.  

2X TY agar plates were prepared using 25 mL of 2X TY (1.6% (w/v) tryptone, 

1% (w/v) yeast extract, 0.5% (w/v) NaCl, pH at 20° C 7.0 ± 0.2, Sigma Aldrich, Y2377), 

autoclaved with 1.5 % (w/v) agar powder. After cooling down, antibiotics were added 

if required. Under sterile conditions, plates were poured and left to solidify, before 

being used, or dried in a 37° C incubator for 30 to 60 minutes for storage. Stored 

plates were reheated in the 37° C incubator before being used. 

2X TY-GA agar plates were prepared using 25 mL of 2X TY (1.6% (w/v) 

tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl), pH at 20° C 7.0 ± 0.22), autoclaved 

with 1.5 % (w/v) agar powder. After cooling down, 100 mg/mL ampicillin and 100 mM 

sterile glucose were added. Under sterile conditions, plates were poured and left to 

solidify, before being used, or dried in a 37° C oven for 30 to 60 minutes for storage. 

Stored plates were reheated in the 37° C incubator for 15 to 30 minutes before being 

used.  

2.2.1.2 Transformation Protocols 

2.2.1.2.1 Chemically Competent Cells 

Chemically competent DH5α cells were obtained from New-England Biolab 

(C2987H). Prior to transformation, 100 µL of competent cells were thawed and plated 

on antibiotic-free agar plates to measure the cells’ competency. 10 ng of plasmid DNA 
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(pUC19 vector, New-England Biolab, N3041) were used per 100 µL of competent 

cells. Plasmid DNA was added to the cell stock and mixed gently, before being 

incubated on ice for 30 minutes. Cells were heat shocked at 42° C for 90 seconds and 

left to recover for 5 minutes on ice. 900 µL of SOC medium (2% (w/v) Vegetable 

Peptone, 0.5% (w/v) Yeast Extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM 

MgSO4, New-England Biolab, B9020S) was added to the cells, and the reaction was 

incubated at 37° C for 1 h. Cells were then diluted to the appropriate concentration 

in LB, and 100 µL was spread per plate containing the selecting antibiotic, using a 

sterile spreader.  

2.2.1.2.2 Electrocompetent Cells 

Electrocompetent TG1 cells were obtained from Agilent (200123). Prior to 

transformation, 100 µL of competent cells were thawed and plated on antibiotic-free 

agar plates to measure the cells’ competency. 10 ng of plasmid DNA (pUC19 vector, 

New-England Biolab, N3041) were used per 100 µL of competent cells. Plasmid DNA 

was added to the cell stock and mixed gently, before being incubated on ice for 30 

minutes. The cells were transferred to pre-chilled 1 mm (40 µL) or 2 mm (100 µL) 

electroporation cuvettes and shocked using an electroporator (1 mm: 1.7 kV, 100 Ω, 

and 25 μF; 2 mm: 2.5 kV, 100 Ω, and 25 µF). Cells were immediately resuspended in 

900 µL of SOC media pre-warmed (37° C) and incubated for 1 hour with shaking (37° 

C, 250 rpm). Cells were then diluted to the appropriate concentration in LB, and 

100 µL was spread per plate containing the selecting antibiotic, using a sterile 

spreader. 

2.2.1.3 Overnight Cultures 

Overnight cultures were set up in sterile test tubes in LB containing the 

relevant antibiotics. Under sterile conditions, one single colony was picked and used 

to inoculate the medium. Tubes were then incubated at 37° C for 14 to 18 hours with 

spinning or shaking. 
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2.2.1.4 Glycerol Stocks 

The desired cell strain was transformed (if required) and grown on LB agar 

plates containing the appropriate antibiotic. An overnight culture was then set up. 

When cells reached the stationary phase (OD600> 3.0), 80% (v/v) glycerol was added 

at a 1:4 ratio (final glycerol concentration 20% (v/v)). The culture was then 

transferred into cryo-tubes and fast frozen on dry ice, before being stored at -80° C. 

Cells were retrieved by scrapping the top of the material in the cryo-tube using a 

sterile loop and spread onto an agar plate containing the relevant antibiotic(s). 

2.2.1.5 Preparation of Competent Cells 

2.2.1.5.1 Chemically Competent Cells 

Chemically competent cells were prepared from 5 mL LB overnight cultures. 

After sufficient growth, fresh LB was inoculated at a 1:100 ratio, and cells were grown 

with shaking (37° C, 250 rpm) until OD600 reached 0.6. Cultures were transferred to 

pre-chilled centrifuge bottles and spun down (10 minutes, 2000 x g, 4° C) and 

resuspended in ice-cold sterile 0.1M calcium chloride. After 4 hours incubation on 

ice, cells were spun down again (10 minutes, 2000 x g, 4° C) and resuspended in ice-

cold sterile 0.1M calcium chloride and 30% (v/v) glycerol. Cells were then aliquoted 

and immediately used for transformation, or flash-frozen on dry ice for storage at -

80° C. 

2.2.1.5.2 Electrocompetent Cells 

Electrocompetent cells were prepared from 5 mL LB overnight cultures. After 

sufficient growth, fresh 2x TY media was inoculated at a 1:100 ratio, and cells were 

grown with shaking (37° C, 250 rpm) until OD600 reached 0.45. Cultures were 

transferred to pre-chilled centrifuge bottles and incubated on ice for 30 minutes. The 

cells were then spun down (10 minutes, 2000 x g, 4° C) and resuspended in ice-cold 

sterile HEPES buffer (25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 

7.0 at 20° C). This step was repeated once again. Finally, the cells were spun and 

resuspended in ice-cold sterile 10% (v/v) Glycerol-HEPES solution (pH 7.0 at 20° C) 

twice, and immediately used for transformation, or flash-frozen on dry ice for storage 

at -80 °C. 
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2.2.2 In vitro Synthesis of Variable DNA Fragments 
and Cloning into the Phagemid pSEX81 

2.2.2.1 Source Material 

The pSEX81 plasmid was obtained commercially from Progen (PR3005). The 

pHEN2 plasmid encoding the vNAR_5A7 fragment was obtained from Helen Dooley’s 

lab (Dooley et al., 2003). Representative plasmid maps can be seen in Appendix 1 

(Figure A. 1 and Figure A. 2).  

2.2.2.2 Polymerase Chain Reactions 

Primer sequences were either obtained from Zadeh et al. (2019) and a list of 

the primers used is visible in Table 2.2. Each primer was designed by introducing 

randomised codon within the two cysteine loops. The number of randomised codons 

within each loop varied for each primer, in order to increase the diversity of the 

library (for each primer, either 12, 13, 16, 18, 20 or randomised codon were 

introduced).   

Table 2.2 List of primers used for isolating the vNAR_5A7 fragment and introducing genetic 

diversity in the vNAR_5A7 fragment.  

N: any base; A: Adenine; G: Guanine; C: Cytosine; T: Thymine; M means a 50% mix each of 

amino (A or C) nucleotides in reverse primers (Zadeh et al., 2019). 

Name Sequence 5′ – > 3′ Size Description 
ForFR1_NcoI GCATGACCATGGCTCGAGTGGACCAAACACCG 32  Forward primer with 

restriction site NcoI. 
RevFR4_NotI GCATGAGCGGCCGCTTTATTCACAGTCACGGC

AGTGCCAT 
40  Reverse primer with 

restriction site NotI. 
For_pSex         GTATGTTGTGTGGAATTGTG 20 Forward primer for 

phagemid pSEX81. 
Rev_pSex GTTTTGTCGTCTTTCCAG 18 Reverse primer for 

phagemid pSEX81. 
RevRan_12 CGGCAGTGCCATCTCCGCAMNNMNNMNNGC

AMNNMNNACAMNNMNNMNNMNNMNNG
AGACCGCAACGATACGTGCCAC 

78  Reverse primer 
randomised 
number 12.       

RevRan_13 CGGCAGTGCCATCTCCGCAMNNMNNMNNM
NNMNNMNNGCAMNNACAMNNMNNMNN
MNNGAGACCGCAACGATACGTGCCAC 

81  Reverse primer 
randomised 
number 13.       

RevRan_16  CGGCAGTGCCATCTCCGCAMNNMNNMNNM
NNMNNMNNGCAMNNMNNMNNACAMNN

90  Reverse primer 
randomised 
number 16.       
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MNNMNNMNNMNNGAGACCGCAACGATAC
GTGCCAC 

RevRan_18 CGGCAGTGCCATCTCCGCAMNNMNNMNNM
NNMNNMNNGCAMNNMNNMNNMNNACA
MNNMNNMNNMNNMNNMNNGAGACCGCA
ACGATACGTGCCAC 

96  Reverse primer 
randomised 
number 18.       

RevRan_20 CGGCAGTGCCATCTCCGCAMNNMNNMNNM
NNMNNGCAMNNMNNMNNMNNMNNACA
MNNMNNMNNMNNMNNMNNMNNMNNG
AGACCGCAACGATACGTGCCAC 

102 Reverse primer 
randomised 
number 20.       

RevRan_23    CGGCAGTGCCATCTCCGCAMNNMNNMNNM
NNMNNMNNGCAMNNMNNMNNMNNMNN
ACAMNNMNNMNNMNNMNNMNNMNNMN
NMNNMNNGAGACCGCAACGATACGTGCCAC 

111 Reverse primer 
randomised 
number 23.       

PCRs requiring high-fidelity output were set up using Q5® High-Fidelity DNA 

Polymerase (New-England Biolab, M0491S). Reaction conditions are detailed in 

Table 2.3, and thermocycling conditions are detailed in Table 2.4.  

Table 2.3 Q5® High-Fidelity DNA PCR reaction conditions 

Component Final concentration 
5x Q5 reaction buffer 1x 
10 mM dNTPs (New-England Biolab, N0447S) 200 µM 
10 µM forward primer 0.5 µM 
10 µM reverse primer 0.5 µM 
Template DNA <1,000 ng 
Q5 high-fidelity DNA polymerase 0.02 u/µL 
5x Q5 high GC enhancer (optional) (1x) 
Nuclease-free water 

 

Table 2.4 Q5® High-Fidelity DNA PCR thermocycling conditions 

Step Temperature (°C) Time (s) Cycles 
Initial denaturation 98 30 x1 
Denaturation 98 10 

X25-35 Annealing 50–72* 30 
Extension 72 ** 
Final extension 72 120 x1 
*Annealing temperature was determined for each primer set using the New-England 
Biolab Tm Calculator v1.12.0.  
** Extension time was calculated as 30 seconds/kb. 

PCRs requiring high throughput, such as colony PCRs, were set up using 

OneTaq® Quick-Load® 2X Master Mix (New-England Biolab, M0486S). Reaction 

conditions are detailed in Table 2.5, and thermocycling conditions are detailed in 

Table 2.6.  
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Table 2.5 OneTaq® Quick-Load® DNA PCR reaction conditions 

Component Final concentration 
10 µM forward primer 0.2 µM 
10 µM reverse primer 0.2 µM 
Template DNA <1,000 ng 
OneTaq® quick load® 2x master mix with standard buffer 1x 
Nuclease-free water   

Table 2.6 OneTaq® Quick-Load® DNA PCR thermocycling conditions 

Step Temperature (°C) Time (s) Cycles 
Initial denaturation 94 30 x1 
Denaturation 94 30 

X30 Annealing 45–68* 60 
Extension 68 ** 
Final extension 68 300 x1 
*Annealing temperature was determined for each primer set using the New-England 
Biolab Tm Calculator v1.12.0.  
** Extension time was calculated as 1 minute/kb. 

PCR samples were cleaned by either by QIAquick Gel Extraction Kit (QIAGEN, 

28704) or QIAquick PCR Purification Kit (QIAGEN, 28104) depending on fragment size 

and possible contamination. For QIAquick PCR purification, samples were 

supplemented with 5X PB buffer and applied to a QIAquick column before being 

centrifuged (60 seconds, 17 900 x g). The column was then washed with PE buffer 

(10 mM Tris-HCl (pH 7.5 at 20° C), 80% ethanol) twice, and the DNA sample was 

eluted in 42° C nuclease-free water or EB buffer (10 mM Tris, 0.1 mM EDTA, pH 8.5 

at 20° C). For QIAquick Gel Extraction, samples were run on a 1% (w/v) agarose gel, 

and the correct bands were excised. Three volumes of QG buffer (5.5 M guanidine 

thiocyanate, 20 mM Tris-HCl, pH 6.6 at 20° C) were added per one volume of gel, and 

the samples were heated up at 50° C for 10 minutes. One gel volume of isopropanol 

was added, and the sample was applied to a QIAquick column before being 

centrifuged (60 seconds, 17 900 x g). The column was then washed with PE buffer 

twice, and the DNA sample was eluted in 42° C nuclease-free water or EB buffer.  

2.2.2.3 Restriction Digests and Ligations  

All restriction enzymes were obtained from New-England Biolab. Restriction 

digests were set up in nuclease-free water with 250 ng to 500 ng of DNA, 1X buffer 

(either rCutSmart™ Buffer (50 mM Potassium Acetate, 20 mM Tris-acetate, 10 mM 

Magnesium Acetate, 100 µg/mL Recombinant Albumin, pH 7.9 at 20° C, New-England 
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Biolab, B6004S) or NEBuffer™ r3.1 (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 

100 µg/mL Recombinant Albumin, pH 7.9 at 20° C, New-England Biolab, B6003S) 

depending on the enzyme used) and 1 unit of each enzyme per µg of DNA. Sample, 

buffer, and enzymes were kept on ice prior to mixing, and the reaction was incubated 

following supplier’s recommendation for each enzyme. 

Plasmids were ligated using the appropriate vector to insert ratio determined 

by ligating a small amount of plasmid at ratios varying from 1:0.5 to 1:2, transforming 

into E. coli and performing colony PCR to confirm fragment insertion. Reactions were 

set up with 1 µg of plasmid DNA, 4 u/ng of T4 DNA ligase (New-England Biolab, 

M0202S) and 1X T4 DNA ligase reaction buffer (50 mM Tris-HCl, 10 mM MgCl2, 1 mM 

ATP, 10 mM DTT, pH 7.5 at 20° C, New-England Biolab, B0202S) in nuclease-free 

water, and the reaction was incubated at 20° C for 1 hour.  

2.2.2.4 Minipreps 

To purify high-copy plasmid DNA, samples were minipreped using the 

QIAprep Spin Miniprep Kit (QIAGEN, 27104). 5 mL of overnight cultures in LB were 

pelleted (60 seconds, 17,900 x g) and resuspended in buffer P1 (50 mM Tris-HCl 

(pH 8.0 at 20° C), 10 mM EDTA, 100 μg/mL RNaseA). Buffer P2 (200 mM sodium 

hydroxide, 1% (v/v) SDS) and N3 (4.2 M guanidinium chloride, 0.9 M potassium 

acetate, pH 4.8 at 20° C) were added consecutively to lyse and neutralise the sample 

before centrifugation (60 seconds, 17,900 x g). The supernatant was applied to the 

QIAprep spin column, and spun down (60 seconds, 17,900 x g). Samples were washed 

using buffer PE, and DNA was eluted in EB buffer. DNA was quantified using a 

NanoDrop Microvolume Spectrophotometer (Thermo Fisher Scientific).  

2.2.2.5 DNA Gel Electrophoresis 

Agarose gels were prepared in 1X TBE (Tris-HCl/Borate/EDTA 

(ethylenediaminetetraacetic acid)) using 0.2 µg/mL ethidium bromide and 1–3% 

(w/v) agarose. DNA samples were loaded in 1X purple gel loading dye (New-England 

Biolab, B7024S) alongside the appropriate DNA ladder (1 kb DNA Ladder (N3232S), 

1 kb plus DNA ladder (N3200S) or 100 bp DNA ladder (N3231S), all from New-England 
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Biolab). Gels were run in 1X TBE buffer (0.13 M Tris (pH 7.6 at 20° C), 45 mM boric 

acid, 2.5 mM EDTA) at 120 V for 90 minutes. 

2.2.2.6 Sequencing 

Samples were sent to Eurofins Genomics (Germany) alongside appropriate 

primers for Sanger sequencing. The primers used are listed in Table 2.7. Results were 

analysed using SnapGene software 6.1 (from Insightful Science; available at 

snapgene.com). Primer sequences were either obtained from Zadeh et al. (2019) and 

a list of the primers used is visible in Table 2.7.  

Table 2.7 List of primers used for Sanger sequencing.  

These primers were used to validate the correct insertion of fragments into the pSEX81 

plasmid (Zadeh et al., 2019).  

Name Sequence 5′ – > 3′ Size Description 
For_pSex      
   

GTA TGT TGT GTG GAA TTG 
TG 

20 Forward primer for phagemid 
pSEX81. 

Rev_pSex GTT TTG TCG TCT TTC CAG 18 Reverse primer for phagemid 
pSEX81. 

Library diversity was evaluated by Next-Generation Sequencing (NGS). 

Primers were designed to specifically amplify the target gene/region using using 

SnapGene software 6.1 (from Insightful Science; available at snapgene.com). Key 

parameters considered included melting temperature (Tm) between 55–65 °C, GC 

content of 40–60%, and minimal secondary structure or self-complementarity to 

avoid primer-dimer formation; and included the Illumina TruSeq adapters required 

for sequencing. The NGSelect Amplicons on MiSeq service was used (Eurofins). PCR 

samples were prepared using universal (TruSeq) adapters (see Table 2.8) and Phusion 

DNA polymerase (New-England Biolab). Indexing and sequencing of all samples on 

MiSeq with 2 × 300 bp run mode was then performed by Eurofins. Results were 

collected and analysed using SnapGene 6.1 (from Insightful Science; available at 

www.snapgene.com) and Geneious Prime 2024.0.5 (from GraphPad software; 

available at www.geneious.com). 
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Table 2.8 List of primers used for next-generation sequencing.  

Illumina TruSeq adapters are highlighted in red. These primers were used to validate the 

diversity of the nanobody library. 

Name Sequence 5′ – > 3′ Size Description 
NGS3_for ACA CTC TTT CCC TAC ACG ACG 

CTC TTC CGA TCT AAA GAG 
GAG AAA TTA ACC ATG AAA 

57 Forward primer for next 
generation sequencing 
amplification, including NGS 
adapters. 

NGS3_rev GAC TGG AGT TCA GAC GTG 
TGC TCT TCC GAT CTG AAT TTT 
CTG TAT GGG ATT TTGC 

55 Reverse primer for next 
generation sequencing 
amplification, including NGS 
adapters. 

2.2.3 Construction of a vNAR Phage Display Library 

2.2.3.1 Transformation of pSEX81_vNAR into Electrocompetent TG1 

For each fragment, 15 µL of ligation mixture was transformed into 300 µL of 

competent E. coli TG1 cells by electroporation (see section 2.2.1.2.2, page 49) and 

incubated in 25 mL of SOC with shaking (1 h, 37° C, 250 rpm). A negative control was 

set up using 50 µL of competent cells and no DNA, and a positive control was set up 

using 50 µL of cells and 1 µL of highly pure pSEX81, and incubated in 2 mL of SOC (1 h, 

37° C, 250 rpm). Following incubation, the library was pooled and 100 µL of 10-2 to 

10-5 dilutions of the library, 10-1 and 10-2 dilutions of the positive control and 100 µL 

of the undiluted negative control were plated on 2X TY-GA plates. The rest of the 

library was centrifuged (10 minutes, 3500 x g, 4° C), resuspended in 10 mL of SOC 

medium, and plated on a 20 cm × 20 cm 2X TY-GA plate. Plates were incubated 

overnight, and the transformation titre was calculated using the following formula: 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 ∗ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑚𝑒𝑑𝑖𝑢𝑚 𝑐𝑢𝑙𝑡𝑢𝑟𝑒

𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑙𝑎𝑡𝑒𝑑 ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑜𝑙𝑑
 

After overnight incubation (37° C), 10 mL of LB medium was added to the 

20 cm × 20 cm agar plate and bacterial colonies were scraped using a flame-sterilised 

glass spreader. Sterile glycerol was added to a final concentration of 10%, and the 

library was aliquoted (500 µL aliquots) and stored at -80° C. 
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2.2.3.2 Phage Preparation and Selection of vNARs against Antigen by 
Phage Display 

A nanobody aliquot was thawed on ice and used to inoculate 500 mL of 2X TY-

GA medium. The culture was grown with shaking (37° C, 250 rpm) until OD600 reached 

0.5. 1 × 1012 Hyperphage M13KO7 ΔpIII (Progen, PRHYPE) were added to the culture 

and incubated at 37 ° C without shaking for 15 minutes following 30 minutes vigorous 

shaking. The culture was then spun (320 x g, 15 minutes, room temperature) and the 

supernatant was discarded. The pellet was resuspended in 500 mL of fresh 2X TY-GA 

medium and grown overnight (28° C, 250 rpm). The culture was centrifuged 

(20 minutes, 5500 x g, 4° C) and 125 mL of PEG salt solution (20% (v/v) polyethylene 

glycol, 2.5 M NaCl) was added to the supernatant to precipitate the phage binder. 

The supernatant was incubated on ice for 4 h, before being centrifuged again 

(60 minutes, 5500 x g, 4° C) to pellet the phage binders. The phage pellet was 

resuspended in 1 mL of PBS (Phosphate Buffered Saline, 137 mM NaCl, 2.7 mM KCl, 

8 mM Na2HPO4 and 2 mM KH2PO4) before being centrifuged at least three times to 

remove bacterial debris. Following centrifugation, 250 µL of PEG salt solution was 

added to precipitate the phages, and the solution was incubated on ice for 

30 minutes, and centrifuged (10 minutes, 17,900 x g, room temperature). The 

supernatant was discarded, and the phage pellet was centrifuged again (2 minutes, 

17,900 x g, room temperature) to remove the final traces of PEG salt solution. The 

phage pellet was finally resuspended in 500 µL of PBS and stored at 4° C in 

preparation for the following round of biopanning.  

2.2.3.3 Transformation Titre 

An overnight culture of TG1 was set up from a single colony grown on M9 

minimal agar plates and used to infect 5 mL of fresh 2x TY-G media (1:5 dilution). The 

culture was grown to OD600 = 0.6. 10 µL of phage solution at various concentrations 

were used to infect 90 µL of bacterial culture, and incubated at 37° C, 250 rpm for 45 

minutes, serial dilutions were then plated on 2x TY-GA plates (0.6% (w/v) tryptone, 

1% (w/v) yeast extract, 0.5% (w/v) NaCl, 100 mg/mL ampicillin, 100 mM glucose, 1.5% 

(w/v) agar powder). 1 µL of highly pure pSEX81 plasmid was transformed into 50 µL 

TG1 cells as a positive control, and 50 µL of TG1 cells were plated as a negative 
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control. Plates were incubated at 37° C overnight, and colonies were counted either 

manually or using ImageJ the next day.  

2.2.3.4 Statistical evaluation of library quality 

Library quality was assessed using FastQC (v0.12.0, Andrew, 2010; available 

at https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Per-base Phred 

quality scores were calculated to evaluate sequencing accuracy. The distribution of 

quality scores across read positions as well as read length was analyzed, including 

assessment of Gaussian distribution patterns. Data was plotted using GraphPad Prism 

10.4.1 (from GraphPad software; available at www.graphpad.com). Sequence 

cleaning and deduplication, as well as alignments, were performed using Geneious 

Prime 2024.0.5 (from GraphPad software; available at www.geneious.com). 

2.2.4 PpSEX81_5A7 ELISA Binding Assay 

A 96-well MaxiSorp™ flat bottom plate (Nunc) was coated with either 100 µL 

of 10 µg/mL HEL (Lysozyme from chicken egg white, Sigma Aldrich, L6876-1G) or 3% 

(w/v) BSA (Bovine Serum Albumin) in carbonate-bicarbonate buffer (0.03 M sodium 

carbonate, 0.07 M sodium bicarbonate, pH 9.6 at 20° C) and incubated overnight at 

4° C. The plate was then washed three times with TBST, and blocked with 200 µL of 

blocking buffer (3% (w/v) BSA, 0.05% (w/v) NaNO3 in TBS (Tris Buffered Saline, 

150 mM NaCl, 50 mM Tris-HCl, pH 7.6 at 20° C)) and incubated overnight at 4° C. The 

plate was washed three times in TBST (Tris Buffered Saline with Tween, 150 mM NaCl, 

50 mM Tris-HCl, 0.5% (v/v) Tween 20, pH 7.6 at 20° C) before the assay. PpSEX81_5A7 

was diluted in blocking buffer, and 11 two-fold serial dilutions were prepared starting 

at 1010 CFU/mL and incubated for 10 minutes at room temperature. 100 µL of 

PpSEX81 dilution was applied to each well and incubated with rocking at room 

temperature for 2 hours. The plate was then washed twelve times with TBST. 100 µL 

of anti-fd bacteriophage antibody produced in rabbit (Sigma B7786, 1:1000 in TBS) 

was applied to each well and incubated at room temperature for 1 hour. The plate 

was washed three times with TBST. 100 µL of swine anti-rabbit IgG-HRP (Dako P0399, 

1:4000 in TBS) was applied to each well and incubated at room temperature for 1 

hour. The plate was washed three times with TBST. The plate was developed with 
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100 µL 1-step ultra-TMB (3,3´,5,5´-tetramethylbenzidine, Thermo Fisher Scientific, 

34029) per well, and stopped after 20 minutes with 100 µL H2S04. Results were read 

on a GloMax® Discover Microplate Reader (Promega) at 450 nm.  

Non-linear regressions were performed in GraphPad Prism 10.4.1 (from 

GraphPad software; available at www.graphpad.com) using the log(agonist) vs. 

response – variable slope (four-parameter) model to fit the binding curves. To 

compare datasets, an extra sum-of-squares F test was used to determine whether 

the data were better described by separate curves or a shared curve.  

2.2.5 Reagents 

2.2.5.1 Antibiotics 

For each antibiotic used, a 1000X concentration stock was prepared in the 

relevant solvent (Table 2.9). Stocks were stored at -20° C. 

Table 2.9 Table of antibiotics used, along with the relevant solvent and working 

concentration. 

Antibiotic Solvent Working concentration in µg/mL 
Ampicillin dH2O 100 
Kanamycin dH2O 50 

2.2.5.2 Enzymes, Buffers, and Solutions 

Enzymes used were obtained from New-England Biolab and stored at -20 °C 

and kept on ice before use. Enzymes were used according to the provider’s guidelines 

and with supplied buffers. The composition of buffers can be seen in Table 2.10. The 

table also shows the composition of various buffers used. If composition is protected, 

the supplier was provided.  

Table 2.10 Table of buffers with compositions.  

Buffer pH is measured at room temperature (20° C). 

Buffer Composition (in dH2O, otherwise 
specified) 

Storage 

LB broth (Lennox) 1% (w/v) NaCl 
0.5% (w/v) Tryptone 
0.5% (w/v) Yeast Extract 
pH 7.0 

Room 
temperature 



University of Nottingham  Chapter 2 
 

60 
 

2X TY 1.6% (w/v) Tryptone 
1% (w/v) Yeast Extract 
0.5% (w/v) NaCl 
pH 7.0 

Room 
temperature 

2X TY-GA 1.6% (w/v) Tryptone 
1% (w/v) Yeast Extract 
0.5% (w/v) NaCl 
100 mg/mL ampicillin 
100 mM sterile glucose 
pH 7.0 

Room 
temperature 

SOC 2% (w/v) Vegetable Peptone 
0.5% (w/v) Yeast Extract 
10 mM NaCl 
2.5 mM KCl 
10 mM MgCl2 
10 mM MgSO4 

Room 
temperature 

2X TY 1.6% (w/v) Tryptone 
1% (w/v) Yeast Extract 
0.5% (w/v) NaCl 

Room 
temperature 

HEPES buffer 25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 
pH 7.5 

4° C 

rCutSmart™ Buffer 50 mM Potassium Acetate 
20 mM Tris-acetate 
10 mM Magnesium Acetate 
100 µg/mL Recombinant Albumin, pH 7.9  

-20 °C 

NEBuffer™ r3.1 100 mM NaCl 
50 mM Tris-HCl 
10 mM MgCl2 
100 µg/mL Recombinant Albumin 
pH 7.9  

-20 °C 

PB buffer 5 M Gu-HCl 
30% (v/v) isopropanol 

Room 
temperature 

PE buffer 10 mM Tris-HCl (pH 7.5) 
80% (v/v) ethanol 

Room 
temperature 

EB buffer 10 mM Tris 
0.1 mM EDTA 
pH 8.5 

Room 
temperature 

QG buffer 5.5 M guanidine thiocyanate 
20 mM Tris-HCl pH 6.6 

Room 
temperature 

P1 buffer 50 mM Tris-HCl (pH at 20° C pH 8.0) 
10 mM EDTA 
100 μg/mL RNaseA 

4° C 

P2 buffer 200 mM sodium hydroxide 
1% (w/v) SDS 

Room 
temperature 

N3 buffer 4.2 M guanidinium chloride 
0.9 M potassium acetate 
pH 4.8 

Room 
temperature 

T4 Ligase buffer 50 mM Tris-HCl 
10 mM magnesium chloride 
10 mM dithiothreitol 

-20 °C 
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1 mM adenosine triphosphate 
pH 7.5 

Carbonate-bicarbonate 
buffer 

0.03 M sodium carbonate 
0.07 M sodium bicarbonate 
pH 9.6 

4° C 

Blocking buffer 3% (w/v) BSA (Bovine Serum Albumin) 
0.05% NaNO3 in TBS 

4° C 

10X Phosphate buffered 
saline (PBS) 

1.37 M sodium chloride 
27 mM potassium chloride 
80 mM sodium phosphate 
20 mM potassium phosphate 

Room 
temperature 

10X Tris-buffered saline 
(TBS) 

500 mM Tris 
1.5 M sodium chloride 
pH 7.6 

Room 
temperature 

PBST 1X PBS 
0.5% (v/v) Tween 20 (unless specified 
otherwise) 

4° C 

TBST 1X TBS 
0.5% (v/v) Tween 20 (unless specified 
otherwise) 

4° C 

PEG salt solution 20% (w/v) polyethylene glycol 
2.5 M NaCl 

4° C 
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2.3 Results and Discussion 

2.3.1 Pilot Experiment 

The vNAR_5A7 domain was isolated from the pHEN2 plasmid obtained from 

the Helen Dooley lab (Dooley et al., 2003) by PCR. Primers ForFR1_NcoI and 

RevFR4_NotI (Sigma) were used to amplify the fragment and introduce restriction 

sites for ligation (New-England Biolab Q5 High-fidelity DNA polymerase, 30 cycles, Tm 

= 72° C, predicted amplicon size = 367 bp) (Zadeh et al., 2019). The resulting sample 

was run on a 2% agarose gel and a size between 300 and 400 bp was observed, which 

is consistent with the size of vNAR_5A7 of 367 bp (Figure 2.2).  

 

Figure 2.2 2% agarose gel of PCR-amplified vNAR_5A7 fragment.  

Lane 1: New-England Biolab 1 kb Plus DNA Ladder. Lane 2: vNAR_5A7 PCR amplicon. The 

band visible is consistent with the 367 bp size of vNAR_5A7 amplified by PCR from the pHEN2-

5A7 plasmid using primers ForFR1_NcoI and RevFR4_NotI.  

The amplicon was then digested with restriction enzymes NcoI and NotI (New-

England Biolab) and prepared for ligation using QIAquick PCR Purification Kit 

(QIAGEN). The pSEX81 phagemid was also digested and prepared using QIAquick Gel 
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Extraction Kit (QIAGEN), and a ligation reaction was set up. Following transformation 

and miniprep, successful ligation was verified by diagnostic digest with NcoI and NotI. 

Two bands were observed with sizes consistent with the empty pSEX81 vector (4114 

bp) and the vNAR_5A7 fragment (345 bp) (Figure 2.3). The resulting phagemid was 

named pSEX81_5A7, and confirmed by Sanger sequencing using primers For_pSex 

and Rev_pSex.  

 

Figure 2.3 1.5% Diagnostic digest of pSEX81_5A7.  

Lane 1: 1 kb DNA ladder (New-England Biolab). Lane 2: Uncut pSEX81_5A7 phagemid. The 

four bands correspond to the nicked, linear, supercoiled and circular single stranded 

presentations of the plasmid (Garner and Chrambach, 1992). Lane 3: pSEX81_5A7 digested 

with enzymes NcoI and NotI, showing consistent bands around the 4114 bp (vector) and 345 

bp (insert) marks.  

The pSEX81_5A7 plasmid was then transformed into E. coli TG1 bacteria. The 

culture was scaled up and infected with M13K07 helper phage (New-England Biolab). 
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Following phage amplification, phages were precipitated and quantified by bacterial 

titre. The resulting packaged phagemid was named PpSEX81_5A7.  

To develop an ELISA assay that could detect the binding of PpSEX81_5A7 to 

the antigen HEL, several optimisation experiments were performed. First, a 

MaxiSorp™ polystyrene ELISA plate (NUNC) was coated with 100 µL of a 2-fold 

horizontal dilution of HEL starting at 5 µg/mL, and incubated overnight at 4° C. After 

washing three times with PBST, the plate was blocked with 100 µL of 3% (w/v) milk 

powder in PBS and left overnight at 4° C. Following another three washes with PBST, 

PpSEX81_5A7 was diluted in PBS to a concentration of 106 phage per well (100 µL of 

107 CFU/mL). Subsequently, 100 µL of this phage dilution was added to each well and 

incubated at room temperature for 1 hour. The plate was washed three times with 

PBST, then incubated with 100 µL of primary anti-fd Bacteriophage antibody in rabbit 

(Sigma B2661, 1:1000 in PBS) for 1 hour at room temperature. After another three 

washes with PBST, the plate was incubated with 100 µL of secondary anti-Rabbit IgG 

peroxidase antibody (Sigma A0545, 1:30, 000 in PBS) for 1 hour at room temperature. 

Following three more washes with PBST, the plate was developed with 100 µL of 1-

step ultraTMB (Thermo Fisher Scientific, 34029), and the reaction was stopped with 

100 µL of H2SO4. The results were read at 450 nm and can be seen in Figure 2.4. A 

non-linear curve was fitted to the data with the following parameters: Hill Slope = 

0.6359, EC50 = 4.535e-008, R2 = 0.6888. The delta of signal between the maximum 

and background value was only 0.3251, which is reflected in a low R2 value. To 

improve this combination of a high background and low signal, a different blocking 

buffer was tested, and the concentration of HEL was increased. 
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Figure 2.4 ELISA of PpSEX81_5A7 against serial dilutions of HEL.  

A non-linear curve was fitted with the following parameters (Hill Slope = 0.6359, EC50 = 

4.535e-008, R2 = 0.6888). N=2. 

To attempt to reduce background signal, the blocking buffer was changed to 

200 µL of 3% whey, 0.25% Tween 20, 0.05% NaN3, 0.1% EDTA and 3% BSA in PBS. 

This resulted in almost no signal being detected in the assay, as can be seen in 

Figure 2.5. No curve could be fitted to the data, as the signal was too low. To attempt 

to increase the signal, a higher concentration of PpSEX81_5A7 was used for the 

subsequent assays (108 phages per well (100 µL of 109 CFU/mL)). 

 

Figure 2.5 ELISA of PpSEX81_5A7 against serial dilutions of HEL. 

The low signal resulted in an inconclusive assay. N=2. 

The following assay was set up using the increased PpSEX81_5A7 

concentration and new blocking buffer. Figure 2.6 showed that the signal still 
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appeared to be in the lower range for ELISA assays. Moreover, the data revealed the 

appearance of a hook effect where very high concentrations of an analyte lead to 

falsely low results due to antibody saturation. This occurs when excess antigen binds 

to all available antibodies, preventing further binding and resulting in reduced signal 

detection (Haga, 1995). The hook effect could explain the high signal observed at 

lower concentration of this assay. Changing the blocking buffer could potentially help 

mitigate the hook effect in ELISA assays. The choice of blocking buffer influences the 

binding characteristics of antibodies and can affect their availability for antigen 

interaction. Using a more suitable blocking agent may reduce non-specific binding 

and improve the assay’s dynamic range, thereby helping to better detect high 

concentrations of analytes without falling into the hook effect. The antibody 

concentration could also be increased to limit saturation by abundant antigen.  

 

Figure 2.6 ELISA of PpSEX81_5A7 against serial dilutions of HEL. 

The appearance of a ‘hook effect’ where antigen binding is limited by antibody saturation is 

visible. N=2 

For the next assay, the primary antibody dilution was changed from 1:1000 to 

1:500. Additionally, a BSA only blocking buffer was used to increase signal while 

limiting the hook effect observed in the previous assay (3% (w/v) BSA, 0.05% (w/v) 

NaNO3 in PBS). As can be seen in Figure 2.7, a clear increase in signal can be observed. 

A non-linear curve could be fitted to the data with the following parameters: Hill 

Slope = 0.9220, EC50 = 0.02265, R2 = 0.5828. While the signal increase, the high 

background was still present. This might be due to this specific range of HEL 
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concentration but might also be a sign of non-specific binding of the phages. Non-

specific binding of phages refers to their tendency to attach to surfaces or molecules 

that do not specifically match its intended target receptors. This type of binding is 

often due to electrostatic interactions, hydrophobic forces, or non-specific affinities 

that are not governed by the specific receptor-ligand recognition that phages 

typically use to infect bacterial cells. In ELISA assays, the non-specific binding of 

phages can pose challenges, as PpSEX81_5A7 may bind to the assay plate or other 

assay components in ways that are not dependent on specific antibody or antigen 

interactions. This non-specific attachment can lead to elevated background signals, 

reducing assay sensitivity and accuracy by making it difficult to distinguish between 

specific binding events and irrelevant noise. In this specific assay, using a serial 

dilution of phage rather than HEL could help lower background noises. The washing 

buffer was also changed from phosphate-buffered saline with Tween 20 (PBST) to 

Tris-buffered saline with Tween 20 (TBST). PBS, while effective in maintaining 

osmolarity and structural integrity, can sometimes increase background staining in 

complex systems or when high-affinity binding is needed, especially in phage-based 

systems where non-specific binding is an issue. Therefore, for assays like phage 

display ELISA, TBS is frequently preferred because it can minimise non-specific 

binding and improve signal-to-noise ratios, leading to clearer results and reduced 

false positives. A BSA only control was also included to visualise non-specific binding.  
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Figure 2.7 ELISA of PpSEX81_5A7 against serial dilutions of HEL.  

 Hill Slope = 0.9220, EC50 = 0.02265, R2 = 0.5828, N=2. 

In the subsequent assay (Figure 2.8), no signal could be observed. As 

PpSEX81_5A7 was diluted in an uncoated polycarbonate plate before being added to 

the MaxiSorp™ polystyrene ELISA plate, it was hypothesised that phages remained 

bound to the dilution plate and therefore were not transferred to the assay plate. To 

prevent this effect in future assays, dilution plates were blocked with blocking buffer 

prior to the serial dilutions of PpSEX81_5A7.  

 

Figure 2.8 ELISA of serial dilutions of PpSEX81_5A7 against HEL and 3% BSA as a control.  

No signal could be detected. N=2 

The final optimised demonstrated a non-linear binding curve close to 

sigmoidal curves usually observed in ELISA assays (Figure 2.9). The data revealed a 
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binding capacity two-fold over control at the higher PpSEX81_5A7 concentrations. 

This is reflected in the EC50 values of 8.92 × 108 and 6.41 x108 for HEL and BSA, 

respectively. The fitted curves were of similar Hill slopes (0.8302 and 0.8937, 

respectively) and displayed a good range of signals with R2 values of 0.9993 and 

0.9961. The lack of plateau can be explained by lower PpSEX81_5A7 concentrations 

over HEL and could be corrected by increasing the dilution range of phages or by 

reducing the amount of HEL used for plate coating. To ascertain the specificity of 

PpSEX81_5A7 to HEL, an extra sum-of-squares F test was performed and revealed a 

significant difference between the binding curves (P < 0.0001, F = 1611), indicating 

that separate fits better describe the data for the HEL and BSA groups than a global 

model. 
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Figure 2.9 ELISA of serial dilutions of PpSEX81_5A7 against HEL and 3% BSA as a control.  

Error bars show standard deviation but might not be visible for all data points due to low level 

of variation across samples. N=3.  

This final assay demonstrates the specificity of the 5A7 nanobody to the 

antigen egg white HEL and validates its use for targeting of this antigen in vitro. This 

optimised protocol could also be used to validate the binding of varying nanobodies 

against a range of antigens.  
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2.3.2 Library Construction 

2.3.2.1 Introduction of Genetic Diversity  

Genetic diversity was introduced into the vNAR_5A7 fragment by randomised 

PCR primers, following the procedure developed by Zadeh et al. (Q5® High-Fidelity 

DNA Polymerase, 30 cycles, Tm = 60° C, predicted amplicon size = 321–354 bp) (Zadeh 

et al., 2019). ForFR1_NcoI was used as a forward primer alongside six different 

reverse primers, each containing a different number of degenerated NNK codons (N 

means a 25% mix each of adenine, thymine, cytosine, and guanine nucleotides; K 

stands for a 50% mix each of thymine and guanine nucleotides). The variants were 

run on a 1% agarose gel, and all showed a size consistent with the expected size range 

of 349–382 bp (Figure 2.10). Variants were numbered 1 to 6, reflecting the use of 

primers RevRan_12, RevRan_13, RevRan_16, RevRan_18, RevRan_20 and RevRan_23 

(respectively). Variants were not normalised before the run, and intensity variation 

between DNA fragments only reflects PCR efficacy. A final PCR was used to introduce 

the restriction site NotI into all fragments using, once again, primers ForFR1_NcoI and 

RevFR4_Notl (Q5® High-Fidelity DNA Polymerase, 30 cycles, Tm = 60° C, predicted 

amplicon size = 349–382 bp). Fragments were digested using restriction enzymes 

NcoI and NotI (New-England Biolab) and prepared for ligation using QIAquick PCR 

Purification Kit (QIAGEN). 
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Figure 2.10 1% agarose gel of PCR-amplified vNAR_5A7 fragment and the 6 variants.  

Line 1: New-England Biolab 1 kb Plus DNA Ladder. Lane 2: vNAR_5A7 amplified by PCR. 

Lane 3 to 8: PCR amplified variants introducing genetic diversity into the nanobody sequence. 
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2.3.2.2 Colony PCR 

To optimise the ligation reaction, a pilot experiment was designed. Ligations 

were set up at three different molar ratios (vector: insert 1:0.5; 1:1; 1:2). Variant 3 

was selected as a representative construct, providing a middle ground between the 

longer variants (5 and 6) and shorter ones (1 and 2). The appropriate amount of 

inserts was ligated to 100 ng of cut and cleaned pSEX81 vector. Each ligation reaction 

was then transformed into TG1 cells by electroporation, and the cells were plated on 

2X TY-GA agar overnight. For each reaction, eight colonies were picked and prepared 

for colony PCR (QuickLoad Taq 2X master mix, 30 cycles, Tm = 44° C, predicted 

amplicon size = 571 bp) using primers For_pSEX and Rev_pSEx (Sigma). Each PCR 

reaction was then run on a 1% agarose gel. The ligation was considered successful if 

a 571 bp fragment could be observed. As seen in Figure 2.11, no successful ligation 

was observed in the negative control, 2 successful ligations were observed for 

ration 1:0.5, 4 successful ligations were observed for ration 1:1, and 5 successful 

ligations were observed for ration 1:2. This suggests that the 1:2 molecular ratio is 

the optimal ration for the pSEX81:variant 3 ligation. To confirm this ratio would be 

adequate for fragments of different sizes, the pilot experiment was repeated using 

variants 1 and 6. Contrary to variant 3, variants 1 and 6 showed poor ligations at the 

1:2 ratio (Figure 2.12). To mitigate the variations amongst fragments, a molar ratio of 

1:1 was used for all variants. 
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Figure 2.11 Colony PCR of the pSEX81: fragment 3 ligation at various molecular ratios. 

Lane 1 for all gels:  1 kb DNA ladder (New-England Biolab). Lane 2 to 9: 8 colonies were picked 

from each tested ratio for colony PCR. Positive samples are marked with a red arrow.  

 

Figure 2.12 Colony PCR of the pSEX81: fragment 1 and pSEX81: fragment 6 ligations at 

various molecular ratios.  

Lane 1 for all gels:  1 kb DNA ladder (New-England Biolab). Lane 2 to 9: For each fragment 

and ratio, 8 colonies were analysed by PCR. S12 = Variant 1, S23 = Variant 6. Positive samples 

are marked with a red arrow. 
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2.3.2.3 First Library Transformation 

The ligated plasmids were transformed in TG1 electrocompetent cells by 

using 1 µg ligated DNA (1 µg linear plasmid ligated with the appropriate amount of 

DNA based on PCR fragment size, at the 1:1 ratio) and 100 µL of competent cells by 

electroporation. Following incubation, the library was pooled and 10-2 to 10-5 

dilutions of the library, 10-1 and 10-2 dilutions of the positive control and 100 µL of the 

undiluted negative control were plated on 2X TY-GA plates (plates can be viewed in 

Appendix 2, Figure A. 5). This resulted in a transformation titre of 2.52 × 108 ± 1.33 

× 107 (SE).  

To assess the diversity of the nanobody library, one sample of 50 ng of 

material was sent to Eurofins for Next-Generation Sequencing (NGS). Low quality 

reads were trimmed, and sequences were paired, resulting in 222,557 total reads. To 

assess the quality of the sequencing, FastQC, a quality control tool for high 

throughput sequence data, was used (Andrew, 2010). As displayed in Figure 2.13 A, 

FastQC analysed the quality of the reads per base pair using the Phred score. The 

Phred quality score is used to measure base quality in DNA sequencing. Higher Phred 

values indicate greater consistency of the sequenced base. A Phred score of 20 

signifies that there is a 1 in 100 chance of an incorrect base call, meaning the precision 

of the base call is 99% (Ewing et al., 1998; Ewing and Green, 1998). The quality of the 

reads was considered sufficient until past 500 bp. As the run progresses, call quality 

on most platforms tends to degrade, making it common for base calls to fall into the 

‘reasonable’ quality zone towards the end of a read. Therefore, the quality of the 

sequencing was considered adequate for further analysis. In Figure 2.13 B, a per 

sequence quality score report is displayed. It enables the identification of subsets of 

sequences that consistently exhibit low-quality values (Phred scores) so that they can 

be removed before subsequent analysis. Figure 2.13 C shows the GC content per 

percentage sequence. This is usually expected to be normally distributed with a mean 

corresponding to the average GC genomic content of the organism used. The GC 

genomic content of E. coli is known to be between 50.4% and 50.8% (Mann and Chen, 

2010). However, the calculated Gaussian distribution here resulted in a mean of 

57.57 (µ = 57.57, σ = 4.376, dF = 98). This shift in the normal distribution could 
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indicate some systematic bias that is independent of base position. Finally, in 

Figure 2.13 D, a graph showing the distribution of fragment sizes reveals that 

sequences are distributed around the 149 and 429 bp mark. This is unexpected, as all 

fragments should cluster around the 429 bp size (average size of amplicon following 

library preparation). Overall, this library was considered sufficient quality for further 

analysis, but the unexpected sequence length might mean some discrepancy in the 

alignments and should be kept in mind.  

 

Figure 2.13 Selected results of FastQC analysis of library 1 NGS.  

A: Mean quality value across all bases at a given position in the read. A quality of 28 or above 

is considered good (in green), a quality between 20 and 28 is considered reasonable (yellow) 

and a quality below 20 is considered poor (red). B: Per sequence quality score. A quality of 28 

or above is considered good (in green), a quality between 20 and 28 is considered reasonable 

(yellow) and a quality below 20 is considered poor (red). C: GC content distribution observed 

(in black) and calculated according to a Gaussian distribution (in red). D: Sequence length 

distribution graph, showing peaks at 149 and 429 bp.  

Duplicates were removed, resulting in 46,095 unique sequences. Finally, 

reads under 100 bp were discarded, leaving the final 45,745 sequences for 

alignments. The shorter sequences clustering around the 149 bp mark were included 

to account for potentially incomplete sequencing. Those unique sequences were 
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aligned to the seven possible outcomes of the NGS preparatory PCR: NGS amplicon 

encoding native 5A7, NGS amplicon encoding F12 randomised sequence, NGS 

amplicon encoding F13 randomised sequence, NGS amplicon encoding F16 

randomised sequence, NGS amplicon encoding F18 randomised sequence, NGS 

amplicon encoding F20 randomised sequence and NGS amplicon encoding F23 

randomised sequence. This operation sorted the sequences by percentage identity 

to each of the various possible amplicons. It revealed that no sequences mapped to 

the empty pSEX81 vector, and 20,522 sequences (44.86%) closely resembled the 

native 5A7, meaning that only the remaining 25,183 sequences (55.05%) were 

potentially novel nanobodies. In Figure 2.14 A, the number of sequences that aligned 

to each template was plotted, and revealed that the shorter fragments, and 

particularly F12, ligated and transformed better than longer fragments. This effect 

might be due to the unique ligation ratio used for all fragments, and optimising this 

parameter in the future might lead to a more even distribution of the fragment sizes 

within the library. Figure 2.14 B shows the percentage identity of the sequences 

aligned with the 5A7 template. While this percentage identity is high throughout the 

5A7 domain, single nucleotide changes could still result in binding effects and novel 

nanobodies. Finally, Figure 2.14 C shows the identity score of alignments of the NGS 

reads to the various fragments. As expected, sequences show a low identity score in 

the primer binding region of the sequence, where the genetic diversity was 

introduced by randomised PCR. Peaks in these regions reflect the conserved 

cysteines encoded by each of the primers.  

Consensus sequences were then generated from these alignments and 

translated with the appropriate reading frame to ensure accurate representation of 

the protein-coding regions. The resulting consensus sequences were subjected to 

multiple sequence alignments (CLUSTAL) to identify conserved motifs and domains, 

as well as confirm the variability introduced by the randomised PCR. As can be seen 

in Figure 2.15, the alignment revealed areas of high conservation where the 

conserved sequences should be, as well as variability within the randomised region. 

The cysteines were conserved for all fragments apart from F20, where the cysteines 

seem to have mutated into prolines. Prolines have a cyclic structure that influences 
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protein folding by creating kinks, whereas cysteines have a thiol group capable of 

forming disulphide bonds that stabilise the three-dimensional structure of proteins. 

This amino acid could be problematic in producing quality nanobodies by altering the 

structure. Proline is encoded by CCU, CCC, CCA, and CCG, while Cysteine is encoded 

by UGU and UGC, revealing that an error early in the PCR process might have 

contributed to this change.  
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Figure 2.14 Alignments of NGS library 1 with the native 5A7 fragments, as well as the 

various randomised fragments.  
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A: Distribution of best fit alignment per fragment, showing that smaller fragments were more 

successfully transformed and expressed than larger fragments. B: Alignment of sequences 

with the 5A7 native sequence revealed a high identity level throughout the sequence. C: 

Alignments with the various randomised fragments revealed a high-level identity throughout 

apart from the primers binding site, as expected. Peaks of identity through the primer binding 

domain correspond to the conserved cysteines through the randomised region and confirm 

proper alignment. 

 

Figure 2.15 Alignment of the translated consensus resulting from the NGS data processing.  

Each read was aligned to the best fitting fragment template, and the resulting consensus was 

translated with the appropriate reading frame, before being aligned to each other using a 

CLUSTAL multi-sequence alignment algorithm.  

2.3.2.4 Second Library Transformation 

To improve the transformation titre, the ligated plasmids were transformed a 

second time in TG1, by using around 1 µg ligated DNA (1 µg linear plasmid ligated 

with the appropriate amount of DNA based on PCR fragment size, at the 1:1 ratio) 

and 300 µL of competent cells (three times more than for the first library) by 

electroporation. Following incubation, the library was pooled and 10-2 to 10-5 

dilutions of the library, 10-1 and 10-2 dilutions of the positive control and 100 µL of 

the undiluted negative control were plated on 2X TY-GA plates (plates can ve viewed 

in Appendix 2, Figure A. 6). This resulted in a transformation titre of 7.42 × 109 ± 1.88 

× 109 (SE), which is a fold higher than for the previous library.   
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To evaluate the diversity of the nanobody library, two 50 ng samples were 

sent to Eurofins for Next-Generation Sequencing (NGS). After trimming low-quality 

reads and pairing sequences, the total reads amounted to 64,930 for run 1, and 

60,809 for run 2 (125,739 for both runs). The sequencing quality was assessed using 

FastQC, a quality control tool for high-throughput sequence data (Andrew, 2010). As 

shown in Figure 2.16 A, FastQC analysed the quality of reads per base pair with the 

Phred score, which measures base quality in DNA sequencing. Higher Phred values 

indicate greater consistency of the sequenced base, with a Phred score of 20 

indicating a 1 in 100 chance of an incorrect base call, meaning a 99% precision rate 

(Ewing et al., 1998; Ewing and Green, 1998). The reads maintained good quality up 

to 500 bp, but call quality typically degrades over the run, causing base calls to fall 

into the ‘reasonable’ quality zone towards the end. Once again, the sequencing 

quality was deemed adequate for further analysis. Figure 2.16 B presents a per 

sequence quality score report, which helps identify subsets of sequences with 

consistently low-quality values (Phred scores) that can be removed before further 

analysis; however, no such sequences were found here.  
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Figure 2.16 Selected results of FastQC analysis of library 2 NGSs.  

A: Mean quality value across all bases at a given position in the read. A quality of 28 or above 

is considered good (in green), a quality between 20 and 28 is considered reasonable (yellow) 

and a quality below 20 is considered poor (red). B: Per sequence quality score. A quality of 28 

or above is considered good (in green), a quality between 20 and 28 is considered reasonable 

(yellow) and a quality below 20 is considered poor (red).  

Figure 2.17 displays the GC content per percentage sequence, which is 

generally expected to be normally distributed with a mean corresponding to the 

organism’s average genomic GC content. For E. coli, this is between 50.4% and 50.8% 

(Mann and Chen, 2010). Here, the calculated Gaussian showed a mean of 52.31 for 

each run (µ = 52.31, σ = 0.79330, dF = 98 for run 1, and µ = 52.31, σ = 0.7893, dF = 98 

for run 2), indicating a potential systematic bias independent of base position, 

although this is not as pronounced as in library 1, and both runs are within two 

standard deviations of the average genomic GC content for E. coli. 
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Figure 2.17 GC content distribution of library 2 analysed by NGS twice. 

A: GC content distribution observed (in black). B: GC content distribution calculated according 

to a Gaussian distribution (in red).  

Lastly, Figure 2.18 reveals the distribution of fragment sizes, showing 

sequences clustered around 429 bp for both samples. This is a clear improvement 

from library 1 and within the expected range.  

 

Figure 2.18 Sequence length distribution of library 2 analysed by NGS twice.  

A peak at 429 bp is visible for both runs. 

Subsequently, sequence lists were merged, and duplicates were removed, 

resulting in 43,469 unique sequences. Sequences under 100 bp were removed, giving 
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a final list of 43,403 sequences. Those unique sequences were aligned to the seven 

possible outcomes of the NGS preparatory PCR: NGS amplicon encoding native 5A7, 

NGS amplicon encoding F12 randomised sequence, NGS amplicon encoding F13 

randomised sequence, NGS amplicon encoding F16 randomised sequence, NGS 

amplicon encoding F18 randomised sequence, NGS amplicon encoding F20 

randomised sequence and NGS amplicon encoding F23 randomised sequence. This 

operation sorted the sequences by percentage identity to each of the various possible 

amplicons. The identity per base for each alignment can be seen in Figure 2.19. It 

revealed that no sequences mapped to the empty pSEX81 vector, and 30,326 

sequences (69.87%) closely resembled the native 5A7, meaning that only the 

remaining 13,075 sequences (30.12%) were novel nanobodies.  
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Figure 2.19 Alignments of NGS library 2 with the native 5A7 fragments, as well as the 

various randomised fragments.  
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A: Distribution of best fit alignment per fragment, showing that smaller fragments were more 

successfully transformed and expressed than larger fragments. B: Alignment of sequences 

with the 5A7 native sequence revealed a high identity level throughout the sequence. C: 

Alignments with the various randomised fragments revealed a high-level identity throughout 

apart from the primers binding site, as expected. Peaks of identity through the primer binding 

domain correspond to the conserved cysteines through the randomised region and confirm 

proper alignment. 

Once again, the F20 fragment posed an issue and showed a very low number 

of reads aligning. There are several possible explanations for this. Firstly, secondary 

structures in DNA can pose significant challenges during ligation because they involve 

intra- or intermolecular interactions that can hinder the accessibility or availability of 

the ends required for ligation. Hairpin, which occur when sequences within a single 

strand of DNA are complementary and fold back on themselves to form a double-

stranded stem with a loop. Other structures such as cruciforms can form in double 

double-stranded DNA. Finally, G-quadruplexes are typically stable structures that can 

form where hydrogen bonds appear between guanines in guanine-rich sequences. 

These secondary structures can affect ligation and polymerase chain reactions by 

reducing the accessibility of DNA sequences, creating misalignments of double 

strands, and impairing enzyme activity, leading to difficulties in digestion and ligation 

of fragments. Several steps can help reduce the occurrence of secondary structures. 

Heat treatments or additives such as DMSO or betaine before ligation can help 

destabilise and reduce secondary structures. Increased reaction time can also 

increase the successfulness of ligations and PCRs. As mentioned in the above method 

section, reaction times for fragment PCR and ligations were extended to the 

maximum recommended by the enzyme manufacturer (New-England Biolab) and 

DMSO was consistently used. Moreover, the apparition of numerous and frequent 

secondary structures with F20 only seems unlikely.  

Consensus sequences for each alignment were translated and compared to 

the original vNAR 5A7 using a CLUSTAL multi-sequence alignment algorithm. All 

obtained consensuses were consistent with the expected synthetic design, validating 

the construction of the library further (see Figure 2.20). 
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Figure 2.20 Alignment of the translated consensus resulting from the NGS data processing.  

Each read was aligned to the best fitting fragment template, and the resulting consensus was 

translated with the appropriate reading frame, before being aligned to each other using a 

CLUSTAL multi-sequence alignment algorithm. 

2.3.3 Assessing Final Library Diversity 

To determine the number of possible sequences that the given DNA sequence 

can produce, we need to consider the variability introduced by the ambiguous 

bases ’N’ and ‘K’. As mentioned previously, here N stands for any base (A, C, G, or T), 

meaning there are four possible choices for each N; and K stands for either T or G, 

meaning there are 2 possible choices for each K. Therefore, NNK codon, there are 20 

amino acids possible as well as one stop codon, translated to glutamic acid by the 

SupE Escherichia coli (E. coli) strain. So, for each fragment, the number of possible 

sequences is:  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑁𝑁𝐾 𝑐𝑜𝑑𝑜𝑛𝑠ଶ଴ 

As an example, for fragment 12, There are 10 NNK codons in the sequence, 

giving us:  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒𝑠 = 10ଶ଴ 

So, the fragment 12 DNA sequence can produce 1020 possible sequences due 

to the variations introduced by the ambiguous bases N and K. This calculation was 
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repeated for each fragment, and results can be seen in Table 2.11. This gives us a 

maximum size for the library based on fragment variability of 2.923 × 1026. 

Table 2.11 Number of possible sequences per fragment size. 

Fragment ID  
Number 
of NNK 
codons 

Total Possible Sequences 

F12 10 100000000000000000000 1.000 × 1020 
F13 11 672749994932560000000 6.727 × 1020 
F16 14 83668255425284800000000 8.367 × 1022 
F18 16 1208925819614630000000000 1.209 × 1024 
F20 18 12748236216396100000000000 1.275 × 1025 
F23 21 278218429446952000000000000 2.782 × 1026 

Total for all fragments 292260032488382000000000000 2.923 × 1026 

 However, the maximum diversity will be capped by the library construction 

method. Only a certain number of genes will be synthesised by PCR, and only a certain 

number of plasmids will transform into a certain number of bacteria. As previously 

mentioned, the transformation titres of the libraries were 2.52 × 108 ± 1.33 × 107 (SE) 

and 7.42 × 109 ± 1.88 × 109 (SE) respectively. When analysed by NGS, only a certain 

number of sequences were unique and sufficiently long for analysis (above 100 bp). 

Those represented 20.55% of total sequences for library 1, and 34.52% for library 2. 

Therefore, the maximum calculated diversity of each library is 5.18 × 107 ± 2.73 × 106 

(SE) for library 1, and 2.56 × 109 ± 6.49 × 108 (SE) for library 2. Those numbers are 

recapitulated in Table 2.12.  
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Table 2.12 Values obtained from libraries used to calculate diversity.  

The transformation titre was calculated based on the number of colonies in plated dilutions. 

The total number of sequences was obtained from files provided by Eurofins. Sequences were 

deduplicated and trimmed using Geneious. The final library diversity was calculated as a 

percentage of appropriate sequences from the titre.  

 Library 1 Library 2 
Transformation titre 2.52 × 108 ± 1.33 × 107 (SE) 7.42 × 109 ± 1.88 × 109 (SE) 
Total sequences (NGS) 222,557 125,739 
Deduplicated sequences 46,095 43,469 
Length trimmed 45,745 43,403 
Percentage of total (%) 20.55428497 34.51832765 
Final library diversity 5.18 × 107 ± 2.73 × 106 (SE) 2.56 × 109 ± 6.49 × 108 (SE) 

While no other libraries developed using the methodology from Zadeh et al. 

(2019) have been reported in the literature, comparable nanobody libraries 

constructed using the camelid cAbBCII10 nanobody scaffold have reported similar 

levels of diversity. 1.65 × 109 CFU/mL with an insertion rate of 100% was reported by 

Yan et al. (2014), but no calculation of bias and/or duplicates was performed. 

Cabanillas-Bernal et al. (2019) reported 1.2 x109, 4.0 x109 and 3.4 x1011 CFU, but only 

65% diversity and 86% insertion. In each of these studies, no NGS analyses of 

nanobodies were performed, meaning that the estimated library size does not take 

fully into consideration potential duplicates, bias or wild-type sequence 

contamination. Utilising the NGS technology allows for a more accurate 

representation of the library size and can help flag biases in the sequences that could 

result in poor binding efficiency. Tsai et al. (2023) constructed a similar nanobody 

library based on the vNAR 5A7 scaffold and measured their library diversity utilising 

comparable NGS analysis. They reported a diversity of 1.97 × 109. Commercial 

libraries tend to report higher diversities, but these are often expressed as colony 

forming units (CFU) and therefore not a true representation of actual diversity (see 

Table 2.13).  
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Table 2.13 Selected examples of phage-display antibody fragment library. 

Library size is expressed as colony forming unit (CFU). TU-IB: Technische Universität 

Braunschweig, Institut für Biochemie, Biotechnologie und Bioinformatik; KNU: Kangwon 

National University. Adapted from Almagro et al. (2019). Published in Antibodies. © 2019, 

licensed under CC BY. 
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2.4  Conclusion 

The binding of vNAR 5A7 against HEL was assessed and revealed a strongly 

significant difference in phage binding capacity between HEL and BSA control (t = 16, 

58, dF =11, p<0.0001). A semi-synthetic library was constructed based on previously 

published methodology, and NGS analysis confirmed a library diversity of 2.56 × 109 

± 6.49 × 108 (SE), consistent with previously published libraries in the literature.  
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Chapter 3 Identification of Targets 

3.1 Introduction 

3.1.1 The Role of Goblet Cells in Airway 
Hypersecretion 

Goblet cells play a crucial role in airway hypersecretion, a hallmark feature of 

airway hypersecretory diseases (AHDs). These specialised epithelial cells are 

abundant in the respiratory tract and are responsible for producing and secreting 

mucus. In healthy airways, mucus serves as a protective barrier, trapping and 

removing inhaled particles, pathogens, and irritants, thus maintaining respiratory 

health. However, in conditions of airway inflammation and hyper-responsiveness, 

goblet cell activity becomes dysregulated, leading to an excessive production and 

secretion of mucus. This hypersecretion of mucus can result in mucus plugging, 

airway obstruction, and impaired lung function, contributing to the characteristic 

symptoms of increased coughing, wheezing, and shortness of breath. Excess mucus 

also provides a favourable environment for bacterial growth, further exacerbating 

airway inflammation and worsening the disease progression. Targeting goblet cell 

hypersecretion represents a potential therapeutic approach to alleviate airway 

obstruction and improve respiratory function in patients with airway hypersecretion-

related respiratory diseases. 

3.1.2 Airway Epithelium Models 

3.1.2.1 Immortalised cell lines as airway epithelium models 

Calu-3 cells have become invaluable tools in respiratory research due to their 

relevance as an in vitro model for studying airway epithelial function and drug testing. 

These human bronchial epithelial cells, derived from a lung adenocarcinoma, exhibit 

characteristics similar to the native respiratory epithelium, including the presence of 

cilia and mucus-producing goblet cells. Calu-3 genotype is available as part of the 

American Type Culture Collection (ATCC, Nguyen et al., 2024). Calu-3 cells form 
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polarised monolayers and retain the ability to secrete and transport ions and 

molecules across the cell membrane, making them suitable for investigating 

processes such as mucociliary clearance and ion transport. Their use in respiratory 

research allows for the exploration of host-pathogen interactions, respiratory virus 

infections, and the study of drug absorption, metabolism, and toxicity in the context 

of the lung epithelium. By providing a cost-effective and accessible model, Calu-3 

cells continue to play a pivotal role in advancing our understanding of respiratory 

diseases and aiding the development of novel therapeutic interventions for 

respiratory disorders. However, as Calu-3 is an immortalised cell line derived from 

lung adenocarcinoma, it is constituted of only one cell type and does not differentiate 

in the same way as primary cells, making them an imperfect model for studying the 

epithelium layer. Moreover, they present an abnormal karyotype and can grow 

polyps under certain conditions.  

BEAS-2B cells have also been used in respiratory research  (Sharma et al., 

2023). These cells originate from non-tumorigenic human bronchial epithelial cells 

and were immortalised using Ad12‑SV40 virus in 1988 (Ke et al., 1988). While these 

cells can be an appropriate model for some respiratory research, their inability to 

generate goblet cells and low mucin production disqualified them for this study 

(Stewart et al., 2012). 

Finally, A549 human alveolar type II-like cells are also commonly used in 

airway research. While they do produce mucus under stimulation, their alveolar (and 

not bronchial) origin, where mucus production is normally absent, make them poorly 

suited to the study of airway hypersecretory diseases (Lagowala et al., 2021).  

3.1.2.2 Human Bronchial Epithelium Primary Cells 

Primary cells offer a more biologically relevant and representative model of 

the human respiratory system. These cells are directly derived from human lung 

tissues, preserving the native cellular characteristics and complex interactions within 

the lung microenvironment. Compared to immortalised cell lines, primary cells better 

mimic the in vivo physiology and responses of the respiratory epithelium, providing 

a more biologically relevant understanding of disease mechanisms, host-pathogen 
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interactions and drug responses (Michi and Proud, 2021; Stewart et al., 2012). 

Moreover, primary cells offer the advantage of genetic diversity, reflecting individual 

variations in disease susceptibility and treatment response. Their use enables the 

investigation of personalised medicine approaches and the development of targeted 

therapies for respiratory disorders and infections (Lee et al., 2020; Ramalho et al., 

2023; Woehlk et al., 2023). However, primary cells are more technically challenging 

and costly to grow, and they also present a limited lifespan of 16 population 

doublings, or about four passages, which limits their use in respiratory research 

(Reeves et al., 2018).   

Air-liquid interface (ALI) culture of human bronchial epithelial cells is a 

specialised technique used to cultivate these cells in a way that closely mimics their 

natural environment in the human respiratory tract. In this method, bronchial 

epithelial cells are grown on a semipermeable membrane with their basal surface 

exposed to a nutrient-rich medium and their apical surface exposed to air. This setup 

allows the cells to differentiate and form a pseudostratified epithelium, complete 

with cilia and mucus-producing goblet cells, replicating the cellular architecture and 

functionality of the bronchial epithelium in vivo. ALI cultures are invaluable for 

studying respiratory biology, disease mechanisms, drug responses, and the effects of 

environmental exposures on airway epithelium, providing a more physiologically 

relevant model compared to traditional submerged cultures (Levardon et al., 2018; 

Silva et al., 2023; Stewart et al., 2012).  

The use of ALI cultivated human bronchial epithelium in this research allows 

for the identification of surface available antigens as target for nanobody binding, by 

using the cultivated epithelium as a target in lieu of immobilised antigens. This 

approach replicates physiological conditions more accurately and can result in 

improved specificity and affinity of the isolated antibody fragments.  

3.1.3 Fluorescence Activated Cell Sorting and Goblet 
Cell Isolation 

Flow cytometry allows for the identification of cells through physical and 

chemical characteristics. Cells in suspension are labelled using fluorescent probes 
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attached to antibodies and passed through one or more laser beams in single file. 

This enables rapid and quantitative measurement of cellular characteristics, such as 

size, granularity and fluorescence, for thousands of cells per second by analysing their 

scattering and emission signals. By using fluorescently labelled antibodies or other 

probes, flow cytometry enables the identification and sorting of specific cell subsets 

and is widely employed in immunology for immunophenotyping, cell cycle analysis, 

apoptosis detection, and immune response assessment.  

Fluorescence-Activated Cell Sorting (FACS) couples the mechanisms of flow 

cytometry with the ability to sort cell samples into various populations based on 

predetermined characteristics from heterogenous cell populations. Fluorescently 

labelled antibodies or probes are used to target specific cell surface or intracellular 

markers, allowing for precise identification and sorting of distinct cell subsets.  

In the context of airway research, this technique can be used to sort ALI 

cultivated human bronchial epithelium into cell subpopulation, separating the 

different cell types. In 2021, Bonser et al. developed a larger panel of antibodies for 

the simultaneous analysis of the major subsets of airway epithelial cells, providing a 

new tool for understanding airway epithelial physiology and pathology (Bonser et al., 

2021). Known markers described in the literature, augmented with information from 

single cell RNA sequencing datasets (such as CDHR3 [cadherin-related family member 

3; ciliated] and CEACAM5 [carcinoembryonic antigen-related cell-adhesion molecule 

5; secretory]) were used; and antibody panels for flow cytometry to identify, 

characterise, and isolate the major human airway epithelial subsets were developed 

(Duclos et al., 2019; Ordovas-Montanes et al., 2018; Plasschaert et al., 2018; Ruiz 

García et al., 2019).  

3.1.4 Biopanning 

3.1.4.1 Principle 

Antibody biopanning allows for the selection of specific antibodies from large 

libraries, typically phage display libraries. Advancements in molecular biology and 

recombinant DNA technology enabled the creation and manipulation of vast libraries 
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of antibodies. As previously mentioned, the concept of antibody biopanning was 

significantly advanced by the development of phage display technology by George 

P. Smith in 1985 (Smith, 1985). Smith demonstrated that peptides could be expressed 

on the surface of bacteriophages and that phages displaying specific peptides could 

be isolated from large libraries through affinity selection. In 1990, the technique was 

further refined when J. McCafferty, A. Griffiths, G. Winter, and D. Chiswell described 

the display of functional antibody fragments on the surface of bacteriophages, 

notably utilising the surface protein pIII of M13 bacteriophages (McCafferty et al., 

1990). They showed that antibodies could be selected from libraries based on their 

binding affinity to specific antigens, a process now known as antibody biopanning. 

The technique involves several rounds of selection, where a phage library 

displaying a diverse array of antibody fragments is exposed to an immobilised 

antigen. Phages that bind to the antigen are retained, while non-binders are washed 

away. Bound phages are then eluted and amplified in bacteria, enriching the pool of 

antigen-specific phages. Additionally, depletion round against contaminant antigens 

(such as plastics and buffers) can be used to remove non-specific binders. Repeated 

rounds of this selection process progressively enrich the library for high-affinity 

antibodies. A schematic representation of the biopanning process is presented in 

Figure 3.1. 

Antibody biopanning has since evolved with improvements in library 

construction, selection methods, and screening technologies. It has become a 

cornerstone method for generating monoclonal antibodies for research, diagnostic, 

and therapeutic purposes. The ability to rapidly isolate high-affinity antibodies from 

vast libraries has revolutionised antibody discovery and development, leading to 

numerous applications in medicine and biotechnology. Over 70 phage-derived 

monoclonal antibodies have been entered in clinical studies, and 14 have been 

approved. For example, Genentech human phage display library was used to screen 

for recombinants against human PD-L1. The PD-L1/PD-1 axis plays a central role in 

this suppression by inhibiting T-cell activity and tumour cell killing. Blocking PD-L1 

enhances anticancer immunity, particularly in tumours with high PD-L1 expression on 

immune cells. This led to the development of an anti-PD-L1 antibody, which was 
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approved for the treatment of non-small cell lung cancer and urothelial carcinoma in 

2016 (Alfaleh et al., 2020; Herbst et al., 2014; Irving et al., 2012).  

Optimising biopanning in phage display requires careful attention to multiple 

parameters to maximise the selection of high-affinity binders while minimising off-

target interactions. One of the first key points for successful selection of relevant 

binders relies on ensuring the antigen mimics its native conformation. For this reason, 

using whole cells as biopanning targets is the most advantageous. Whole cell panning 

(WCP) removes the need for target protein expression and purification. Large 

membrane proteins are often insoluble and therefore present many challenges for 

purification. For example, WCP can be used to identify binders for membrane 

proteins lacking large soluble extracellular domains, such as ion channels. Secondly, 

using whole cells or engineered cell lines for displaying the antigen in phage display 

ensures that the membrane proteins retain their correct conformational structure. 

This is crucial because membrane proteins often undergo conformational changes or 

aggregation when isolated in a soluble form. Traditional expression methods often 

lead to improperly folded proteins due to the lack of appropriate post-translational 

modifications. Phage display using native cells helps overcome this by ensuring 

proteins are displayed in their natural, functional state. This can ensure that the 

isolated binders specifically bind to membrane proteins in their native 

conformational structure, ensuring that they recognise epitopes that are exposed in 

a physiological context.  
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Figure 3.1 Schematic representation of the biopanning process in nanobody phage display. 

A diverse nanobody library is transformed into E. coli. The bacteria are infected with 

Hyperphage and the packaged phagemid is amplified. Phages are precipitated and display a 

nanobody on each copy of their pIII gene. These phages are used to present their nanobodies 

to immobilised antigen. The binding phages are eluted and amplified using M13KO7 helper 

phages. The newly packaged phagemids display a lower number of copies of the nanobodies, 

leading to selection by affinity rather than avidity. The process is repeated until only the high 

affinity binders remain. Figure created using Affinity Designer 2.6.2 (available at 

affinity.serif.com).  
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3.1.4.2 Limitations 

While phage display is a powerful tool for antibody discovery, it presents 

notable limitations when compared to the mining of immunised animals’ repertoires. 

The immune system imposes stringent filtration processes, ensuring mammalian-

derived antibodies exhibit superior biophysical properties, such as better stability, 

selectivity, specificity, and reduced developability risks, compared to those 

generated by phage display. A significant proportion of approved therapeutic 

antibodies originate from immunised mice, highlighting the advantages of leveraging 

the natural immune system for antibody selection. Saggy et al. (2012) compared the 

characteristics of antibodies against hapten trinitrophenyl isolated either through the 

sequencing of V gene cDNAs obtained from total splenocytes of mice immunised with 

hapten trinitrophenyl, or through the phage display of a scFv library. Antibody genes 

abundant in immune repertoires and showing strong antigen specificity were poorly 

displayed on phages and failed to be enriched during phage panning. Additionally, 

phage display-derived antibodies often present higher self-interaction and poly-

reactivity, attributed to a greater proportion of aliphatic residues in their CDRs, which 

can compromise therapeutic developability. The complex antibody-generation 

system of mammals leads better biophysical attributes, lower self-interaction and 

lower poly-reactivity in antibody fragments when compared to phage display 

methodologies, and additional steps to improve antibody characteristics might be 

required as a result and this is reflected in the therapeutic landscape (Jain et al., 2017; 

Kaleli et al., 2019). 

3.1.4.3 The pSEX81 System 

To facilitate the generation and screening of large and diverse antibody 

libraries, several molecular tools have been developed. As previously discussed, the 

pSEX81 system (PROGEN), composed of a phagemid and sets of primers, is one of 

those tools (see section 2.1.3, page 45).  

The previously prepared nanobody library using the pSEX81 scaffold can be 

infected with M13 helper phage. The precipitated progeny phages can then be used 

directly for antigen biopanning. Additionally, the M13 Hyperphage (PROGEN) based 
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on the helper phage technology (‘Hyperphage System’) developed by Rondot et al. 

(2001) can be used to increase the number of scFv-pIII proteins displayed per phage 

(up to five versus one for traditional M13 bacteriophage). This allows for improved 

screening efficiency, requiring smaller amounts of antigens, and a selection by avidity 

as opposed to affinity. The library can then be further refined by utilising the 

traditional M13 bacteriophage for more stringent screening conditions.  

3.1.5 Aim and Objectives 

This chapter will focus on the culture of Air-Liquid Interface Human Bronchial 

Epithelial Primary Cells (ALI HBEpc) as a target for nanobody phage library 

biopanning. The successful culture of ALI HBEpc will be described, followed by the 

optimisation of the biopanning process of the library developed in chapter 2. Finally, 

the sequences of isolated binders will be analysed and discussed.   
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3.2 Materials and Methods 

3.2.1 Human Bronchial Epithelial Primary Cell 
Culture 

3.2.1.1 Liquid Culture 

For liquid culture of Human Bronchial Epithelial primary cells (HBEpc, 

obtained from PromoCell, C-12640), LHC basal medium (Serum free with glutamine 

and phenol red, PromoCell, C-21260) was supplemented with 1% Penicillin-

Streptomycin 5,000 U/mL (Gibco, 15140122) and 2.46% (v/v) media supplement mix 

(PromoCell, C-39165). The media was pre-warmed to 37° C and changed every 2 to 3 

days, typically on Monday, Wednesday, and Friday. The media volumes used were 

15 mL for T75 flasks and 5 mL for T25 flasks. Plastic items were treated with a collagen 

solution (SAFC, 125-50) at a concentration of 0.1 mL/cm², incubated at 37° C for 2 

hours, and then drained. Plasticware, which had been treated with a protective 

coating, was kept refrigerated at 4° C for as long as six weeks. The coating volumes 

were 2.5 mL for T75 flasks (75 cm² surface area), 7.5 mL for T25 flasks (25 cm² surface 

area), 200 µL for large (12-well fit) inserts (1.91 cm² surface area), and 40 µL for small 

(24-well fit) inserts (0.32 cm² surface area). Cells were passaged upon reaching 

approximately 80% confluence. Media was removed, and cells were washed three 

times with 5 mL of pre-warmed PBS (Phosphate Buffer Saline, Gibco, 10010023). Cells 

were detached when required using 5 mL of TrypLE™ Express Enzyme (Gibco, 

12605010) per T75 flask (1.5 mL for T25 flasks) and incubated at 37° C for 10 minutes. 

An equal volume of growth medium was added, and the cells were centrifuged at 350 

x g for 5 minutes before being resuspended in 2 mL of medium. For cell counting and 

viability assessment, 10 µL of resuspended cells was mixed with 10 µL of Trypan Blue 

Solution, 0.4% (Gibco, 15250061) and loaded onto a Countess™ 3 Automated Cell 

Counter (Thermo Fisher Scientific) slide, with concentration and viability 

(ensuring>70% live cells) recorded. Cells were seeded at minimum densities of 5 × 105 

cells for T75 flasks, 1.7 × 105 cells for T25 flasks, 1 × 105 cells for large (12-well fit) 

inserts, and 0.5 × 105 cells for small (24-well fit) inserts. For freezing, cells were 

resuspended at a density of 5 × 105 cells in growth media with 10% (v/v) DMSO (Sigma 
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Aldrich, D8418) and transferred to 2 mL cryotubes. Tubes were transferred into a pre-

cooled (4° C) freezing container (Nalgene® Mr. Frosty) and kept at -80 °C overnight 

before being stored in liquid nitrogen vapour phase (-140 °C). 

3.2.1.2 Air-Liquid Interface 

Inserts (Corning® Transwell®, 0.4 μm pore size, tissue culture-treated 

polyethylene terephthalate (Corning, CLS3470-48EA) were seeded and grown at the 

liquid-liquid interface (growth media in both the apical and basal chamber) for 12 

days. The apical media was then removed, and the cells were left to grow at the air-

liquid interface. The insert surface was washed once a week with 500 µL pre-warmed 

PBS to remove potential mucus build up: PBS was applied to the apical surface of the 

insert before gentle aspiration. Cells were detached when required using 100 µL 

(apical) and 500 µL (basal) of TrypLE™ Express Enzyme and incubated at 37° C for 10 

minutes. An equal volume of growth media was added, and cells were centrifuged at 

350 x g for 5 minutes before resuspension in an appropriate buffer.  

3.2.2 MucilAir™  

MucilAir™ inserts are pre-cultured human upper airway epithelium at the air-

liquid interface. Bronchial MucilAir™ from healthy non-smoker patients were 

obtained from Epithelix (EP01MD) as well as the specialised MucilAir™ culture 

medium (EP04MM).  

Upon reception of the products, the plate was allowed to warm up for 1 hour 

in an incubator set to 37° C with 99% humidity and 5% CO2. Under a laminar flow 

hood, a new 24-well plate was prepared by filling each well with 0.7 mL of MucilAir™ 

culture medium, pre-warmed to 37° C. The cover of the MucilAir™ package was 

removed, and the plate was taken out of the box and transferred into the laminar 

flow hood. Using forceps, the inserts were carefully removed from the gel and 

transferred into the new plate. The plate was then placed into the incubator for 

normal culturing for up to a month, at 37° C, 99% humidity, and 5% CO2, and the 

medium was changed every 2 to 3 days.  



University of Nottingham  Chapter 3 
 

102 
 

Cells were detached using 100 µL (apical) and 500 µL (basal) of TrypLE™ 

Express Enzyme and incubated at 37° C for 10 minutes. An equal volume of growth 

media was added, and cells were centrifuged at 350 x g for 5 minutes before 

resuspension in an appropriate buffer. 

3.2.3 IL-13 Stimulation 

Cells were stimulated using IL-13 (Sigma Aldrich, SRP3274) at a final 

concentration of 10 ng/mL in the basal chamber for seven days after establishment 

of the air-liquid interface.  

3.2.4 Flow Cytometry 

All flow cytometry experiments were conducted with the help of the 

University of Nottingham flow cytometry staff, Dr David Onion and Nicola Croxall.  

All reagent stocks were stored at 4° C in the dark. Ice-cold PBA staining buffer 

was prepared by adding 1% (w/v) BSA (Bovine Serum Albumin) to PBS (Phosphate 

Buffer Saline, 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 2 mM KH2PO4) and sterile 

filtering the solution through a 0.2 µm filter. Formaldehyde was diluted in PBS to a 

concentration of 3% (v/v). 

Cells were first stained with the SiR-Tubulin staining kit (Spirochrome, 

Cytoskeleton Inc., CY-SC002): a staining solution was prepared fresh each time using 

SiR-Tubulin 1 mM in anhydrous DMSO, further diluted in culture medium with 

verapamil, a broad-spectrum efflux pump inhibitor, for a final concentration of 1 µM 

and 10 µM respectively. The solution was applied for 30 minutes at 37° C on the apical 

cell surface, before proceeding with the antibody staining. 

Cells were detached using Tryplee as previously described (see section 

3.2.1.1, page 100) and resuspended in PBA, ensuring a single cell suspension. Cell 

count and viability were assessed using a 1:1 dilution in Trypan Blue Solution, 0.4% 

(Gibco, 15250061) and a Countess™ 3 Automated Cell Counter (Thermo Fisher 

Scientific), and the volume of cells in PBA was adjusted to achieve a concentration of 

1 × 106 to 1 × 107 cells/mL. Subsequently, 50 µL of cells were placed into the bottom 
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of a 5 mL FACS tube. The required amount of primary antibody was added to the cells 

and mixed by pipetting, before incubation on ice in the dark for 30 minutes minimum 

(maximum overnight). A table of all stains and antibodies used, as well as dilution 

factor, can be seen in Table 3.1. After incubation, 1.5 mL of PBA was added, and the 

cells were centrifuged at 300 x g for 5 minutes in a swing-out rotor. The supernatant 

was removed, and the pellet was vortexed. The centrifugation and vortexing steps 

were then repeated. The cells were then resuspended in 500 µL of PBA with 3% (v/v) 

formaldehyde for flow cytometry.  

Table 3.1 List of stains and antibodies used for flow cytometry analysis and cell sorting. 

Antibody Supplier and 
product code 

Target Fluorophore Dilution 
Or 
Concentration 

Anti-human 
CD271 (NGFR) 

Biolegend 
(345109) 

Nerve growth 
factor receptor 
(NGFR) 

PE-Cy7 1:100 

Anti-human 
CD66a/c/e 

Biolegend 
(342323) 

Carcinoembryonic 
antigen-related 
cell adhesion 
molecule 6 
(CEACAM6) 

Brilliant 
Violet 605™ 

1:100 

Anti-human 
TSPAN8 
Antibody 

Biolegend 
(378903) 

Tetraspanin 8 
(TSPAN8) 

PE 1:100 

Zombie UV™ 
Fixable 
Viability Kit 

Biolegend 
(423107) 

 Viability dye Zombie UV 1:100 

SiR-Tubulin 
staining kit 

Cytoskeleton 
(CY-SC002) 

Microtubules 
(microtubule 
binding drug 
Docetaxel) 

Silicon 
rhodamine 
(SiR) 

1 µM 

For analytical flow cytometry, samples were analysed on the Sony ID7000C Spectral 

Cell Analyser. For cell sorting, samples were run on the Beckman Coulter Astrios EQ. 

All data was analysed using Kaluza Analysis Software v2.2 (available at 

www.mybeckman.uk/flow-cytometry/software/kaluza).  

3.2.5 Shark Nanobody Library Biopanning 

3.2.5.1 Phage Amplification 

An overnight culture of TG1 was set up from a single colony grown on M9 

minimal agar plates (2.0 mM MgSO₄, 22.2 mM Glucose, 0.1 mM CaCl₂, 1X M9 
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Minimal Salts (Sigma Aldrich, M6030), 1.5% (w/v) agar powder) added to 500 mL 

fresh 2x TY-G media (0.6% (w/v) tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl, 

100 mM glucose, pH 7.0 at 20° C) in a 2 L flask (1:100 dilution) and grown to OD600 = 

0.6. 1012 phages were added, and the culture was incubated at 37° C, 250 rpm for 1 

hour. Ampicillin and/or kanamycin were added, and the culture was incubated 

overnight at 30° C, 150 rpm. The cells were pelleted at 4500 x g, 4° C for 20 minutes 

twice. PEG salt solution (20% (w/v) polyethylene glycol, 2.5 M NaCl) was added to the 

culture media (1:5 dilution) and the phage solution was incubated overnight at 4° C. 

The phages were then pelleted at 17,700 x g, 4° C for 1 hour, before being 

resuspended in 1 mL sterile PBS. Leftover cells were pelleted out by centrifugation at 

4500 x g for 20 minutes, and phages were again precipitated with PEG salt solution 

at 4° C for 1 hour, before being spun out at 17,700 x g for 30 minutes and resuspended 

in PBS or PBS 5% (v/v) FBS (Foetal Bovine Serum, Gibco, A5670701).  

3.2.5.2 Phage Titre Protocol 

An overnight culture of TG1 was set up from a single colony grown on M9 

minimal agar plates and used to infect 5 mL of fresh 2x TY-G media (1:5 dilution). The 

culture was grown to OD600 = 0.6. 10 µL of phage solution at various concentrations 

were used to infect 90 µL of bacterial culture, and incubated at 37° C, 250 rpm for 45 

minutes, serial dilutions were then plated on 2x TY-GA plates (0.6% (w/v) tryptone, 

1% (w/v) yeast extract, 0.5% (w/v) NaCl, 100 mg/mL ampicillin, 100 mM glucose, 1.5% 

(w/v) agar powder). 1 µL of highly pure pSEX81 plasmid was transformed into 50 µL 

TG1 cells as a positive control, and 50 µL of TG1 cells were plated as a negative 

control. Plates were incubated at 37° C overnight, and colonies were counted either 

manually or using ImageJ the next day.  

3.2.5.3 Biopanning Optimisation 

Several biopanning protocols were designed in order to maximise binding and 

phage output. A schematic representation of the protocols can be seen in Figure 3.2. 

The protocols were developed based on the relevant literature (Ho and Pastan, 2009; 

Panagides et al., 2022; Stark et al., 2017; Zadeh et al., 2019). 
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Figure 3.2 Schematic representation of each biopanning protocol developed to isolate 

goblet cell-specific nanobodies.  

Red boxes represent different biopanning experiments: T1 = biopanning experiment 1; T2 = 

biopanning experiment 2; T3 = biopanning experiment 3; T4R1 = biopanning experiment 4 

round 1; T4R2 = biopanning experiment 4 round 2; T4R3 = biopanning experiment 4 round 3.  

Figure created using Powerpoint. 
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For biopanning experiments T1 and T2, HBEpc cells were grown at the ALI and 

goblet cells hyperplasia was induced (see protocol described in 3.2, page 100). The 

nanobody library was diluted in cell media, and 200 µL of the phage library (1014 CFU) 

was applied to the cells. For T1, the samples were incubated for 2 h at 4° C on an 

orbital microplate shaker (800 rpm). Following incubation, the cells were washed 

three times for 5 minutes each with 200 µL of cell media on an orbital microplate 

shaker (800 rpm). Subsequently, the cells were washed five times with 100 µL of cell 

media. The phage was eluted by using 200 µL of trypsin buffer (10 mM Tris pH 7.4 at 

20° C, 137 mM NaCl, 1 mM CaCl2 and 100 µg/mL Trypsin) for 30 minutes at 37° C on 

an orbital microplate shaker (800 rpm).  

For T2, the samples were incubated with 200 µL of the phage library (1014 

CFU) for 4 h at 4° C on an orbital microplate shaker (500 rpm). Following incubation, 

the cells were washed three times for 5 minutes each with 200 µL of cell media on an 

orbital microplate shaker (500 rpm). Subsequently, the cells were washed five times 

with 100 µL of cell media. The phage was eluted by using 200 µL of trypsin buffer 

twice, each for 30 minutes at 37° C on an orbital microplate shaker (500 rpm).  

For biopanning experiment T3, ALI-cultured HBEpcs were stimulated for 

goblet cells hyperplasia and sorted by FACS (see protocol described in 3.2.4, 

page 102). The cells were then pelleted by centrifugation (5 minutes, 300 rpm). 

TSPAN8 positive cells were then used for biopanning. The nanobody library was 

diluted in cell media and cells were resuspended in 500 µL (1014 CFU). Incubation 

ensued for 4 hours at 4° C on an orbital microplate shaker (500 rpm). Afterward, cells 

were washed thrice for 5 minutes each with 500 µL of cell media. Phage elution was 

carried out using 500 µL of trypsin buffer for 30 minutes at 37° C. 

For T4R1 biopanning experiment, ALI-cultured HBEpcs were stimulated for 

goblet cells hyperplasia. Following stimulation, cells were detached using 100 µL 

apical and 500 µL basal TrypLE™ Express Enzymes (Gibco, 12605010) for 20 minutes 

at 37° C. The detached cells were then spun down and resuspended in PBS 

supplemented with 5% FBS. The nanobody library was diluted in PBS/5% (v/v) FBS, 

and the cells were spun down again at 300 x g for 5 minutes before being 
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resuspended in 500 µL of the nanobody library solution (1014 CFU). Incubation 

followed for 2 hours at 4° C on an orbital microplate shaker (300 rpm). Subsequently, 

the cells were washed thrice for 5 minutes each with 500 µL of PBS/5% (v/v) FBS, with 

the final wash involving a change of Eppendorf. Phage elution was then performed 

using 1 mL trypsin buffer for 30 minutes at 37° C. Absorption round T4R2 was 

performed against unstimulated ALI-cultured HBEpc. Cells were detached using 100 

µL apical and 500 µL basal TrypLE™ Express enzyme for 20 minutes at 37° C. The 

detached cells were then spun down and resuspended in PBS supplemented with 5% 

FBS. 1011 pfu of the amplified eluate from the previous round (T4R1) were diluted in 

PBS/5% (v/v) FBS, and the cells were spun down again at 300 x g for 5 minutes before 

being resuspended in 500 µL of eluate. Cells were incubated for 2 hours at 4° C on an 

orbital microplate shaker (300 rpm), before being spun down. Unbound phages were 

collected and amplified for the final round of biopanning.  

Final amplification round T4R3 was performed following the same protocol as 

for T4R1, using 1011 pfu of the amplified eluate from the previous round (T4R2).  

30 µL of the resulting phage samples was then frozen at -20 °C after glycerol 

addition to 20% (v/v). The remaining 970 µL were used for amplification and titre, 

except for T4R3 where the remaining 970 µL were used to infect 4 mL of OD600 = 0.6 

TG1 cells in 2x TY-G media and plated on a 20x20cm 2x TY-GA plate (0.6% (w/v) 

tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl, 100 mg/mL ampicillin, 100 mM 

sterile glucose, 1.5% (w/v) agar powder, pH 7.0 at 20° C). 

3.2.6 Western Blotting 

ALI differentiated cells (IL-13- and IL-13+) were detached from the insert using 

TrypLE™ Express Enzyme (Gibco, 12605010) and lysed using 100 µL of RIPA Lysis and 

Extraction Buffer (Thermo Fisher Scientific™, 89900) per insert. Samples were then 

diluted in either Novex™ Tris-Glycine SDS Sample Buffer (Invitrogen™, LC2676) or 

NativePAGE™ Sample Buffer (Invitrogen™, BN2003) and run either on a denaturing 

Novex™ Tris-Glycine Mini Protein Gels, 4–20%, 1.0 mm (Invitrogen™, XP04205BOX) 

with Novex™ Tris-Glycine SDS Running Buffer (Invitrogen™, LC2675), or on a native 

NativePAGE™ 4 to 16%, Bis-Tris, 1.0 mm, Mini Protein Gels (Invitrogen™, 
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BN1004BOX) with NativePAGE™ Running Buffer (Invitrogen™, BN2001), alongside 

the Spectra™ Multicolour Broad Range Protein Ladder (Thermo Fisher Scientific™, 

26634). 

Gels were removed from their running casts and semi-dry transferred onto 

nitrocellulose membranes (Invitrogen™, LC2009) using Trans-Blot® SD Semi-Dry 

Transfer Cell with Schafer-Nielsen Transfer Dry Buffer (48 mM Tris, 39 mM glycine, 

and 1.3 mM SDS, pH 9.0-9.3 at 20° C, Bjerrum and Schafer-Nielsen, 1986). 

Membranes were then blocked with 3% (w/v) BSA in TBST (Tris-buffered 

saline (150 mM NaCl, 50 mM Tris-HCl, pH 7.6 at 20° C) with 0.5% (v/v) Tween 20) 

overnight at 4° C with gentle rocking. Membranes were then washed (3 times, 10 

minutes in TBST at room temperature) before being probed with the appropriate 

M13K07 phage sample (either clone carrying phages, native phages, or vNAR 5A7 

phages, 200 µL of 1014 CFU phage preparation) for 2 hours at room temperature with 

gentle rocking. Membranes were washed again and probed with Anti-M13 Antibody-

HRP conjugate (SinoBiological, 11973-MM05T-H). After a final wash, samples were 

imaged on a LiCor Odyssey® M Imager equipped with a chemiluminescence module 

using WesternSure® PREMIUM Chemiluminescent Substrate (LiCor, 926–95000). 

Pictures were taken at the 3 minutes, 5 minutes and 10 minutes exposure time, and 

the best exposed images were selected.  

3.2.7 Sequencing  

3.2.7.1 Polymerase Chain Reactions 

PCRs requiring high-fidelity output were set up using Phusion® High-Fidelity 

DNA Polymerase (New-England Biolab, M0530S). Reaction conditions are detailed in 

Table 3.2, and thermocycling conditions are detailed in Table 3.2.  
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Table 3.2 Phusion® High-Fidelity DNA PCR reaction conditions 

Component Final concentration 
5X Phusion HF or GC Buffer 1x 
10 mM dNTPs (New-England Biolab, N0447S) 200 µM 
10 µM forward primer 0.5 µM 
10 µM reverse primer 0.5 µM 
Template DNA <250 ng 
Phusion DNA Polymerase 0.02 u/µL 
DMSO (optional) 3% 
Nuclease-free water 

 

 

Table 3.3 Phusion® High-Fidelity DNA PCR thermocycling conditions 

Step Temperature (°C) Time (s) Cycles 
Initial denaturation 98 30 x1 
Denaturation 98 10 

X25-35 Annealing 45–72* 30 
Extension 72 ** 
Final extension 72 600 x1 
*Annealing temperature was determined for each primer set using the New-England 
Biolab Tm Calculator v1.12.0.  
** Extension time was calculated as 30 seconds/kb. 

3.2.7.2 Bacterial DNA 

DNA was extracted from phage-infected bacteria using Monarch® Plasmid 

Miniprep Kit (New-England Biolab, T1110S). The composition of the buffers is 

proprietary. 5 mL of overnight cultures in LB were pelleted (60 seconds, 17,900 x g) 

and resuspended in buffer B1. 200 µL of buffer B2 and 400 µL of buffer B3 were added 

consecutively to lyse and neutralise the sample before centrifugation (10 minutes, 

17,900 x g). The supernatant was applied to the Monarch Spin Column S2D, and spun 

down (60 seconds, 17,900 x g). Samples were washed using 200 μL of buffer BZ, spun 

down, and washed again with 400 μL of buffer WZ. DNA was eluted in EB buffer 

(10 mM Tris, 0.1 mM EDTA, pH 8.5 at 20° C). DNA was quantified using a NanoDrop 

Microvolume Spectrophotometer (Thermo Fisher Scientific).  

Samples were sent to Eurofins Genomics (Germany) alongside appropriate 

primers for Sanger sequencing. The primers used are listed in Table 3.4. Results were 
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analysed using SnapGene software 6.1 (from Insightful Science; available at 

snapgene.com). 

Table 3.4 List of primers used for Sanger sequencing.  

These primers were used to determine the sequence isolated through biopanning. 

Name Sequence 5′ – > 3′ Size Description 
ForFR1_NcoI GCA TGA CCA TGG CTC 

GAG TGG ACC AAA CAC 
CG 

32  vNAR 5A7 library construction. 
Forward primer with 
restriction site NcoI. 

RevFR4_NotI GCA TGA GCG GCC GCT 
TTA TTC ACA GTC ACG 
GCA GTG CCA T 

40  vNAR 5A7 library construction. 
Reverse primer with restriction 
site NotI. 

Whole plasmid sequencing was performed by the DeepSeq Centre for 

Genetics and Genomics at the University of Nottingham using their Rapid long read 

whole genome plasmid analysis with Epi2Me workflows service. Reads were 

assembled using SnapGene 6.1 (from Insightful Science; available at 

www.snapgene.com) and Geneious Prime 2024.0.5 (from GraphPad software; 

available at www.geneious.com).  

3.2.7.3 Phage DNA 

Purification of phage DNA protocol was adapted from Wilson (1993).  

After phage amplification procedure, 200 μL of PEG salt solution was added 

to 500 μL of the phage containing supernatant and incubated for 20 minutes at room 

temperature. Phages were spun at 13,800 x g for 10 minutes at 4° C and the 

supernatant was discarded. The phage pellet was resuspended in 100 μL of iodide 

buffer (10 mM Tris-HCl (pH 8.0 at 20° C), 1 mM EDTA, 4 M sodium iodide). 250 μL of 

ethanol was added and the sample was incubated for 20 minutes at room 

temperature. The sample was spun again (13,800 x g for 10 minutes at 4° C) and the 

supernatant was discarded. The DNA pellet was washed with 0.5 mL of 70% (v/v) 

ethanol and briefly dried before being resuspended in 30 μL of EB buffer (10 mM Tris-

Cl, pH 8.5 at 20° C) and stored at -20° C. PCR samples were prepared using universal 

(TruSeq) adapters (see Table 3.5) and Phusion DNA polymerase (New-England 

Biolab). Indexing and sequencing of all samples on MiSeq with 2 × 300 bp run mode 
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was then performed by Eurofins. Results were collected and analysed using 

SnapGene 6.1 (from Insightful Science; available at www.snapgene.com) and 

Geneious Prime 2024.0.5 (from GraphPad software; available at 

www.geneious.com). 

Table 3.5 List of primers used for next-generation sequencing.  

Illumina TruSeq adapters are highlighted in red. These primers were used to validate the 

diversity of the nanobody library. 

Name Sequence 5′ – > 3′ Size Description 
NGS3_for ACA CTC TTT CCC TAC ACG ACG 

CTC TTC CGA TCT AAA GAG 
GAG AAA TTA ACC ATG AAA 

57 Forward primer for next 
generation sequencing 
amplification, including NGS 
adapters. 

NGS3_rev GAC TGG AGT TCA GAC GTG 
TGC TCT TCC GAT CTG AAT TTT 
CTG TAT GGG ATT TTGC 

55 Reverse primer for next 
generation sequencing 
amplification, including NGS 
adapters. 

3.2.8 Estimation of Protein Hydrophobicity 

The hydrophobicity of proteins was calculated using the hydropathy scale 

described by Kyte and Doolittle (1982). Scores were calculated using the Expasy 

ProtScale tool (Gasteiger et al., 2005) and protein 3D structures were generated using 

UCSF ChimeraX (version 1.9, Pettersen et al., 2004) available at 

https://www.cgl.ucsf.edu/chimera). HEL-5A7 protein structure was obtained from 

Stanfield et al. (2004), PDB Id: ISQ2.  

3.2.9 Reagents 

3.2.9.1 Antibiotics 

For each antibiotic used, a 1000X concentration stock was prepared in the 

relevant solvent (Table 3.6). Stocks were stored at -20° C. 

Table 3.6 Table of antibiotics used, along with the relevant solvent and working 

concentration. 

Antibiotic Solvent Working concentration in µg/mL 
Ampicillin dH2O 100 
Kanamycin dH2O 50 



University of Nottingham  Chapter 3 
 

112 
 

3.2.9.2 Enzymes, Buffers, and Solutions 

Enzymes used were obtained from New-England Biolab and stored at -20 °C 

and kept on ice before use. Enzymes were used according to the provider’s guidelines 

and with supplied buffers. The composition of buffers can be seen in Table 3.7. The 

table also shows the composition of various buffers used. If composition is protected, 

the supplier was provided.  

Table 3.7 Table of buffers with compositions. Buffer pH is measured at room temperature 

(20° C). 

Buffer Composition (in dH2O, otherwise 
specified) Storage 

PBA 3% (w/v) BSA in PBS 4° C 

PBS 

137 mM NaCl 
2.7 mM KCl 
8 mM Na2HPO4 
2 mM KH2PO4 

4° C 

M9 minimal agar plates  

2.0 mM MgSO₄ 
22.2 mM Glucose 
0.1 mM CaCl₂ 
1X M9 Minimal Salts 
1.5% (w/v) agar powder 

Room 
temperature 

5X M9 minimal salts 

15 g/L KH2PO4 
2.5 g/L NaCl 
33.9 g/L Na2HPO4 
5 g/L NH4Cl 

Room 
temperature 

2X TY-G 

0.6% (w/v) tryptone 
1% (w/v) yeast extract 
0.5% (w/v) NaCl 
100 mg/mL ampicillin 
100 mM sterile glucose 
pH 7.0 

Room 
temperature 

Bjerrum Schafer-Nielsen 
Transfer Dry Buffer 

48 mM Tris 
39 mM glycine 
1.3 mM SDS 
pH 9.0-9.3 

Room 
temperature 

TBST 
150 mM NaCl 
50 mM Tris-HCl 
0.5% (v/v) Tween 20 

4° C 

Iodide Buffer  
10 mM Tris-HCl (pH 8.0) 
1 mM EDTA 
4 M sodium iodide 

4° C 

EB buffer 
10 mM Tris-Cl 
0.1 mM EDTA 
pH 8.5 

Room 
temperature 
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3.3 Results and Discussion 

3.3.1 Cell Culture 

Human Bronchial Epithelial primary cells (HBEpc) were used as a model for 

biopanning. Commercially obtained healthy samples were cultured according to 

established protocols. Each sample contained approximately 500,000 cells at 

passage 2, and cells were passaged at a 1:3 ratio. However, to obtain a sufficient 

number of cells for air-liquid interface culture, cells were taken to passage eight. At 

this level of passage, the air-liquid interface failed to establish a proper layer of 

epithelium. The resulting gaps within the cell layer allowed for media to permeate 

through the membrane, preventing the differentiation of the primary cells into the 

different subgroups. Those gaps are visible in Figure 3.3. In Figure 3.3 (A), the full 

surface of the insert was coated in cells, this confluence was achieved at the liquid-

liquid interface three days after seeding. After removal of the apical media, gaps 

started to appear with cell clumps visibly forming (Figure 3.3 (B)). Figure 3.3 (C) shows 

the surface of the inserts two to three days later, gaps had widened, and media was 

permeating through the membrane from the basal into the apical chamber. After 

detaching, the viability of the cells highly decreased and very few could be recovered 

for subsequent analysis.  
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Figure 3.3 Confocal microscopy of HBEpc culture.  

A: Cells after reaching confluence on the insert at the liquid-liquid interface. The whole surface 

of the insert is covered with cells and no gaps are visible. B: cells 3 days after removing the 

media from the apical chamber to establish ALI. Some cells have become rounded and have 

detached from the insert surface, creating gaps within the cell layer. C: 2 to 3 days later, gaps 

have become wider, and the cell layer starts to detach from the insert altogether.  

Expanding HBEpc by passaging can alter the cells’ phenotypes, as shown by 

(Wu et al., 2023). Specifically, it was demonstrated that passaging HBEpc impaired 

CFTR-mediated airway-surface liquid secretion, increased transepithelial resistance 

and decreased the permeability of the epithelium to water. Overall, the expression 

of over 300 genes was significantly impacted by only 2 passages, including genes 

involved in cell growth and differentiation. Therefore, it is likely that the higher 

number of passages employed here (8 in total before transferring to ALI inserts) 

significantly impacted the cells and prevented the formation of a functional airway 

epithelium model. Unfortunately, the use of cells at a lower passage in this context 

was not possible due to prohibitive costs. 

To mitigate this problem, commercially obtained in vitro tissue model of the 

human upper airway epithelium cultured at the air-liquid interface (MucilAir™, 

Epithelix) were used in lieu of in-house cultured HBEpc. The ready to use MucilAir™ 

eliminated the need for culturing HBEpc, reducing costs of primary cells, as well as 

media and other culture reagents.  

As previously discussed, goblet cells are the primary site of mucus secretion 

in AHDs, and therefore an obvious target for the delivery of mucus production and 

secretion inhibitors. To increase the proportion of goblet cells within the in vitro 

tissue model, interleukin 13 (IL-13) treatment was used. IL-13 stimulation on human 
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bronchial epithelium notably impacts epithelial structure and function, which is 

relevant to airway hypersecretory diseases (AHDs). IL-13 promotes mucus production 

and cell proliferation, and reduces epithelial barrier integrity, resulting in increased 

susceptibility to environmental allergens. It also increases apoptosis in epithelial cells 

and promotes fibrosis-related responses, leading to airway remodelling and chronic 

inflammation characteristic of asthma (Kondo et al., 2006, 2002).  

Research demonstrates IL-13’s critical role in asthma by activating immune 

and airway responses via the IL-13/STAT6 signalling pathway, with effects spanning 

eosinophilia, airway hyper-responsiveness, and mucus production. IL-13 binds the IL-

13Ra1/IL-4Ra receptor complex, activating STAT6, which drives the transcription of 

multiple pro-inflammatory and remodelling genes. Further downstream, IL-13 

stimulation upregulates chloride channel accessory protein 1 (CLCA1) in the bronchial 

epithelium, linking to the MAPK13 (p38 MAP kinase) pathway, which exacerbates 

mucus production and inflammation (Alevy et al., 2012; Fujisawa et al., 2008). CLCA1 

overexpression has been associated with increased mucus secretion and reduced 

epithelial barrier integrity, while MAPK13 activation contributes to cellular responses 

involved in chronic inflammation. Venkayya et al. (2002) showed Th2 cytokines’ 

direct action on resident airway cells, inducing airway hyperresponsiveness even 

without inflammatory cells through IL-4/IL-13 signalling. Kuperman et al. (2002) 

expanded on IL-13’s direct effects, showing that STAT6 activation in epithelial cells 

alone could drive airway hyperresponsiveness and mucus production. Together, 

these studies highlight IL-13 as a key driver of goblet cells hyperplasia and mucus 

hypersecretion. IL-13 treatment was therefore used to achieve biologically relevant 

diseased airway modelling and increase the proportion of goblet cells within the 

samples.  

3.3.2 Analytical Flow Cytometry 

To demonstrate the effect of IL-13 on HBEpc cultured at the ALI (MucilAir 

inserts), analytical flow cytometry was used. A five-colour panel was designed based 

on the literature (Bonser et al., 2021). Extracellular targets were selected for 

analytical flow cytometry so that the same panel could be used for fluorescence-
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activated cell sorting (FACS) later on. To target goblet cells, TSPAN8, a member of the 

tetraspanin family, was selected. TSPAN8 was identified from cell-type-specific RNA 

transcripts and plays a significant role in goblet cells within the bronchial epithelium 

by influencing mucus production and secretion. The nerve growth factor receptor 

(NGFR), also known as CD271, was used as a reliable marker for basal cells in 

epithelial tissues. NGFR expression in basal cells makes it a useful marker because 

basal cells serve as progenitors in epithelial layers, giving rise to specialised cells, such 

as goblet and ciliated cells (Bravo et al., 2013). To accurately distinguish secretory 

cells from other epithelial cell types, CEACAM6 (carcinoembryonic antigen-related 

cell adhesion molecule 6) marker was used. It is highly expressed on the surface of 

secretory cells, where it participates in cell adhesion, immune responses, and cell 

signalling. Finally, to reliably mark ciliated cells, SiR-Tubulin, a fluorogenic, cell-

permeable dye that selectively binds to microtubules derived from the microtubule-

binding drug Docetaxel, was used. It effectively stains endogenous microtubules, a 

key structural component within cilia that are made up of microtubule-based 

axoneme. The resulting panel and cell classification are as follows: ciliated cells = 

NGFR-, SiR-Tubulin+, CEACAM6-, TSPAN8-; basal cells = NGFR+, SiR-Tubulin-, 

CEACAM6-, TSPAN8-; secretory cells = NGFR-, SiR-Tubulin-, CEACAM6+, TSPAN8-; 

goblet cells = NGFR-, SiR–Tubulin-, CEACAM6+, TSPAN8+. 

Cells were prepared according to established protocols and analysed using 

SONY ID7000C Spectral Cell Analyser (n=2). The resulting data was collected and 

analysed. Cells were first gated to exclude debris by delimitating the largest 

population based on forward scatter (FSC) and side scatter (SSC) properties, 

identifying cells by their size (FSC) and granularity or complexity (SSC): debris exhibit 

lower granularity and complexity than cells, as well as smaller sizes. The second gate 

compared SSC width versus SSC height to discriminate single cells from cell doublets 

or clumps. Single cells tend to display a narrower SSC width relative to SSC height, 

while doublets or clusters show increased width due to the larger combined cell size. 

Setting a gate to exclude events with high SSC width selected only single-cell 

populations so that further analysis reflected individual cells rather than aggregates. 

Finally, the last gate selected live, intact cells within the initial cell population. This 
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gate was based on the ZombieUV viability dye that distinguished live cells from dead 

ones or apoptotic cells. By excluding dead cells at this stage, the subsequent analysis 

will be based only on viable cells, improving the accuracy and relevance of the data 

(Figure 3.4).  

 

 

Figure 3.4 Flow cytometry gating strategy for isolating a single, viable cell population of 

HBEpc cultured at ALI with (IL-13+) or without (IL-13-) interleukin 13 treatment.  

(1 and 2) Initial gate (A) based on forward scatter (FSC) and side scatter (SSC) to exclude 

debris, allowing for selection of intact cells. (3 and 4) SSC width vs. SSC height gate (B) to 

remove doublets or clumped cells, isolating single cells. (5 and 6) Final gate using a viability 

dye to distinguish live cells from dead or apoptotic ones, refining the population for accurate 

analysis. Each gate progressively narrows the sample to focus on single, live cells for further 

study. Similar gates were used for repeats and can be viewed in appendix 3, Figure A. 10. 

Gated populations were then analysed for fluorescent markers. To correct for 

spectral overlap between fluorophores, compensation was performed by flow 

cytometry technician Nicola Croxall. When multiple fluorescent markers are used, 
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some of their emission spectra can overlap, causing signal spillover into unintended 

detection channels. Compensation adjusts for this by subtracting the overlapping 

signal, ensuring that each fluorophore is accurately measured in its designated 

channel. Single-colour samples that contain beads labelled with only one fluorophore 

were used to determine compensation. Single-colour controls helped determine how 

much signal each fluorophore contributes to neighbouring channels due to spectral 

overlap. This correction is essential for accurate data analysis in multicolour 

experiments, and compensation values as well as single-colour controls can be seen 

in appendix 3, Figure A. 8.  

As described above, each cell subset presented a specific fluorescent 

signature. To set precise gating, Fluorescence-minus-one, or FMO, controls (samples 

stained with all fluorophores except one) were used. FMOs showed the level of 

background signal expected when a specific marker was absent and allowed for the 

accurate discrimination between a true positive and background fluorescence or 

signal spillage. Setting gates using this method ensured only cells positive for a 

specific marker could be selected. FMO controls can be viewed in appendix 3, Figure 

A. 9.  

In Figure 3.5, data from the first analytical flow cytometry repeat can be 

viewed. Cells were stained with all colours and plotted SiR-Tubulin vs. NGFR and 

CEACAM6 vs. TSPAN8. In the unstimulated (IL-13-) sample, a large population of 

NGFR+ SiR-Tubulin- cells can be observed. This large group corresponds to basal cells. 

Basal cells are stem-like undifferentiated cells that can serve as progenitors and 

differentiate into other cell types. A large population of NGFR- SiR-Tubulin+ can also 

be seen, corresponding to ciliated cells. In the IL-13+ sample, a notable reduction in 

the basal cell population can be observed. This is likely a result of the IL-13 

stimulation, resulting in the differentiation of basal cells into specialised cell types. 

The CEACAM6 vs. TSPAN8 plots reveal a shift after IL-13 stimulation. While only a 

small population of CEACAM6+ TSPAN8+ cells, identified as goblet cells, could be 

observed in the unstimulated sample, a noticeable shift can be seen in the stimulated 

sample.  
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These results are consistent with histogram plots (Figure 3.6) of cell counts 

for each of the 4 markers. For the basal cell marker NGFR, a drop of 20.57% in 

positivity could be seen when cells were stimulated with IL-13, clearly indicating that 

the proportion of basal cells in the sample was lower. On the other hand, positivity 

to the SiR-Tubulin, CEACAM6 and TSPAN8 markers increased by 25.74%, 31.61% and 

14.23%, respectively, indicating a higher proportion of ciliated, secretory and goblet 

cells in the sample. Together, these results confirm the role of IL-13 in airway 

remodelling previously described in the literature.  
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Figure 3.5 Flow cytometry analysis of IL-13- and IL-13+ cell populations stained with a 

multicolour panel for cell type identification.  

Gates were determined using fluorescence-minus-one (FMO) controls to accurately 

distinguish positive and negative populations for each marker. (A) SiR-Tubulin vs. NGFR plots. 

A noticeable shift can be observed in NGFR+ population after stimulation with IL-13, revealing 

a decrease in the proportion of basal cells in the sample, accompanied by an increase of SiR-

Tubulin+ cells classified as ciliated cells. (B) CEACAM6 vs. TSPAN8 plots. An increase in the 

proportion of TSPAN8+ cells reveals a higher proportion of goblet cells in the sample after 

stimulation with IL-13. Data shown are representative of two independent experiments. 
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Figure 3.6 Histograms of cell counts for each of the 4 markers, in unstimulated (in blue) and IL-13 stimulated samples (in red).  

Gates were determined using fluorescence-minus-one (FMO) controls to accurately distinguish positive and negative populations for each marker. 

Without stimulation, a higher proportion of cells are positive for the NGFR marker, indicating a higher proportion of basal cells in the sample. In IL-

13 stimulated samples, the proportion of cells positive for SiR-Tubulin, CEACAM6 and TSPAN8 increases, indicating an increase of ciliated, secretory 

and goblet cells in the population. Data shown are representative of two independent experiments.
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To quantify these shifts, cell culture, stimulation and staining were repeated 

a further two times. The corresponding plots can be seen in appendix 3 (Figure A. 10 

and Figure A. 11). The second set of cells was run on the Sony ID7000C Spectral Cell 

Analyser, as for the first experiment, and yielded comparable results. The last set of 

cells was run on the Beckman Coulter Astrios EQ for cell sorting. In this experiment, 

a malfunction of the red laser was observed, specifically affecting the detection of 

the SiR-Tubulin marker. The SiR-Tubulin marker, which binds to tubulin structures 

and fluoresces in the far-red spectrum, typically requires excitation by a red laser 

(~640 nm) for optimal detection. However, due to the red laser malfunction, 

excitation of the SiR-Tubulin marker did not occur, resulting in an absence of 

detectable fluorescence signal in the SiR-Tubulin channel. This led to a lack of 

distinguishable data for tubulin-stained cells in the far-red fluorescence spectrum, 

despite successful staining confirmed in control samples run on the Sony ID7000C 

Spectral Cell Analyser. Other markers relying on lasers outside of the red spectrum 

continued to function as expected, confirming that the issue was specific to the red 

laser. This was also confirmed by flow cytometry facility staff.  

A percentage of cells that were marked as either basal, ciliated, secretory of 

goblet were collected for each experiment, apart for SiR-Tubulin positive cell 

percentage for the final run and can be seen in Figure 3.7. The data clearly reflected 

the observation made from flow cytometry plots, with the percentage of basal cells 

decreasing on average from 10.67% to 1.07% between unstimulated and IL-13 

stimulated samples, reflecting the remodelling of the airway driven by IL-13 

treatment. Notably, the percentage of goblet cells increased from 3.77% to 17.92% 

on average, a five-fold increase in IL-13 stimulated samples. Multiple t-tests were 

used to confirm the significance of the various shifts, and the p-values were corrected 

using the Holm-Šídák method with an alpha value of 0.05. The Holm–Šidák correction 

was applied to account for multiple comparisons and control the family-wise error 

rate across the four groups. No significant shift could be ascertained for the 

percentage of secretory cells (p value = 0.2318, t ratio = 1.250, dF = 14, adjusted p 

value = 0.2318). A slightly significant difference was observed for basal (p value = 

0.0105, t ratio = 2.951, dF = 14, adjusted p value = 0.0312) and ciliated cells (p value 
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= 0.0167, t ratio = 2.718, dF = 14, adjusted p value = 0.0330). Finally, a higher 

significance of difference was observed in the percentages of goblet cells (p value = 

0.0007, t ratio = 4.348, dF = 14, adjusted p value = 0.0027). These findings are 

consistent with the literature and confirm the remodelling effect of IL-13 on human 

bronchial airway epithelium. This increased number of goblet cells will be used to 

facilitate the biopanning process, either by separating goblet cell populations from 

the remaining sample by fluorescence-activated cell sorting, or by using stimulated 

and unstimulated ALI inserts as biopanning targets, for enrichment and absorption, 

respectively.  
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Figure 3.7 Percentage of total cells identified as either basal, ciliated, secretory or goblet 

cells by flow cytometry.  

Violin plots show the distribution of the data; solid lines indicate the mean; dashed line 

indicate standard deviation. Results are repeats of three experiments, apart for percentage 

of ciliated cells, which is a result of two experiments. A moderately significant difference can 

be observed for basal (mean shift from 10.67% to 1.07% between IL13+ and IL13-) and ciliated 

cells (mean shift from 33.89% to 44.72% between IL13+ and IL13-) percentages in 

unstimulated (blue) and stimulated (red) samples, while a higher significance of difference 

can be observed for goblet cells (mean shift from 3.77% to 17.92% between IL13+ and IL13-). 

No significant shift was observed for secretory cells (mean shift from 20.98% to 25.05% 

between IL13+ and IL13-). These findings are consistent with IL-13 stimulation studies in the 

literature. NS: non-significant; *: p<0.05; **: p<0.01. 

3.3.3 Fluorescence Activated Cell Sorting (FACS) 

In order to use goblet cells as the target of biopanning experiments, the cells 

need to be separated from the remaining subtypes. To achieve this separation, 

fluorescence activated cell sorting (FACS) was used. The cell marker panel used was 

the same as for analytical flow cytometry experiments, using nerve growth factor 

receptor (NGFR), also known as CD271, CEACAM6 (carcinoembryonic antigen-related 

cell adhesion molecule 6), also known as CD66c, SiR-Tubulin, a fluorogenic, cell-

permeable dye that selectively binds to microtubules derived from the microtubule-

binding drug Docetaxel, and TSPAN8 (tetraspanin 8). The resulting panel and cell 

classification are as follows: ciliated cells = NGFR-, SiR-Tubulin+, CEACAM6-, TSPAN8-; 
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basal cells = NGFR+, SiR-Tubulin-, CEACAM6-, TSPAN8-; secretory cells = NGFR-, SiR–

Tubulin–, CEACAM6+, TSPAN8-; goblet cells = NGFR-, SiR–Tubulin-, CEACAM6+, 

TSPAN8+. The results of this experiment were used in Figure 3.7. 

A similar gating process was used for FACS, apart from the second gate that 

was set using Forward-Scatter (FSC) height versus width. FSC-H vs. FSC-W gating is 

more robust and commonly used because it focuses on cell size differences rather 

than granularity or complexity and therefore is more accurate when separating single 

cells from clumps and aggregates. This is highly relevant in cell sorting experiment, as 

single cells need to be isolated so that they can be accurately sorted individually, to 

ensure the homogeneity of the sorted samples. Gating graphs can be seen in 

Figure 3.8.  

Data from the FACS run can be seen in Figure 3.9. The analysis revealed 

distinct changes in cell populations across all markers between the IL-13- and IL-13+ 

samples, reflecting cellular specialisation within the sample. A marked decrease in 

TSPAN8- cells was observed in the IL-13+ sample compared to the IL-13- sample. 

Additionally, the population of TSPAN8- CEACAM6+ cells (representing secretory cells 

that are not goblet cells) disappeared, reflecting the airway remodelling triggered by 

IL-13 stimulation. A failure in the red laser, which is responsible for detecting SiR-

Tubulin signals, resulted in the inability to identify SiR-Tubulin-positive cells as ciliary, 

introducing a limitation in this aspect of the analysis. Finally, the CEACAM6 vs. NGFR 

plots demonstrated the disappearance of NGFR+ basal cells following IL-13 

treatment, further confirming cellular specialisation induced by this treatment. The 

number of cells sorted for each population is summarised in the accompanying table, 

reflecting the outcomes of the gating and specialisation processes. This 

comprehensive gating and sorting approach underscores the dynamic changes in 

cellular composition within the sample and allowed for the isolation of goblet cells to 

be used for subsequent biopanning experiments. FACS yielded 83591 TSPAN8+ 

CEACAM6+ cells from the IL13- population, and 26692 cells from the IL-13+ sample. It 

is speculated that these numbers might be too low for biopanning experiments.  
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Figure 3.8 Flow cytometry gating strategy for sorting HBEpc cultured at ALI with (IL-13+) or 

without (IL-13-) interleukin 13 treatment into specific cell subpopulation.  

(1 and 2) Initial gate (A) based on forward scatter (FSC) and side scatter (SSC) to exclude 

debris, allowing for selection of intact cells. (3 and 4) FSC width vs. FSC height gate (B) to 

remove doublets or clumped cells, isolating single cells. (5 and 6) Final gate using a viability 

dye to distinguish live cells from dead or apoptotic ones, refining the population for accurate 

analysis. Each gate progressively narrows the sample to focus on single, live cells for further 

study.  
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Figure 3.9 Fluorescence activated cell sorting of IL-13- and IL-13+ cell populations stained 

with a multicolour panel for cell type identification.  

Gates were based off previous experiments. (A) TSPAN8 vs. CEACAM6 plots. A decrease in the 

number TSPAN8- cells can be observed, while the population of cells being TSPAN8- CEACAM6+ 

(secretory cells that are not goblet cells) seems to disappear, indicating a specialisation of the 

cells within the sample. (B) SiR-Tubulin vs. CEACAM6 plots. Very few CEACAM6+ cells were 

detected. A failure in the red laser, responsible for the SiR-Tubulin signal, prevented any cells 

from being labelled as SiR-Tubulin+, and therefore identified as ciliary. (C) CEACAM6 vs. NGFR 

plots. The population of NGFR+ cells (basal) disappears with IL-13+ treatment, confirming the 

specialisation of the sample. (D) Cells were sorted according to the following gates: 

TSPAN8+/CD66+ (R1 R2 R3 R5); SiR-Tubulin+ (R1 R2 R3 R9); NGFR+ (R1 R2 R3 R15) and the 

number of cells obtained are reported in this table.  
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3.3.4 Biopanning 

Whole cell panning was employed to improve the chances of isolating binders 

to physiologically relevant targets. The first biopanning strategies employed 

therefore relied on the cell culture inserts themselves. Following stimulation with IL-

13 to induce goblet cell metaplasia, MucilAir inserts were used as targets for 

biopanning and incubated with the library-carrying phages at low temperatures (4° 

C) to reduce non-specific interactions. The first experiment (T1) yielded no binders: 

no colonies could be observed on the titre before or after amplification. While it is 

possible that the phage library may not contain high-affinity binders to the target 

antigen, it was previously demonstrated that this particular library was highly diverse, 

and therefore should be sufficient for this particular application (see 2.3.3, page 86). 

Another potential explanation for the lack of binders could be the incomplete 

digestion of the trypsin, although the trypsin buffer used is the same as suggested in 

the literature. 

To remedy this, a longer incubation time to allow for more complete binding 

(4 hours instead of 2) was used for T2. A gentler shake was also used (500 rpm instead 

of 800 rpm) to optimise binding. Finally, the trypsinisation was done twice to ensure 

all phages bound phages could be eluted. This resulted in a small number of colonies 

observed in the phage titre, meaning only around 100 phages were collected. This 

number is too low to have generated a sufficient number of binders and would not 

allow for further rounds of biopanning.  

To try to increase binding, FACS sorted cells were used. The isolated goblet 

cells were used as a base for biopanning experiment T3. For this purpose, only IL-13+ 

stimulated goblet cells were used. Since IL-13 plays a central role in driving mucus 

hypersecretion, induces goblet cell differentiation and increases mucin production, 

particularly MUC5AC, a major component of mucus, targeting IL-13-stimulated 

goblet cells ensures that the nanobodies generated are specifically active against the 

pathological changes associated with mucus overproduction. Goblet cells stimulated 

by IL-13 will express disease-relevant targets, such as upregulated mucins or 

receptors involved in hypersecretion pathways. This increases the likelihood of 
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identifying nanobodies that bind specifically to proteins or pathways critical for the 

hypersecretion process (e.g. STAT6, EGFR signalling), rather than generic goblet cell 

markers or irrelevant proteins. 

 The low number of cells collected from FACS (only 26692 from the IL-13+ 

sample) proved difficult to manipulate through the several washes. Each wash 

necessitated spinning down of the cells, removal of the buffer and resuspension. 

However, the low number of cells created a very small pellet, meaning proper buffer 

removal was hard to achieve. This also limited the number of exposed targets for 

nanobodies to bind to. As a result, only approximately 600 phages were counted from 

the titre of T3. While this is still insufficient, the improvement from experiments T1 

and T2 was encouraging. Therefore, continuing to apply a strategy such as the one 

described in Stark, Venet and Schmid (2017) seemed the best course of action.  

In order to increase the number of cells available, it was decided to detach all 

cells from the inserts and use these as targets for biopanning. By combining rounds 

of amplification (on IL-13+ samples) and rounds of absorption where phages that 

were not specific to the IL-13+ phenotype could be eliminated from the sample (using 

IL-13- samples), only nanobodies specific to the IL-13+ phenotype could be selected. 

The first round (T4R1) was an amplification round. IL-13 treated cells were detached 

from the insert and used as targets for biopanning using protocol adapted from Stark, 

Venet and Schmid (2017). The eluted phages were titred and yielded 4.2 × 104 CFU (± 

2.8 × 104). This was considered high enough to proceed with the following rounds of 

biopanning. The next round (T4R2) was an absorption round, and untreated cells 

were detached and used as targets for biopanning. This round yielded a lower titre 

of 2.6 × 103 CFU, meaning over 93% of binders were absorbed. The final round (T4R3) 

was another amplification round, designed to only select the best binders. The 

obtained eluted phages were not amplified, instead they were used to inoculate 4 mL 

of log-phase TG1 cells and plated on a large (20x20cm) 2x TY-GA plate. Following 

overnight incubation, eight colonies were observed (equivalent to 8.25 CFU titre). 

Each colony was picked up and plated on an individual 2x TY-GA plate. Out of those 

eight, two colonies appeared to be contamination and did not grow again. The 

remaining six colonies were grown again and the phagemids were repackaged in 
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M13K07 phage for further testing. The titre resulting from each experiment can be 

seen in Figure 3.10. All plates can be viewed in appendix 2 (Figure A. 7).  
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Figure 3.10 Phage titre as CFU of each experiment of biopanning.  

Experiments T1 and T2, based on biopanning the whole cell culture inserts, yielded no or very 

few binders. Experiment T3 yielded a higher number of binders, but the low number of cells 

available for this experiment made manipulation difficult. Enrichment round T4R1 based on 

IL13+ cell sample yielded a high number of binders. Following absorption round T4R2 removed 

potentially irrelevant binders. Finally, enrichment round T4R3 narrowed down binders, 

yielding 8 clones.  

3.3.5 Investigation of Potential Binders 

3.3.5.1 Confirming Binding Nanobodies 

To confirm the binding of each isolated phagemid, the clones were grown up 

and infected with M13K07 helper phage to repackage the phagemids. Those phages 

were then used in a western blot against IL-13+ and IL-13- ALI HBEpc cell lysates, run 

on either a Tris-Glycine denaturing gradient gel (4 to 20%), or a Bis-Tris native 

gradient gel (4 to 16%) to retain the protein structures, alongside a colorimetric 

protein ladder. HEL was also run as a positive control. The ran samples were then 

transferred onto nitrocellulose membranes, blocked, and then probed with clones 

packaged by M13K07 helper phages, native M13K07 phages as a negative control, 

and PpSEX81_5A7 as a positive control. After several washes, the membranes were 

probed with anti-M13 antibody-HRP (1:1000), washed again and imaged by 

chemiluminescence.  
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In   

Figure 3.11, the results of the denaturing western blot can be seen. A band 

can be observed for clones 3 in the IL-13+ lane (lane 1), while a similar band is slightly 

visible in the IL-13- lane (lane 2) but is slightly hidden by over-exposure of the 

membrane. The band appears to be between 40 kDa and 50 kDa. A similar band can 

be seen more clearly for clone 5, while a faint band can be seen for clone 6, again 

around the 40–50 kDa mark. No bands could be observed on the native M13K07 

membrane. The positive control HEL probed with PpSEX81_5A7 also revealed no 

bands. On the other hand, the native western blot (Figure 3.12) showed no bands in 

any of the lanes.  

  

Figure 3.11 Western blot of IL-13+ (column 1), IL-13- (column 2) lysates, and HEL (column 3, 

final membrane only).  

Samples were run on a denaturing Tris-glycine SDS-PAGE gel, transferred onto a nitrocellulose 

membrane, and probed with either clone packaged by M13K07 phages, native M13K07 

phages or PpSEX81_5A7 followed by anti-M13 antibody-HRP and imaged by 

chemiluminescence. The first membrane shows Thermo Fisher Scientific Spectra Multicolour 

Broad Range Protein Ladder.  

 



University of Nottingham  Chapter 3 
 

132 
 

The lack of bands in the HEL probed with 5A7 carrying M13K07, despite a positive ELISA 

assay (see section 2.3.1, page 62) was unexpected. While ELISAs tend to be much more 

sensitive than western blot, this lack of signal could also reflect the specific structure of HEL. 

With a size of 14.33 kDa, HEL presents a mostly hydrophilic surface, with multiple 

hydrophobic binding pockets. vNAR 5A7 CDR1 and CDR3 bind into the hydrophobic pockets 

of HEL (Stanfield et al., 2004) as can be seen in Figure 3.13. When run on a denaturing Tris-

glycine SDS-PAGE gel, HEL would lose its tertiary structure, and those binding pockets 

would therefore no longer be available for vNAR 5A7 carrying M13K07 phages to bind to, 

offering a possible explanation for the lack of signal in the positive control in   

Figure 3.11. This could also mean that possible binding of clones 1, 2 and 4 

might not be visible on a denaturing western blot; other assays such as Enzyme Linked 

Immunosorbent Assay (ELISAs) should be considered to confirm binding of isolated 

nanobodies.  

The samples run on a native Bis-Tris PAGE gel showed no bands for any of the 

M13K07 phages (Figure 3.12). Bis-Tris PAGE allows for the separation of proteins 

under native (non-denaturing) conditions. This allows for proteins to maintain their 

structure and activity, such as enzymatic activity, binding properties, or interactions 

with other molecules (Eubel et al., 2005; Schägger and von Jagow, 1991). Bis-Tris 

PAGE also operates at a pH of around 6.4–7.2, which is closer to physiological 

conditions compared to other systems like Tris-Glycine (pH ~8.3). Therefore, it would 

be expected that clones and positive control would be able to bind to their target. 

For clones, it is a possibility that the cell lysis process was sufficient to disturb the 

binding of target proteins, preventing any binding; however, this is unlikely. The 

transfer of the proteins onto the membrane was potentially incomplete, as only a 

partial colorimetric ladder could be obtained. It is therefore possible that not all 

proteins transferred properly onto the membrane, explaining the lack of signal 

observed. Due to the high cost of MucilAir™ inserts, and the amount of lysates 

required per gel, this experiment could not be repeated.  
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Figure 3.12 Western blot of IL-13+ (column 1), IL-13- (column 2) lysates, and HEL (column 3, 

final membrane only).  

Samples were run on a native Bis-Tris PAGE gel, transferred onto a nitrocellulose membrane, 

and probed with either clone packaged by M13K07 phages, native M13K07 phages or 

PpSEX81_5A7 followed by anti-M13 antibody-HRP and imaged by chemiluminescence. The 

first membrane shows Thermo Fisher Scientific Spectra Multicolour Broad Range Protein 

Ladder. 

 

 



University of Nottingham  Chapter 3 
 

134 
 

 

Figure 3.13 Molecular surface representation of vNAR 5A7 bound to HEL highlighting 

hydrophobicity.  

The surface HEL is shown, coloured according to hydrophobicity: hydrophobic regions are 

depicted in orange and hydrophilic regions in blue. vNAR 5A7 is shown as surface 

representation in green, bound to HEL, illustrating its interaction with the hydrophobic or 

hydrophilic regions of HEL. PDB accession ID: 1SQ2.  
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3.3.5.2 Sequencing and Sequence Consensus 

To confirm the selection of binders through the multiple rounds of 

biopanning, clones, as well as multiple colonies for each round of T4 biopanning, were 

first picked up and grown on a 96-well agar plate containing ampicillin, before being 

sent to the PlateSeq Supreme Sanger Sequencing Service at Eurofins, alongside 

primers ForFR1_NcoI and RevFR4_NotI. Unfortunately, Eurofins was unable to 

sequence any of the colonies sent. While the exact reasons for this technical failure 

are unknown, it is possible that DNA variation might have appeared in the sequences, 

preventing the binding of the primers.  

M13K07 packaged clones were also prepared for PCR. The DNA was extracted, 

and a PCR reaction was set up using the NGS primers NGS3_for and NGS3_rev. 

Unfortunately, no amplification could be obtained, despite several optimisation of 

the protocol, including temperature gradients, increased cycle numbers and different 

enzymes. This means samples could not be sent for next generation sequencing. This 

confirmed that usual primers were unable to bind to the isolated DNA. This could 

indicate the presence of unexpected DNA variation at the primers binding sites.  

To circumvent the issue, the six clones were then grown in E. coli; only five 

out of the six clones could be grown again; clone 3 unfortunately did not yield any 

colonies when streaked on a plate, meaning that despite showing a binder on the 

western blot, it could not be sent for sequencing. Plasmids were prepped and sent 

for whole plasmid sequencing at the University of Nottingham DeepSeq Service, and 

plasmids were sequenced using MinION™ Flow Cells on and the EPI2ME analysis 

platform. This allowed for the full sequence of the plasmid to be obtained for analysis. 

Reads were trimmed for low quality and assembled against pSEX81-5A7 plasmid as a 

template (see Figure 3.14).  

Assembled reads were highly conserved through most of the sequence apart 

from a segment starting towards the end of the ColE1 origin gene and ending after 

the 5A7 domain. Here, the reads were highly diverse, resulting in a low percentage 

identity. While this was expected over the 5A7 region due to the introduced diversity, 

the ColE1 origin region should be completely conserved across clones: no diversity 
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was introduced, and the gene is essential to plasmid replication in E. coli. This high 

level of variability explains why amplification through PCR was unsuccessful, as 

primer binding sequences appeared to have not been conserved.  

Errors in sequencing can produce low-quality reads, base calling errors or 

biases, especially in repetitive regions. While sequences were trimmed for low quality 

before any assembly was performed, inaccurate sequencing could still result in 

misaligned sequences. GC-rich or repetitive regions are known for interfering with 

sequencing and could lead to a lower accuracy in sequencing. In the pSEX81_5A7 

sequence, several regions have noticeably high GC content (>60%) with some of these 

regions reaching as high as 74% GC content (Figure 3.15). Multiple copy plasmids 

such as pSEX81 can also present challenges in sequencing, inserts containing 

repeating sequences, which might be the case for many of the variants generated 

through the library may be unstable and result in insert deletion or mutations. Mis-

assembly is unlikely, as most of the pSEX81 sequence was conserved with high 

percentage identity, but it is possible that the addition could result in incorrect joining 

of fragments and create chimeric sequences that do not align properly with the 

reference. 

The most likely explanation for these results lies with the isolated clones 

themselves. The presence of heterologous sequences in the samples could result in 

unreadable sequencing results. Foreign DNA contamination in the lab is a likely 

explanation. Phage contamination, especially, is notoriously hard to prevent in 

laboratory settings. Bacteriophages such as M13K07 are highly resistant to harsh 

conditions, such as desiccation, UV radiation, and temperature fluctuations. Their 

small size (~20–200 nm) and high abundance make them particularly difficult to 

eliminate from lab equipment and shared facilities. Finally, phage contamination is 

often undetectable prior to sequencing. Despite all precautions being taken when 

handling samples and decontaminating lab spaces, phage contamination is a 

probable explanation for the sequencing results.  

Another possible explanation would be the occurrence of recombination 

events between similar sequences, resulting in rearrangements or 
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insertions/deletions or nucleotides within the sequence. When introducing genetic 

diversity through the nanobody sequence, it is a possibility that certain generated 

sequences matched with other regions of the plasmid, causing homologous 

recombination between similar sequences. Finally, natural mutations, such as 

substitutions, insertions, or deletions, may accumulate in the plasmid during its 

propagation. 

Despite seemingly positive results in western blot analysis, the inability to 

sequence the corresponding DNA indicates a fundamental issue with the molecular 

construct. As a result, the rounds of biopanning cannot be considered as having 

successfully isolated binders for the surface of IL-13 stimulated ALI cultured HBEpc.  
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Figure 3.14 Alignment of plasmid assembly against pSEX81_5A7.  

Conservation is shown as grey scale, with black being 100% and white 0%. A highly disturbed  
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Figure 3.15 GC Content Across the ColE1 Origin Sequence in pSEX81 as plasmid replication origin.  

The x-axis represents the nucleotide position within the sequence, while the y-axis indicates the GC content as a percentage, calculated using a sliding 

window of 25 nucleotides. The low percentage identity region in alignment contains several high GC content (>61%) regions. 
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3.3.5.3 Challenges in Isolating Nanobodies from Phage Display 
Libraries 

While phage nanobody libraries are powerful tools, as previously explained, 

they remain notoriously difficult to use. Target presentation, especially when using 

whole-cell antigen presentation, can yield irrelevant or low-quality binders due to 

misfolded or improperly presented targets. This appeared to be the best strategy 

when targeting a specific phenotype, however, but further optimisation and protocol 

enhancements are necessary to ensure the reliability of the technique. The stringency 

of the selection requires a balance between specificity and retention to ensure 

sufficient binders are retained while eliminating non-specific binders. High 

background noise from phages adhering to plasticware or blocking agents can be the 

cause of such non-specific binders. While phages were diluted in the same plastic and 

blocking buffer prior to exposure to the sample to avoid non-specific binding, binding 

to media remnants or other compounds still present in the sample (such as cell 

detaching reagents) is a possibility. Such non-specific binders can then be further 

enriched by phage amplification, resulting in the overrepresentation of irrelevant 

clones in subsequent rounds of biopanning.  

Another possible caveat of phage nanobody selection lies in the complexity of 

the protocols. While library preparation was successfully validated through next-

generation sequencing in this attempt, successful selection often depends on subtle 

changes to protocols, such as pH, salt concentrations, or washing conditions. While 

these conditions were chosen based on existing protocols in the literature (Panagides 

et al., 2022; Stark et al., 2017; Zadeh et al., 2019), these protocols might not be 

generalisable to the specific experimental design applied in this project.  

Several issues can also arise from biopanning. False positives are a possibility: 

clones that were isolated through biopanning might not be strong or specific binders. 

This is particularly likely here, as positive binding was observed on some of the 

western blots, but accurate DNA sequences could not be confirmed by NGS. 

Additionally, even if correct binders are identified through phage biopanning, they 

might not exhibit the appropriate level of affinity, specificity or stability: isolated 
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binders often require downstream binding optimisation through selected 

mutagenesis to obtain the most appropriate binders. Validating antibodies and 

antibody-derived binders such as nanobodies is a complex process involving multiple 

assays. Western blots are initially used to assess the specificity of the compound; 

blocking peptides covering the protein sequence can also be used to confirm binding 

in immunohistochemistry, using knockout cell lines as negative control. These assays 

should be repeated using multiple cell lines to confirm accurate target binding. Tissue 

microarrays can also be used to confirm the binding of the target in a variety of 

samples, they can be used to ensure reproducibility of the antibody (or nanobody) 

binding. Here, additional repeats of the initial western blot experiments could 

confirm the results obtained.  

Finally, utilising phagemids over phage vectors might have reduced the titre 

significantly in binder experiments. When utilising phagemids with helper phages, 

only one of the pIII proteins expresses the nanobody, resulting in a lower average 

affinity. This effect was partially mitigated by the use of the Hyperphages system in 

the first round of biopanning, allowing for all pIII proteins to express a copy of the 

nanobody. Utilising his system for all the rounds of biopanning might yield a higher 

number of binders, which might be particularly helpful for whole cell antigen display 

that tend to yield a low titre (Breitling et al., 2010; Chasteen et al., 2006).  

3.4 Conclusion 

Human bronchial epithelial cells (HBEpc) were cultured at the air- liquid 

interface as a model for the human airway epithelium, and IL-13 stimulation was 

successfully used to simulate the hypersecretory phenotype observed in AHDs: flow 

cytometry analysis revealed an increase in the percentage of goblet cells in the 

sample from 3.77% to 17.92% post IL-13 stimulation. Several biopanning 

methodologies relying on whole cell panning were employed in order to isolate 

binders to the IL-13+ phenotype. Unfortunately, no conclusive sequences could be 

obtained from the isolated clones. Potential explanations for this lack of identified 

binders are discussed in Chapter 5 (page 193), alongside future work.  
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Chapter 4 Functionalisation of 
Target-Specific Nanobodies 

4.1 Introduction 

4.1.1 Protein Expression and Purification 

Recombinant protein expression technology relies on the development of 

DNA cloning by Stanley Cohen and Herbert Boyer in 1973, allowing for foreign DNA 

packaged into plasmids to be transformed into bacteria (notably Escherichia coli), 

subsequently allowing for the expression of recombinant proteins in prokaryotic 

systems (Cohen et al., 1973). A seminal example of the application of this technology 

is the expression of human insulin in E. coli in 1978 by David Goeddel and his 

colleagues of Genentech, which allowed for rapid and cost-effective insulin 

production and vastly increasing the availability of this life-saving drug.  

Later on, the discovery of strong promoters capable of increasing gene 

expression, such as the lac operon and T7 promoter, further facilitated recombinant 

protein expression (Davanloo et al., 1984; Shapiro et al., 1969; Studier and Moffatt, 

1986). Alternative expression systems such as the yeast Saccharomyces cerevisiae 

(Beggs, 1978; Brake et al., 1984), Spodoptera frugiperda 9 insect cells, or the 

mammalian Chinese hamster ovary cells (Geisse and Kocher, 1999), offered new 

possibilities for post-translational modifications and native protein folding of 

complex proteins.  

Advances in protein expression coincided with the development of protein 

purification technologies. Notably, the development of modern ion exchange 

chromatography, which separates proteins based on their charge (Small et al., 1975) 

as well as affinity chromatography, which uses specific binding interactions between 

the protein of interest and a ligand attached to the chromatography matrix (reviewed 

in Hage et al., 2015). For example, nickel ion affinity chromatography relies on the 

ability of metal ions to bind poly-histidine residues. Nickel ions can be easily 
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immobilised onto an agarose bead matrix functionalised with a chelator, such as 

nitrilotriacetic acid, to isolate poly-histidine tagged proteins from crude lysate. The 

combination of these techniques allows for rapid and cost-effective production of 

recombinant proteins and has therefore been used numerous times for the 

production of therapeutic molecules, particularly antibodies.   

4.1.2 Bioconjugation Methods 

Bioconjugation is a chemical strategy that involves the formation of a stable 

covalent bond between two biomolecules or between a biomolecule and a synthetic 

molecule. This strategy allows for the functionalisation of purified recombinant 

proteins to create conjugates with enhanced or novel functionalities. For example, 

the conjugation of antibodies with fluorescent markers has been widely used as a 

diagnostic tool in flow cytometry and western blotting. As mentioned previously, 

antibody drug conjugates that combine the targeting ability of antibodies with the 

therapeutic action of drugs have been developed for the treatment of various 

pathologies. Finally, bioconjugation is an important tool in the development of 

cellular imaging technologies by labelling biomolecules with isotopes or fluorescent 

markers, allowing for rapid and accurate target identification for in vivo and in vitro 

imaging.  

Several bioconjugation methods are commonly used, as previously discussed. 

Amide coupling involves the reaction of primary amines with N-hydroxy succinimide 

(NHS) esters or carbodiimides and carboxylic acids to form stable amine bonds and 

has been widely used for the conjugation of antibodies with fluorophores. On the 

other hand, the reaction of maleimides with free sulphydryl groups (found in cysteine 

residues) can form stable thioether bonds between synthetic and biological 

molecules. Technologies such as ELISAs rely heavily on biotinylation, where biotin is 

conjugated to antibodies through amide coupling or maleimide chemistry, and on 

streptavidin/biotin interactions when the biotinylated target is detected using 

fluorophore-labelled streptavidin. Finally, copper catalysed azide-alkyne 

cycloaddition (or ‘click chemistry’) methodologies have been developed and awarded 

the Nobel Prize in Chemistry in 2022. 
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While these bioconjugation methods play a vital role in enabling various 

applications of antibodies, such as immunofluorescence, Western blotting, ELISA, 

flow cytometry, and in vivo imaging, the unspecific labelling of amino acids can lead 

to a loss of affinity when the labels inadvertently bind the variable domains of 

immunoglobulins. To remedy this issue, sequence-specific bioconjugation methods, 

such as Sortase A conjugation, can be used.  

4.1.3 Sortase A Conjugation 

Sortase A conjugation is a bioconjugation technique that utilises the enzyme 

Sortase A, a transpeptidase enzyme derived from Staphylococcus aureus, to 

covalently attach various molecules to a protein of interest, typically an antibody. In 

the cell, Sortase A catalyses the anchoring of surface proteins to the cell wall of 

bacteria. 

In the context of bioconjugation, Sortase A recognises and cleaves a specific 

peptide sequence called the LPXTG motif (where X is any amino acid) on the target 

protein. This cleavage results in the formation of a transient acyl-enzyme 

intermediate, which subsequently reacts with a synthetic oligoglycine-containing 

molecule, often referred to as a ‘sortag’ or ‘Sortase A tag.’ The sortag carries the 

desired functional group, such as fluorophores, biotin, or other small molecules. 

By employing Sortase A conjugation, a variety of molecules can be specifically 

attached to the LPXTG motif engineered into the protein of interest. This method 

allows for precise and controlled labelling, and offers mild reaction conditions, high 

specificity, and the ability to produce homogeneous bioconjugates, making it an 

attractive alternative to traditional bioconjugation techniques (Figure 4.1). 
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Figure 4.1 Functionalisation of a nanobody with a Cy5.5 fluorophore catalysed by Sortase 

A.  

Sortase A targets recognition site LPXTG (here, LPATG) and cleaves the poly-histidine tag, 

allowing for the conjugation of the Cy5.5 fluorophore coupled to an oligoglycine to be 

conjugated onto the nanobody.  

4.1.4 Solid Phase Peptide Synthesis 

Before the advent of Solid Phase Peptide Synthesis (SPPS), peptides were 

synthesised using solution-phase methods. These methods were laborious, time-

consuming, and often resulted in low yields and purification challenges due to the 

need for isolating intermediates at each step, as well as solubility problems, which 

often prevented the elongation of the peptide chain (Coin et al., 2007; Jaradat, 2018). 

In 1963, Bruce Merrifield introduced SPPS: by attaching the initial amino acid to an 

insoluble polymer resin (such as polystyrene beads), it allows for iterative coupling of 

amino acids and easy washing away of reagents and byproducts (Merrifield, 1964, 

1963). He was subsequently awarded the Nobel Prize in Chemistry in 1984 for his 

discovery.  

The initial SPPS methodology employed the Boc/Bzl/HF technique: Boc (tert-

butyloxycarbonyl) was used as the temporary protecting group for the amino group 

of amino acids, and Bzl (benzyl) protecting groups for the side chains. The synthesised 

peptide was then cleaved from the resin using hydrofluoric acid (HF). However, HF 

being extremely corrosive and requiring the use of HF-resistant equipment drove the 
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development of alternative chemistries. In 1970, orthogonal Fmoc/tBu (9-

fluorenylmethyloxycarbonyl/tert-butyloxycarbonyl) chemistry was developed by 

Carpino and Han (1970). In Fmoc/tBu peptide synthesis, the Fmoc protecting group 

can easily be removed using a mild base, such as piperidine. Amino acids are activated 

for coupling using dicyclohexylcarbodiimide or HBTU (Hexafluorophosphate 

Benzotriazole Tetramethyl Uronium), for example (Singh et al., 2023). Following the 

iterative addition of amino acids, the peptide can then be cleaved from the resin using 

mild basic conditions.  

Further advances in the field included the development of novel sidechain 

protective groups (such as tritylamines or methyltrityl), as well as advances in resin 

and linker chemistry (such as Rink Amide resin). Finally, automated peptide 

synthesisers developed in the 1980s allowed for higher throughputs by automating 

the iterative cycles of deprotection, washing, and coupling, significantly reducing 

manual labour and errors. They can also employ microwave reactors to increase 

reaction rates and accelerate synthesis (Pedersen et al., 2012).  

 The development of SPPS led to significant advances in the field of biological 

research, as it allowed for the easy production of peptides, hormones and synthetic 

antigens. It also facilitated research into protein structure, function, and interactions. 

Peptide-based therapeutics, such as insulin analogues, HIV protease inhibitors, and 

antimicrobial peptides, were developed using SPPS (Dhayalan et al., 2017; Limal et 

al., 1998; Mäde et al., 2014). Finally, this technique has been used to create peptide-

based materials, such as hydrogels and nanomaterials, for various biomedical 

applications (Fu et al., 2021). 

4.1.5 Aim and Objectives 

The aim of this chapter is to label previously isolated nanobodies with a 

fluorescent tag at the C’-terminus to allow for the detection of the nanobody target. 

A fluorescent label will be designed and synthesised for Sortase A bioconjugation. 

Sortase A enzyme will be obtained by bacterial protein expression and purification. 

The previously isolated vNAR 5A7 nanobody will be expressed in a bacterial system 

before being purified by liquid chromatography.   
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4.2 Materials and Methods 

4.2.1 Peptide Synthesis 

Amino acids purchased from Merck (Novabiochem); all solvents high grade. 

Syntheses were performed on a 0.25 mmole scale. Reagent abbreviations are 

presented in the table below (Table 4.1).  

Table 4.1 Reagent abbreviations and full names. 

Abbreviation Full reagent name 
DCM Dichloromethane 
DMF N,N-Dimethylformamide 
Oxyma Ethyl cyano(hydroxyimino)acetate 
DIC N,N′-Diisopropylcarbodiimide 
TFA Trifluoroacetic acid 
TIS Triisopropylsilane 
DIPEA N,N-Diisopropylethylamine 
NMP N-Methyl-2-pyrrolidone 

4.2.1.1 Manual FMOC-SPPS 

4.2.1.1.1 Resin Loading 

Fritted syringes (Torviq, USA) were used and the various solutions of reagents 

and washing solvents taken up via stainless steel needles. The syringes were capped 

and agitated on a rotating table at room temperature during coupling.  

Rink amide resin (Novabiochem, loading capacity 0.710 mmole/g) was 

swollen in DCM for 30 minutes, before being washed with DCM (5 × 3 mL) and DMF 

(5 × 3 mL). Removal of the Fmoc group followed by treatment with 20% (v/v) 

piperidine/DMF (2 × 5 minutes). The resin was washed with DMF (5 × 3 mL), DCM (5 

× 3 mL) and DMF (5 × 3 mL). DIC (4 eq. over resin loading) and Oxyma (4 eq.) were 

added to a solution of Fmoc-AA-OH (4 eq.) in DMF. After 5 minutes of pre-activation, 

the mixture was added to the resin. After 2 hours, the resin was washed with DMF (5 

× 3 mL), DCM (5 × 3 mL) and DMF (5 × 3 mL), capped with acetic anhydride/pyridine 

(1:9 v/v) (2 × 3 minutes) and washed with DMF (5 × 3 mL), DCM (5 × 3 mL) and DMF 

(5 × 3 mL).  
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4.2.1.1.2 General Amino Acid Coupling 

A pre-activated solution of protected amino acid (4 eq.), DIC (4 eq.) and 

Oxyma (4 eq.) in DMF was added to the resin. After 1 h, the resin was washed with 

DMF (5 × 3 mL), DCM (5 × 3 mL) and DMF (5 × 3 mL). For precious amino acids, 2 eq. 

of all reagents were used, and the coupling left overnight. 

The resin was subsequently capped: Acetic anhydride/pyridine (1:9 v/v) was 

added to the resin (3 mL). After 3 minutes the resin was washed with DMF (5 × 3 mL), 

DCM (5 × 3 mL) and DMF (5 × 3 mL). The resin was then treated with 20% (v/v) 

piperidine/DMF (3 mL, 2 × 3 minutes) and washed with DMF (5 × 3 mL), DCM (5 

× 3 mL) and DMF (5 × 3 mL).  

4.2.1.1.3 Final Deprotection and Cleavage 

Once the sequence was completed, the N-terminal Fmoc group was removed 

by treatment with 20% (v/v) piperidine/DMF (2 × 5 minutes) and the resin was 

washed with DMF (10 x) and CH2Cl2 (10x) and then dried in vacuo.  

A mixture of TFA, TIS and water (90:5:5 v/v/v) was added to the resin to cleave 

the peptide. After 2 h, the solution was plunged into a 50 mL falcon tube and 

evaporated under a stream of N2 to <5 mL (if required). Diethyl ether (approximately 

30 mL) was added to precipitate the peptide and the solution centrifuged. The 

supernatant was discarded, and the pellet dissolved in 0.1% (v/v) TFA in water/MeCN 

for HPLC purification. 

4.2.1.2 Automated FMOC SPPS 

The automated Microwave Peptide Synthesiser Biotage® Initiator+ Alstra™ 

was used for all automated FMOC SPPS. Rink amide was loaded onto the system using 

the usual Fmoc-deprotection/coupling procedure. Amino acids were prepared at 

0.5 M in DMF (4 eq. per coupling), DIC at 0.5 M in DMF (4 eq. per coupling), and 

Oxyma at 0.5 M in DMF (4 eq. per coupling). Acetic anhydride/DIPEA 0.3 M in NMP 

was used for capping, and 20% (v/v) piperidine in DMF was used for deprotection. 

The system parameters are presented in Table 4.2. Each step was followed by a wash 

step in DMF (45 seconds with mixing). 
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Table 4.2 Automated FMOC SPPS parameters 

Step Solvent Temperature 
(°C) 

Duration Oscillating 
mixer 

Interval 
(on/off 
in sec) 

Resin 
swelling DCM Room 

temperature 
60 
minutes On 10/30 

Fmoc 
removal 20% piperidine/DMF Room 

temperature 

Two 
repeats: 
3 
minutes 
then 10 
minutes 

On 10/15 

DIC/Oxyma 
coupling 
(microwave) 

DMF 75 5 
minutes On Off 

DIC/Oxyma 
coupling 
(room 
temp.) 

DMF Room 
temperature 

60 
minutes On Off 

Capping 
Acetic 
anhydride/DIPEA 0.3 M 
in NMP 

Room 
temperature 

5 
minutes On Off 

A pre-cleave wash with DCM was performed at the end of the synthesis, the 

reaction vessel then removed from the system and the cleavage step was performed 

manually (see 4.2.1.1.3).  

4.2.2 Conjugation of Cy5.5 to Lysine Residues 

A peptide containing Mtt lysine was synthesised and left attached to the resin. 

The Mtt protective group was deprotected on resin using 25 × 5 mL × 5 minutes 

washes of 1% (v/v) TFA, 98% (v/v) DCM and 1% (v/v) MeOH. A coupling solution 

containing 1.2 eq. Cy5.5 NHS ester, 1.2 eq. DIPEA in DMF was prepared and incubated 

overnight with 1 eq. peptide on resin with shaking. The labelled peptide was then 

washed with DMF (5 × 3 mL), DCM (5 × 3 mL) and DMF (5 × 3 mL) before final FMOC 

deprotection and cleavage.  

4.2.3 High-Performance Liquid Chromatography  

4.2.3.1 Analytical High-Performance Liquid Chromatography 

Analytical high-performance liquid chromatography (Analytical HPLC) was 

performed using a Thermo Ultimate 3000 uHPLC equipped with a UV-Vis detector set 
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to monitor at 210 nm, 254 nm, 280 nm and 450 nm. Separation was achieved on a 

Waters SunFire 5 μm, 2.1 mm × 150 mm column (C-18) at a flow rate of 

0.6 mL/minute. The column temperature was maintained at 45° C throughout the 

analysis. 

The mobile phase consisted of solvent A (0.1% (v/v) TFA in H2O) and solvent 

B (0.1% (v/v) TFA acid in acetonitrile). Various linear gradients were used based on 

compound elution time and purity. The column was equilibrated with 95% A and 5% 

B for 10 minutes before sample injection. Chromatograms were analysed using 

Chromeleon™ 7.2.10 CDS Software before data was exported and processed in 

GraphPad Prism 10.4.1 (from GraphPad software; available at www.graphpad.com). 

The chromatograms were analysed by integrating the peak corresponding to the 

target peptide and comparing its area to the total area of all detected peaks. Purity 

was calculated as the percentage of the target peak area relative to the total peak 

area, using the following formula:  

𝑃𝑢𝑟𝑖𝑡𝑦(%) = (
𝐴𝑈𝐶 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑝𝑒𝑎𝑘

𝑇𝑜𝑡𝑎𝑙 𝐴𝑈𝐶 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑒𝑎𝑘𝑠
) × 100 

4.2.3.2 Preparative Reverse-Phase High-Performance Liquid 
Chromatography 

 Preparative reverse-phase high-performance liquid chromatography (prep 

RP-HPLC) was performed using a Waters 1525 binary pump HPLC. A Waters SunFire 5 

μm (C-18) preparative column with 5-μm particle size, 19 mm × 150 mm, flow rate of 

6 mL/minute, was used for separation and purification. The column was maintained 

at room temperature. The mobile phase consisted of solvent A (0.1% (v/v) TFA in H2O) 

and solvent B (0.1% (v/v) TFA in acetonitrile). The gradient was optimised based on 

the retention time and separation parameters identified during analytical HPLC 

analysis. Fractions were collected manually based on the UV-Vis absorbance profile, 

and fractions corresponding to the target compound were pooled and analysed for 

purity using analytical HPLC to confirm successful separation. Samples were then 

frozen at -80 °C and freeze-dried on a Labconco FreeZone Benchtop Freeze Dryer.  
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4.2.4 Mass Spectrometry 

Mass spectrometry was conducted by the University of Nottingham Mass 

Spectrometry service run by Ben Pointer-Gleadhill, Tong Liu, Zoe Disley and Lola 

Ogunyemi.  

High-resolution mass spectrometry analyses were performed on a Bruker 

micrOTOFII mass spectrometer (Bruker Daltonik, Bremen, Germany), interfaced to an 

Agilent 1200 HPLC (Agilent Technologies, Santa Clara, USA). Samples were presented 

in solution for analysis by Flow Injection, 1 µL of solution being injected into the ion 

source of the instrument along with a flow of 0.2 mL/minute of 70% (v/v) 

methanol/water eluent. The mass spectrometer was operated in electrospray 

ionisation (ESI) mode, operating in positive or negative ionisation, at a typical 

resolving power of 8000. The machine interface was provided by Bruker’s Compass 

Open Access QC (v1.4; Bruker Daltonik, Bremen, Germany) and acquired and 

processed using Bruker Compass (v1.7; Bruker Daltonik, Bremen, Germany). 

4.2.5 Protein Expression and Purification 

4.2.5.1 Microbiology Techniques  

Techniques used in this chapter are consistent with those used previously. See 

section 2.2.1, page 48.  

4.2.5.2 Nanobody Expression System 

A Gibson assembly was designed to easily transfer the nanobodies into the 

expression vector pET52b(+) (Novagen, 71554). Two sets of primers with overlapping 

ends were designed. The first set was used to amplify the nanobody region from the 

pSEX81 vector, whereas the second set was used to linearise the pET52(b)+ vector 

while introducing a functionalisation tag and a histidine tag for easier purification 

(Table 4.3). 
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Table 4.3 List of primers used for the Gibson assembly of nanobodies into pET52(b)+ and 

subsequent analysis 

Name Sequence 5′ – > 3′ Size Description 
Gibson_vector_for GGTATATCTCCTTCTTAAA

GTTAAACAAAATTATTTCT
AGAGGGGAA 

47  Gibson assembly pET-52b 
forward primer 

Gibson_vector_rev CTTCCTGCCACCGGTCATC
ACCATCACCACCACTaattaa
cctagg 

25  Gibson assembly pET-52b 
reverse primer, with tag 
modifications 

Gibson_fragment_for CTAGAAATAATTTTGTTTA
ACTTTAAGAAGGAGATATA
CCatgaaatacctattgcctacgg 

62  Gibson assembly nanobody 
forward primer with vector 
overhangs 

Gibson_fragment_rev ttaattAGTGGTGGTGATGG
TGATGACCGGTGGCAGGA
AGattcacagtcacggcagtgcca
tct 

61  Gibson assembly nanobody 
reverse primer with vector 
overhangs 

T7  
  

TAATACGACTCACTATAGG
G 

20 T7 promoter, forward 
primer 

T7_term GCTAGTTATTGCTCAGCGG 19 T7 terminator, reverse 
primer 

 This method was tested on the original vNAR_5A7 sequence to validate the 

experimental design. Fragments and linearised vectors were obtained by PCR using 

Q5® High-Fidelity DNA Polymerase (New-England Biolab, see method 2.2.2.2, page 

51). Reactions were set up using the Gibson Assembly® Master Mix (New-England 

Biolab) with a fragment:insert ratio of 1:1 (see Table 4.4) and incubated at 50° C for 

60 minutes. Obtained assemblies were then transformed into chemically competent 

DH5α (New-England Biolab, C2987H) and minipreped.  

Table 4.4 Reaction conditions for Gibson assembly using the Gibson Assembly® Master Mix 

(New-England Biolab) 

 Sample Positive control 
Total Amount of Fragments 0.02–0.5 pmols 10 μL 
Gibson Assembly Master Mix (2X) 10 μL 10 μL 
Deionised H2O 10-X μL 0 
Total Volume 20 μL*** 20 μL 

This assembly should result in the following construct being expressed (see 

Figure 4.2), with the pelB leader sequence directing the expressed construct to the 

periplasmic space, the 5A7 nanobody protein followed by the LPXTG Sortase A 

recognition motif and a 6-histidine tag for easy purification by affinity liquid 

chromatography.  
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Figure 4.2 Predicted sequence to be expressed by BL21-AI as a result of a Gibson assembly 

between plasmid pET52b(+) and 5A7 nanobody in pSEX81.  

Primers Gibson_vector_for, Gibson_vector_rev, Gibson_fragment_for and 

Gibson_fragment_rev were used.  

The resulting pET52b_5A7 plasmid was then transformed into 

electrocompetent BL21-AI™ One Shot® Chemically Competent cells (Invitrogen, 

C6070-03) for protein expression.  

The second methodology employed relied on a synthetic gene obtained from 

Thermofisher, encoding the 5A7 nanobody sequence alongside a flexible GS linker 

and the LPXTG Sortase A binding site (sequence can be viewed in Figure 4.3). Each 

end of the sequence was flanked by Gibson assembly sites matching the primers, 

designed to modify and amplify the pET101 D-TOPO expression plasmid (listed in 

Table 4.5). The fragment was then inserted ahead and in frame with the histidine tag 

encoded in the vector.  
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Figure 4.3 Synthetic gene sequence used for the Gibson assembly of the 5A7 alongside relevant linker and tag into pET101 
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Table 4.5 List of primers used for the Gibson assembly of the 5A7 synthetic gene into 

pET101.   

Name Sequence 5′ – > 3′ Size Description 
pET101_for GACCGGCGGTAAGGGCGA

GCAGGGCGAGCTCAATTC
GA 

38 Gibson assembly pET101 
forward primer 

pET101_rev GGTATTTCATGGTGAAGG
GCGGTGAAGGGCTCCTGA
ATTC 

40 Gibson assembly pET101 
reverse primer 

The resulting pET101_5A7 plasmid was then transformed into 

electrocompetent BL21-AI™ One Shot® Chemically Competent cells (Invitrogen, 

C6070-03) for protein expression.  

4.2.5.3 Expression of Sortase A 

The purification protocol was adapted from the literature (Guimaraes et al., 

2013). pET28a-SrtAdelta59 was obtained from Hidde Ploegh (Addgene plasmid # 

51138; http://n2t.net/addgene:51138; RRID:Addgene_51138;). The plasmid was 

transformed into BL21-DE3 Electrocompetent Cells (Sigma Aldrich, CMC0016) and 

grown to OD600=0.6 in 200 mL LB broth (Lysogeny Broth Lennox, 0.5% (w/v) 

Tryptone, 0.5% (w/v) Yeast extract, 1% (w/v) Sodium chloride, pH 7.0 at 20° C, Sigma 

Aldrich, L3022) with 100 µg/mL ampicillin in a 1 L flask. Protein expression was 

induced using 0.5 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside) for 3 hours (the 

incubation time was shortened to account for the higher temperature). The culture 

was then spun down (20 minutes, 5000 x g, 4°C) and the pellet resuspended in protein 

purification buffer A (50 mM Tris HCl pH 8.0, 150 mM NaCl, 10% (v/v) glycerol, 20 mM 

imidazole in distilled water) for subsequent purification.  

4.2.5.4 5A7 Pilot Overexpression 

Plasmids were transformed into BL21-AI™ One Shot® Chemically Competent 

cells (Invitrogen, C6070-03). Pilot overexpression was set up prior to protein 

purification to confirm the correct plasmid integration of protein expression by the 

transformed competent cells. Recombinants were plated on agar and grown 

overnight. A single colony was picked and transferred to 5 mL of LB with ampicillin 

and grown overnight. The culture was then diluted (1:100) into fresh LB with 
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ampicillin and incubated at 37° C with shaking (210 rpm) until OD600 = 0.6. Protein 

expression was then induced using IPTG at various concentrations. The culture was 

then incubated in the same condition for another 3 hours. Samples prior and post 

induction were collected, spun down (60 seconds, 17,900 × G) and prepared for SDS-

PAGE. 

4.2.5.5 5A7 Upscale Overexpression 

Plasmids were transformed into BL21-AI™ One Shot® Chemically Competent 

cells (Invitrogen, C6070-03). Upscale overexpression was set up for protein 

purification. A single colony was picked and transferred to 5 mL of LB with ampicillin 

and grown overnight. The culture was then diluted (1:100) into fresh LB with 

ampicillin and incubated at 37° C with shaking (210 rpm) until OD600 = 0.6. Protein 

expression was then induced using IPTG at the optimum concentration, determined 

from the pilot overexpression. The culture was then incubated in the same condition 

for another 3 hours. Cells were pelleted (12 minutes, 4000 x g) and resuspended in 

the first purification buffer plus 0.5 mM PMSF (phenylmethylsulphonyl fluoride, 

Thermo Scientific, 36978). This biomass was then fast frozen and stored at -80° C. 

Cells were then aliquoted in 10 mL samples, and each sample was sonicated for 3 

minutes, in 10 seconds intervals with 10 seconds of recovery in between. Cells were 

then left to incubate on ice for 30 minutes, before being pelleted (30 minutes, 4000 

x g). The supernatant was collected and stored on ice before purification. Samples 

prior and post induction were collected along with a crude lysate sample, 

supernatant and final pellet, and prepared for SDS-PAGE. If the overexpressed 

protein was found in the supernatant, the samples were then purified. 

4.2.5.6 Estimation of Protein Hydrophobicity 

The hydrophobicity of proteins was calculated using the hydropathy scale 

described by Kyte and Doolittle (1982). Scores were calculated using the Expasy 

ProtScale tool (Gasteiger et al., 2005) and protein 3D structures were generated using 

UCSF ChimeraX version 1.9 (Pettersen et al., 2004), available at 

https://www.cgl.ucsf.edu/chimera). HEL-5A7 protein structure was obtained from 

Stanfield et al. (2004), PDB Id: ISQ2. 
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4.2.5.7 Purification/FPLC 

4.2.5.7.1 Column Maintenance 

Columns were stripped with 10 column volumes of 20 mM sodium phosphate, 

0.5 M NaCl and 50 mM EDTA, pH 7.4 at 20° C, before recharging with 5 volumes of 

0.1M NiSO4 in distilled water. Columns were then rinsed with 5 column volumes 

distilled water and stored in 20% (v/v) ethanol in distilled water or equilibrated with 

5 column volumes of binding buffer.  

4.2.5.7.2 Buffers 

Buffers were designed following recommendations from column 

manufacturer (Cytiva), prepared fresh for each use, filter sterilised and stored at 4 °C.  

Table 4.6 Composition of buffers for protein purification by FPLC.  

Buffers were filter sterilised and stored at 4° C 

Buffer name Composition 
Binding buffer A 50 mM Tris HCl pH 8.0, 150 mM NaCl, 10% (v/v) glycerol, 20 mM 

imidazole in distilled water 
Eluting buffer B.1 50 mM Tris HCl pH 8.0, 150 mM NaCl, 10% (v/v) glycerol, 1 M 

imidazole in distilled water 
Eluting buffer B.2 50 mM Tris HCl pH 8.0, 150 mM NaCl, 10% (v/v) glycerol, 500 mM 

imidazole in distilled water 
Binding buffer C 20 mM sodium phosphate, 0.5 M NaCl, 8 M urea, 5 mM DTT, 10% 

(v/v) glycerol, 20 mM imidazole 
Eluting buffer D 20 mM sodium phosphate, 0.5 M NaCl, 8 M urea, 5 mM DTT, 10% 

(v/v) glycerol, 1 M imidazole 

4.2.5.7.3 Purification Protocol 

All FPLC experiments were run on a AKTAprime Plus (Cytiva).  

Samples were run on HisTrap™ High Performance Nickel-charged 

chromatography column (Cytiva). Columns were rinsed with dH2O, and columns were 

equilibrated with binding buffer. The sample was run on the column and bound 

proteins were eluted alongside an increasing imidazole gradient using eluting and 

binding buffer; fractions were collected. Samples from the flow-through, wash-

through, and fractions were collected and prepared for an SDS-PAGE. Following the 

SDS-PAGE, samples containing the desired protein were dialysed overnight in 2 L of 

binding buffer to remove any imidazole and excessive salts. A second round of 
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purification was performed if required. Finally, samples were concentrated using 

appropriate Vivaspin® Centrifugal Concentrator and dialysed in storage buffer 

(40 mM Tris-HCl pH8.0, 110 mM NaCl, 2.2 mM KCl, 8 mM imidazole, 0.04% (v/v) 

Tween 20, 20% (v/v) glycerol) before being flash-frozen and stored at -80° C. 

4.2.5.8 Protein Concentration Determination 

Protein concentrations were determined using a Pierce BCA Protein Assay Kit 

(Thermo Fisher Scientific, 23225). A BSA (Bovine Serum Albumin) standard curve was 

prepared with concentrations between 500 µg/mL and 0 µg/mL in triplicates. The 

working reagent was prepared by mixing equal part of reagent A and B, and 25 µL of 

either standard or sample of unknown concentration was added to 200 µL of working 

reagent in a 96-well microplate. The plate was mixed thoroughly on a plate shaker 

and incubated at 37° C for 30 minutes. The plate was then equilibrated at room 

temperature, and absorbance was measured at 475 nm on a GloMax® Explorer 

Microplate reader (Promega). A linear regression was fitted to the standard curve 

using GraphPad Prism 10.4.1 (from GraphPad software; available at 

www.graphpad.com); protein sample concentrations were determined using this 

concentration curve. 

4.2.5.9 Protein Gel Electrophoresis and Western Blotting 

Samples were diluted in Novex™ Tris-Glycine SDS Sample Buffer (Invitrogen™, 

LC2676) and run on Novex™ Tris-Glycine Mini Protein Gels, 4–20%, 1.0 mm 

(Invitrogen™, XP04205BOX) with Novex™ Tris-Glycine SDS Running Buffer 

(Invitrogen™, LC2675) alongside the Spectra™ Multicolour Broad Range Protein 

Ladder (Thermo Scientific™, 26634). For Coomassie staining, gels were stained in 50% 

(v/v) methanol, 10% (v/v) acetic acid, 40% dH2O and 0.25% (w/v) Coomassie Blue R-

250 for 30 minutes to overnight, and de-stained in 50% (v/v) methanol, 10% (v/v) 

acetic acid and 40% (v/v) dH2O. 

For western blots, gels were removed from their running casts and semi-dry 

transferred onto nitrocellulose membranes (Invitrogen™, LC2009) using Trans-Blot® 

SD Semi-Dry Transfer Cell with Bjerrum Schafer-Nielsen Transfer Dry Buffer (48 mM 



University of Nottingham  Chapter 4 

159 
 

Tris, 39 mM glycine, and 1.3 mM SDS, pH 9.0-9.3, at 20 ᴼC, (Bjerrum and Schafer-

Nielsen, 1986). 

Membranes were then blocked with 3% BSA (Bovine serum Albumin) in TBST 

(150 mM NaCl, 50 mM Tris-HCl, 0.5% (v/v) Tween 20, pH 7.6 at 20° C) overnight at 4° 

C with gentle rocking. Membranes were then washed (3 times, 10 minutes in TBST at 

room temperature) before being probed with the primary antibody (anti-histidine tag 

antibody produced in rabbit, Sigma SAB5600227, 1:1000 in TBS) for 2 hours at room 

temperature with gentle rocking. Membranes were washed again and probed with 

the secondary antibody (swine anti-rabbit IgG-HRP, Dako P0399, 1:4000 in TBS). After 

a final wash, samples were imaged on a LiCor Odyssey® M Imager equipped with a 

chemiluminescence module using WesternSure® PREMIUM Chemiluminescent 

Substrate (LiCor, 926–95000). Pictures were taken at the 3 minutes, 5 minutes and 

10 minutes exposure time, and the best images were selected.  
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4.3 Results and Discussion 

4.3.1 Peptide Synthesis 

In order to create a fluorophore tag for nanobodies that could be attached by 

Sortase A conjugation, a short peptide encoding the Sortase A recognition 

oligoglycine needed to be synthesised. In order to label this oligoglycine with a 

fluorophore, a free side chain was required. The amino acid lysine is a basic, polar 

amino acid with a long, flexible aliphatic ε-side chain terminating in a second amino 

group. This reactive ε-amino group can then be used to attach the dye with amine 

coupling. The peptide glycine-glycine-glycine-lysine (GGGK) was first synthesised by 

Fmoc (fluorenylmethyloxycarbonyl protecting group) solid-phase peptide synthesis 

(SPPS). The lysine used contained an N-methyltrityl (Mtt) protective group on the 

(CH2)4NH2 side chain (CAS Number: 167393-62-6). This Mtt group can be selectively 

removed using a weak acid.   The dye Cy5.5 was selected as the fluorophore of choice, 

and is a derivative of Cy5, a dye within the cyanine family. Cy5.5 emits in the near-

infrared region (694 nm), where biological tissues and samples have reduced 

autofluorescence, facilitating signal detection in flow cytometry and 

immunofluorescence experiments. This wavelength was also compatible with the 

flow cytometry panel designed in the previous chapter. Cy5.5 is water soluble and 

photostable and is commercially available as the NHS ester for easy labelling of 

antibodies and peptides.  

A rink amide resin (Novabiochem®, loading capacity 0.71 mmole/g) was 

loaded onto an automatic peptide synthesis system to couple Fmoc-Lys (Mtt)-OH at 

the 0.25 mmole scale (0.352 g of resin). Diisopropylcarbodiimide (DIC) activated the 

carboxylic acid group of the amino acid, and the reaction was facilitated by ethyl 

cyanohydroxyiminoacetate (Oxyma), which stabilised the active ester intermediate 

formed during the reaction. The resin was then washed using dimethyl fluoride 

(DMF), dichloromethane (DCM) and DMF, and capped by 10% (v/v) acetic anhydride 

and 90% (v/v) pyridine to prevent undesired side reactions. After another round of 

washes, the Fmoc group was deprotected using 20% (v/v) piperidine in DMF and 

washed again. The next amino acid (Fmoc-Gly-OH, CAS number:  29022-11-5) was 
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then coupled following the same process. The cycle was repeated until the 

GGGK(Mtt) peptide was synthesised. A small-scale cleavage was conducted using a 

small amount of resin and a mixture of 90% (v/v) trifluoroacetic acid (TFA), 5% (v/v) 

triisopropylsilane (TIS), and 5% (v/v) water to confirm the correct synthesis of 

peptides. The peptide was precipitated with diethyl ether and resuspended in 0.1% T 

(v/v) TFA in H2O. A schematic representation of Fmoc SPPS can be seen in Figure 4.4. 

 Since cleaving the peptide from the resin requires a strong acid (90% (v/v) 

TFA, 5% (v/v) TIS, 5% (v/v) H2O), it is considered that the Mtt protective group would 

also be removed from the structure (the Mtt group is usually removed by a weak acid, 

here 1% (v/v) TFA, 98% (v/v) DCM, 1% (v/v) MeOH). The expected structure is 

presented in Figure 4.5 and the mass spectra can be seen in Figure 4.6. The mass 

spectra (ESI positive) confirmed the presence of a peak consistent with the [M+H]⁺ of 

the GGGK peptide at 539.25. Once the accurate synthesis of the peptide was 

confirmed, the Mtt protective group was removed overnight from the remaining 

resin-coupled peptide, and the Cy5.5 fluorophore was coupled (1 eq. peptide, 1.2 eq. 

Cy5.5 NHS ester, 1.2 eq. DIPEA, in DMF). The Cy5.5 dye is pre-activated with an NHS 

ester, and thus reactive towards the ε-chain amine. 

 The peptide was then cleaved from the resin and the sample was sent to mass 

spectrometry (ESI positive) to confirm the Cy5.5 coupling. Unfortunately, the exact 

m/z of the compound could not be detected, indicating the coupling was 

unsuccessful.
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Figure 4.4 Mechanism of Fmoc Solid Phase Peptide Synthesis (Fmoc SPPS).  

Fmoc protected amino acids are coupled to a Rink Amide resin (represented by a grey sphere) by amine coupling, facilitated by Oxyma and DIC. The 

peptide is capped with 10% acetic anhydride and 90% pyridine to prevent undesired side reactions. The Fmoc group is removed by a 20% piperidine 

in DMF before a new amino acid is coupled. The process is repeated with each amino acid, extending the peptide. After the final coupling, the Fmoc 

group is removed and the peptide is cleaved from the resin with 90% TFA, 5% TIS and 5% H2O. Wash steps with DMF and DCM are performed between 

steps as appropriate.  Figure created using ChemDraw 23.1.2 (available at revvitysignals.co), adapted from Jaradat (2018).  
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.  

 

Figure 4.5 Chemical structure of the Fmoc-GGGK peptide following cleavage from rink 

amide resin in order to check for proper synthesis prior to Cy5.5 coupling.  

The Fmoc protective group is highlighted in red. Chemical Formula: C27H34N6O6, Exact Mass: 

538.25. 

 

Figure 4.6 Mass Spectra confirming the synthesised Fmoc-GGGK peptide.  

The observed ESI-MS (positive) spectrum displays a dominant ion at m/z 539.26, 

corresponding to the [M+H]⁺ of GGGK. Additional peaks represent adducts, or fragments. The 

theoretical molecular weight of the peptide aligns with the observed data, validating the 

successful synthesis of the compound. 

Considering the large size of the resin, it is possible that coupling the Cy5.5 

dye to the lysine ε-chain is sterically blocked. To circumvent this issue, an additional 

three glycine amino acids were placed between the resin and the lysine to allow more 

space for fluorophore coupling, to yield the following peptide: GGGK(Mtt)GGG. 

Again, a Rink Amide resin (Novabiochem®, loading capacity 0.710 mmole/g) was 

loaded onto an automatic peptide synthesis system to couple three Fmoc-Gly-OH, 

Fmoc-Lys (Mtt)-OH, and again three Fmoc-Gly-OH, at the 0.25 mmole scale (0.352 g 

of resin). A mini cleave was performed to confirm correct peptide synthesis before 

Mtt deprotection. The expected structure is presented in Figure 4.7 and the mass 

spectra can be seen in Figure 4.8. The mass spectra (ESI positive) confirmed the 

presence of a peak consistent with the [M+H]⁺ of the GGGKGGG pepƟde at 710.32. 
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Figure 4.7 Chemical structure of the Fmoc-GGGKGGG peptide following cleavage from rink 

amide resin in order to check for proper synthesis prior to Cy5.5 coupling.  

The Fmoc protective group is highlighted in red. Chemical Formula: C33H43N9O9, Exact Mass: 

709.32. 

 

Figure 4.8 Mass Spectra confirming the synthesised Fmoc-GGGKGGG peptide.  

The observed ESI-MS (positive) spectrum displays a dominant ion at m/z 710.32, 

corresponding to the [M+H]⁺ of Fmoc-GGGKGGG. Additional peaks represent adducts, or 

fragments. The theoretical molecular weight of the peptide aligns with the observed data, 

validating the successful synthesis of the compound.  

The Mtt protective group was removed (1% (v/v) TFA, 98% (v/v) DCM, 1% (v/v) 

MeOH) and the Cy5.5 fluorophore was coupled in solution with DIPEA (1 eq. peptide, 

1.2 eq. Cy5.5 NHS ester, 1.2 eq. DIPEA, in DMF). The terminal Fmoc group was 

deprotected and the compound was cleaved from the resin, precipitated and 

resuspended. The resulting sample was sent to mass spectrometry to confirm Cy5.5 

coupling to the peptide. The structure of GGGK(Cy5.5)GGG can be seen in Figure 4.9, 

and the mass spectra (ESI positive) of the resulting sample can be seen in Figure 4.10. 

The mass spectra showed a peak at 1052.52, consistent with the m/z of 

GGGK(Cy5.5)GGG. This confirmed that the compound was synthesised. A schematic 

representation of the synthesis can be seen in Figure 4.11. However, additional peaks 

on the mass spectra indicated the presence of contaminants. In order to purify the 

sample, preparative reverse-phase high-performance liquid chromatography (prep 

RP-HPLC) was used. The sample was run on a Waters SunFire 5 μm (C-18, 19 mm × 
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150 mm) preparative column and run on a 5–95% gradient. Fractions were collected 

manually at high 210 nm absorbance and prepared for analytical HPLC and mass 

spectrometry (ESI positive).  

Figure 4.12 (A) presents the analytical HPLC (2–95% gradient over 10 minutes) 

of the fraction that was shown to contain the GGGK(Cy5.5)GGG sample by mass 

spectrometry. Both the mass spectrometry and analytical HPLC revealed the 

presence of contaminants in the sample. An additional round of purification by prep 

RP-HPLC was conducted on a shorter gradient (20–60%) and three fractions were 

collected: one before the major peak, one of the major peaks, and one after the major 

peak.  

Figure 4.12 (B) presents the analytical HPLC (15–60% gradient over 5 minutes) 

and mass spectrometry (ESI positive) of the pre-peak sample, (C) of the peak sample, 

and (D) of the post-peak sample. Both the peak and post-peak sample mass spectra 

showed the presence of the GGGK(Cy5.5)GGG compound; however, only the peak 

sample appeared free of contaminants. The corresponding analytical HPLC confirmed 

one major peak at 6.56 minutes, with an Area Under Curve (AUC) of 771.4. Two 

additional peaks were detected (not visible on the graph due to their small size) at 

0.77 and 8.073 minutes, with AUC of 20.91 and 24.08 respectively. The percentage 

purity of the sample was calculated using the formula below and confirmed a purity 

of 94%.   

𝑃𝑢𝑟𝑖𝑡𝑦(%) = (
𝐴𝑈𝐶 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑝𝑒𝑎𝑘

𝑇𝑜𝑡𝑎𝑙 𝐴𝑈𝐶 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑒𝑎𝑘𝑠
) × 100 

Finally, the sample was freeze-dried and weighed: the synthesis yielded 6.8 mg final 

mass for an initial synthesis of 22 nmole, corresponding to a final yield of 32.32%.  
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Figure 4.9 Chemical structure of the GGGK(Cy5.5)GGG peptide following cleavage from rink 

amide resin.  

The Cy5.5 dye is highlighted in green. Chemical Formula: C58H74N11O8
+, Exact Mass: 1052.57. 

 

Figure 4.10 Mass Spectra confirming the synthesised GGGK(Cy5.5)GGG-NH2 peptide.  

The observed ESI-MS (positive) spectrum displays an ion at m/z 1052.52, corresponding to the 

mass of GGGK(Cy5.5)GGG-NH2. Additional peaks represent adducts, or fragments. The 

theoretical molecular weight of the peptide aligns with the observed data, validating the 

successful synthesis of the compound. 
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Figure 4.11 Stepwise synthesis of GGGK(Cy5.5)GGG following Fmoc-based solid-phase peptide synthesis (SPPS), followed by dye conjugation 

through amide coupling to a lysine residue.  

The Fmoc group is highlighted in red, the Mtt group in blue, and the Cy5.5 dye in green. The Rink Amide resin is represented by a grey sphere. Following 

Fmoc SPPS of the GGGK(Mtt)GGG peptide, the Mtt group is deprotected with 1% TFA, 98% DCM and 1% MeOH. Cy5.5 NHS ester is coupled onto the 

lysine ε-chain, forming a stable amide bond. The final Fmoc group is deprotected with 20% piperidine in DMF, and the completed peptide-dye 

conjugate is cleaved from the resin using 90% TFA, 5% TIS and 5% H2O. Excess reagents and unreacted dye are removed via extensive washing.
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Figure 4.12 HPLC chromatogram depicting the separation of GGGK(Cy5.5)GGG alongside 

corresponding MS spectra showing the m/z values of the detected ions. 

The predominant ion species are labelled, confirming their identity. A) Sample obtained after 

the first round of prep RP-HPLC B) Pre-peak sample obtained from the second round of prep 

RP-HPLC. C) Peak sample obtained from the second round of prep RP-HPLC, confirming the 

purity of synthesised GGGK(Cy5.5)GGG: 94%. D) Post-peak sample obtained from the second 

round of prep RP-HPLC. 

4.3.2 Sortase A Expression and Purification 

The pET28a-SrtAdelta59 was obtained from Addgene (plasmid #51138) and 

transformed into BL21-DE3 for protein overexpression. Protein overexpression was 

induced with 0.5 mM IPTG (protocol adapted from Guimaraes et al. (2013)) before 

the cells were collected and sonicated in buffer A.  

The sample was run on a 1 mL HisTrap™ High Performance column (Cytiva) 

using an AKTAprime Plus (Cytiva),  and eluted against an imidazole gradient (0 to 

100% buffer A to B.1), and 2 mL fractions were collected. A malfunction of the UV 

detector led to an inaccurate signal (Figure 4.13). To confirm the correct fraction 

numbers, samples were collected from each fraction (1 to 38) and grouped every 5 

fractions. The combined groups were run on an SDS-PAGE gel to confirm the size of 

the eluted protein (Figure 4.14). A clear band of the appropriate size (20,358.13 Da) 

can be observed in combined fractions 6 to 10 and 11 to 25. An additional band can 

be seen at around 40 kDa, indicating the possible presence of a protein dimer. The 

formation of a Sortase A protein dimer has been reported in the literature (Lu et al., 

2007). Such a dimer could impact the protein activity, and the addition of a reducing 

agent such as DTT might be necessary to ensure optimal activity. Faint bands can also 

be observed around 60 kDa in every single lane. These bands are likely an artefact of 

the staining process and were disregarded. In order to confirm the 40 kDa band was 

indeed a dimer of the Sortase A protein, samples were taken from the grouped 

fractions 6 to 10 and incubated with various concentrations of DTT for 10 minutes, 

before being loaded onto an SDS-PAGE gel (Figure 4.15). A consistent reduction in 

the thickness of the 40 kDa band was observed with increased DTT concentration, 

confirming the presence of a dimer. The increased sample concentration led to the 
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appearance of additional bands, indicating the presence of contaminant proteins in 

the sample. In order to remove these additional proteins, the grouped fractions 6 to 

10 and 11 to 15 were pooled, concentrated using a Vivaspin centrifugal concentrator 

with a 10 kDa limit, dialysed in buffer A, and purified again against a shorter imidazole 

gradient (20 mM to 500 mM rather than 20 mM to 1 M). 

 

 

Figure 4.13 Representative chromatogram of Sortase A protein purification using an ÄKTA 

FPLC system.  

The graph shows UV absorbance at 280 nm (blue line), indicative of protein concentration, 

plotted against elution volume. Concentration gradient (green line) indicates imidazole 

gradient changes. Collected fractions are labelled in red. Following the initial equilibration 

phase, a large peak in absorbance can be observed due to sample loading, followed by wash 

steps. A malfunction of the UV monitor at 10 minutes renders this graph unreliable. 
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Figure 4.14 SDS-PAGE analysis of fractions collected from the Sortase A protein purification 

process, stained with Coomassie Brilliant Blue.  

Lane 1: Molecular weight marker Spectra™ Multicolour Broad Range Protein Ladder (size in 

kDa indicated). Lane 2: Lysis supernatant, as loaded onto the purification column. Lane 3 to 

8: Fractions collected from the purification process. Bands indicate the presence of proteins, 

with the target protein prominently visible at approximately 20 kDa, confirming successful 

purification. Additional bands at around 40 kDa indicate the presence of a potential dimer.  
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Figure 4.15 SDS-PAGE analysis of fractions collected from the Sortase A protein with various 

concentrations of DTT to reduce the protein dimer, stained with Coomassie Brilliant Blue.  

Lane 1: Molecular weight marker Spectra™ Multicolour Broad Range Protein Ladder (size in 

kDa indicated). Lane 2: Lysis supernatant, as loaded onto the purification column. Lane 3 to 

6: Fractions 11 to 20 collected from the purification process loaded with various 

concentrations of DTT from 0 mM to 10 mM. Bands indicate the presence of proteins, with 

the target protein prominently visible at approximately 20 kDa. Faint or additional bands 

represent co-purified proteins or impurities. 

For the second round of purification, the sample was loaded onto a 1 mL 

HisTrap™ High Performance column (Cytiva) using an AKTAprime Plus (Cytiva),  and 

eluted against an imidazole gradient (0 to 100% buffer A to B.2), and 2 mL fractions 

were collected. A single strong peak is visible on the 280 nm absorbance spectra 

(Figure 4.16). This peak coincided with fractions 11 to 21. The later elution time can 

be explained by the use of a shorter imidazole gradient (20 mM to 500 mM rather 

than 20 mM to 1 M). Individual fractions were collected and prepped for SDS-PAGE 

(Figure 4.17). Once again, a strong band was visible around the 20 kDa mark, 
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consistent with the size of the Sortase A protein, alongside a band around the 40 kDa 

mark corresponding to the dimer observed previously. Since no other strong peak 

was visible on the UV spectra, and no strong bands of other sizes were visible on the 

SDS-PAGE gel, it was considered the protein was pure enough for its intended use as 

a conjugation enzyme. Further purification steps, such as ion exchange 

chromatography, could be considered in the future.   
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Figure 4.16 Representative chromatogram of Sortase A protein purification using an ÄKTA 

FPLC system.  

The graph shows UV absorbance at 280 nm (blue line), indicative of protein concentration, 

plotted against elution volume. Concentration gradient (green line) indicates imidazole 

gradient changes. Collected fractions are labelled in red. Following the initial equilibration 

phase, a large peak in absorbance can be observed due to sample loading, followed by wash 

steps. A distinct peak corresponding to the eluted protein under the applied gradient is visible, 

with target protein elution identified at approximately fractions 11 to 18. 
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Figure 4.17 SDS-PAGE analysis of fractions collected from the Sortase A protein second 

purification process, stained with Coomassie Brilliant Blue.  

Lane 1: Molecular weight marker Spectra™ Multicolour Broad Range Protein Ladder (size in 

kDa indicated). Lane 2: Lysis supernatant, as loaded onto the first purification column. Lane 3 

to 15: Fractions collected from the purification process. Bands indicate the presence of 

proteins, with the target protein prominently visible at approximately 20 kDa, confirming 

successful purification. Additional bands at around 40 kDa indicate the presence of a dimer. 

Fractions 12 to 19 were pooled and concentrated using a Vivaspin centrifugal 

concentrator with a 10 kDa limit down to 4 mL and dialysed in Sortase A storage 

buffer. A Pierce BCA Protein Assay Kit was used to determine the concentration of 

the protein. A BSA standard curve was prepared with concentrations between 

500 µg/mL and 0 µg/mL in triplicates, and three measurements of the Sortase A 

sample were made (Figure 4.18). The concentration of the Sortase A sample was 

extrapolated from the standard curve and determined to be 313.4 ± 13.14 (SD) 

µg/mL, corresponding to a total of 61.58 ± 2.58 (SD) nmol of protein produced (or 

1.253 mg, for a final yield of 6.25mg/L of culture). This yield appeared lower than 
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previously reported, which could be due to the higher used temperature during 

protein expression induction, which could have impacted protein solubility 

(Guimaraes et al., 2013). Additional assays to confirm enzymatic activity will be 

required to confirm the ligating properties of the purified protein. 

 

Figure 4.18 Determination of Sortase A protein concentration by Pierce BCA Protein Assay.  

A standard curve was generated using seven concentrations of BCA in triplicates; 

measurements are shown with error bars representing standard deviation. Three 

measurements of the Sortase A sample were made; the mean measurement is shown as a 

blue line, with the 95% confidence interval shown in blue shade. The intersection of the 

standard curve with the mean of the sample measurement corresponded to a final 

concentration of 313.4 ± 13.14 (SD) µg/mL.  

4.3.3 Nanobody Expression and Purification 

4.3.3.1 pET52b(+) Gibson Assembly 

Primers Gibson_fragment_for and Gibson_fragment_rev were used to 

amplify the vNAR_5A7 region out of the pSEX81 vector (Q5® High-Fidelity DNA 

Polymerase, 30 cycles, Tm = 59° C, predicted amplicon size = 482 bp). This was 

confirmed by agarose gel showing a band consistent with the expected amplicon size 

of 482 bp (Figure 4.19). The pET52(b)+ vector was linearised using the 

Gibson_vector_for and Gibson_vector_rev primers (Q5® High-Fidelity DNA 
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Polymerase, 30 cycles, Tm = 61° C, predicted amplicon size = 5098 bp). Successful 

linearisation and modifications were confirmed by Sanger sequencing (Eurofins 

Genomics, Germany) using T7 and T7-term primers, as well as electrophoresis 

(Figure 4.20).  

 

Figure 4.19 1% agarose gel of PCR-amplified Gibson fragment from pSEX81_5A7. 

Lane 1: DNA ladder New-England Biolab 100 bp (sizes are indicated in bp). Lane 4: PCR-

amplified fragment from pSEX81_5A7 with primers Gibson_fragment_for and 

Gibson_fragment_rev. A band consistent with the size of the expected fragment (482 bp, 

highlighted by the red arrow) is visible. 

 



University of Nottingham  Chapter 4 

179 
 

 

Figure 4.20 1% agarose gel of PCR-linearised vector pet52b(+).  

Lane 1: DNA ladder New-England Biolab 1 kb plus (sizes are indicated in bp). Lane 2: Vector 

pet52b(+) linearised by PCR with primers Gibson_vector_for and Gibson_vector_rev. A band 

consistent with the size of the expected fragment (5098 bp) is visible. 

The assembly was performed using Gibson Assembly® Master Mix (New-

England Biolab) and the ligated plasmid was transformed into BL21-AI for protein 

expression. Pilot protein expression was performed using various concentrations of 

IPTG (0.1 mM, 0.5 mM and 1 mM). Samples were collected and run on an SDS-PAGE 

gel (Figure 4.21). No band corresponding to the expected size of the tagged 5A7 

nanobody (15,273.18 Da) could be observed, indicating that the tagged 5A7 

nanobody protein was not expressed. To confirm this lack of expression, the 1 mM 

IPTG induced sample was pelleted and sonicated. The resulting lysate was run on an 

immobilised nickel ion column (His-Trap, Cytiva) using an AKTAprime Plus (Cytiva),  

Bound proteins were eluted alongside an imidazole gradient. No peak was visible on 

the UV spectrum obtained from the ÄKTA FPLC (Fast Protein Liquid Chromatography) 

system (Figure 4.22). This lack of signal indicated the absence of protein eluted from 
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the column. Several hypothesises could explain the lack of expression. After careful 

consideration of the plasmid sequence, it was observed that a start codon appeared 

in the ribosome binding site (RBS) spacer sequence as a result of the Gibson assembly. 

The presence of a start codon in the RBS spacer sequence introduces ambiguity in 

translation initiation, leading to potential mis-expression or suppression of the 

desired protein. This emphasises the importance of carefully designing sequences 

around the RBS to ensure proper translation of the target gene. 
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Figure 4.21 SDS-PAGE analysis of 5A7 pilot protein expression from BL21 carrying 

pET52b_5A7, stained with Coomassie Brilliant Blue.  

Lane 1: Molecular weight marker Spectra™ Multicolour Broad Range Protein Ladder (size in 

kDa indicated). Lane 2: Growth media of BL21 cells carrying pET52b_5A7 prior to induction. 

Lane 3: Pelleted and lysed BL21 cells carrying pET52b_5A7 prior to induction. Lane 4: Lysis 

supernatant from BL21 cells carrying pET52b_5A7 prior to induction. Lane 5 to 8: Pelleted and 

lysed BL21 cells carrying pET52b_5A7 following induction with various concentrations of IPTG. 

Bands indicate the presence of proteins; no band is visible for the target protein around 

15 kDa. 
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Figure 4.22 Representative chromatogram of 5A7 from pET52b(+) protein purification using 

an ÄKTA FPLC system.  

The graph shows UV absorbance at 280 nm (blue line), indicative of protein concentration, 

plotted against elution volume. Concentration gradient (green line) indicates imidazole 

gradient changes. Collected fractions are labelled in red. Following the initial equilibration 

phase, a large peak in absorbance can be observed due to sample loading, followed by wash 

steps. No distinct peaks are visible following elution. 

4.3.3.2 pET101 D-TOPO Gibson Assembly 

A new experimental protocol was designed for the expression of tagged 5A7 

nanobody. A synthetic gene encoding for the 5A7 nanobody, alongside an additional 

glycine and serine rich flexible linker (GSAGSAAGSGEF, as described in Waldo et al., 

1999), the Sortase A binding site followed by a 6x histidine tag was designed. The 
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gene was flanked by Gibson binding sites corresponding to two primers designed to 

linearised the pET101 D-TOPO expression plasmid. The pET101 d-TOPO plasmid is 

commercially available as a linear plasmid and was modified and amplified by PCR 

using primers pET101_for and pET101_rev (Q5® High-Fidelity DNA Polymerase, 30 

cycles, Tm = 56° C, predicted amplicon size = 5792 bp). 

Gibson assembly was performed using Gibson Assembly® Master Mix (New-

England Biolab) and the ligated plasmid was transformed into BL21-AI for protein 

expression. Pilot protein expression was performed using various concentrations of 

IPTG (0.1 mM, 0.5 mM and 1 mM). Samples were collected and run on an SDS-PAGE 

gel (Figure 4.23). Despite the gel being distorted by overloading of the un-induced 

pellet sample, no band corresponding to the expected size of the new tagged 5A7 

nanobody (19,511.78 Da) could be observed, indicating that the new tagged 5A7 

nanobody protein was not expressed. To confirm this lack of expression, the 1 mM 

IPTG was prepared for purification and run on an immobilised nickel ion column (His-

Trap, Cytiva) using an AKTAprime Plus (Cytiva). Bound proteins were eluted alongside 

an imidazole gradient. No peak was visible on the UV spectrum obtained from the 

ÄKTA FPLC system (Figure 4.24).  
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Figure 4.23 SDS-PAGE analysis of 5A7 pilot protein expression from BL21 carrying 

pET101_5A7, stained with Coomassie Brilliant Blue.  

Lane 1: Molecular weight marker Spectra™ Multicolour Broad Range Protein Ladder (size in 

kDa indicated). Lane 2: Growth media of BL21 cells carrying pET52b_5A7 prior to induction. 

Lane 3: Pelleted and lysed BL21 cells carrying pET52b_5A7 prior to induction. Lane 4: Lysis 

supernatant from BL21 cells carrying pET52b_5A7 prior to induction. Lane 5 to 8: Pelleted and 

lysed BL21 cells carrying pET52b_5A7 following induction with various concentrations of IPTG. 

Bands indicate the presence of proteins; no band is visible for the target protein around 

15 kDa. 
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Figure 4.24 Representative chromatogram of 5A7 from pET101_5A7 protein purification 

using an ÄKTA FPLC system.  

The graph shows UV absorbance at 280 nm (blue line), indicative of protein concentration, 

plotted against elution volume. Concentration gradient (green line) indicates imidazole 

gradient changes. Following the initial equilibration phase, a large peak in absorbance can be 

observed due to sample loading, followed by wash steps. No distinct peaks are visible 

following elution. 

Fractions were collected, grouped every 5 mL and prepared for SDS-PAGE 

(Figure 4.25). Alongside those fractions, lysed cells prior to and after induction, as 

well as the corresponding growth media, were run. A band that could potentially 

correspond to the size of 5A7 was observed in the induced lysed cells sample but was 

not present in the lysis supernatant obtained following sonication and centrifugation 
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of the induced cells. However, a strong band around 38 kDa was visible in the lysis 

supernatant. This could potentially indicate that 5A7 aggregates during the lysis 

process, blocking the histidine tag and preventing purification. In order to rule out 

aggregation, new lysis purification buffers were designed to include 8 M urea and 

5 mM DTT. A new culture was set up, and cells were resuspended in buffer C, and 

loaded onto an immobilised nickel ion column (His-Trap, Cytiva) for elution with 

buffer D using an AKTAprime Plus (Cytiva).  
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Figure 4.25 SDS-PAGE analysis of fractions collected from the 5A7 from pET101_5A7 protein 

purification process, stained with Coomassie Brilliant Blue.  

Lane 1: Molecular weight marker Spectra™ Multicolour Broad Range Protein Ladder (size in 

kDa indicated). Lane 2: Lysed BL21 cells carrying pET101_5A7 prior to induction with IPTG. 

Lane 3: Growth media of BL21 cells carrying pET101_5A7 prior to induction with IPTG. Lane 4: 

Lysed BL21 cells carrying pET101_5A7 after induction with IPTG. Lane 5: Growth media of 

BL21 cells carrying pET101_5A7 after induction with IPTG. Lane 7:  Lysis supernatant, as 

loaded onto the first purification column. Lane 8 to 14: Fractions collected from the 

purification process. Bands indicate the presence of proteins; no band is visible for the target 

protein around 19 kDa in the fraction samples. A band is visible around the right size in the 

induced lysed cells sample (red arrow). Additionally, bands around the 38 kDa mark in the 

lysis supernatant might indicate the presence of aggregated proteins (green arrow).  

Once again, no peak was visible on the FPLC spectra (Figure 4.26). To confirm 

the absence of protein, fractions were grouped and prepared for SDS-PAGE alongside 

lysis supernatant. No bands could be observed in any of the fractions, but a band 

corresponding to 19 kDa was visible in the lysis supernatant, as well as the previous 

band around 38 kDa (Figure 4.27). To confirm whether this band was 5A7, wild type 
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BL21 lysate, growth media of BL21 pET101_5A7 and the corresponding pellet, as well 

as lysed cell supernatant were run on an SDS-PAGE gel for analysis by western blot 

(Figure 4.28). A histidine tagged protein ladder was used as a positive control 

(BenchMark™ His-tagged Protein Standard), and the membrane was probed with an 

anti-his antibody, followed by an HRP labelled secondary. Following 

chemiluminescent imaging, the positive control ladder was clearly visible, but no 

band could be observed in any of the samples, confirming that 5A7 was not expressed 

by the BL21 pET101_5A7 cells. In order to ascertain potential solubility issues, the 

hydrophobicity of 5A7 was investigated. The hydropathy score was calculated and 

revealed a very slightly hydrophobic molecule (Kyte and Doolittle mean hydropathy 

score: -0.3352 ± 1.017 (SD)), meaning the protein is likely soluble in water, and 

therefore solubilisation issues are not responsible for the absence of signal. Due to 

time constraints, the protein expression and purification of 5A7 had to be 

abandoned, and the protein was not successfully produced.  
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Figure 4.26 Representative chromatogram of 5A7 from pET101_5A7 protein purification 

with urea treatment using an ÄKTA FPLC system.  

The graph shows UV absorbance at 280 nm (blue line), indicative of protein concentration, 

plotted against elution volume. Concentration gradient (green line) indicates imidazole 

gradient changes. Following the initial equilibration phase, a large peak in absorbance can be 

observed due to sample loading, followed by wash steps. No distinct peaks are visible 

following elution. 
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Figure 4.27 SDS-PAGE analysis of fractions collected from the 5A7 from pET101_5A7 protein 

purification process with urea treatment, stained with Coomassie Brilliant Blue.  

Lane 1: Molecular weight marker Spectra™ Multicolour Broad Range Protein Ladder (size in 

kDa indicated). Lane 2: Lysis supernatant, as loaded onto the first purification column. Lanes 3 

to 9: Fractions collected from the purification process. Bands indicate the presence of 

proteins; no band is visible for the target protein around 19 kDa. 
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Figure 4.28 Western blot analysis of 5A7 expression.  

Lane 1: Positive control his-tagged protein ladder. Lane 2: Lysed wild type BL21 cells. Lane 3: 

Growth media of BL21 with pET101_5A7 after induction with IPTG. Lane 4: Pellet of BL21 with 

pET101_5A7 after induction with IPTG and sonication. Lane 5: Supernatant of BL21 with 

pET101_5A7 after induction with IPTG and sonication. Bands indicate the presence of 

proteins; no band is visible in any of the samples.  
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4.4  Conclusion 

In order to functionalise the vNAR 5A7 nanobody at the C-terminus, a 

fluorescent label was designed for Sortase A catalysed coupling. An oligoglycine 

peptide including an amide-coupling activated lysine was synthesized by solid phase 

peptide synthesis. The fluorescent marker Cy5.5 was then coupled onto the peptide 

to create the fluorescent label. The synthesis yielded 6.8 mg of compound, at 94% 

purity. The Sortase A enzyme was successfully expressed and purified in E. coli, 

yielding 62 nmol of protein. A plasmid encoding for the vNAR 5A7 functionalised with 

the LPATG Sortase A recognition motif was generated and transformed into E. coli for 

expression and purification. Despite several optimisation, the vNAR 5A7 protein 

could not be expressed. The challenges of nanobody expression and purification are 

discussed in Chapter 5 (page 193), alongside future work. 
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Chapter 5 General Discussion 

5.1 Introduction 

   The primary aim of this work was to develop a targeted drug delivery 

platform based on the specificity of nanobodies to specific targets of the mucus 

secretion pathway, and their functionalisation. As previously stated, hypersecretory 

diseases (AHDs) share the common pathophysiology of mucus hypersecretion, and 

impact over 500 million people worldwide. While numerous therapeutic options 

exist, developing new targeted and symptom-specific biologics is highly relevant in 

improving patients’ outcomes. The overall aim of this thesis was to develop a 

targeted drug delivery platform utilising goblet cell-specific nanobodies to deliver 

therapeutic molecules to the site of mucus secretion. 

The first step consisted in the construction of a diverse nanobody library 

based on the IgNAR scaffold isolated from nurse shark Ginglymostoma cirratum by 

introducing genetic diversity into the CDR3 region of the previously isolated vNAR 

5A7 (Dooley et al., 2003), utilising a protocol developed by Zadeh et al. (2019). Once 

a library of sufficient diversity was achieved, targets needed to be isolated. The 

second chapter focused on establishing an airway epithelium model by growing 

Human Bronchial Epithelium primary cells (HBEpc) at the air-liquid interface (ALI), in 

order to isolate goblet cell populations for whole cell panning (WCP). Optimisation of 

the biopanning protocol was required. As no specific binders were identified, the 

third chapter consisted in the functionalisation of vNAR 5A7 with a fluorescent tag by 

Sortase A bioconjugation.  

While a highly diverse nanobody library was successfully created, and goblet 

cell populations isolated from an airway epithelium model, unsuccessful biopanning 

resulted in no specific binders being identified. Despite this setback, the 

functionalisation experiments were pursued using the original vNAR 5A7. A 

fluorescent label was synthesised, but unsuccessful expression and purification of 

vNAR 5A7 prevented the Sortase A bioconjugation of the label.  
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The key findings of this thesis will be discussed here, contextualised with 

existing literature. Future directions, recommendations and lessons learned will also 

be discussed.  

5.2 Interpretation of Key Findings 

5.2.1 Development of a Diverse Nanobody Library 

In order to generate a novel diverse nanobody library, a variable heavy 

domain only scaffold had to be selected. The literature has identified such scaffolds 

in camelids (VHH) and nurse sharks (vNAR) (Greenberg et al., 1995; Hamers-

Casterman et al., 1993).  

Here, the protocol developed by Zadeh et al. (2019) was used in order to 

introduce genetic diversity into the complementarity-determining region 3 (CDR3) or 

vNAR 5A7. Randomised primers were designed, and polymerase chain reaction was 

used to create a genetically diverse collection of nanobody fragments.  

Nanobodies rely heavily on their complementarity-determining regions 

(CDRs) for antigen binding. Introducing genetic diversity into these CDRs is crucial for 

generating libraries for nanobody discovery and optimisation. Numerous 

technologies exist to introduce diversity into DNA sequences. DNA damage can be 

induced by chemical agents such as ethyl methane sulfonate or exposure to UV light. 

Coupled with the use of bacterial mutator strains with defective DNA repair systems, 

the mutation rate can be greatly increased, increasing diversity. However, these 

approaches affect the entire DNA sequence and, therefore, are not best suited for 

selected CDRs diversification. Random mutagenesis can be achieved by engineering 

error-prone PCRs using low-fidelity polymerases or altering dNTP and MgCl₂ 

concentrations. While this approach is more focused, results are unreliable and 

would result in poor library diversity. Additionally, this approach risks the 

introduction of stop codons within the complementarity-determining region, which 

would produce incomplete antibody fragments with low to null binding probability.  
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De novo synthesis of CDRs with controlled diversity focuses on specific 

residues or regions within the CDRs for mutagenesis by replacing targeted codons 

with all possible amino acids via NNK codons (where N has an equal chance of 

standing for adenine (A), cytosine (C), guanine (G), and thymine (T), and K has an 

equal chance of standing for thymine or guanine). NNK codons can code for the 20 

amino acids, and one stop codon (TAG) or amber codon. SupE E. coli strains (like TG1) 

can translate the amber codon into glutamine (Bossi, 1983; Jacobs et al., 2015). 

Trinucleotide synthesis can also be used to precisely control amino acid composition 

and reduce stop codons. This biological chemistry approach, similar to solid phase 

peptide synthesis, allows for the synthesis of nucleotide strands by sequentially 

adding trinucleotide phosphoramidites to a growing DNA chain. Trinucleotides are 

mixed in specified ratios for controlled diversity, ensuring that each amino acid 

appears at desired frequencies (Suchsland et al., 2021). 

Genetic diversity can also be inserted following the identification of potential 

binders in order to improve characteristics such as specificity, affinity, stability or 

hydrophilicity. Sequentially mutating each CDR region (known as CDR walking) can be 

used to refine binding properties while retaining overall structural integrity. 

Computational modelling uses structural or sequence information to predict 

beneficial mutations in CDRs. Site-targeted mutagenesis can then be used to either 

introduce specific biases to mimic natural antibody repertoires or optimise 

physicochemical properties (e.g. hydrophobicity, charge) or improve binding 

capabilities.  

Each methodology has its strengths and limitations, with choices often 

dictated by the desired library size, sequence diversity, and structural constraints of 

the nanobody scaffold.  

Here the NNK codon was used, and randomised primers introduced genetic 

diversity into the vNAR 5A7 CDR3. This method was selected based on its ease of use 

and high effectiveness, combined with its time and cost-efficient properties. The use 

of ultra competent TG1 cells was essential to ensuring a highly diverse library by 

increasing the number of clones isolated. While traditionally libraries reported in the 
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literature express their diversity in colony forming units (CFU), these numbers are 

better used to reflect the transformation competency of the cell line used, and not 

the true diversity of the library. Methods like transformation efficiency, 

fingerprinting, and sequencing small samples (a few hundred elements) provided 

rudimentary and limited insights, as complexity does not scale linearly with sample 

size. 

Next generation sequencing (NGS) has emerged as a new tool to fully assess 

the diversity of nanobody libraries (Fantini et al., 2017; Wang et al., 2022). Large 

number of sequences can be isolated and analysed, giving a more accurate picture of 

library diversity. This method was employed here, narrowing an initial 7.42 × 109 ± 

1.88 × 109 (SE) CFU transformation titre to 2.56 × 109 ± 6.49 × 108 (SE), or a 30-fold 

difference. This library size was consistent with commercially available libraries, and 

similar libraries discussed in the literature (Almagro et al., 2019; Cabanillas-Bernal et 

al., 2019; Tsai et al., 2023; Yan et al., 2014).  

Additional diversity could be achieved by increasing the number of primers 

used for NNK codon diversification and increasing the number of cysteine loops 

within the CDR3. Other parts of the vNAR sequence could also be targeted. Four 

hypervariable loops (CDR1, CDR3, HV2, and HV4, depicted in Figure 5.1) are 

responsible for the large repertoire diversity observed in shark nanobodies, and while 

studies have shown that CDR3 was the primary site of nanobody diversity, 

randomisation of the other hyperloops might increase the overall diversity of the 

library and yield better binders (Barelle and Porter, 2015; Feng et al., 2018; 

Fernández-Quintero et al., 2021).  
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Figure 5.1 3D structure of a vNAR showing the four hypervariable loops.  

CDR1 and CDR3 are highlighted in red, HV2 and HV4 in orange. Adapted from Fernández-

Quintero et al. (2021), published in Frontiers in Molecular Biosciences. © 2021, licensed under 

CC BY. 

5.2.2 Establishing an Airway Epithelium Model 

The isolation of nanobodies specific to the site of mucus secretion in the 

airway necessitated a relevant in vitro model for the human airway epithelium.  

Immortalised cell lines such as BEAS-2B, Calu-3 or A549 are often used in 

respiratory research. They are readily available, easy to culture and handle and 

suitable for high-throughput screening and mechanistic studies due to their 

reproducibility. However, immortalised cell lines do not fully replicate the complexity 

of primary cells due to their abnormal (or absent) differentiation and phenotype. 

Primary Human Bronchial Epithelial cells (HBEpc) derived from human donors and 

differentiated at the air-liquid interface (ALI) to form a pseudostratified epithelium 

resembling native airway tissue; more closely mimic the structure and function of 
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native airway epithelium. They can produce mucus, cilia, and innate immune 

responses and are often used to study Airway Hypersecretory Diseases (AHDs). While 

they offer a more accurate model, their availability can be limited, and variability due 

to donor differences needs to be accounted for. Here, their expensive maintenance 

cost was mitigated by the use of commercially available ALI HBEpc inserts, ensuring 

good quality cells were used in following experiments.  

A previously described flow cytometry panel was used to isolate goblet cells 

from the general cell populations (Bonser et al., 2021). In order to increase the 

population of goblet cells, IL-13 was used to induce epithelium remodelling and drive 

the differentiation of mucus-secreting phenotypes (Kondo et al., 2006, 2002). These 

combined methodologies allowed for a five-fold increase in the percentage of goblet 

cells in IL-13 stimulated samples (17.92%) compared to unstimulated (3.77%). These 

results were comparable to those obtained by other studies (Bonser et al., 2021; 

Davis and Wypych, 2021; Deprez et al., 2020) and confirm the remodelling effect of 

IL-13 treatment on the airway epithelium.  

This increase in the proportion of goblet cells is especially significant in this 

context. Stimulated inserts modelled the airway physiology of AHDs and could be 

used as a biopanning target to identify key phenotype differences. Isolated goblet 

cells could also be used for more precise targeting of mucus hypersecretion sites. 

Being able to isolate a higher number of cells is critical to successful biopanning. Live 

cells are difficult to manipulate due to their size and fragility, increasing the number 

of cells available in the sample would help facilitate the biopanning process.  
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5.2.3 Whole Cell Biopanning 

Stimulated and unstimulated inserts were used as targets for the first 

biopanning experiments, as models for the diseased and healthy airway epithelium, 

respectfully. However, this approach yielded a very low number of binders, 

insufficient for more than one round of biopanning, and parameters were modified 

to increase the number of clones isolated. A second attempt using goblet cells 

isolated by fluorescence-activated cell sorting yielded similar results. Despite IL-13 

stimulation, the number of isolated cells remained low and led to difficulties in 

sample manipulation, especially when washing and eluting phages. The final 

approach utilised detached cells from IL-13 stimulated and unstimulated inserts. This 

allowed for a higher number of cells while keeping a relevant phenotype difference. 

After a first enrichment round against the IL-13 stimulated cells, an absorption round 

against unstimulated cells was performed to eliminate binders to IL-13-unaffected 

targets. A final enrichment round was then performed to further select high affinity 

binders.  

The number of binders was satisfactory after the first round of biopanning 

(4.2 × 104 CFU). The absorption round eliminated over 93% of binders, further 

narrowing the phage pool to 2.6 × 103 CFU. Following the last enrichment round, 

eight clones were identified and prepared for sequencing alongside phage samples 

from each round of biopanning. Despite several tries, relevant sequences could not 

be amplified by PCR and therefore were not sequenced. In order to extract data from 

the isolated clones, phagemid DNA was extracted from bacterial culture and sent for 

whole plasmid sequencing. Upon analysis of the phagemid sequences, it appeared 

that a significant portion of the vNAR region was highly disturbed, as well as part of 

the E. coli origin of replication gene. While this explained why the vNAR sequence 

could not be amplified by PCR due to the primers not being able to bind to the 

sequence, this unexpected result revealed that no relevant binders were identified 

through the biopanning experiments. Several possible explanations for these lack of 

results are discussed below.  
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First of all, the complexity of Whole Cell Panning (WCP) might have played a 

role. WCP is a powerful strategy for selecting antibodies against antigens presented 

in their native conformation on the surface of whole cells. This approach allows for 

the identification of antibodies targeting complex and physiologically relevant 

structures, including post-translational modifications, multimeric proteins, and 

membrane-localised antigens. As WCP does not rely on purified proteins, binders for 

novel or poorly characterised antigens can be identified alongside their relevant 

antibody, and complex proteins can be targeted without the need for complex 

expression and purification protocols. WCP can also identify binders to a diverse 

range of surface molecules, such as RNA, for example. RNA has been shown to play a 

critical role in neutrophil recruitment (Zhang et al., 2024) and it has been shown that 

neutrophils play a key role in asthma pathophysiology (Ray and Kolls, 2017). Utilising 

WCP could allow for the identification of such RNA, while identifying the relevant 

antibody at the same time. This type of target-agnostic approach allows for unbiased 

antibody discovery, making WCP particularly valuable in fields like oncology and 

immunology (Stark et al., 2017).  

Despite its potential, WCP faces several technical and biological challenges. 

Cell surfaces are highly dynamic, and proteins may undergo internalisation, shedding, 

or glycosylation changes, affecting the stability and accessibility of target antigens 

during the selection process. Additionally, cell viability and stability are of particular 

concern, as cellular processes such as cell lysis leading to the release of intracellular 

components during panning can interfere with selection. The use of detergents 

during the wash steps especially might impact cellular physiology. Insufficient 

washing steps can lead to non-specific phage retention, while overly stringent 

conditions may result in the loss of rare but genuine binders.  

Addressing these challenges involves careful optimisation of selection 

protocols. Negative selection using off-target cells, differential antigen expression 

profiling, and pre-clearing steps can enhance specificity.  

The display methodology used might also have contributed to the 

unsuccessfulness of the panning experiments. As previously discussed, phage display 
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is a powerful tool for antibody discovery, but notable limitations can hinder its 

effectiveness. Abundant or adhesive surface components can lead to background 

interactions. This is particularly relevant when using WCP combined with phage 

display. While phages were blocked with the same solutions, cells were washed and 

stored in Eppendorfs identical to the ones used for panning, there is still a possibility 

of interactions between phage particles and container or cell growth media 

remnants. Biases can then be introduced by the positive selection of these 

background binders. While one of the intended purposes of the absorption round 

was to remove such binders, it is possible that a strong bias in phage amplification 

from the first round of biopanning rendered the process difficult.  

Other display methodologies have been employed with vNAR 5A7 derived 

nanobodies. Tsai et al. (2023) used Saccharomyces cerevisiae yeast display strain 

EBY100 to display a vNAR 5A7 library bound to the Green Fluorescent Protein (GFP). 

This allowed for the monitoring of vNAR expression by fluorescence-activated cell 

sorting (FACS), ensuring all yeasts carried a potential binder on their surface and 

limiting background contamination. When compared, vNAR phage and yeast display 

systems present key differences in sequence diversity and CDR3 characteristics. vNAR 

phage-displayed library tend to show higher sequence diversity, whereas the yeast-

displayed libraries show higher retention of unique sequences in later rounds of 

biopanning (Takeda et al., 2023).  

One key technical issue specific to phage-displayed libraries is the carryover 

of phages lacking a displayed nanobody. Preventing this type of ‘bald’ phage 

contamination is critical to the efficiency of the biopanning process. These ‘bald’ 

phages are the result of the incorporation of the native pIII encoded by the phage 

genome over the nanobody-pIII construct, leading to many phages lacking the 

nanobody in their coat (Ledsgaard et al., 2018). Several technologies have been 

developed to mitigate this issue. Modified phages such as CT phages, Hyperphage, 

Ex-phage and Phaberge have been developed (Baek, 2002; Kramer et al., 2003; 

Rondot et al., 2001; Soltes et al., 2003). These phages lack a functional copy of the 

pIII encoding gene and rely solely on phagemid-encoded pIII fusions, ensuring only 

insert-containing phagemids are packaged. This results in all copies of the pIII fusion 
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protein being displayed is coupled with the phagemid encoded antibody fragment. 

Here, an Hyperphage system was used to prevent the apparition of ‘bald’ phage 

contaminants. Hyperphage systems have been successfully used to isolate binding 

antibody fragments in the past: Meyer et al. (2011) isolated antibody fragments from 

the naïve human antibody gene library HAL7 specific to the outer membrane protein 

D of Salmonella Typhimurium, while Kirsch et al. (2008) used the Hyperphage system 

to isolate human antibody fragments for the detection and diagnosis of Venezuelan 

equine encephalitis virus. While these systems can ensure that all phages amplified 

by library containing bacteria do come from repackaged phagemids, they do not 

prevent empty phagemids from being packaged. Self-ligating plasmids resulting from 

improper ligation at the fragment introduction stage could still contaminate the 

genetic material of the library. While the NGS library analysis performed to assess the 

quality and diversity of the library did not reveal any sequence mapping to the empty 

pSEX81 vector, empty vector contamination is still a possibility.  

While pIII-deficient systems prevent the apparition of ‘bald’ phages, other 

issues might arise from their use. Structural limitations of the fused antibody 

fragments can lead to instability of the pIII protein, reducing the functional 

incorporation of pIII-fused nanobodies into the phage coat. In systems where all pIII 

proteins display an antibody fragment, the selection by avidity can obscure the 

intrinsic affinity of individual ligands, making high-affinity clones harder to identify. 

Phages displaying multiple low-affinity ligands may bind tightly to targets through 

cumulative interactions (Rondot et al., 2001). Hyperphages also tend to show 

reduced titres and infectivity when compared to native M13KO7. Here the initial 

avidity round was followed directly by an absorption round, before a final affinity-

based enrichment round. Increasing the number of affinity-based rounds might help 

improve the number of binders identified, although this might have not been helpful 

here, as none of the clones displayed expected vNAR sequences.  
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5.2.4 Chemical Synthesis of a Fluorescent Label for 
the Functionalisation of Nanobodies by Sortase A 
Conjugation 

The chemical synthesis of a fluorescent label, including a Sortase A 

oligoglycine recognition site, was achieved through solid-phase peptide synthesis and 

amide coupling. Amide coupling is a commonly used antibody labelling methodology, 

due to its ease of use and low cost, and could have been used here to remove the 

need for Sortase A conjugation. However, when directly labelling amino acids of 

antibodies or antibody fragments, there is a possibility for the label to obstruct key 

antibody binding sites. This is especially of concern when working with shark vNAR, 

as their small size strongly limits the number of binding sites available. In the case of 

vNAR 5A7, the protein is only 114 amino acids long. Bioconjugation by Sortase A 

ensures the nanobody will be labelled and the C-terminus, preventing the fluorescent 

dye Cy5.5 from binding to amino acids within any of the four hypervariable loops.  

(Schumacher et al., 2018).  

While the proposed synthesis was relatively simple, adjustments had to be 

made to facilitate the binding of the Cy5.5 dye to the GGGK peptide in solid phase. 

Solid phase simplifies the synthesis by allowing for the removal of contaminants and 

unbound amino acids in a syringe, as opposed to liquid phase, where preparatory 

HPLC is required after every coupling stage. But the size of the resin can sterically 

affect binding reactions. This was the case here, and the issue was circumvented by 

extending the peptide chain to create space between the resin the reactive lysine 

residue.  

A Sortase A encoding plasmid was commercially obtained, and Sortase A 

enzyme was easily purified following established protocols (Guimaraes et al., 2013).  

5.2.5 Expression and Purification of the vNAR 5A7 

Functionalisation of vNAR 5A7 required the expression and purification of the 

protein engineered with the LPXTG Sortase A recognition site and a histidine tag for 

easy purification by nickel-ion immobilised chromatography. Unfortunately, despite 
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several optimisations, vNAR 5A7 could not be expressed in E. coli. This was an 

unexpected outcome, as nanobodies are usually easy to express in bacterial systems. 

vNAR 5A7 has been successfully expressed before in mammalian HEK293 cells 

(Cummins et al., 2008; Steven et al., 2017). Häsler et al. (2016) reported the 

purification of vNAR 5A7 but gave little details on the methods used to achieve this. 

The original vNAR 5A7 paper from Dooley, Flajnik and Porter (2003) reported 

bacterial expression of the nanobody tagged with a human constant kappa (HuCκ) 

domain and a hexa-histidine tag in E. coli X1-Blue cells. It is possible that the addition 

of HuCκ improved the expression of vNAR 5A7 by limiting aggregation.  

The expression and purification of single-chain antibody fragments can 

present unique challenges. Poor plasmid design, suboptimal codon optimisation, or 

weak promoter activity can lead to poor expression of the protein. This was originally 

the case here, with the first design resulting in a start codon appearing in the 

ribosome binding site (RBS) spacer sequence as a result of the Gibson assembly. It 

was hypothesised that this codon led to improper expression of the protein and a 

new system was designed. Another common issue is the folding issues of nanobodies 

when directed to E. coli cytoplasm where the fragments tend to aggregate or form 

insoluble inclusion bodies. The inclusion of a pelB leader can direct the protein to the 

bacterial periplasm, leveraging its oxidising environment to facilitate disulphide bond 

formation and preventing aggregation (Kipriyanov, 2009). Both systems accounted 

for this pelB leader, and the sequence was included in the vector design. This was 

insufficient here, as no expression could be detected after Western Blot analysis. The 

insolubility of antibody fragments can also be a challenge. Here, hydrophobicity was 

measured and revealed that, while vNAR 5A7 was slightly hydrophobic, this was not 

enough to prevent solubilisation in water. Additionally, the use of DTT and urea 

showed that aggregation was not the limiting factor of vNAR 5A7 expression and 

purification (Malpiedi et al., 2013).  

There is a possibility of degradation of the histidine tag by host proteases 

during expression. PMSF (phenylmethanesulfonyl fluoride, a serine-protease 

inhibitor, was added prior to lysis by sonication in order to prevent any such 

degradation, but studies have shown that PMSF alone is not always sufficient to 
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prevent protein degradation. Future optimisation of the solubilisation and 

purification buffers is required for full expression and purification of vNAR 5A7 

(Amrein and Stossel, 1980). For example, the addition of dithiothreitol to inhibit thiol-

protease could help improve this system. 

Finally, there is a possibility that the Sortase linker motif could interfere with 

protein purification in this case. The addition of amino acids at the protein C terminus 

could affect the protein structure or folding, leading to aggregation or altered 

solubility. Moreover, the proximity of the linker to the histidine tag could interfere 

with histidine binding to immobilised nickel ions. The introduction of a protease 

cleavage site could have also led to the separation of the histidine tag from the vNAR 

5A7 protein, preventing purification by immobilised nickel ions columns. Placing an 

additional histidine tag at the N terminus could potentially circumvent this issue 

(Young et al., 2012).  

Methods such as the co-expression of molecular chaperones have been 

shown to significantly improve solubility and reduce toxicity during the expression 

and purification of antibody fragments (Hayhurst and Harris, 1999). Fusion to another 

protein, such as the maltose-binding protein, can also help overcome the folding 

challenges of nanobody expression (Salema and Fernández, 2013). Fusion to proteins 

might be difficult here, and the free C terminus is required for functionalisation by 

Sortase A, but enzymatic digestion sites could be engineered to sever additional 

protein domains. Careful optimisation of expression and purification workflows is 

necessary here to ensure the successful production of vNAR 5A7 nanobodies.  

5.3 Future Directions 

When considering the identification of mucus secretion specific binders, two 

potential directions are conceivable. Careful optimisation of whole cell panning 

methodology, including modification of buffers, architecture of rounds or cell 

panning conditions, might help identify binding phages. Another possible avenue 

would be the prior identification of target proteins by analysis of the genomic 

landscape of diseased airway epithelium. Purification of such proteins could allow for 
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panning of these targets by immobilisation on a surface, bypassing the difficulties of 

whole cell panning completely. While this approach is more common and easier to 

implement, it does lack the native characteristics of whole cell panning when 

considering surface proteins. However, it might be sufficient to identify binders to 

the mucus secretion site. It is important to remember that naïve libraries never 

achieve the same level of affinity as observed in immunised animals thanks to the 

complexity of the antibody maturation process. Therefore, following the 

identification of such binders by screening of the library produced here, careful 

optimisation of the binding domains by site-specific mutagenesis, and binding 

evaluation using surface plasma resonance and ELISA techniques will be required to 

improve the specificity and affinity of the binders. By modifying key amino acids, 

binding properties can be optimised. In silico prediction of binding sites might be key 

in identifying the appropriate amino acids to target.  

If whole-cell panning is sufficiently optimised for selecting binders, identifying 

the antigen will also be necessary. Techniques such as immunofluorescence might be 

required to confirm the localisation of the antigen in the airway epithelium, and mass 

spectrometry would allow for the characterisation of these targets. X-ray 

crystallography could also be considered to resolve the nanobody-antigen binding 

sites.  

Optimisation of nanobody expression and purification systems will also be 

required to create a reliable pipeline for nanobody production. Other expression 

systems should be considered: purification of nanobodies from phage expression 

might be a particularly appropriate method, considering nanobody-presenting 

phages are produced as part of the panning process 

  



University of Nottingham  Chapter 5 

207 
 

5.4 Conclusion 

This work was successful in developing a highly diverse nanobody library, 

which could be used for the selection of vNAR nanobodies to a wide range of targets. 

The whole cell panning of disease model airway epithelium was unsuccessful; the 

flow cytometry data obtained as part of the development of such a model were 

consistent with results observed in the literature and confirmed the remodelling 

effect of IL-13 reported previously. A methodology for the chemical synthesis of a 

functional fluorescent compound for targeted labelling of the C-terminus of 

nanobodies was also developed, and while conjugation could not be tested due to 

the unsuccessful production of nanobody proteins, it remains a valid methodology 

for future work.  

In addition to this thesis work, a portion of time of was dedicated to 

participating in the COVID-19 research effort during the pandemic lockdown. At that 

time, no lab-based PhD research was allowed within the university but volunteering 

to support the COVID-19 research effort was permitted. This work is discussed in 

additional Chapter 6. 
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Chapter 6 Contribution to the 
COVID-19 Research Effort 

6.1 Introduction 

6.1.1 Coronaviruses 

Coronaviruses are enveloped, positive-strand RNA viruses of the family 

Coronaviridae, from the order Nidovirales and are divided into four genera: 

Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus 

(“Coronaviruses,” 2019). Virion particles are spherical to pleomorphic, with a size 

ranging from 65 to 140 nm in diameter. All coronaviruses possess the same lipid 

envelope; enclosing three structural proteins: M, S and E. The membrane (M) protein 

makes up most of the envelope, it is composed of three transmembrane domains and 

is responsible for organising the assembly of new virions by establishing the viral 

shape of coronaviruses. The spike (S) protein contains the receptor binding domains 

that allows viruses to anchor onto the host’s cells surface (S1) as well as a fusion 

domain (S2) which initiates viral entry following S1 receptor binding and cleavage. 

The smaller envelope (E) multifunctional protein involved in viral assembly. Inside the 

envelope, a nucleocapsid (N) protein encloses the virus’ genetic material by binding 

to and packaging RNA (Schoeman and Fielding, 2019). The large genome of 

coronaviruses (26-32 kb) is positive sense, meaning it can act as messenger RNA and 

be translated into viral proteins by the host’s cells. It encodes for the four structural 

proteins mentioned, as well as two open reading frames which account for two thirds 

of the genome size: ORF1a and ORF1b. These ORFs encode several proteins involved 

in virion replication (Sawicki et al., 2007). Accessory proteins unique to each 

coronavirus are also encode into the genome and can contribute to immune evasion. 

For example, in SARS-CoV, ORF6 blocks the nuclear import of STAT1 (Signal 

Transducer and Activator of Transcription 1), a key component of the interferon 

pathway (Frieman et al., 2007).  
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Coronaviruses are responsible for a range of diseases in both humans and 

animals, primarily impacting the respiratory, gastrointestinal, hepatic, and 

neurological systems. In humans, coronaviruses cause respiratory infections, with 

symptoms ranging from a simple cold to severe pneumonia requiring hospitalisation. 

The lethality of coronaviruses varies across strains (Su et al., 2016).  

Previously known coronaviruses include the Betacoronavirus Severe Acute 

Respiratory Syndrome Coronavirus 1, or SARS-CoV-1, which originated in China in 

early 2003. The infection appeared in a Guangdong animal market, spreading to over 

30 countries in 8 months, and was distinct from previously known human or animal 

coronaviruses (Nicholls et al., 2003). A zoonotic origin was speculated, and the virus 

was detected at nearby farms (Kan et al., 2005; Xu et al., 2004). Later on, bats were 

identified as the primary reservoir of SARS-CoV-1 (Li et al., 2005). The global death 

toll of SARS-CoV-1 was 774 deaths out of 8,096 confirmed cases across 29 countries 

(SARS : how a global epidemic was stopped, 2006). This results in a case fatality rate 

of approximately 9.6%. The outbreak was contained by mid-2003 through public 

health measures, including isolation, quarantine, and contact tracing. Another 

notable example of coronavirus is the Middle East Respiratory Coronavirus (from the 

genus Betacoronavirus), abbreviated to MERS-CoV. Patients presented with a new 

flu-like respiratory illness in Saudi Arabia in April 2012. The causative pathogen was 

identified as a novel coronavirus (Zaki et al., 2012). The source of the virus was again 

linked to bats, with camels as an intermediary (Corman et al., 2014). From April 2012 

to date, a total of 2613 laboratory-confirmed cases of MERS-CoV were reported 

globally, with 957 associated deaths as of July 2025, for a case fatality rate of 36% 

(“Communicable disease threats report, 28 June - 4 July 2025, week 27,” 2025). The 

majority of these cases were reported from Saudi Arabia. Finally, endemic human 

coronaviruses (HCoVs) are coronaviruses that circulate widely in the human 

population, typically causing mild respiratory illnesses causing symptoms like runny 

nose, sore throat, cough, and fever, but can be more severe in vulnerable populations 

such as children, the elderly, or immunocompromised patients. They are a cause of 

‘common colds’ and have been with humans for many years (Otieno et al., 2022). 

Alphacoronavirus HCoV-229E was first identified in 1966 and relies on the cellular 
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receptor Aminopeptidase N (CD13) for viral entry. It is one of the first coronavirus 

isolated from humans and has been shown to circulate seasonally (Gaunt et al., 2010; 

Tyrrell and Bynoe, 1966). HCoV-NL36, also a member of the genus Alphacoronavirus, 

was first identified in an infant suffering from bronchiolitis, and is particularly 

common amongst children (Dijkman et al., 2012; Van Der Hoek et al., 2004). HCoV-

OC43 is  Betacoronavirus closely related to bovine coronavirus BCoV and is 

hypothesized to have crossed from cattle to human around 1890 (Vijgen et al., 2005). 

Finally, Betacoronavirus HCoV-HKU1 was identified in a patient in Hong Kong in 2005, 

and has been shown to cause both respiratory and gastrointestinal issues (Woo et al., 

2005). 

6.1.2 Emergence and Characteristics of SARS-CoV-2 

In December 2019, several patients presenting with fever, cough, myalgia or 

fatigue and pneumonia with abnormal findings on chest computed tomography scans 

presented to a hospital in Wuhan, China (Huang et al., 2020; Zhu et al., 2020). The 

virus was rapidly sequenced and identified as a novel coronavirus, later named 

Severe Acute Respiratory Syndrome Coronavirus 2, abbreviated to SARS-CoV-2, while 

the disease was termed Coronavirus disease 2019 (COVID-19) (Wu et al., 2020). The 

virus rapidly spread worldwide, infecting millions within months, and the UK 

confirmed its first case on 31 January 2020. To date, 778,252,838 cases have been 

reported to the World Health Organisation, alongside 7,097,572 confirmed deaths as 

of 22 June 2025 (“WHO COVID-19 dashboard,” 2025).  

SARS-CoV-2 is a single-stranded positive-sense RNA virus with a genome of 

approximately 29.9 kb in length. A schematic representation of a SARS-CoV-2 

genome and virion can be seen in Figure 6.1. Alongside those 4 proteins, the SARS-

CoV-2 genome contains two open reading frames (ORFs) encoding polyproteins. 

ORF1a encodes two proteases: a chymotrypsin-like (3CL) main protease and a 

papain-like protease. Both play a role in cleavage and maturation of viral polyproteins 

(Osipiuk et al., 2021). ORF1b encodes an RNA-dependent polymerase, alongside a 

helicase, essential for RNA replication and viral proliferation.  
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Figure 6.1 Schematic representation of SARS-CoV-2’s genome, showing the two ORFs 

alongside the 4 genes encoding the structural proteins S, E, M and N. A schematic virion 

structure is also shown.  

From Alanagreh, Alzoughool and Atoum (2020). published in Pathogens. © 2022, licensed 

under CC BY. 

SARS-CoV-2 achieves viral entry by binding to the extracellular receptors 

angiotensin-converting enzyme 2 (ACE2) and transmembrane protease serine 2 

(TMPRSS2) through the S1 domain of the spike protein (see Figure 6.2 (1), Shang et 

al., 2020). Alternative receptors have also been identified, such as CD147 

extracellular matrix metalloproteinase inducer (EMMPRIN), on cells with low level of 

ACE2 expression (Lim et al., 2022). Once inside the cell, the virion sheds its envelope 

and releases its RNA. The two ORFs are translated into polyproteins subsequently 

processed into 16 individual Non-Structural Proteins (NSPs) by the two encoded 

proteases to form the viral replication complex (see Figure 6.2 (2) and (3)). RNA-

dependent RNA polymerase synthesises viral RNA (Figure 6.2 (4) and (5)). Viral RNA 

is then repackaged by the nucleocapsid (N) protein and translocated to the 

endoplasmic reticulum, before moving to the Golgi apparatus for glycosylation and 

progression into exocytic vesicles (Figure 6.2 (5) and (6)). The newly created virions 
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then exit the cell through exocytosis (Kung et al., 2022). The mechanism of infection 

and replication of SARS-CoV-2 is presented in Figure 6.2.  
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Figure 6.2 SARS-CoV-2 infection and replication mechanism.  

(1) The virion enters the cells through endocytosis. (2) Polyproteins are translated and (3) 

cleaved by proteases. (4) Viral RNA undergoes replication. (5) Structural proteins are 

translated, and the RNA is repackaged in the endoplasmic reticulum. (6) the virion forms in 

the Golgi apparatus and is excreted 7° by exocytosis. RdRp: RNA-dependent RNA polymerase; 

NSP: Non-structural protein; Mpro: main 3CL protease; P: phosphorylation; PLpro: papain-like 

protease. Adapted from (Shelke et al., 2025). Springer Nature. © 2023. Licensed for use 

in this thesis through the Copyright Clearance Center. 
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6.1.3 Clinical Manifestations and Transmission  

Patients presenting with symptomatic COVID-19 first experience flu-like 

symptoms such as headache, fatigue, dry cough, and sore throat. Gastrointestinal 

symptoms are also relatively common. Anosmia, or loss of smell, has emerged as a 

distinguishing characteristic of COVID-19, occurring in approximately 55% of 

infections (Walker et al., 2020). In severe cases, patients developed acute respiratory 

distress syndrome due to severe interstitial pneumonia, sometimes accompanied by 

thrombotic and/or cardiac complications (Huang et al., 2020; Jin et al., 2020). Risk 

factors included advanced age, neutropenia, organ dysfunction, and high fever. 

Severe cases typically involve preexisting conditions like diabetes, hypertension, and 

chronic heart disease (Dessie and Zewotir, 2021).  

Viral transmission occurred via multiple routes: direct contact, droplets, 

aerosols, fomite, faecal-oral, blood-borne, and mother-to-child, which greatly 

facilitated the spread of the virus (Kirubananthan et al., 2021). Additionally, 

asymptomatic presentations accelerated transmission: asymptomatic patients 

carried unknowingly a similar upper-respiratory tract viral load as symptomatic 

patients, accelerating the spread of the disease (Ra et al., 2021; You et al., 2024).  

6.1.4 Academic Contribution to the COVID19 
Research Effort: The PANTHER Study 

COVID-19 had profound implications, causing a global health crisis, economic 

disruptions, and social challenges, with millions of lives affected (World Development 

Report 2022: Finance for an Equitable Recovery, 2022). Research was critical to 

understanding the virus’s transmission, develop effective treatments, and create 

vaccines at unprecedented speeds, helping to mitigate its impact.  

The PANdemic Tracking of HEalthcare woRkers (PANTHER) team was 

established in 2020 to contribute to the ongoing research effort with the aim of 

generating data and knowledge on susceptibility to, immunity from and transmission 

of Sars-Cov2. Headed by Professor Ben Ollivere, Professor Ana Valdes and Professor 

Guru Aithal, a study was designed to collect blood samples from healthcare workers 
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(HCWs) at two Nottingham hospitals: City Hospital and Queen’s Medical Centre. Over 

600 HCWs volunteered to take part in this study and provided the team with samples 

and relevant demographic information. Figure 6.3 presents the overall study 

objectives.  

 

Figure 6.3 PANTHER team study objectives as part of the SARS-CoV-2 COVID19 research 

effort.  

From https://pantherstudy.org.uk/studies-bame/  

6.2 Aim, Objectives and Acknowledgements 

This chapter reviews and synthesises findings from longitudinal studies to 

elucidate the long-term effects of COVID-19 on health outcomes, conducted at the 

University of Nottingham in 2020 and 2021. This work was highly collaborative, and 

this author’s contribution is limited to the processing of serum samples from the 

Nottingham-based participants, Enzyme-linked immunosorbent assays (ELISAs) and 

data management, but does not include in-depth data analysis. This work contributed 

to the publication of the papers below, and key findings from these papers will be 

presented for context.  
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6.3 Materials and Methods 

6.3.1 Sample Collection and Processing 

The PANTHER team recruited 633 healthcare workers (including nurses, 

doctors, allied health professionals and other frontline health-care workers) from 

Nottingham City Hospital and Queen’s Medical Centre for this study. Written 

informed consent was obtained, and participants were asked to fill in questionnaires 

and provide blood samples over a period of 10 weeks between 23 March 2020 and 

10 July 2020, under a Human Tissue Authority licence (licence number: 11035). Blood 

serum samples were immediately spun and stored at -80 °C, before being handed in 

to this author for processing. Certain participants accessed the Pfizer-BioNTech 

mRNA vaccine (BNT162b2) early vaccination programme, and vaccination status was 

also recorded.  

Serum samples were aliquoted and deactivated with 1% (v/v) Triton X-100 

(Sigma Aldrich, T8787) in a Class II biosafety cabinet to maintain a sterile environment 

and ensure operator protection. Samples were processed immediately or stored at -

20 °C.  

6.3.2 Enzyme-Linked Immunosorbent Assays  

Procedures below were conducted on liquid-handling Bio-Tec Precision XS (or 

Precision) six place robots. 

Enzyme-linked immunosorbent assays (ELISAs) were designed to test the 

serum immunoglobulin response of participants to the Covid19 spike protein S1 

segment, as well as the nucleocapsid protein. Nunc MaxiSorp 384 well plates were 

coated with 20 μL SARS-CoV-2 spike protein S1 (Sinobiological, Cat. 40591-V08H), 

SARS-CoV-2 nucleocapsid protein (Sinobiological, Cat: 40588-V08B), or a combination 

of both, at 0.5 µg/mL, in carbonate-bicarbonate buffer. Plates were sealed and 

incubated overnight at 4° C. Plates were then washed three times in PBST (phosphate 

buffered saline, 0.05% (v/v) Tween 20) using a Wellwash™ Versa Microplate Washer 

(Thermo Fisher Scientific) immediately blocked with 100 µL of blocking solution (3% 
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(w/v) skimmed milk powder in PBS, 0.05% (w/v) sodium azide). Plates were again 

sealed and incubated overnight at 4° C. Inactivated serum samples were diluted to 

1:600 in low-cross buffer (Tris-buffered saline, pH 7.4 at 20° C, 300 mM NaCl, 0.1% 

(v/v) Triton-x100, 5% (v/v) glycerol). Plates were washed 3x in PBST and incubated 

with 50 µL serum samples in duplicates for 1 hour at room temperatures. Samples 

from patients with known active infections and either strong, mild or low antibody 

response were used as positive controls, while serum controls from known 

uninfected participants were used as negatives, alongside a no-serum blank. At the 

time, no National Institute for Biological Standards and Control (NIBSC) or World 

Health Organisation (WHO) serum positives were available as controls. All controls 

were run in duplicates on each assay plate. Plates were washed 3x in PBST and 

incubated with 20 µL of either Anti-Human IgG (Fc specific)−Peroxidase antibody 

(Sigma, A0170), Anti-Human IgA (α-chain specific)−Peroxidase anƟbody (Sigma, 

A0295) or Anti-Human IgM (μ-chain specific)−Peroxidase anƟbody (Sigma, A0420) for 

1 hour at room temperature. Plates were washed 3x in PBST and incubated for 20 

minutes with 40 µL Ultra-TMB solution (Sigma, T4444) at room temperature in the 

dark. The reaction was stopped with 40 µL 2N H2SO4.  

Plates were read at 450 nm on a GloMax® Explorer Microplate reader 

(Promega). Data were exported to an excel spreadsheet for processing.  

6.3.3 Data Analysis 

ELISA reads were matched to participants’ anonymised number, and stored 

in excel spreadsheets. To determine seropositivity cutoff, twice the median of the 

negative controls of the corresponding plate was calculated. The 99th percentile of 

the negative control was also calculated to identify ‘indeterminate’ samples. 

Calculations and plots were generated using GraphPad Prism 10.4.1 (from GraphPad 

software; available at www.graphpad.com). 
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6.4 Results and Discussion 

For each sample collected, IgG seropositivity was tested against SARS-CoV-2 

nucleocapsids and spike protein S1 segment. If the participants showed positivity at 

any point, then the entire sample set for that patient was tested for IgG, IgA and IgM. 

Results were collected and plotted, with 2 times the median of negative samples used 

as a cutoff line for seropositivity. Given the volume of data generated for all 633 

participants, representative data from a single participant is presented below to 

illustrate the research process and findings. Figure 6.4 shows ELISA results for a single 

participant. While the participant did not display COVID-19 symptoms at the time the 

samples were taken, seropositivity to nucleocapsid was observed for IgG in weeks 1 

to 3, indicating the participant was exposed and/or infected with SARS-CoV-2. 

Seropositivity to spike protein S1 segment was also observed in week 1 and 2 for IgG 

and IgA. As this data was collected before any vaccination against the virus could be 

rolled out, seropositivity could only be a result of direct exposure to SARS-CoV-2.  

This data was used as part of further research on SARS-CoV-2. Firstly, 

seropositivity data were used to understand the impact of ethnicity, job role, socio-

economic status, basic demographics, and symptomatic presentation on participants’ 

seropositivity. Secondly, the effect of Human Leukocyte Antigen (HLA) subtypes on 

patients’ immune response was investigated. Finally, seropositivity data prior and 

post infection and/or vaccination with one or more doses of the Pfizer-BioNTech 

mRNA vaccine (BNT162b2) were considered.  
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Figure 6.4 Representative data showing weekly samples for a single participant.  
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ELISAs were used to determine seropositivity of the participant to SARS-CoV-2 nucleocapsids 

and spike protein S1 segment IgG, IgA and IgM antibodies. A: Seropositivity of the participant 

to SARS-CoV-2 nucleocapsids: the participant was IgG seropositive in week 1 to 3, with 

antibody levels dropping below the threshold thereafter. B: Positive controls for SARS-CoV-2 

nucleocapsid seropositivity for IgG, IgA and IgM antibodies. C: Negative controls for SARS-

CoV-2 nucleocapsid seropositivity for IgG, IgA and IgM antibodies. D: Seropositivity of the 

participant to SARS-CoV-2 spike protein S1 segment: the participant was IgG seropositive in 

week 1 and 2, and also showed low-level IgA seropositivity, with antibody levels dropping 

below the threshold thereafter. E: Positive controls for SARS-CoV-2 spike protein S1 segment 

seropositivity for IgG, IgA and IgM antibodies. F: Negative controls for SARS-CoV-2 spike 

protein S1 segment seropositivity for IgG, IgA and IgM antibodies. 

6.4.1 Longitudinal Assessment of Symptoms and 
Risk of SARS-CoV-2 Infection in Healthcare Workers 
across 5 Hospitals to Understand Ethnic Differences in 
Infection Risk 

Full refence: Valdes, A.M., Moon, J.C., Vijay, A., Chaturvedi, N., Norrish, A., 

Ikram, A., Craxford, S., Cusin, L.M., Nightingale, J., Semper, A. and Brooks, T., 2021. 

Longitudinal assessment of symptoms and risk of SARS-CoV-2 infection in healthcare 

workers across 5 hospitals to understand ethnic differences in infection 

risk. EClinicalMedicine, 34. 

In order to understand the ethnic disparities in SARS-CoV-2 seroprevalence, 

1,364 HCWs were recruited across 5 UK hospitals by the PANTHER and COVIDsortium 

(COVID-Consortium) teams. Early data suggested that the rates of hospitalisation and 

mortality might vary across ethnic groups. While these disparities were attributed to 

comorbidities, socio-economic status or healthcare access, the lack of community-

wide studies limited the amount of data available. Moreover, inconsistent testing and 

case reporting limited sample sizes and data accuracy. In order to bridge this gap in 

the research, HCWs were used as a controlled cohort facing high infection risks to 

study potential ethnic differences in seroprevalence and disease outcomes.  
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The study was designed to follow 1,364 HCWs for 13 weeks (London) and 10 

weeks (Nottingham), with sample and symptom data collected weekly or biweekly. 

Demographic data were collected, and the cohort appeared to be predominantly 

female (71.6%) with an average age of 40.7 years. The participants were primarily 

white (73.5%), with Asian ethnicities representing the second-largest group (15.1% 

divided across 9.4% South Asian and 5.7% East Asian), black ethnicities represented 

the smallest group, with 4.3%, and 2% of participants identified with other or mixed 

ethnicities. Serological assays (ELISAs) were used to determine seropositivity to SARS-

CoV-2 spike S1 segment and nucleocapsid proteins. Seroprevalence was 21.3% in 

London and 18.2% in Nottingham, with no significant difference between locations.  

Logistic regressions were used to identify any associations between 

seroprevalence and ethnicity, while adjusting for demographic, socio-economic, and 

occupational factors. Adjusting for these biases allowed for the determination of true 

correlation between ethnicity and seroprevalence, while mitigating the effects of sex, 

age, income, geographical disparities and job role. The observed higher seropositivity 

rate observed in Black HCWs (42%) when compared to White HCWs (19%) was found 

to be significant, even after adjusting for these cofounders (OR=2.61, p=0.0009), 

however no similar differences could be observed between Asian HCWs, White HCWs 

and other/mixed HCWs. 

No association between age, sex, body mass index, role or Index of Multiple 

Deprivation (IMD) and seropositivity was found, but HCWs working in intensive 

therapy units were less likely to be found seropositive (OR=0.44 95%CI 0.24, 0.77; 

p=0.0035). A potential explanation for this effect is the priority usage of personal 

protective equipment.  

In conclusion, Black HCWs showed higher SARS-CoV-2 seroprevalence than 

their White counterparts. This suggests that biological differences in immune 

response might have an impact on infection susceptibility. Further studies with larger 

sample sizes and more specific ethnic categories are needed to confirm these 

findings. Additionally, this cohort faced higher infection risks than the general 

population due to their occupation, which should be taken into account when 
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considering these findings. Overall, this study supported the need for further 

research into ethnic variations in COVID-19 immunity.  

 

6.4.2 HLA-DR Polymorphism in SARS-CoV-2 Infection 
and Susceptibility to Symptomatic COVID-19. 

Full reference: Astbury, S., Reynolds, C.J., Butler, D.K., Muñoz-Sandoval, D.C., 

Lin, K.M., Pieper, F.P., Otter, A., Kouraki, A., Cusin, L., Nightingale, J. and Vijay, A., 

2022. HLA-DR polymorphism in SARS-CoV-2 infection and susceptibility to 

symptomatic COVID-19. Immunology, 166(1), pp.68-77. 

The same cohort of 1,364 HCWs was used to investigate the potential links 

between human leukocyte antigen (HLA) class II polymorphisms and the immune 

response to and infection rates of SARS-CoV-2. The HCWs were genotyped using the 

Illumina Infinium Global Screening Array and HLA alleles were imputed using the HLA 

Genotype Imputation with Attribute Bagging (HIBAG). Seroprevalence was 

determined using the previously described ELISAs to the spike protein S1 segment 

and nucleocapsid protein detecting IgG. T cell ELISpot assays were used for T-cell 

response analysis using participants peripheral blood mononuclear cells and serum. 

No population-level effects of HLA polymorphism in SARS-CoV-2 

seroprevalence could be ascertained. However, participants carrying HLA-

DRB1*13:02 were more likely to report symptoms of COVID-19 (OR = 6·74, 95% 

confidence interval 2·03–22·31; P = 0·002), indicating a potential genetic 

predisposition influencing disease severity. However, no link between DRB1 alleles 

and anti-spike serology could be established. Lower T-cell responses to the 

nucleocapsid protein were observed in HLA-DRB1*15:02 carrier, but these findings 

were not significant, likely due to the lower sample size used. Following vaccination, 

HLA DRB1*15:01 was associated with increased spike T-cell responses after a first 

dose of the Pfizer-BioNTech mRNA vaccine (BNT162b2) (p=0.0026) but a similar 

effect was not observed after the second dose.  
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In conclusion, HLA class II polymorphisms, particularly HLA-DRB1*13:02, 

influence the likelihood of symptomatic COVID-19, and HLA-DRB1*15:01 enhances T-

cell responses to spike protein post-vaccination. Although a large number of 

participants took part in the study, the limited diversity of HLA alleles restricted 

discovery. Further studies are needed to fully understand the role of host genetics in 

the outcomes in SARS-CoV-2 infection and vaccination. 

 

6.4.3 Two Doses of the SARS-CoV-2 BNT162b2 
Vaccine Enhance Antibody Responses to Variants in 
Individuals with Prior SARS-CoV-2 Infection 

Full reference: Urbanowicz, R.A., Tsoleridis, T., Jackson, H.J., Cusin, L., 

Duncan, J.D., Chappell, J.G., Tarr, A.W., Nightingale, J., Norrish, A.R., Ikram, A. and 

Marson, B., 2021. Two doses of the SARS-CoV-2 BNT162b2 vaccine enhance antibody 

responses to variants in individuals with prior SARS-CoV-2 infection. Science 

translational medicine, 13(609), p.eabj0847. 

Following the distribution of vaccines against SARS-CoV-2, rates of infection, 

morbidity and mortality of COVID19 were reduced. Uncertainty remained over the 

protective effects of such vaccines against newly emerged variants. This study aimed 

to investigate whether repeated antigenic exposure, through natural infection or 

vaccination with the Pfizer-BioNTech mRNA vaccine (BNT162b2) enhanced antibody 

potency against SARS-CoV-2 variants. Four variants were considered, the initial 

lineage A from Wuhan, B.1, B.1.351 (or β variant) first reported in South Africa, and 

the P.1 (or γ variant) first identified in Brazil. The data collected by the PANTHER team 

was used to select 45 individuals who received both doses of the BNT162b2 vaccine 

with complete serology, of which 25 had no history of prior infection with SARS-CoV-

2, and 20 tested positive either on a polymerase chain reaction (PCR) or serological 

test. There were no differences in age or body mass index amongst selected 

participants, but the group was 80% female.  
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ELISAs for spike protein IgG were used to determine the concentration of 

antibodies specific to lineages A, B.1 and B.1.351. Antibody concentration was shown 

to be higher in individuals who had prior infection with SARS-CoV-2 after a first dose 

of vaccines (p<0.0001, p <0.001, and p<0.0001 respectively). No significant difference 

could be observed between the naïve and prior infection group after two doses of 

vaccine. However, antibody titres showed that individuals with a history of prior 

infection had a higher median effective concentration (EC50) antibody titre against 

the S1 region of the spike protein than naïve individuals after two doses of vaccine (p 

= 0.0034). Antibody titres against the receptor binding domain (RBD) revealed no 

significant difference between the two groups after two doses of the vaccine, 

indicating that epitopes outside of the RBD are responsible for the antibody response.  

Virus neutralisation assays were used to determine whether participants 

antibody levels were sufficient to neutralise infection across all three variants. Past 

infection resulted in an increased neutralisation potency variants A, B1.1.351 and P.1 

(p = 0.0008, p = 0.0019 and p = 0.0074, respectively). However, neutralisation against 

lineage A was significantly higher than against lineage B.1.351 (P = 0.0345) and P.1 (P 

= 0.0302), but this was not the case for individuals with a history of prior infection.  

The study focused on a specific cohort (mostly female healthcare workers) 

and used an extended vaccine dosing interval (10–12 weeks), which may differ from 

other populations and dosing schedules. Analysis was limited to IgG antibody 

responses, without exploring T cells or broader immune responses. Variants such as 

B.1.617.2 (δ variant first recorded India) were not studied, necessitating further 

research on emerging strains. 

In conclusion, repeated antigenic exposure, via infection or vaccination, 

enhances antibody responses against SARS-CoV-2 and its variants. Further studies are 

necessary to consider variants such as δ (B.1.617.2), as well as other 

immunoglobulins responses, such as IgA or IgM. This study showed that booster 

vaccinations are pivotal in maintaining broad and potent immunity, particularly as 

new variants emerge.   
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6.5 Conclusion 

These studies showed that leveraging samples from healthcare workers is 

highly relevant to the study of new emerging infections. HCWs provided a large 

cohort of participants that could be easily and repeatedly accessed by researchers 

and generated a large amount of data that contributed to enhancing the knowledge 

base of the ongoing pandemic. These studies discussed the role of ethnicity, HLA 

subtype and prior infection in serological response to SARS-CoV-2 infection and 

contributed to the global research effort by providing key insights into SARS-CoV-2 

immunology.  
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Appendix 1  Maps of Plasmids 

 

Figure A. 1 Representative plasmid map pHEN2_5A7 obtained from Dooley, Flajnik and 

Porter (2003).  
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Figure A. 2 Representative map of the pSEX81_5A7 phagemid used for the packaging of 

5A7 and other vNARs by M13KO7 phages. 
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Figure A. 3 Representative map of the pET52b_5A7 plasmid constructed by Gibson 

assembly for the expression and purification of vNAR 5A7 in E. coli. 
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Figure A. 4 Representative map of the pET101_5A7 plasmid constructed by Gibson 

assembly for the expression and purification of vNAR 5A7 in E. coli. 
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Appendix 2  Agar Plates 

First Library Construction 

 

Library 10-2 

 

Library 10-3 

 

Library 10-4 

 

Library positive control 

10-1 

 

Library positive control 

10-2 

 

Library Negative 

control 

Figure A. 5 Pictures of agar plates inoculated with various dilutions of nanobody library 1 

to determine the transformation titre.  

Phage solutions at various concentrations were used to infect TG1 cells and plated on 2X TY-

GA plates. pSEX81 plasmid transformed into TG1 cells was used as a positive control, and 

50 µL of TG1 cells were plated as a negative control. 
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Second Library Construction 

 

Library 10-2 

 

Library 10-3 

 

Library 10-4 

 

Library 10-5 

 

Library 10-6 

 

 

Library positive control 

undiluted 

 

Library positive control 

10-1 

 

Library Negative 

control 

Figure A. 6 Pictures of agar plates inoculated with various dilutions of nanobody library 2 

to determine the transformation titre. 

Phage solutions at various concentrations were used to infect TG1 cells and plated on 2X TY-

GA plates. pSEX81 plasmid transformed into TG1 cells was used as a positive control, and 

50 µL of TG1 cells were plated as a negative control. 
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Biopanning Rounds 

 

T1 undiluted 

 

T2 undiluted 

 

T3 undiluted 

 

T4R1 undiluted 

 

T4R1 10-1 

 

T4R1 10-2 

 

T4R2 undiluted 

 

T4R3 undiluted 

 

Figure A. 7 Pictures of agar plates inoculated with various dilutions of nanobody library 2 

to determine the transformation titre. 

Phage solutions at various concentrations were used to infect TG1 cells and plated on 2X TY-

GA plates. pSEX81 plasmid transformed into TG1 cells was used as a positive control, and 

50 µL of TG1 cells were plated as a negative control. 
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Appendix 3  Flow Cytometry 
Complementary Data 

Single Colour Controls 

Beads were stained with each colour of the panel to measure channel spillage. 

The appropriate compensation was then determined by flow cytometry technician 

Nicola Croxall and can be seen in the table below.  

Table A. 1 Compensation data extrapolated from beads single colour controls on the Sony 

ID7000C Spectral Cell Analyser. This compensation profile was used for all subsequent 

experiments run on this equipment.  

 Zombie-UV BV605 PE PE-Cy7 SiR-Tubulin 

Zombie-UV  0.00 0.00 0.00 0.30 

BV605 8.88  0.50 0.00 0.40 

PE 1.40 57.91  6.47 0.80 

PE-Cy7 0.20 5.91 0.59  0.49 

SiR-Tubulin 49.75 0.00 0.00 0.00  

 Below are all graphs collected from the beads single colour control 

experiments. All beads were first gated for debris and artefacts (gate A), then for 

possible doublets or clumped beads (gate B). Finally, beads were gated for Zombie-

UV positivity to eliminate any potential contamination.  



University of Nottingham  Appendix 3 

 XXVIII  
 



University of Nottingham  Appendix 3 

 XXIX  
 



University of Nottingham  Appendix 3 

 XXX  
 



University of Nottingham  Appendix 3 

 XXXI  
 



University of Nottingham  Appendix 3 

 XXXII  
 



University of Nottingham  Appendix 3 

 XXXIII  
 

 

 

Figure A. 8 Flow cytometry graphs of single colour controls obtained by staining 

compensation beads with each fluorescent marker.  
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Fluorescence Minus One (FMO) Controls 
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Figure A. 9 Flow cytometry graphs of FMO controls obtained by staining cells with all 

fluorescent markers but one. 
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Second Repeat 

 

 

 



University of Nottingham  Appendix 3 

 XL  
 

Figure A. 10 Flow cytometry gating strategy and analysis of IL-13+ and IL-13- cell 

populations stained with a multicolour panel for cell type identification. Second repeat.  

Initial gate (A) based on forward scatter (FSC) and side scatter (SSC) to exclude debris, 

allowing for selection of intact cells. SSC width vs. SSC height gate (B) to remove doublets or 

clumped cells, isolating single cells. Final gate (C) using a viability dye to distinguish live cells 

from dead or apoptotic ones, refining the population for accurate analysis.  

Cell Sorting (Third Repeat) 
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Figure A. 11 cytometry gating strategy and sorting of IL-13+ and IL-13- cell populations 

stained with a multicolour panel for cell type identification.  

Initial gate (R1) based on forward scatter (FSC) and side scatter (SSC) to exclude debris, 

allowing for selection of intact cells. FSC width vs. FSC height gate (R2) to remove doublets or 

clumped cells, isolating single cells. Final gate (R3) using a viability dye to distinguish live cells 

from dead or apoptotic ones, refining the population for accurate analysis.  
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Appendix 4 PIPS Reflective 
Statement 

Note To Examiners 

This statement is included as an appendix to the thesis in order that the thesis 

accurately captures the PhD training experienced by the candidate as a BBSRC 

Doctoral Training Partnership student. 

The Professional Internship for PhD Students is a compulsory three-month 

placement, which must be undertaken by DTP students. It is usually centred on a 

specific project and must not be related to the PhD project. This reflective statement 

is designed to capture the skills development that has taken place during the 

student’s placement and the impact on their career plans it has had. 

Statement 

My placement was completed at a contract research organisation (CRO) –

 Sygnature Discovery, where I contributed to the development of an HTRF 

(Homogeneous Time Resolved Fluorescence) assay for the in vitro detection of 

protein degradation by proteolysis targeting chimera (PROTACs).  

The project focused on developing an assay to evaluate the binding capacity 

of PROTACs developed by Signature Discovery chemistry department. Careful 

optimisation of cell culture and assay conditions were necessary to ensure the 

highest signal to background ratio. HTRF methodology was selected for its ease of 

use and reliability. Several compounds were tested, and binding curves were 

generated for each compound. The results of this assay were presented in a poster 

as part of the launch of the CHARMD platform at the American Association for Cancer 

Research Annual Meeting 2023 (see reference below). The CHARMD platform 

focuses on the high-throughput integrated platform for the development 

bioavailable hetero-bifunctional degraders for challenging oncology targets.  
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Poster reference: Roland Hjerpe, Louise Birch, Alex Brien, Lola Cusin, Lorna 

Duffy, Benoit Gourdet, Rachel Lawrence, Philip MacFaul, Hannah Mortlock, Hannah 

Neal, Christopher Pearce, Erica Pitti, Gonzalo Robles, Edith Rodrigues, Catriona Scott, 

Rajesh Singh, Stuart Thomson, Yujia Zhang, Allan Jordan. The Sygnature CHARMD 

platform – combinatorial high-throughput assembly and review of molecular 

degraders [abstract]. In: Proceedings of the American Association for Cancer 

Research Annual Meeting 2023; Part 1 (Regular and Invited Abstracts); 2023 Apr 14–

19; Orlando, FL. Philadelphia (PA): AACR; Cancer Res 2023;83 (7_Suppl): Abstract 

nr 3111. Available at https://info.sygnaturediscovery.com/charmed-from-sygnature-

discovery 

Parallelly to this experimental work, I gained valuable insights into the 

operations of a CRO, particularly in supporting biotech and pharmaceutical 

companies by delivering essential research services on a contract basis, especially 

when considering the processes and regulatory considerations involved in 

translational research. I had the opportunity to collaborate closely with the chemistry 

department, providing me with a new understanding on how chemical approaches 

and methodologies can complement biological research. I developed my 

communication skills by learning to communicate complex biological concepts 

effectively to a different scientific audience. I also developed key skills in project 

management within a commercial research environment and was able to observe 

best practices in managing complex research projects and delivering high-quality 

results within strict timelines and regulatory frameworks 

Overall, this placement has been instrumental in shaping my career 

aspirations, solidifying my interest in pursuing a career in the biotechnology and 

pharmaceutical industry, and providing me with a comprehensive understanding of 

the industry’s structure and the role of CROs within it.  

 


