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ABSTRACT 

Lectin-like oxidised low-density lipoprotein receptor-1 (LOX-1) is a type E scavenger 

receptor found on the walls of endothelial cells, platelets, macrophages and smooth 

muscle cells among others. Technologies for sensing and inhibiting LOX-1 are limited 

to poorly performing antibodies and genetic knockouts and despite significant 

correlation with poor clinical outcomes, no LOX-1 modulation therapy has been tried 

in man. This thesis aims to establish whether ‘Affimers’; new, small-size antibody 

mimetics can be used in an assay platform to detect soluble forms of LOX-1 in solution 

and in the modulation of its function as an oxLDL receptor. The findings show that 

Affimers can be used in combination with antibodies, or in complimentary binding 

pairs to develop a sensitive chemiluminescence based assay. Further, when used in a 

concentration of 500ng/ml, Affimers can inhibit the early binding of oxLDL to LOX-1, 

in a controlled LOX-1 cellular expression system, though their effect is nulled after 

prolonged incubation. Such findings along with other recently published evidence 

demonstrate that Affimers show great promise as diagnostic and therapeutic agents 

and there is enormous opportunity to develop the technology further from bench to 

bedside. 
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CHAPTER 1 : INTRODUCTION 

1.1 Atherosclerosis 

1.1.1 Atherosclerosis and cardiovascular disease 

Atherosclerosis is a chronic, progressive, inflammatory disease of the arterial wall 

(Figure 1-1) which leads to stenosis and eventual occlusion of the arterial lumen 

(Lusis, 2000). Such arterial narrowing leads to impaired delivery of blood, oxygen and 

nutrients to tissues and clinically, atherosclerosis manifests itself in a variety of ways 

including intermittent claudication (Hiatt et al., 2015), angina pectoris (Vlodaver et 

al., 1972), renovascular hypertension (McLaughlin et al., 2000), and mesenteric 

angina (Sreenarasimhaiah, 2005). Further, unstable atherosclerotic plaques, 

discussed in more detail below, can rupture acutely, leading to near-instant vascular 

thrombotic occlusion or embolisation. Such events present acutely as myocardial 

infarction (Frangogiannis, 2015), stroke (Panel et al., 1997) and acute limb ischaemia 

(Creager  et al., 2012). The above conditions, generally referred to as cardiovascular 

disease (CVD) have an enormous global impact. CVD accounted for nearly a third of 

all deaths globally in 2012, approximately 17.5 million people (Collaborators, 2015). 

The impact of strokes, heart attacks and other conditions on those who live with the 

conditions should not be underestimated. The loss of income and associated costs of 

care of stroke and heart attacks are estimated to cost approximately €110 billion per 

annum in the European Union alone (Wilkins E, 2017). Thus, the impact of CVD 

stretches beyond individuals to populations and governments. There is therefore a 

strong impetus to research and prevent these conditions which are brought about by 

atherosclerosis. 
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Given the enormous cost of CVD, early cardiovascular clinical research such as the 

Framingham cohort study, sought to identify who was at greatest risk of CVD. Indeed, 

this lead to the discovery of modifiable and non-modifiable ‘cardiovascular risk 

factors’ (Table 1-1) and it is now understood that the modulation of these risk factors 

correlates with an improvement in CVD outcomes such as death, myocardial 

infarction and stroke. Work from the Framingham study has been iterated upon many 

times and the evidence base establishing cardiovascular risk factors is growing 

constantly.  However, despite these innovations, cardiovascular disease is still the 

leading cause of death internationally, leaving a great deal of scope for further 

research. 

1.1.2 Initiation of atherosclerosis 

It is widely accepted that atherosclerosis is initiated by the accumulation of 

lipoproteins in the sub-endothelium of the arterial wall (Williams and Tabas, 2005). 

The exact mechanism by which this occurs is not fully understood, but broadly, it has 

been attributed to injury to endothelial cells (Ross and Glomset, 1973), which is 

mediated by sustained exposure to oxidative stress (Deanfield et al., 2007). One 

theory proposes that injured endothelial cells become senescent and eventually 

detach (Woywodt et al., 2002), exposing the subendothelium (Figure 1.1) to 

circulating lipoproteins. Another theory proposes that lipoproteins are able to pass 

through endothelial cells via gap-junctions (Meyer et al., 1991). In truth, the 

mechanism influencing the translocation and retention of low-density lipoproteins in 

the subendothelium is likely multifactorial and more complex than either model 

described above (Tabas et al., 2007). Once lipoproteins enter the subendothelium, 

they undergo oxidation by metabolic products of the endothelium, as described in 
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the previous section (Witztum, 1994). These oxidised low-density lipoproteins 

(oxLDL), induce the secretion of monocyte chemoattractant protein (MCP-1) (Cushing 

et al., 1990), monocyte colony stimulating factor (M-CSF) (Rajavashisth et al., 1990) 

and vascular cell adhesion molecule (VCAM-1)(Khan et al., 1995) by endothelial cells, 

which among other signalling molecules and cytokines, act to induce monocyte 

adhesion to the endothelium and their infiltration into the subendothelium (Gerhardt 

and Ley, 2015). As they migrate, they transform into macrophages, which bind oxLDL 

via scavenger receptors, discussed later and engulf the molecule.  Once within 

macrophages, oxLDL is transported to lysosomes where it metabolised to cholesterol 

esters, this is believed to be a protective mechanism, but the esters become 

sequestered within the macrophage and build up within the cell. Eventually, the 

metabolism of oxLDL within the macrophage becomes increasingly dysfunctional as 

more and more lipid builds within the cell, eventually leading them to become 

engorged (Bobryshev, 2006). Microscopically, such cells have a ‘foamy’ appearance, 

and are referred to as foam cells. As more LDL enters in the subendothelium, more 

monocytes are recruited, and more foam cells accumulate (type I lesions), until 

eventually clusters can be appreciated macroscopically, such clusters are referred to 

as ‘fatty streaks’ (or type II lesions). This process  begins in childhood (Berenson  et 

al., 1998), and can almost be considered a physiological part of aging, however, over 

decades type II lesions can evolve to clinically relevant atherosclerosis. 
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Figure 1-1: Arterial Wall Layers 
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Table 1-1: Risk Factors for cardiovascular disease 

Modifiable Non-Modifiable 

Hypertension (Kannel et al., 1961) Age (Kannel et al., 1961) 

Diabetes Melitus (Grundy et al., 1999) Gender (Roger et al., 2011) 

Smoking (Ockene and Miller, 1997) Family History (Snowden et al., 1982) 

High LDL / VLDL (Howard et al., 2000) 

(Ren et al., 2010) 

Ethnicity (McKeigue et al., 1989; Wild 

and McKeigue, 1997) 

Low HDL (Despres et al., 2000)  

Hyperhomocysteinaemia (Wilcken and 

Wilcken, 1976) 

 

Sedentary behaviour (Ford and 

Caspersen, 2012) 

 

Metabolic Syndrome (Galassi et al., 

2006) 

 

High sensitivity CRP (Ridker, 2001)  

Abbreviations: LDL: Low-density lipoprotein, VLDL: very low-density lipoprotein, 

HDL: High density lipoprotein 
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1.1.3 Atherosclerotic plaque progression 

The histological characteristics of the different developmental stages of 

atherosclerotic plaques have been well described by Stary (Stary, H C et al., 1992; 

Stary, H C et al., 1994; Stary, Herbert C., 2000). Briefly, as more monocytes are 

recruited, fatty streaks develop into intermediate (type III) lesions containing small 

pools of lipids and accompanying intimal thickening. Intermediate lesions can 

progress into pathological atheroma (type iv lesions). Type IV lesions contain dense 

lipid accumulations, referred to as lipid cores, brought about by the confluence of 

multiple lipid pools. This lipid core is typically lined with macrophages contributing to 

a progressive and often significant intimal thickening. The lipid pool also serves to 

displace some of the smooth muscle cells lining the intima and these cells, undergo 

subtle histological changes including lipid droplet inclusions. Such cells also begin to 

envelop the macrophage layer as do different forms of leucocytes such as an 

increasing population of lymphocytes and mast cells (Jonasson et al., 1986).  

Type IV lesions can be unstable and are at risk of rupture, as the lesion matures into 

a type V lesion (fibroatheroma) collagen and elastin are laid down around the lipid 

pool, presumably as part of a reparative process, these can become mineralised with 

calcium. Capillaries form within this connective tissue and a wider variety of 

leucocytes inhabit this type of plaque.  

Should type IV or V lesions fissure or ulcerate, either due to shear stress or inherent 

instability in the atheroma wall, the lipid core may become exposed to the vessel 

lumen, leading to the activation of a coagulation cascade, surface haematoma, or 

intravascular thrombosis. This complicated (type iv) lesion can lead to in situ or distal, 
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embolic, vascular occlusion(Libby et al., 2011). Occasionally, the plaque may not 

rupture but may continue to grow to the point that it occludes the vessel lumen 

without secondary thrombosis. 

1.2 Lipoproteins and Scavenger Receptors 

1.2.1 Low-density lipoproteins 

As described, LDL has an important role in the initiation of atherosclerosis and 

cardiovascular disease. Lipoproteins are a group of molecules which carry 

triglycerides and cholesterol (needed for cell wall development) in circulating blood. 

Five lipoprotein groups exist: high-, low-, intermediate- and very low-density 

lipoproteins, as well as chylomicrons.  

LDL is a large molecule, approximately 3000 kDa in size, and its primary function is to 

deliver lipids to tissues. Hevonoja (Hevonoja et al., 2000) has described LDL’s 

structure as comprising of three distinct layers: the outer surface, interfacial layer 

and hydrophobic core. The core contains cholesterol esters and triglycerides, 

whereas the outer surface and interfacial layer contain a single apolipoprotein B-100 

(Apo-B100) molecule, unesterified cholesterols and phospholipids. Apo-B100 serves 

to maintain the molecule structure as well as housing the binding site for cellular LDL-

receptor (LDL-R) (Segrest et al., 2001).  

The oxidation of LDL in vivo is not yet fully understood but is likely brought about by 

the action of a number of radical and non-radical oxidants including lipoxygenase 

(Parthasarathy et al., 1989), myeloperoxidase (Savenkova et al., 1994), superoxide 

generators (Steinbrecher, 1988) and peroxynitrite(Graham et al., 1993). Oxidation of 

LDL leads to a net negative charge to the molecule, which otherwise relies on a 
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positive charge over specific amino acid residues to bind to the LDL receptor (Young 

and McEneny, 2001). Indeed, native LDL is not associated with foam cell formation 

(Goldstein et al., 1979). Suggesting a role for receptors other than LDL-R in the early 

initiation of atherosclerosis. Such receptors are now termed scavenger receptors. 

1.2.2 Scavenger Receptors 

Scavenger receptors (SR) are transmembrane proteins which are linked by their 

ability to recognise common ligands. SRs are subdivided into ten classes (A-J) which 

display significant structural and sequence differences. SRs serve to bind and 

eliminate undesirable antigens such as bacteria, and modified ‘self-molecules’; such 

as apoptotic cells, damaged or denatured proteins (Canton et al., 2013). There is 

notable overlap in the ligands which different scavenger receptors recognise, likely 

due to an element of immune redundancy. Of the ten classes of SRs, Class C SRs are 

only present in insects, and of the remaining, only six have been demonstrated to 

bind  modified forms of LDL (Moore, Kathryn J. and Freeman, 2006), these are 

discussed below: 

Class A consists of three separate groups of receptors (SR-As I, II, III, Macrophage 

Receptor with Collagenous Structure (MARCO) and Scavenger receptor with C-type 

Lectin (SRCL)). Class A SRs are type II membrane glycoproteins that form 

homotrimers. They consist of a cytoplasmic N-terminus, a single pass transmembrane 

region and an extracellular C-terminus (Kodama et al., 1990). Again, of the Class A 

SRs, only SR-AI, SR-AII and SRCL have shown binding affinity for oxLDL (Murphy et al., 

2005; Ohtani et al., 2001). SR-AI and SR-AII are structurally and functionally very 

similar, they are found predominantly on macrophages and have a relatively low 
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affinity for oxLDL, whereas SRCL is predominantly expressed in endothelial cells and 

has a relatively high affinity for oxLDL (Levitan et al., 2010). 

Class B SRs are type III membrane glycoproteins. There are four members of this class: 

CD36, SR-B, CD136 and LIMPII. Their structure consists of a central, looped extra-

cellular domain and two transmembrane domains leading to an N and a C- terminus 

(Murphy et al., 2005). CD36 has the greatest volume of evidence supporting its link 

to atherosclerosis: whilst some studies assessing CD36 knockout mice demonstrated 

a lower rate of fatty streak deposition (Febbraio et al., 2000; Kuchibhotla et al., 2008), 

others have found that paradoxically, Apolipoprotein E / CD36 double knockout mice 

have higher rates of atherosclerosis (Moore, K. J. et al., 2005). Moreover, work from 

the same group who initially found CD36 had no effect on atherosclerosis using triple 

knockout SRA/CD36/ApoE knockout mice has yielded results better aligned to those 

of the initial studies(Manning-Tobin et al., 2009). Some reviewers have attributed this 

discrepancy to the existence of different strains of CD36 knockout mice (Collot-

Teixeira et al., 2007). 

Class E consists of a single SR – termed lectin-like oxLDL receptor 1 (LOX-1, OLR1). 

This type II membrane glycoprotein is explored in more depth in the next section. 

Initially believed to be expressed only in the endothelial cells of mammals and worms, 

there are two SRs in class F - Scavenger receptor expressed by endothelial cells I 

(SREC-I) and II (SREC-II). SREC-I is a type I transmembrane glycoprotein consisting of 

an N-linked extracellular domain, multiple endothelial growth factor-like domains, a 

transmembrane domain, a Ser/Pro-rich intracellular domain and a carboxy-linked 

glycine-rich domain (Adachi et al., 1997).  Despite its name, recent evidence suggests 
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that SREC-1 is also expressed in macrophages where it is involved in the uptake of 

acetylated LDL (Tamura et al., 2004).  

Scavenger receptor for phosphatidylserine and oxidized lipoprotein (SR-PSOX) is the 

only Class G SR, it was first described in 2001 (Minami et al., 2001) and is expressed 

in macrophages, endothelial and smooth muscle cells (Wågsäter et al., 2004) within 

vascular tissues. It is a 254 amino acid, type I membrane protein which includes an 

extracellular domain containing a chemokine-like region attached to a glycosylated 

mucin-like region (Shimaoka, Takeshi et al., 2000). Class H SRs include Fasciclin, EGF-

like, laminin-type EGF-like and link domain-containing scavenger receptor-1 and -2 

(FEEL-1, FEEL-2). They are the largest SRs, containing more than 2500 amino acids. 

Evidence suggests they have a role in binding of advanced glycation end products 

(AGEs) as well as acetylated LDL (Tamura et al., 2003). Lastly, Receptor for advanced 

glycation end products (RAGE), has recently been classified as a class J SR (PrabhuDas 

et al., 2014). There is evidence that oxLDL may be a ligand for RAGE due to the 

signalling effects brought about by its  exposure (Sun et al., 2009), though this has 

not been thoroughly tested to date. 

1.3 Lectin-like Low Density Lipoprotein Receptor-1 (LOX-1) 

1.3.1 Structure and physiological function of LOX-1 

The structure of the lectin like oxidised low-density lipoprotein receptor (LOX-1) 

(Figure 1-2) was first elucidated by Sawamura and colleagues, more than 20 years 

ago (Sawamura et al., 1997). LOX-1 has been identified on macrophages, platelets, 

endothelial and vascular smooth muscle cells (Chen, M. et al., 2001; Yoshida et al., 

1998). It is a single pass, type II membrane protein belonging to the C-type lectin 
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family. It consists of an N-terminal cytoplasmic domain, a transmembrane domain, a 

short neck domain and a lectin-like domain, it is made up of 273 amino acids and has 

a molecular weight of 48kDa. In contrast to other scavenger receptors, LOX-1 has a 

structure and sequence similar to a class of immune receptors found on natural killer 

(NK) cells. In support of this association, the LOX-1 gene locus in humans (OLR1) is 

located within the Natural Killer receptor gene cluster on the short arm of human 

chromosome 12 (12p13.1-p12.3) (Yamanaka, S. et al., 1998; Aoyama et al., 1999). The 

OLR1 gene consists of 6 exons and 5 introns and includes over 7000 base pairs 

(Aoyama et al., 1999). The first three exons code the cytoplasmic and neck domains 

of the protein, while the second three account for the C-type Lectin Domain (CTLD). 

Numerous polymorphisms of the OLR1 gene have been reported, though the overall 

significance of these is uncertain (Sentinelli et al., 2006; Palmieri et al., 2013; Biocca 

et al., 2009). A splice variant of LOX-1 (LOXIN), lacks part of the CTLD structure 

because of a deletion of exon 5. This variant is believed to be protective against 

atherosclerosis (Mango et al., 2011). 

Like other scavenger receptors, LOX-1’s chief physiological function is believed to lie 

within the domain of innate immunity. Parlato and colleagues recently demonstrated 

that LOX-1 is responsible for antigen presentation in dendritic cells (Parlato et al., 

2010). This mirrors earlier research demonstrating the role of LOX-1 in the 

destruction of apoptotic cells (Oka et al., 1998) and heat shock proteins (Delneste et 

al., 2002) by means of cross priming of the major histocompatibility complex class 1 

pathway. More recently, it has been shown that LOX-1 also binds bacteria, advanced 

glycation end products (Jono et al., 2002; Shimaoka, T. et al., 2001). 
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1.3.2 LOX-1-oxLDL binding and signal transduction 

Ohki and colleagues (Ohki et al., 2005) have proposed that LOX-1 binds to an α-helix 

on the surface of oxLDL, which is a much larger molecule. Further, LOX-1’s 

arrangement as membrane-based homodimers is vital to increasing its binding 

affinity (Ohki et al., 2011).  

As well as binding oxLDL, the expression of LOX-1 is also upregulated by it. Other 

molecules that stimulate LOX-1 expression are inflammatory cytokines and reactive 

oxygen species (Wang et al., 2011; Minami et al., 2000). Once activated, LOX-1 is 

associated with an increase in vascular smooth muscle tone through its activation of 

arginase-II(Ryoo et al., 2011), which in turn leads to a decrease in nitric oxide levels, 

a physiological vasodilator. LOX-1 is implicated in smooth muscle and endothelial cell 

apoptosis through a number of signalling pathways, including the downregulation of 

inhibitory apoptotic protein-1, upregulation of caspases and Bax signalling (Chen, J. 

et al., 2004; Kataoka et al., 2001). Conversely, LOX-1 stimulates smooth muscle 

proliferation and the adhesion and aggregation of platelets and monocytes in 

atherosclerosis (discussed in more detail below), through its activation of protein 

kinase C (Eto et al., 2006) and in turn, mitogen activated protein kinase and nuclear 

factor kB (Figure 1-3). 
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Figure 1-2: Lectin-like Low Density Lipoprotein Receptor-1 

 

Legend:  A) Crystal Structure of LOX-1 disulphide-linked dimer (Ohki et al., 2005) 
from Research Collaborative for Structural Bioinformatics Protein Database (PDBID 

1YXK). B) Sub structure by residue number 
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Figure 1-3: LOX-1 Signalling (adapted from De Siqueira et al, 2015) 

 

LOX-1 expression is stimulated by Angiotensin-II, oxLDL and other factors as 
illustrated. LOX-1 binds oxidised low density lipoproteins, CRP, apoptotic cells and 
bacteria. Signalling from LOX-1 stimulates a number of pathways, leading to 
inflammation, smooth muscle cell proliferation, cellular apoptosis and 
atherosclerotic plaque instability 

Abbreviations: EC – Extracellular space, IC – Intracellular Space, Ang II – Angiotensin 
II, AGE – Andanced Glycation End Products, TNF – Tumour Necrosis Factor, CRP- C-
Reactive Protein, PKC-Protein Kinase C, NFkB - nuclear factor kappa-light-chain-
enhancer of activated B cells, VCAM - Vascular cell adhesion protein, ICAM - 
Intercellular Adhesion Molecule, SMC – Smooth Muscle Cell, MMP – Matrix 
Metalloprotease 
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1.3.3 LOX-1 and atherosclerosis 

LOX-1 contributes to atherosclerosis and ischaemic events by a number of 

mechanisms: 

Firstly, LOX-1 is responsible for an increase in endothelial mediated vascular tone 

through down-regulation of nitric oxide release (Ryoo et al., 2011). Additionally, 

oxLDL, bound by LOX-1 has been shown to bring about endothelial cell apoptosis by 

inhibition of antiapoptotic caspases (Chen, J. et al., 2004). Such processes bring about 

endothelial dysfunction and senescence, thus contributing to the start of 

atherosclerotic plaques. There is evidence that inhibition of LOX-1 with anti-LOX-1 

antibodies leads to decreased monocyte migration to the subendothelium, implying 

a further association between LOX-1 expression and monocyte vascular invasion 

(Honjo et al., 2003). 

LOX-1 facilitates the formation of foam cells by promoting the uptake of ox-LDL into 

macrophages (Yoshida et al., 1998).  It has an additional role in mediating smooth 

muscle cell (SMC) proliferation and intimal hyperplasia (Hinagata et al., 2006; Eto et 

al., 2006). Though not shown to be brought about by LOX-1, oxLDL exposure is linked 

to apoptosis in vascular SMCs (Hsieh et al., 2001). Macroscopically, this leads to 

atheromatous plaque destabilisation and arterial thromboembolic events (van der 

Wal and Becker, 1999). The high levels of LOX-1 expression in activated platelets 

within atherosclerotic thrombus has been correlated with a relationship between 

platelet activation and LOX-1 expression. Since platelets are ligands to LOX-1 at other 

sites, it is likely that LOX-1 plays a role in the aggregation of platelets at 

atherosclerotic plaques (Kakutani et al., 2000). 
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1.3.4 Clinical Impact of LOX-1: 

LOX-1 expression is upregulated in the presence of many disease states including 

hyperglycaemia (Li, L. et al., 2003), renal failure (Ueno et al., 2003), 

hypercholesterolaemia (Chen, H. et al., 2000), hypertension (Nagase et al., 2000), as 

well as in the presence of proinflammatory cytokines such as TNF-alpha (Kume et al., 

1998), growth factors (Minami et al., 2000), and atherogenic products such as oxLDL 

itself (Li and Mehta, 2000). LOX-1 expression levels are elevated in atherosclerotic 

plaques compared to normal endothelial tissue (Kataoka et al., 1999). 

Mango et al (Mango et al., 2003) have identified 7 single nucleotide polymorphisms 

in the OLR1 gene. One case/control study found a statistically significant correlation 

between one polymorphism (rs11053646), stroke risk and recovery (Zhang, J. et al., 

2013). Tatsuguchi et al (Tatsuguchi et al., 2003) have shown that the G501C gene 

polymorphism is twice as common in populations with ischaemic heart disease as in 

those without. Lastly, the WISE study (Chen, Q. et al., 2003) identified a correlation 

between polymorphisms in the OLR1 gene locus and degree of coronary artery 

stenosis.  

A soluble form of human LOX-1 (sLOX-1) was identified in 2000 (Murase et al., 2000). 

Although the exact mechanism for the cleavage of LOX-1 remains elusive, recent 

evidence suggests that it likely takes place at the neck domain by the ADAM-10 

metalloprotease (Mitsuoka et al., 2009). The significance of this molecule is discussed 

later. 
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1.3.4.1 Mammalian Studies and LOX-1 

To date, four mammalian species have had their LOX-1 protein sequence elucidated 

(Fig 1-4). Following the sequencing of human LOX-1 (Sawamura et al., 1997), Murine 

LOX-1 was first sequenced in 1998 (Hoshikawa et al., 1998), this was followed by rat 

LOX-1(Nagase et al., 2000) and bovine LOX-1(Kume et al., 1998). The amino acid 

sequence of rabbit LOX-1 was published in 2000 (Chen, M. et al., 2000). Mouse and 

rat LOX-1 have key differences from human LOX-1: Mouse and rat LOX-1 display a 

structure with three repeating helical neck domain units (in contrast to a single helical 

unit in human LOX-1) and either a 57% (mouse) or 67% (rat) congruence with human 

c-type lectin-like domain sequence. 

Mehta, Sawamura and colleagues were the first to study transgenic LOX-1 knockout 

mice (Mehta, J. L. et al., 2007). They observed that such mice demonstrated a lower 

rate of fatty streak deposition than wild-type. By the same vein, other studies have 

demonstrated that up regulation of LOX-1 has led to increased atherosclerosis in mice 

(White et al., 2011; Akhmedov et al., 2014). Hu found that atherosclerotic plaques in 

LOX1 knockout mice were richer in collagen than those in wild-type mice (Hu et al., 

2008). This collagen-rich (vs cholesterol-rich) plaque is more stable and less prone to 

rupture and symptomatic ischaemic events, supporting previously published data on 

the effects of LOX-1 has on plaque instability (Hsieh et al., 2001).  
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Figure 1-4: Amino Acid (AA) Sequence  of LOX-1 across species 
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Whilst transgenic models have heralded discoveries regarding the role of LOX-1 in 

disease states, their translational application is limited. However, the use of anti-

LOX1-antibodies has led to promising results: Hinagata et al demonstrated that by 

administering anti-lox-1 antibodies following angioplasty balloon injury to rat 

coronary vessels, they were able to reduce the level of intimal hyperplasia following 

injury (Hinagata et al., 2006). In a similar vein, Dominguez et al demonstrated that 

anti-LOX-1 antibodies could be used to preserve renal function (presumably through 

prevention of renal artery atherosclerosis) in obese diabetic rats (Dominguez et al., 

2008). Xu et al demonstrated that anti-LOX-1 antibodies restore coronary artery 

relaxation in atherosclerotic prone mice (Xu, X. et al., 2007). Other investigators have 

demonstrated that the administration of anti-LOX-1 antibodies led to a reduction in 

the size of myocardial and cerebral infarcts (Li, D. et al., 2003; Akamatsu et al., 2014), 

early mesenteric atherosclerosis (Nakano et al., 2010), diabetic neuropathy (Vincent 

et al., 2009), arthritis (Nakagawa et al., 2002) and the systemic inflammatory 

response (Landsberger et al., 2010; De Siqueira et al., 2015). 

To date, there has been a limited amount of research exploring how existing 

therapies modulate LOX-1. These include thiazolidinediones, (which inhibit LOX-1 

expression in vitro independently of effects on hyperglycaemia) (Chiba et al., 2001), 

3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins) (Kang et al., 

2009), and angiotensin-II receptor blockers (Zhang, H. et al., 2012). However, such 

findings do little to advance therapeutic strategies in cardiovascular disease. Despite 

the published effects of anti-LOX-1 antibodies, none of the above findings have been 

taken forward into clinical trials.  
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1.4 Biomarkers and sensing technology  

1.4.1 Biomarkers 

Once myocardial or cerebral issue has infarcted from sustained ischaemia, it is 

unrecoverable. However, as described, it also is evident that major cardiovascular 

events (strokes, heart attacks etc) have a prolonged at-risk phase. There is therefore 

significant interest in identifying which members of any population are at increased 

risk of such events to direct preventative therapies. As has been established, pivotal 

work by the Framingham group (Kannel et al., 1961), identified key diseases and 

behaviours associated with future cardiovascular events and their conclusions still 

affect how such individuals are identified now, over 50 years since their work was 

published. New frontiers in this field are focused in the identification of novel 

molecules which when measured together, or in isolation, may correlate with 

atherosclerotic load or plaque instability, such molecules are termed biological 

markers, or biomarkers. The field of biomarkers is crowded by dozens of potential 

targets and has been extensively reviewed (Vasan, 2006). Key biomarkers with a 

significant evidence base to support their prognostic value include high-sensitivity C-

reactive protein (Danesh et al., 2004), homocysteine (Homocysteine Studies, 2002), 

natriuretic peptides (Omland et al., 2005) and fibrinogen (Danesh et al., 2005). 

Indeed, there is a proven link between serum sLOX-1 levels and the incidence of acute 

coronary syndrome (Hayashida et al., 2005). Further, it can be used as a prognostic 

marker (Kume, N. et al., 2010) for those who have suffered an ischaemic coronary 

event. Most recently, Inoue (Inoue et al., 2010) has suggested the LOX-1 index 

(Apolipoprotein B-bound LOX-1 x sLOX-1 levels) as a prognostic marker for ischaemic 
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heart disease and stroke. In their 11-year cohort study of over 2400 healthy 

participants aged 30-79, they found a significant difference in the hazard ratios for 

combined risk of stroke and heart attack between the highest and lowest quartile of 

LOX-1 index. However, there was no significant difference when looking at LOX-1 in 

isolation. However, the selected population, healthy Japanese males and females, 

may not have the same prognostic profile as western or ‘high risk’ individuals. 

1.4.2 Immunoassays 

One of the principal challenges in the discovery and quantification of biomarkers is in 

their ‘sensing’, i.e. one must have a validated, sensitive and specific test to reliably 

quantify the concentration of such biomarkers. Established technologies for sensing 

commonly involve the use of a specific immune molecule (discussed later) to bring 

about a change in the colour or fluorescence in a plate, after incubation or contact 

with a target analyte. Such technologies include Enzyme-linked Immunosorbance 

Assays (ELISA) (Engvall and Perlmann, 1971) Chemiluminescence Enzyme 

Immunoassay (CLEIA) and RadioImmunoassay (RIA) (Yalow and Berson, 1960) (Figure 

1-5). The fundamental principle of these immunoassays is the same: an antibody is 

labelled with an isotope, fluorophore or enzyme which when exposed to a substrate, 

leads to a colorimetric or chemiluminescent reaction. Such antibodies are exposed 

directly or indirectly to the target (antigen) and the degree of ‘change’ (colour, 

fluorescence etc…) is quantified and correlated against concentration of antigen to 

which the antibody is exposed. Multiple variations on this format exist including 

direct, indirect and sandwich constructions Over time, this technology has been 

improved upon to the point where modern versions of the immunoassay (e.g. 
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Surround Optical Fibre Immunoassay (SOFIA)) can detect proteins at atto-gram (1x 

10-18g) concentration (Chang et al., 2009).  

Immunoassays have notable drawbacks. Immunoassays can be relatively laborious to 

perform, involving multiple blocking and washing steps. Further, due to the need for 

prolonged incubation, they can take up to 24 hours to yield a result, which in an acute 

setting is less than ideal. Lastly, they require the use of antibodies, which as discussed 

later, involves significant cost and makes the platform susceptible to a short ‘shelf-

life’. 
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Legend: 1) Direct Immunoassay, 2) Indirect Immunoassay, 3) Sandwich 
Immunoassay, 4) Indirect Sandwich immunoassay 

Figure 1-5: Different immunoassay formats 
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1.4.3 Biosensor principles and applications 

Biosensors are an alternative, technology to immunoassays. Biosensors convert a 

biochemical reaction to a quantifiable signal. They are made in many different 

formats including optical biosensors, electrochemical biosensors, piezoelectric 

biosensors and impedance / affinity biosensors. Of these, electrochemical biosensors 

are the most widely used, predominantly due to their transportable and low-cost 

microelectronics and resistance to wave-length interference from turbid or 

luminescent reagents (Grieshaber et al., 2008). 

Electrochemical biosensors commonly employ a recognition element (enzymes, cell 

receptors, antibodies) interfacing with an electrode, usually through a low 

impedance compound which will bind an ‘inactive’ epitope of the recognition 

element and polymerise on the surface of the electrode. The relationship between 

the recognition element and the electrode brings about a change in the current, 

charge accumulation or resistance to electrical discharge within the system 

(Grieshaber et al., 2008). This ‘interaction’ between receptor and electrode is directly 

affected by exposure of the receptor to the target analyte, or biomarker. Variations 

on the electrochemical biosensors, replaces the electrode for another form of 

transducer such as thermal, piezoelectrical or acoustic elements (Chambers et al., 

2008).  
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Figure 1-6: Polymerisation Biosensor Construction 

 

   Legend: A) Receptor is incubated with polymer compound. B) Polymer compound 
binds 'inactive' epitope on receptor, C) compound polymerises onto electrode 
allowing active epitope to bind freely to target 
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In order to accurately measure a change in the amperometric, impedimetric and 

voltaic properties of the sensing (working) electrode, two other electrodes are often 

also in use during biosensing, these are the counter electrode, and the reference 

electrode. The counter electrode establishes a connection to the working solution in 

which testing takes place and (i.e. it is to the working electrode what the negative 

electrode is to the positive electrode in a simple electrolysis system). The reference 

electrode is kept separate from the working electrode to ascertain a stable 

conducting pathway with the counter electrode against which the working electrode 

can be measured (Figure 1-7). Due to the ubiquity of biosensors, modern sensing 

‘chips’ are made of a pre-existing construct which include all three electrodes. 

Biosensors have great potential for miniaturisation, and indeed, the oldest and most 

abundant biosensor, the blood glucose meter (glucometer) is widely seen in a point-

of-care, miniaturised form. Developed by Clark and Lyons in the 1960s (Clark and 

Lyons, 1962), this biosensor consisted of an elegant modification of Clark’s previously 

described oxygen electrode (Clark et al., 1953). This include a layer of the enzyme 

glucose oxidase, which coverts glucose and oxygen to gluconolactone and hydrogen 

peroxide. Fundamentally, exposure of the enzyme to increasing concentrations of 

glucose, led to increasing oxygen consumption and in turn, increasing current 

generation from the oxygen biosensor. Modern glucometers barely resemble Clark’s 

original biosensor, though the principal of bringing about changes in electrical signals 

because of biochemical reactions has formed the foundation of an entire industry 

and research field. Due to the near instant results biosensors are now used in many 

other ‘point-of-care’ applications. Another notable adaptation of the Clark electrode 

exists in blood gas analysers (Delost, 2014) which can measure gas exchange, blood 
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pH, electrolyte balance, glucose and renal function simultaneously, in under two 

minutes. Their accuracy has also been validated by several studies (Karon et al., 2007; 

Jain et al., 2009).  Indeed, biosensors are not only used for biomarker detection, but 

also in various other technological applications including food safety (Amine et al., 

2006) and environmental monitoring (Rogers, K. R., 2006).  

While the field of biosensors would likely not exist without Clark’s pioneering work, 

the elegance of the glucometer is dependent on the presence of a relevant enzyme 

to the target analyte, which in turn could reliably and consistently promote a redox 

reaction. However, not all target analytes have an available redox enzyme with which 

to construct an equivalent sensor. This led to growing interest in affinity biosensors. 

Affinity biosensors differ from metabolic biosensors in that their construction 

depends on a recognition element such as an antibody or receptor protein (Rogers, 

Kim R., 2000). Thus, the interaction between analyte and sensing material in an 

affinity biosensor differs from that of a metabolic biosensor insofar as it causes a 

change in the electrical properties of the electrode, rather than bringing about a 

measurable chemical reaction. 
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Figure 1-7: Schematic of an affinity biosensor 

 

Legend:  Current flows from counter (C) electrode to reference (R) and / or working 

(W) electrodes. The flow of current, the action potential and impedance within the 

system is processed by the sensing unit and displayed for the user 
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1.4.4 Affinity biosensor construction: 

Three components must be considered when constructing a biosensing electrode: 

the transducer, the tethering layer and the bioreceptor itself. 

The transducer is the electrical surface on which the bioreceptor is tethered to. It 

should be chemically inert to the reagents it is to be exposed to, though be able to 

form a bond to the tethering layer. It should display low impedance to electrical 

current and have a smooth or consistent surface to which the tethering layer can 

bind. Lastly, it should ideally be manufactured at low cost and consistent in 

properties. In practice, a transducer consists of a very fine layer of carbon, metal or 

polymer coated on an inert substrate, typically ceramic or plastic (Renedo et al., 

2007). The coating process dictates several of the above-listed transducer properties. 

Among available techniques for coating, screen printing electrodes is a widely used 

option (Renedo et al., 2007). This process involves the coating of a suspension of gold, 

carbon or polymer (commonly referred to as ‘ink’) through a template directly onto 

the electrode, which is then heated. Screen printing can be a relatively low cost 

approach and allows for a customisation of the ink to enhance desired properties 

within the transducer (Yamanaka, K. et al., 2016). However, in contrast to other 

coating techniques, screen printing can lead to an uneven coating and a rough 

electrode surface (Cinti et al., 2017). By contrast, sputter coating, a form of physical 

vapour deposition (PVD), commonly used to prepare specimens for electron 

microscopy (Draggan, 1976), leads to a very smooth and even coating, though 

customisation of the coating material is limited. 
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The tethering layer binds the bioreceptor to the transducer. Like the transducer itself, 

the tethering layer should be relatively inert (once polymerised), have consistent 

conductive properties, and be applied evenly to minimise inconsistency in 

performance. 

The experiments within this thesis employ polymerisation (Situmorang et al., 1998) 

exclusively.  Polymerisation of the tethering layer may occur in a single- or two-step 

method. In a two-step polymerisation protocol, monomers of the intended 

polynomer are polymerised onto the transducer by cyclic voltammetry, then the 

transducer, coated in polymer is incubated with the bioreceptor, which will bind to 

free amine groups within the polymer. Alternatively, the tethering monomers, may 

be bound to the bioreceptor first and the whole construct may then be polymerised 

onto the transducer (Aydemir et al., 2016). In order to bind receptors, polymers need 

to have copious binding epitopes which are not involved in the polymerisation 

reaction. Typically, this epitope will be a primary amine (Gong et al., 2016; Xu, C.X. et 

al., 1997; Miscoria et al., 2006), which allows for standard cross-linking with proteins.  

An alternative approach to tethering is to use self-assembly monolayer (SAM) 

tethering (Hammami et al., 2016). Typically, a transducer will be placed in a solution 

containing the tethering compound. This tethering compound will commonly contain 

a thiol group which will allow it to bind to a gold transducer (Vericat et al., 2010) over 

hours, the tethering compound will re-organise itself to form a single, even molecular 

layer. 

Lastly, one must consider how the receptor binds to the tethering layer: in this thesis, 

thiol-amine coupling is employed exclusively. In this process, a coupling reagent, 
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containing an activated ester at one end and a maleimide group at the other, is 

incubated with the amine-presenting polymer and forms an amide bond via the ester 

group. The introduction of a thiol containing protein (typically on a cysteine residue) 

then allows a thiol bond to form to the other end of the coupler, at the maleimide 

group, conjugating the two proteins of interest (Kolodych et al., 2015). Other 

techniques for conjugating bioreceptors and depend very much on the particular 

chemical properties of the bioreceptor and tethering layer or transducer but include 

biotin-avidin conjugation (Chung et al., 2011), carboxyl-amine coupling (Ouellet et al., 

2010) and aldehyde-amine conjugation (Marques et al., 2013) 

1.4.5 Bioreceptor electrophysics 

The key principle by which affinity biosensors work revolves around understanding 

the transfer of charge through a transducer which has a bioreceptor +/- bound target. 

Charge is transferred via the working electrode to an ionic solution by means of a 

redox reaction at the interface between the electrode and the solution. The charge 

is then carried through the solution and passed to the counter electrode. The key 

‘sensing’ step relates in the interpretation of how easily charge is transferred at the 

working electrode. Thus, it is crucial that the ionic solution, electrodes and other 

components within the circuit have minimal resistance to current. A reference 

electrode is often used in parallel to the working electrode as a ‘base-line’ or negative 

control, against which the transfer of current at the working electrode is compared. 

The data gathered by the biosensor may be potentiometric (voltage potential in a 

static system), amperometric (change in current as a result of a direct and static 

voltage potential), voltammetric (changes in current as a result of a direct application 
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of varying voltage potentials across the system) or impedimetric (change in 

conductivity (capacitance and resistance) of the system in an alternating current 

action potential). Potentiometric, amperometric and voltammetric biosensors rely on 

redox reactions at the working electrode surface to bring about changes in charge 

transfer and are thus are generally limited to enzyme bioreceptors. By contrast, 

impedimetric biosensors can employ other types of receptors (Bahadir and 

Sezginturk, 2016). 

Impedance in a compound measurement of resistance and capacitance. To clarify, 

capacitance is an electrical circuit’s potential for storing charge, much like a battery, 

whereas resistance relates to its ability to pass on charge. Resistance can be 

calculated by Ohm’s Law: 

𝑅 =
𝑉

𝐼
 

Where: R = Resistance 

  V = Voltage 

  I = Current 

 

However, such measurements can only be applied when voltage is constant, in direct 

current.  

In order to measure impedance, an oscillating action potential is applied to the circuit 

and changes in the current in the presence of bioreceptor and target is measured. 

The change in current is a direct function of impedance and thus can be used to 

calculate it. To do so, one must account for the dynamic nature of voltage and current 
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within an AC circuit. Firstly, voltage and current can be calculated by the following 

equations: 

𝑉𝑡 =  𝑉𝑚𝑠𝑖𝑛ωt 

𝐼𝑡 =  𝐼𝑚𝑠𝑖𝑛 ωt 

Where: Vt = Voltage at period t (volts) 

  Vm= Peak voltage (amplitude) (volts) 

  ω = Angular Frequency (radians/second) 

  t  = Period t (seconds) 

  It = Current at period t (amperes) 

  Im= Peak current (amplitude) (amperes) 

 

Every circuit has an element of impedance, leading to a phase shift in the current 

(Figure 1-8). This phase shift is accounted for by the phase angle being included in the 

calculation of current: 

𝐼𝑡 =  𝐼𝑚sin (ωt + θ) 

Where: θ = Phase angle (radians) 

 

Thus, in an AC circuit, Resistance is calculated by an amalgamation of the above 

equations: 

𝑅 =
𝑉

𝐼
=

𝑉𝑚𝑠𝑖𝑛ωt

𝐼𝑚sin (ωt + θ)
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Figure 1-8: : Impedance effects on current. 

 

Legend: An oscillating action potential (Red) is applied to a circuit. Without 
impedance, current follows action potential (Blue), however impedance leads to a 
change in frequency and amplitude(Green). V(m): Voltage amplitude. δω: Change in 
angular frequency. θ: time. I(m): Current amplitude  
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To better understand capacitance, one must understand that it is analogous to 

current, a reflection of the transfer of charge over time: 

𝐼 =
𝑞

𝑡
 

Where:  q = charge (coulombs) 

  t = time (seconds) 

 

However, in capacitance, there is no flow of current, as charge is stored within the 

capacitor. Thus, the capacitance of a system is an accumulation of charge over an 

action potential: 

𝐶 =
𝑞

𝑉
 

Where:  C = Capacitance (farads) 

 

A full exploration of how capacitance can be calculated in an alternating current 

circuit and its emergence from a system which has current within it, is complex and 

beyond the scope of this thesis. However, as explained, impedance has two 

components, resistance and capacitance. The capacitance can be calculated by the 

following:  

𝑍 = √(𝑧′)2 + (−𝑧′′)2 

∴  𝑍2 =  (𝑧′)2 + (−𝑧′′)2 

∴  (−𝑧′′)2 =  𝑍2 − (𝑧′)2 

∴ (−𝑧′′) = √(𝑍)2 − (𝑧′)2 
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Where: Z = Impedance 

  z'= Resistance (real component of impedance) 

  -z’’= Capacitance (imaginary component of impedance) 

 

1.4.6 Interpretation of impedimetric data 

In order to fully characterise the impedance of its circuit, an impedimetric biosensor 

will typically run an alternating current through its circuit at a range of frequencies. 

The most common representation of impedimetric data is by means of Nyquist 

plots or Bode plots. Nyquist plots chart imaginary and real impedance at increasing 

frequency, Bode plots chart total impedance and phase angle shift against the log 

frequency. Changes in the impedance within the circuit, brought about by target 

binding at the electrode, lead to changes in the shape of the plots. Once a reliable 

response in circuit dynamics can be correlated with a varying concentration of 

target exposure, the biosensor can be used to interrogate unknown concentrations 

of target in solution(Guan et al., 2004; Ouerghi et al., 2002). 

 

1.5 Antibodies and antibody mimetics 

1.5.1 Monoclonal and polyclonal antibodies 

Antibodies are naturally occurring proteins which serve to detect ‘non-self’ (antigen) 

particles and render them vulnerable to other parts of an organism’s immune system. 

Antibodies can be ‘artificially’ generated against an antigen by inoculating an 

organism (e.g. mice, goats etc) with said antigen. The organism’s serum is extracted 

and purified to extract the antibody. An alternative method involves fusing myeloma 

cells with immune cells which have been exposed to the antigen of interest. This cell 
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complex is then cloned, and the secreted antibodies are extracted. These two 

methods lead to distinct types of antibodies referred to as polyclonal and monoclonal 

antibodies. Polyclonal antibodies are derived from multiple cell lines and are usually 

a heterogenous mix of molecules which bind to different epitopes, whereas 

monoclonal antibodies are derived from a single cell line and they usually bind to a 

single epitope of the target. 

1.5.2 Applications and limitations of antibodies 

Monoclonal antibodies are an important tool in biological research. They are 

fundamental to immunoblotting (Magi and Liberatori, 2005), immunoprecipitation 

(Kaboord and Perr, 2008) and immunohistochemistry (Stack et al., 2014) among 

others. Such techniques are critical to understanding important signalling and 

trafficking in studied cells. Indeed, many ‘bench-top’ antibody applications have led 

to useful developments in clinical diagnostics as human blood and other fluids can be 

analysed by tests such as Enzyme-linked Immunoassay (ELISA) (Lequin, 2005) and 

immunosensors (Luppa et al., 2001). More recently, the ability of antibodies to bind 

to sensitively to specific cell surface proteins and disrupt their function, has led to a 

revolution in the approach to many diseases, including inflammatory bowel disease 

(Shah and Mayer, 2010), rheumatoid arthritis (Bossaller and Rothe, 2013), neoplasms 

(Scott et al., 2012) and more recently, hypercholesterolaemia (Sabatine et al., 2017) 

More recently still, there have been developments in targeted drug delivery systems, 

which can employ antibodies to deliver higher concentrations of disease modifying 

drugs to specific tissues (Firer and Gellerman, 2012).  
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Despite their multiple applications, antibodies have three significant limitations. 

Firstly, antibodies are large (150kDa), complex molecules which need extensive cell 

machinery to be generated. This makes them difficult and expensive to manufacture, 

particularly in the doses required for therapeutic benefit (Chames et al., 2009). 

Secondly, their large size means that penetration into target tissues can be 

troublesome (Beckman et al., 2007). Thirdly, commercially available antibodies for 

bench-top research are notoriously inconsistent and unreliable (Bradbury and 

Pluckthun, 2015).  

Given such limitations, there is a growing body of research into molecules which can 

serve as antibody alternatives, such molecules are referred to as antibody mimetics, 

non-antibody scaffolds or nanobodies. 

1.5.3 Antibody Mimetics and their Clinical Application 

While an evolving field, 17 antibody mimetics have been engineered to date. Each of 

the binders have had varying success as antibody mimetics in basic scientific research 

functions. Of note, many of them have been taken forward as therapeutic agents. 

Kunitz domain peptides (KDP) are the basis of Ecallantide, a drug licensed for acute 

angioedema (Lewis et al., 2015). Depelestat, another KDP derivative was the subject 

of a phase II trial for respiratory distress syndrome, however, final analysis 

demonstrated no significant difference in outcomes compared to placebo 

(NCT00455767). Pegdinetanib, a monobody derivative, entered phase 2 trialling as a 

biological therapy against glioblastoma, though this was terminated early due to lack 

of efficacy (Schiff et al., 2015). BMS-986089 is an adnectin (monobody) which binds 

myostatin. It is currently being investigated by Bristol Myers Squibb by means of a 
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phase I trial in boys with Duchenne’s Muscular Dystrophy (NCT02515669) Fynomers 

were tested as a therapeutic agent for psoriasis (COVA322), however, this trial was 

also terminated early due to safety concerns (NCT02243787). ABY-035, an affibody 

molecule also designed as a therapeutic agent for psoriasis has successfully 

completed a phase I, safety study (NCT02690142), and further results are awaited. A 

phase I trial has recently been launched for PRS-060 (Anderson et al., 2015), an 

inhalable anticalin engineered for the treatment of asthma. Similarly, a phase II trial 

of PRS-080, has completed recruitment (NCT02754167) and its results are awaited. 

PRS-050, an anticalin which antagonises VEGF had successful outcomes at 

completion of a phase I study (Mross et al., 2013), though no further studies seem to 

have been conducted. 
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Table 1-2: Antibody Mimetics 

Year Published Mimetic Base structure Mass (kDa) 

1990 Aptamer 

 (Ellington and Szostak, 

1990) 

RNA 5-15 

2005 Avimers 

 (Silverman et al., 2005) 

A-Domain 4 

2006 KDP  

(Nixon and Wood, 2006) 

Kunitz domain 6 

2006 Affilins  

(Fiedler et al., 2006) 

Gamma-B-Crystallin 20 

2007 Monobodies  

(Koide and Koide, 2007) 

Fibronectin 10 

2007 Knottins  

(Gracy et al., 2008) 

Cyclotides 5 

2007 Fynomers  

(Grabulovski et al., 2007)  

Fyn 7 

2007 Affitins  

(Mouratou et al., 2007) 

Sac7D 7 

2008 Affibodies  

(Nygren, 2008) 

Protein A 6 

2008 Anticalins  

(Skerra, 2008) 

Lipocalins 20 

2008 DARPins  

(Stumpp et al., 2008) 

Ankyrin 10 

2008 ArmRps  

(Varadamsetty et al., 2012) 

Armadillo Repeat Protein 22 

2012 Atrimers  

(Allen et al., 2012) 

Tetranectin 60 

2012 Repebody  

(Lee et al., 2012) 

Lymphocyte receptors 3 

2014 Obodies  

(Steemson et al., 2014) 

OB-fold 12 

2014 Affimer (Tiede et al., 2014) Cystatin 12 

2014 Alphabodies  

(Desmet et al., 2014) 

Triple-helix coil 10 
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Pegaptanib, an anti-vascular endothelial growth factor aptamer has been successfully 

brought to market by Pfizer (Vinores, 2006). There has also been significant progress 

with Abicipar, a DARPin-based, Vascular Endothelial Growth Factor-A inhibitor: a 

Phase III clinical trial is currently recruiting to measure its effects on the treatment of 

macular degeneration (NCT02462486) (Smithwick and Stewart, 2017). A phase II trial 

is also due to start recruitment shortly, to assess a possible role for another DARPin, 

labelled MP0250, in the treatment of multiple myeloma (NCT03136653). CMX-020, a 

hybrid molecule based on Alphabodies bound to immunoglobulins, will shortly start 

recruitment for a phase II trial, assessing its effects as a therapeutic agent for pain in 

osteoarthritis (ACTRN12615000885594).  

Not all antibody mimetics have been translated into therapeutic agents. The reasons 

for this variation is not immediately clear, but reasons may include a publication bias 

against failed attempts, immunogenic response in mammals or the lead time for such 

research to be published. However, despite the lack of therapeutic applications, 

some mimetics have been used as the recognition element in a biosensor. In 

particular, Aptamers (Song et al., 2008), Affibodies (Ilkhani et al., 2016) and Affimers, 

one of the newest non-antibody protein-binders demonstrate encouraging early 

results and proof-of-concept. 

1.5.4 Affimers 

Affimers (Adhirons) (Figure 1-9) are synthetic proteins developed at the University of 

Leeds by Prof. Michael McPherson and Dr Darren Tomlinson which act as antibody 

mimetics. Their fundamental structure is based on plant phytocystatins (Tiede et al., 

2014), which inhibit cysteine proteases. However, the cystatin inhibitory sequence is 
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replaced with 9 randomised amino acids. This allows a large library of potential 

binding sequences to be generated; an M13 bacteriophage display library of over 3 

billion potential Affimers has been developed. They are stable up to 101°C and can 

be expressed and purified from the bacterium E. Coli. Though an emerging 

technology, the use of Affimers has been proven in the inhibition of the interaction 

between fibrinogen and complement C3 (King et al., 2015) and, their vast phage 

display library has been used for identifying binding motifs in oncological drug 

development (Kyle et al., 2015). Indeed, a commercial licence has been issued to 

Avacta Life Sciences, who are actively developing the technology for diagnostics and 

therapeutics. Evidently, such proteins hold much promise as antibody mimetics and 

such potential provides viable territory in which to conduct further research. 
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Figure 1-9: Affimer Structure and Sequence 

Legend: A) Red zone demonstrates alpha-helix, green zones beta-strands, Gold zones 
indicate binding sites with variable amino acid sequences. Public Domain Image, 
Source: Avacta Life Sciences B) Amino acid sequence of Affimers (dashes represent 
variable sequences) 

A 

B 
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1.6 Summary, Aims and Hypothesis 

There is now a substantial body of work supporting the role of anti-LOX-1 antibodies 

in the suppression of LOX-1/oxLDL dependent signalling and in the development of 

histopathological changes associated with LOX-1 (De Siqueira et al., 2015). The use of 

antibodies as clinical therapeutic agents has expanded in recent years in 

rheumatology (Tanaka et al., 2014), gastroenterology (Shah and Mayer, 2010) and 

oncology(Scott et al., 2012), though their use in cardiovascular disease management 

has only recently entered major practice (Sabatine et al., 2017).  

Further, anti-LOX-1 antibodies have been the basis of ELISAs upon which all studies 

reporting serum LOX-1 levels have been based. However, the reported normal serum 

levels of LOX-1 vary over more than three orders of magnitude between studies (Md 

Sayed et al., 2014; Tan et al., 2008), suggesting a significant inconsistency in available 

assays.  

As discussed earlier in this chapter, antibodies have significant limitations in relation 

to their cost and stability. Thus, there is an imperative to investigate other antigen-

binding proteins. Nearly 20 such proteins have been reported and fewer than half of 

these have entered trials as monoclonal antibody alternatives. This is a burgeoning 

field which holds much promise in both biochemical and medical technology 

applications.  

This research project has two primary hypotheses: 

1. An Affimer-based assay can be used to differentiate between normal and 

elevated soluble lox-1 levels. 
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2. Affimers can be used to inhibit the uptake of oxLDL by LOX-1 on the 

endothelial cell membrane and may have an application in modulating disease 

To test the first hypothesis, the project first aimed to develop a direct, Affimer-based 

substitute for a conventional immunoassay and optimise this to maximise its 

detection limit. Should this prove successful, the Affimer-platform should be 

modified to a biosensor platform to test whether it could be applied more diversely. 

To test the second hypothesis, LOX-1 expressing cells should be exposed to oxLDL and 

the effects of such exposure were to be quantified. The effect of preincubation with 

Affimers on oxLDL binding as well as the optimal dosing concentration were also to 

be calculated. 
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CHAPTER 2 : MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Chemicals 

All chemicals were purchased from Sigma-Aldrich (Poole, UK) unless otherwise 

stated; all were of analytical grade. Bicinchoninic acid assay (BCA) was from Pierce 

(Rockford, USA). Cell culture media and reagents were from Invitrogen (Amsterdam, 

Netherlands) and Promocell (Heidelberg, Germany). Enhanced chemiluminescence 

(ECL) reagents for immunoassay were from Thermo Fisher (Cramlington, UK) and 

those for immunoblotting were from Geneflow Ltd, (Staffordshire, UK) 

2.1.2 Antibodies 

Primary antibodies, mouse anti-FLAG, mouse anti-tubulin (Sigma Aldrich, Poole, UK) 

and goat polyclonal anti-LOX-1 (R+D Systems, Minneapolis, USA) were purchased 

commercially, unless otherwise stated. AlexaFluor-488-conjugated (Thermo Fisher, 

UK) and horseradish peroxidase (HRP)-conjugated (Stratech, Newmarket, UK) 

secondary antibodies.  

Sheep anti-LOX-1 (Diagnostics Scotland, Edinburgh, UK) and rabbit anti-LOX- 1 

(Eurogentec, Seraing, Belgium) were developed by the host laboratory and have been 

described elsewhere(Murphy et al., 2005). Working concentrations of antibodies and 

their use are detailed in table 2-1. 
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Table 2-1: Primary and secondary antibodies listed by target, species, application 
and working concentration. 

Antigen Species Source Use 

Working 

Concentration 

(µg/ml) 

Primary 

α-tubulin Mouse 
Sigma Aldrich  

(Poole, UK), SKU T9026 
WB 0.4 

LOX-1 Sheep 
S Ponnambalam 

(University of Leeds, UK) 
WB 1 

LOX-1 Sheep 

Abcam  

(Cambridge, UK) SKU 

AB111747 

WB 1 

LOX-1 Rabbit 
S Ponnambalam 

(University of Leeds, UK) 
WB 1 

FLAG Mouse 
Sigma Aldrich  

(Poole, UK) SKU F1804 
WB 1 

FLAG Mouse 
Sigma Aldrich  

(Poole, UK) SKU F1804 
IF 30 

Secondary 

Goat IgG 
Donkey 

(HRP) 

Stratech Scientific 

(Newmarket, UK) SKU 

43R-1030-FIT 

WB 0.08 

Mouse 

IgG 

Donkey 

(HRP) 

Stratech Scientific 

(Newmarket, UK) SKU 

43R-1308-FIT 

WB 0.08 

Rabbit 

IgG 

Donkey 

(HRP) 

Stratech Scientific 

(Newmarket, UK) SKU 

43C-CB1127-FIT 

WB 0.08 

Mouse 

IgG 

Donkey 

(Alexa 

Fluor) 

ThermoFisher 

(Cramlington, UK) SKU 

A-21203 

IF 60 

 

Abbreviations: HRP: horseradish peroxidase IF: immunofluorescence. WB: Western 
blot. 
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2.1.3 Bacterial Strains 

The XL-10 Escherichia coli (E.coli) strain TetrΔ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 

endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte [F  ́proAB lacIqΖΔM15 Tn10 (Tetr) Amy 

Camr] was purchased from Agilent technologies (Santa Clara, CA, USA). One Shot™ 

BL21 Star™ (DE3) E.coli strain F-ompT hsdSB (rB
-, mB

-) galdcmrne131 (DE3) was 

purchased from Thermo Fisher Scientific (Waltham, MA, USA). 

2.1.4 Plasmids 

Expression vector for extra-cellular domain LOX-1 (ECD-LOX-1)in a pET-15b (Merck 

Millipore, Billerica, MA, USA) vector, previously cloned by Ravinder Vohra (University 

of Leeds, UK) was kindly gifted by Dr Sreenivasan Ponnambalam, (University of Leeds, 

UK). Expression vectors for Affimers A1, B1, G1, H1 and A3 were donated by Dr Darren 

Tomlinson (University of Leeds, UK) 

2.1.5 Mammalian Cell Lines 

Human Embryonic Kidney Cells (HEK) and immortalised Porcine Aortic Endothelial 

Cells(PAEC), transfected with full length wild-type mutant LOX-1 with a C-terminal 

FLAG tag or empty vector (LOX-1-FLAG, EV) in the mammalian expression vector 

pcDNA3 were gifted by Dr Izma Abdul-Zani, of the Ponnambalam laboratory 

(University of Leeds, UK). 

2.2 Experimental Methods 

2.2.1 Competent bacteria preparation 

BL21 Star DE3 cells were grown on Luria-Bertani (LB) agar (1% (w/v) bacto-tryptone, 

0.5% (w/v) bacto-yeast extract, 1% (w/v) NaCl and 1.5% (w/v) agar, pH 7.0) overnight 

at 37°C. 10 ml of LB media (1% (w/v) bacto-tryptone, 0.5% (w/v) bacto-yeast extract 



- 49 - 
 

and 1% (w/v) NaCl, pH 7.0) was inoculated with a single BL21 Star DE3 colony and 

grown for ~16 hours at 37°C on a rotary incubator at 170rpm. The bacterial culture 

was subsequently diluted into fresh LB (1:20) and grown to an OD600 of 0.6. The 

bacterial cell culture was placed on ice for 15 minutes and centrifuged for 5 minutes 

(3000 g at 4°C). Cells were resuspended in 5 ml of LB and vortexed. 2 ml of chilled Tfb 

I (100mM RbCl2, 50mM MnCl2, 30mM C2H3KO2, 10 mM CaCl2 and 15% (v/v) glycerol, 

pH 5.8) was added per 5 ml of initial culture volume and cells were kept on ice for 45 

min. Cells were centrifuged for 10 minutes (3000g at 4°C). Cells were resuspended in 

4 ml ice-cold Tfb II (75 mM CaCl2, 10 mM RbCl2 10 mM MOPS and 15% (v/v) glycerol, 

pH6.5) and kept on ice for 30 min. Cells were aliquoted and stored at -70°C.  

2.2.2 DNA Transformation into competent bacterial Cells 

1.5 μl of DNA was added to 10 μl of competent E.coli XL10 gold (for bacterial plasmid 

replication) or BL21 Star DE3 (for protein expression and purification) cells and 

incubated on ice for 5 min. Cells were placed in a water bath at 42°C for 1 min and 

returned to ice for 3 min. 200 μl of SOC Media (2% w/v tryptone, 0.5% w/v yeast 

extract, 10mM NaCl. 2.5mM KCl, 10mM MgCl2, 10mM MgSO4, 20mM glucose) was 

added to cells and they were cultured on a rotary incubator (37˚C, 170rpm) for 1 

hour. The cell suspension was centrifuged at 500rpm for 5 minutes and the top 100 

µl of supernatant was discarded. The residual pellet and solution were vortexed. Cells 

were plated onto LB agar plates containing ampicillin 100 µg/ml and incubated at 

37°C overnight. Plates were then stored at 4 ˚C for a maximum of two weeks. 
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2.2.3 DNA Purification 

A single colony of E coli XL-10 gold transformed with the DNA of interest was picked 

from LB-agar plates and inoculated into 5 ml of LB containing ampicillin 100 µg/ml 

and grown at 37°C for 16 h in a shaking incubator. 1.5 ml of culture was centrifuged 

at 16000 g for 5 minutes to produce a bacterial cell pellet. Plasmid DNA was extracted 

using a miniprep kit (Qiagen, Hilden, Germany) according to the manufacturer’s 

instructions. 

2.2.4 Agarose Gel Electrophoresis of DNA 

2.5% (w/v) agarose gels containing 1 μg/ml ethidium bromide in 0.5x Tris-acetate 

(TAE) buffer (2 mM Tris, 1 mM acetic acid, 0.5 mM EDTA, pH 8) were prepared and 

loaded with 10 µl of DNA samples. Gels were run for 1 hour in 0.5x TAE buffer at 100 

V. DNA was visualised in a G:BOX XT4 chemiluminescence imaging workstation 

(Syngene, Cambridge, UK). 

2.2.5 Plasmid DNA Sequencing 

600 ng of plasmid DNA was purified into 30 μl of deionised water using a miniprep 

kit, as described previously. The plasmid DNA was sequenced by the DNA Sequencing 

Service (Dundee University, UK) using a standard T7 primer 

(TAATACGACTCACTATAGGG). 

2.2.6 Protein Expression 

A single colony of E coli BL21 Star DE3, transformed with vectors of interest was 

picked from LB-agar ampicillin plates and inoculated into 5 ml of LB containing 

ampicillin 100 µg/ml and grown at 37°C for 16 h in a shaking incubator. 400ml of pre-

warmed (37°C ) LB containing ampicillin 100 µg/ml was inoculated with the overnight 
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culture and grown at 230rpm, 37°C. After 2 hours, optical density (OD) of culture was 

checked against uninoculated LB Broth using a NanoDrop™ (ThermoFisher) 

spectrophotometer at a wavelength of 600nm (OD600) every 15 minutes until this 

reached 0.7, at this point incubation conditions were changed to 180rpm and 30°C. 

Once the OD600 was 0.8, protein expression was induced by adding Isopropyl β-D-1-

thiogalactopyranoside (IPTG) to a final concentration 0.5 mM. The culture was 

incubated at 30°C, 150 rpm for 6 hours. Cells were harvested by centrifuging for 15 

min at 4,800g. Bacterial pellets were stored at -80°C until ready for purification. 

2.2.7 Preparation of Affimers for elution 

BL21 Star DE3 pellets expressing Affimers of interest were thawed in 8ml Lysis Buffer 

(50mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, 10% glycerol, pH 7.4), containing  

0.8ml BugBuster® 10X Protein Extraction Reagent (Merck Millipore, Burlington, MA, 

USA) , 3.2 µl (25 U/ml) Benzonase® nuclease (Merck Millipore) and 80 l Halt 

Protease Inhibitor Cocktail (100X) (Thermofisher). The suspension was incubated at 

room temperature for 20 minutes. Non-specific, low stability proteins were 

denatured by incubation in a water bath at 50°C and sonication. The suspension was 

centrifuged at 4000g. The supernatant was centrifuged further at 12000g using a 

type 45 Ti fixed angle rotor (Beckmann Coulter, Brea CA, USA). Pellets were discarded, 

and the supernatant containing soluble protein was used for purification of 

hexahistidine-tagged soluble proteins.  

2.2.8 His-tagged Affimer elution 

800µl of Ni-NTA affinity resin (Qiagen, Hilden, Germany) was washed once in 10 ml 

lysis buffer and twice further in wash buffer (50mM NaH2PO4, 500 mM NaCl, 20 mM 
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imidazole, 10% glycerol, pH 7.4). Ni-NTA was added to the supernatant containing 

soluble protein and incubated at room temperature for 2 hours. This was centrifuged 

at 1000g for 1 min and the supernatant discarded. The Ni-NTA was washed with wash 

buffer and transferred to an equilibrated 5ml Pierce Centrifuge Column (Thermo 

Scientific). Multiple washes with wash buffer were performed by gravity flow within 

the centrifuge column and the effluent’s OD A280 was checked against stock wash 

buffer until this was less than 0.1. Elution was then performed using elution buffer 

(50mM NaH2PO4, 500 mM NaCl, 300 mM imidazole, 10% glycerol, pH 7.4). Eluates 

were collected 1ml at a time up to 10ml. Fractions containing an OD280 greater than 

1.0 were pooled and dialysed into PBS over 16 hours. After dialysis, samples were 

centrifuged at 4000g for 5 minutes to pellet agglutinated proteins and final protein 

concentration was estimated using bicinchoninic acid (see below). 

2.2.9 ECD-LOX-1 Expression and purification 

BL21 Star DE3 cells were transformed with a pET-15b plasmid expression vector 

containing the DNA sequence of the extra-cellular domain of the LOX-1 protein, using 

procedural steps, as descried above. Protein expression and preparation followed the 

same procedural steps, as above, however, cells were not exposed to a 50°C water 

bath, as the protein of interest is more sensitive to denaturing than Affimers. Being a 

non-soluble protein, ECD-LOX-1 was to be found in the final cell pellet, after ultra-

centifugation at 12 000g. This inclusion body pellet was resolubilised in 40 ml of 

solubilisation buffer (10 mM Tris, 6M guanidine hydrochloride, 100 mM NaH2PO4, 

pH 8.0), sonicated and mixed at 4 °C for 30 min. Finally, the solubilised inclusion body 

was subjected to ultra-centrifugation at 100,000g for 30 min. This supernatant was 

then taken forward for protein elution.  
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Nickel agarose column preparation and protein elution was conducted with the same 

procedural steps as with Affimers, however, 6M guanidine hydrochloride was added 

to all buffers used, due to the need to induce refolding of the protein, eluates were 

dialysed for 24 hours at 4°C into sequential refolding buffers over 6 days (Table 2-2). 

The sequence of dialysis buffers has been described by former members of the 

Ponnambolam laboratory (Vohra et al., 2007). After elution, the protein is unfolded 

by reduction of sulphide bonds, this is accompanied by suppression of ionic bonding 

with l-arginine. Lastly, controlled reforming of intrachain disulphide bonds and 

refolding takes place in a mixture of reduced and oxidised glutathione.  Subsequent 

steps aim to gradually remove such constituents of the dialysis buffer and present 

the refolded recombinant LOX-1  in a workable, physiological buffer. After dialysis, 

samples were centrifuged at 4000g for 5 minutes to pellet agglutinated proteins and 

final protein concentration was estimated using bicinchoninic acid (see below). 

2.2.10 BCA Assay 

Total protein concentration was quantified by bicinchoninic acid (BCA) assay. 10 μl of 

bovine serum albumin (BSA) controls at concentrations of 0, 0.2, 0.4, 0.6, 0.8 and 1.0 

mg/ml were pipetted in pairs, across the top row of a clear, 96-well polystyrene plate 

(Nunc, Roskilde, Denmark). Below this, 1, 3 and 5µl of the protein of interest was 

added.  Reagents A and B of BCA protein assay (Thermo Fisher Scientific, 

Massachusetts, US) were mixed together in a 50:1 ratio, and 200 μl of the mixture 

was added into each well. The plate was incubated at 37°C for 20 min and read at 562 

nm using a Varioskan Flash plate reader connected to a PC running SkanIt™ software.  
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Table 2-2: Composition of sequential dialysis buffers used for refolding of ECD-
LOX-1. 

Day 1 2 3 4 5 6 

GnHCl (M) 4 3 2 1 - - 

l-Arginine 

(M) 

0.4 0.4 0.4 0.4 0.4 - 

Tris–HCl 50 mM 

(pH 8.5) 

50 mM 

(pH 8.5) 

50 mM 

(pH 8.5) 

50 mM 

(pH 8.5) 

50 mM 

(pH 8.5) 

25 mM 

(pH 7.5) 

NaCl (mM) 400 400 400 400 400 50 

Reduced 

glutathione 

(mM) 

5 5 5 5 5 - 

Oxidized 

glutathione 

(mM) 

0.5 0.5 0.5 0.5 0.5 - 

% Glycerol 

(v/v) 

10 10 10 10 10 - 

 

Abbreviations: Tris: Tris(hydroxymethyl)aminomethane, APS: Ammonium 

persulfate, SDS: sodium dodecyl sulfate 
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2.2.11 SDS-PAGE 

SDS-PAGE gels were prepared as per table 2-3, poured into a gel rig and allowed to 

set for at least 20 minutes. A 5% stacking gel (30% (w/v) acrylamide, 1 M Tris pH 6.8, 

10% (w/v) SDS, deionised water, 10% (w/v) APS, TEMED) was poured over the 12-

15% resolving gel. Protein samples were added to 2x SDS-PAGE sample buffer (100 

mM Tris, 4% (w/v) SDS, 20% (v/v) glycerol, 0.1% (w/v) bromophenol blue, 4% (w/v, 

pH 6.8) β-mercaptoethanol) in equal volume and heated to 95°C for 5 minutes. 

Samples were loaded and subjected to electrophoresis in SDS running buffer (25 mM 

Tris, 192 mM glycine, 0.1% (w/v) SDS) at 126V until samples reached the end of the 

gel.  

2.2.12 Imaging of completed PAGE 

Gels were trimmed to include only lanes containing protein and stained with 

Coomassie Brilliant Blue G-250 colloidal protein stain over four hours on a rotating 

shaker. Excess dye was washed with double distilled water and gels were imaged 

using a G:BOX XT4 Chemiluminescence imaging workstation. 
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Table 2-3: Composition of 12 and 15% SDS-PAGE. 

Constituents 
Volume 

12% 15% 

ddH2O 8.9 ml 6.9 ml 

30% Acryl 8 ml 10 ml 

3M Tris 2.5 ml 2.5 ml 

10% APS 400 µl 400 µl 

10% SDS 200 µl 200 µl 

TEMED 16 µl 16 µl 

 

Abbreviations: ddH2O: Double Distilled Water, Tris: 

Tris(hydroxymethyl)aminomethane, APS: Ammonium persulfate, SDS: sodium 

dodecyl sulfate, TEMED: Tetramethylethylenediamine 
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2.2.13 Immunoblotting  

Gels were transferred electrophoretically to nitrocellulose membrane (Protran 0.2 

μm pore size, Schleicher & Schuell Bioscience, Dassel, Germany).  Transfer occurred 

in transfer buffer (25 mM Tris-HCl pH 7.5, 106 mM glycine, 20% (v/v) methanol) inside 

a cold room (4°C) over 16 hours at 30 mA. The nitrocellulose membrane was stained 

with 0.1% Ponceau S in 5% (w/v) acetic acid to make bands visible and quality assured 

for equal loading and successful transfer. This nitrocellulose blot was then trimmed, 

rinsed with Tris-buffered saline with tween (TBS-T) (20 mM Tris-HCl pH 7.6, 137 mM 

NaCl, 0.1% (v/v) Tween-20) and blocked in 5% (w/v) skimmed milk in TBS-T for 1 hour. 

The nitrocellulose membrane was incubated at 4°C overnight with primary antibodies 

dissolved in 1% (w/v) BSA in TBS-T, containing 1 mM sodium azide. Membranes were 

washed in TBS-T, for 10 minutes, three times and incubated for 1 hour in secondary 

antibodies at room temperature. Secondary antibodies were species-specific and 

conjugated to horseradish peroxide (HRP). Membranes were washed again, as before 

and incubated with an enhanced chemiluminescence substrate detection kit 

(Geneflow Ltd, Staffordshire, UK) for 1 minute. Chemiluminescence was detected and 

analysed using a G:BOX XT4 Chemi imaging workstation. Band intensity was 

quantified using densitometry image analysis software (GeneSys, Syngene 

Cambridge, UK) 

2.2.14 Affimer biotinylation 

10µl of EZ-Link NHS Biotin (ThermoFisher) solution (4mg/µl dimethyl sulfoxide) was 

incubated with 100µl of protein in PBS over 2 hours at room temperature. Excess 

biotin was extracted using Zeba™ Spin desalting columns, 7K MWCO, 0.5ml 

(ThermoFisher). Biotinylated samples were stored at 4°C. 
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2.2.15 Affimer-based direct ELISA 

Maxisorb 96-well plates (Nunc) were coated in triplicate with 100µl of recombinant 

extra-cellular domain LOX-1, diluted in coating buffer (0.39 g NaH2PO4, 1.335 g 

Na2HPO4, 8.474g NaCl in 1 L distilled water , pH 7.2) at 5-50000ng/ml. Plates were 

incubated at 4°C for 16 hours. Wells were rinsed with 200µl PBS-T (PBS with 0.1% 

(v/v) Tween-20) three times and blocked with 200µl 2x Casein Blocking Buffer (Sigma) 

over 4hours at room temperature. Wells were rinsed with 200µl PBS-T three times 

and incubated with 100µl biotinylated Affimer (10µg/ml in 2x Casein Blocking Buffer) 

at room temperature over 2 hours. Wells were rinsed with 200µl PBS-T three times 

and incubated with 100µl High sensitivity Streptavidin horseradish peroxidase 

(ThermoFisher 1:10 000 dilution in 2X Casein Blocking Buffer) over 30 minutes at 

room temperature. Wells were rinsed three times with 200µl PBS-T and incubated 

with 100µl 3,3',5,5'-tetramethylbenzidine. Colorimetry was analysed using a 

Varioskan Flash Multimode Reader at 370nm after 20 minutes of reaction time. 

2.2.16 Affimer Sandwich ELISA 

To screen for Affimers with complimentary LOX-1 binding zones. Maxisorb 96-well 

plates (Nunc) were coated with 100µl of cysteine-tagged Affimers diluted in coating 

buffer  at 10µg/ml. Plates were incubated at 4°C for 16 hours. Wells were rinsed with 

200µl PBS-T three times and blocked with 200µl 2x Casein blocking buffer over 4hours 

at room temperature. Wells were washed with 200µl PBS-T three times and 

incubated with 100µl recombinant ECD-LOX-1 at 500ng/ml for 2 hours. Wells were 

washed with 200µl PBS-T three times and incubated with 100µl biotinylated 

(detection) Affimer ( 10µg/ml in 2x Casein Blocking Buffer) at room temperature over 

1 hour. The rest of the experiment was carried out as per the direct ELISA. 
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2.2.17 Chemiluminescence Affimer Affinity Test 

The Affimer sandwich was constructed as described in the previous section but in 

solid-white Maxisorb plates (Nunc); in the final step, TMB was substituted with 100µl 

SuperSignal™ ELISA Pico Chemiluminescent Substrate (ThermoFisher). 

Chemiluminescence was analysed using a Varioskan Flash Multimode Reader, after 

20 minutes and plates were imaged using a Syngene G-BOX. 

2.2.18 Hybrid Affimer/Antibody chemiluminescence test 

A chemiluminescence sandwich assay was constructed with substitution of either 

detection or capture Affimer by sheep anti-LOX-1 antibody (kindly donated by Mr 

Ravi Vohra, University of Leeds, UK). This construct was screened for capture and for 

detection of 500ng ECD-LOX-1 in combination with all five Affimers. Quantification 

was performed as before. 

2.2.19 Tethering of Affimer to electrode 

Affimers were conjugated to monomers by incubation with tyramine and octopamine 

reagents. Briefly, 1.37mg of tyramine or 1.92mg of octopamine was dissolved in 

150µl of DMSO and 350µl of 100mM disodium hydrogen orthophosphate (Na2HPO4) 

(pH 7.5). 250µl of the tyramine/ octopamine solution was mixed with 2.2mg of Sulfo-

SMCC dissolved in 75µl of DMSO and 175µl of 100mM (Na2HPO4) (pH 7.5) and 

incubated at room temperature for one hour. This was the tethering reagent. 

200µg/ml of Affimer in 100mM HNa2PO4 (pH 7.5) was mixed in equal volumes with 

the tethering reagent over an hour at room temperature. This led to the formation 

of Affimer-conjugated tyramine/octopamine monomers. 
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Affimers/monomers were polymerised onto gold Dropsens electrodes (Dropsens, 

Asturias, Spain) by electrical induction. Electrodes were connected to an RA-2 

AUTOLAB type III electrochemical workstation (Eco Chemie B.V., Utrecht, 

Netherlands), running NOVA 2 software. Two cycles of cyclic voltammetry were 

applied to the electrodes at 100mv per second, with a start/stop potential of 0V and 

a vertex potential of +1.6V. A non-specific Affimer which had been screened against 

green fluorescent protein (GFP) was coated onto the first working electrode (as a 

negative control) and a specific Affimer was coated onto the second. A characteristic 

curve during cyclic voltammetry,  with a ‘hump’ forming during the first voltage cycle 

and a change in the shape of the subsequent cyclic wave (See Chapter 3: Results, 

Figure 3-6B), implied successful polymerisation. 

2.2.20 Biosensor interrogation 

Electrodes with tethered Affimers, as described above, were interrogated by 

electrochemical impedance spectroscopy. They were first incubated with PBS and 

then increasing concentrations of recombinant human ECD-LOX-1 (1pg/ml to 

1mcg/ml in PBS) for 30 minutes at a time, before rinsing thoroughly with PBS. 

Electrodes were placed in a cell containing 10 mM K3Fe(CN6), K4Fe(CN6) and 10 mM 

PBS, pH 7.2.  Interrogation was performed with an RA-2 AUTOLAB type III 

electrochemical workstation, running NOVA 2 software. Impedance analysis was 

performed over a frequency of 0.25 Hz to 25 kHz using a modulation voltage of 10 

mV at an applied voltage of 0.0 V. Nyquist plots generated by the NOVA software 

were compared for differences correlating to increasing concentration of ECD-LOX-1. 

Experiments were repeated three times using new electrodes for experimental 

replicates. 
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2.2.21 LDL purification from blood 

20ml of blood from healthy human volunteers was collected using standard 

phlebotomy technique (Faculty of Biological Sciences, University of Leeds ethical 

approval Ref: BIOSCI 15-007). To prevent clotting, trisodium citrate was immediately 

added to blood at a final concentration of 0.38% (w/v). Whole blood and citrate were 

then subjected to centrifugation at 4000rpm for 20 minutes at room temperature to 

pellet cells. The plasma supernatant was mixed with OptiPrep Density Gradient 

medium (Sigma) to give a final concentration of 12% (v/v) iodaxinol. This was layered 

under 1 ml of HEPES-buffered saline (HBS) (0.85% (w/v) NaCl, 10 mM HEPES pH 7.4), 

inside a 4.7 ml Opti-Seal centrifuge tube (Beckman Coulter, USA). Tubes were 

centrifuged at 100 000g for 3 hours at 16°C. Following density gradient 

centrifugation, LDL forms a characteristic orange/yellow band. The presence and 

purity of LDL in this band has been previously described and validated (Chapman et 

al., 1981). The LDL-containing fraction was aspirated using a 25-gauge needle, 

piercing the side of the tube directly to avoid contamination with other lipoprotein 

fractions. LDL particles were dialysed against PBS for 24 hours and its final 

concentration was measured by BCA, as described above. LDL was stored at 4° in 1ml 

fractions, mixed with 100 μM EDTA and 20 μl butylated hydroxytoluene (BHT), to prevent 

oxidation. 

2.2.22 Oxidation of LDL 

Oxidation of LDL particles was achieved by incubation with 5 μM CuSO4 at 37°C for 

24 hours. Oxidation was terminated by adding 100 μM EDTA and 20 μM BHT. Final 

concentration was established by BCA. 
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2.2.23 Agarose Gel Electrophoresis of Lipid Particles 

As described by Guy et al., oxidation of LDL with copper sulfate, brings about greater 

electrophoretic mobility, in a time-dependent manner, up to approximately 20 hours, 

where a plateau is reached (Guy et al., 2001). Therefore, to confirm successful 

oxidation of lipoproteins, 4 μg of LDL and / or oxLDL particles were loaded into 0.5% 

(w/v) agarose gel. The gel was run in borate buffer (80 mM boric acid, 90 mM Tris-

HCl pH 8.3, 3 mM EDTA) and run for 1 hour at 100 V. The gel was fixed by soaking in 

ethanol fixative (75% (v/v) ethanol 5% (v/v) acetic acid) for 15 minutes. Staining was 

achieved with a saturated solution of Sudan black in 60% (v/v) ethanol and 0.05% 

(w/v) NaOH for 2 hours. Lastly, the gel was destained by incubation in 50% (v/v) 

ethanol until clear bands could be appreciated in the gel. Successful oxidation was 

confirmed by the presence of separate band heights in the gel, distinguishing oxLDL 

from LDL. 

2.2.24 Labelling of oxLDL with Fluorescent Dyes 

1,1-dioctadecyl-3,3,3’,3’-tetramethyllindocarbocyanine perchlorate (DiI) and  1,1-

Dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine (DiD) lipophilic fluorescent dyes, 

were dissolved in DMSO at 10mg/ml. 30µl of fluorescent dye in DMSO was mixed per 

milligram of lipoprotein particles and incubated in the dark for at 37°C overnight. The 

mixture was centrifuged at 14 000g for 10 minutes to pellet any excess dye and the 

supernatant was dialysed against PBS in for 24 hours in a sealed, dark box, stored at 

4°C. Final concentration was assessed by BCA. 
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2.2.25 Mammalian Cell Culture 

Human embryonic kidney 293 (HEK293) cell line were cultured in Dulbecco’s modified 

eagle medium (DMEM; ThermoFisher) containing 10% (v/v) foetal calf serum (FCS; 

Life Technologies, Paisley, UK), 2 mM L-Glutamine, 1x non-essential amino acids, 10 

U/ml penicillin and 100 μg/ml streptomycin (all from ThermoFisher). Immortalised 

porcine aortic endothelial cells (PAEC) were cultured in Roswell Park Memorial 

Institute 640 (RPMI640; ThermoFisher) containing the same additives as above. 

Transfected cell selection was maintained by the use of 0.5µg/ml Hygromycin B 

(ThermoFisher) and 0.3 µg/ml Blastacidin-S (ThermoFisher). Cell culture took place 

under humid, aseptic conditions at 37°C, 5% CO2. 

2.2.26 Cell Passage 

Cells were passaged every 3 days. After trypsinisation with 1 ml TrypLE Express 

(ThermoFisher), cells were returned to incubate at 37°C for 3 minutes. 9ml of 

complete culture medium was used to quench the trypsin and remove the cells from 

the plate. Cells were split in 3:1 complete media and plated in fresh flasks.  

2.2.27 Expression of LOX-1 in mammalian cells 

PAECs and HEK 293-T Flp-In ™ T-Rex™ cells transfected with either FLAG-tagged, full-

length, human LOX-1 DNA or an empty vector were cultured overnight in 96well 

plates. Media was aspirated, and cells were starved by coating with 100µl Optimem 

I, reduced serum media (ThermoFisher)  for 2 hours.  LOX-1 expression was induced 

by incubating with tetracycline at a final concentration of 1µg/ml. 
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2.2.28 Preparation of Cell Lysates 

Cell-containing plates were placed on ice and all media was aspirated. Wells were 

washed with ice-cold PBS three times. Cells were lysed by incubating with lysis buffer 

(2%SDS (w/v) in PBS, 1mM phenylmethylsulfonyl fluoride) and scraping). Cell lysates 

were stored at -20C for a maximum of two weeks. 

2.2.29 OxLDL Cell Surface Binding Assay 

Induced HEK-293T and PAE-cells were placed on ice and incubated with fluorescently-

labelled oxLDL particles at a concentration of 10µg/ml for 30 minutes. Cells were 

fixed, as described below. To assess the effectiveness of Affimers as LOX-1 receptor 

antagonists, experiments were repeated with pre-incubation of cells with Affimers 

(50pg – 500ng/ml final concentration) for 5 minutes prior to adding ox-LDL. 

2.2.30 OxLDL Uptake Assay 

Induced HEK-293T and PAE-cells were incubated with labelled oxLDL particles at a 

concentration of 10µg/ml at 37⁰C for fixed time periods (0,15,30,60,120 and 180 

minutes) at 37°C. Plates were placed on ice and fixed, as described below. To assess 

the effectiveness of Affimers as LOX-1 receptor antagonists, experiments were 

repeated with pre-incubation of cells with Affimers (50pg – 500ng/ml final 

concentration) for 15 minutes prior to adding ox-LDL. 

2.2.31 Affimer Toxicity Assay 

To assess the toxicity of Affimers, a toxicity assay was carried out at the highest 

working concentration of Affimers. After trypsinisation, and splitting, 0.5 ml of cell 

suspension was extracted and placed in a sterile 1.5ml microfuge tube. 100 µl of cell 

suspension was transferred into a new microfuge tube and 400 µl 0.4% Trypan Blue 
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(final concentration 0.32%) was added. Trypan Blue-treated cell suspension was 

applied to a sterile, glass haemocytometer. Live (unstained) and dead (stained) cells 

were counted within four haemocytometer grids. The number of live cells were 

divided by the total number of cells (alive and dead) to give the cell viability. This 

experiment was carried out before and 24 hours after Affimer exposure and the 

difference analysed. 

2.2.32 Cell Fixation 

Media was aspirated from cells seeded on coverslips in 24-well plates. Wells were 

rinsed twice with 500μl PBS. Cover slips were coated with 500μl fixative (10% (v/v) 

formalin, Sigma-Aldrich) and incubated for 5 minutes at 37°C. Fixative was aspirated 

and wells were rinsed three times with 500μl PBS.  

2.2.33 Immunostaining and immunofluorescence microscopy 

500μl 5% (w/v) BSA in PBS was added to wells to block non-specific antibody binding, 

wells were then washed twice with 500μl PBS. Coverslips were removed from wells 

and inverted onto a 25 μl drop of primary antibody diluted in 1% (w/v) BSA in PBS. 

Exposure to primary antibody was conducted overnight at room temperature in a 

moist chamber. Coverslips were returned to fresh 24-well plates and washed 3 times 

with 500μl PBS.  After washing, coverslips were removed from the well and inverted 

onto a 25μl solution containing 4μg/ml Alexa Fluor-conjugated secondary antibody 

and 2μg/ml 4,6-diamidino-2-phenylidole (DAPI) in 1% (w/v) BSA in PBS. Coverslips 

were incubated for 2 hours, in the dark, at room temperature. Coverslips were again 

returned to wells, washed 3 times with 500μl PBS as before and mounted onto slides 
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using Fluoromount G (Southern Biotech, Alabama, US). Images were acquired using 

an EVOS-fl inverted digital microscope.  

2.2.34 Fluorescence Quantification 

Di-I fluorescence was  quantified using digital imaging software (ImageJ, National 

Institute of Health, Bethesda, USA). Captured images were uploaded into the 

software package and converted to 16-bit format (grey-scale). To isolate fluorescence 

from individual cells, image thresholds in each image were altered to create separate 

16-bit particles within the image. Where significant overlap of cells was present, 

binary watershedding was used to separate particles. Particle thresholds were set at 

a minimum of 100 pixels to exclude non-cellular background fluorescence. Included 

particles were then used to map the area of cells in the source image and mean colour 

intensity was calculated per particle (cell) in the image. 

2.2.35 Flow Cytometry 

Flow cytometry was employed to better quantify Di-I fluorescence, using a greater 

number of cells. Cells for flow cytometry were subjected to the same passage, surface 

binding and uptake conditions as those described above. However, to allow for a 

larger population to be analysed, they were cultured in 6-well plates with 

proportional increases in all materials and solutions. After cell fixation, as described 

above, cells were trypsinised with 200µl of TriplE express and mechanically disrupted, 

then resuspended in 1ml of PBS. Cells were pelleted by centrifugation at 4000rpm for 

1 minute then resuspended again in PBS. Cells were stored in 1.5ml microfuge tubes 

covered in aluminium foil, to prevent light degradation of labels, and stored at 4°C 

until cytometry could be performed (maximum three days). 
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Flow cytometry was performed at St James’s University Hospital with the help  of 

facility support staff. Cells were subjected to excitation with a 561nm yellow/green 

laser without excitation filters using an Influx Fluorescence Associated Cell Sorting 

system (BD Biosciences, San Jose, CA, USA) . Fluorescence was read at 570nm, in 

accordance with the peak fluorescence wavelength of Di-I. PAEC and HEK-293T cells 

expressing an empty vector, exposed to Di-I were used as negative controls, however, 

future flow cytometry experiments should include controls without Di-I exposure, to 

clarify background fluorescence of cell lines. 

Cytometry data was analysed using FlowJo software (Flowjo, LLC. Ashland, OR, USA). 

Gating was set around forward and side scatter to exclude cell debris and applied 

equally across all samples for comparative experiments. Cell populations were 

compared by shifts in plotted fluorescence against counts and by median 

fluorescence. 

2.2.36 Statistical Analysis 

Statistical analysis of multiple groups and non-parametric variables was performed 

using one-way or two-way analysis of variance (ANOVA) followed by Tukey’s or 

Bonferroni multiple comparison test respectively. Direct comparisons between 

continuous variables was analysed with two-tailed Student’s t-tests. Spearman’s 

coefficient was used to analyse the correlation between LOX-1 concentration and 

colorimetry/chemiluminescence. Analysis was performed using Prism software 

(Graph-pad, La Jolla, CA, US). For all tests, α was set at 0.05. However, when 

calculated to be lower than 0.05, probability values were further categorised by 

degree (*, p<0.05), (**, p<0.01), (***, p<0.001).  
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CHAPTER 3 : AFFIMER-BASED ASSAYS FOR THE DETECTION OF 
LOX-1 

3.1 Introduction 

LOX-1 is a class E scavenger receptor found on the surface of endothelial cells, 

platelets and smooth muscle cells. A soluble fragment (sLOX-1) of the extra-cellular 

domain of LOX-1 is cleaved at cells surfaces and shed into surrounding plasma. The 

elevation of serum s-LOX-1 is associated with metabolic syndrome, ischaemic heart 

disease and stroke. However, while comparative studies demonstrate a relative 

increase (to healthy controls) in the serum concentration of LOX-1 in patients with 

the above conditions, there is much variability in the reported normal serum range. 

This discrepancy suggests that the assays for LOX-1 may be inaccurate, despite 

internal validity. Thus, there is justification for developing a new, accurate and 

reliable assay for soluble LOX-1.  

Currently, the only commercially available sLOX-1 assays are enzyme-linked 

immunoassays (ELISAs). Such assays rely on anti-LOX-1 antibodies, which in turn 

makes them costly and sensitive to ‘spoiling’. Antibodies are often derived from 

mammals, which traditionally has led to long production time, limited scalability and 

ethical concerns regarding the exposure of animals to antigens of interest. Though 

improved by antibody amplification technologies, such as hybridoma expression 

systems, these limitations are still present. Therefore, if a new assay could be 

developed which employed robust sensing biomolecules, which could be produced 

on a large scale, quickly and affordably, there would be significant scope to improve 

current sensing technology, not only in LOX-1 but in all other biomarkers. 
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Affimers are protein nanobodies which act as antibody mimetics. They are small 

molecules which derive their structure from plant phytocystatins and have two, 

variable amino acid sequences which enable binding to molecules of interest. The 

variation in these amino acids allows for 3x109 possible sequences, which in turn 

make a number of binding targets viable. Due to their small size and short protein 

sequence (12kDa), Affimers can be expressed and purified from Escherichia Coli  

which allows for low cost, high volume production and avoids any ethical concerns 

arising from animal experimentation. 

This chapter aims to assess whether Affimers can be used to construct an assay for 

the detection of LOX-1 at physiological levels. 

3.2 Results 

3.2.1 Expression and Purification of LOX-1 Specific Affimers 

pET 11a-plasmid vectors containing Affimers A1, B1, G1, H1 and A3 with terminal HIS 

and cysteine tags were transformed into XL10 E-coli cells. These five affimers were 

previously identified by Dr Rachel Seese while working in the Ponnambolam 

laboratory. In order to identify these affimers, the recombinant LOX-1 protein 

described by Dr Ravi Vohra and used in this thesis was screened affimer library. 

Sequencing  (Figure 3-1A) was checked against Affimer libraries in the Tomlinson 

laboratory (Figure 3-1B), as described in chapter 2. After confirmation of correct 

sequencing, plasmid DNA was transformed into BL21 Star DE3 bacteria for protein 

expression. Gels were stained and the presence of protein bands at 12kDa was taken 

as successful purification of Affimers (Figure 3-1C). 
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Figure 3-1 DNA and Amino acid sequencing of Affimers 

  

 

Legend: A) DNA sequence of Affimer A1. B) Amino acid sequence of variable regions 

of LOX-1 binding Affimers. C) Coomassie stained SDS PAGE of purified Affimer PL: 

Protein Ladder 
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3.2.2 Affimer-Based Direct ELISA 

An Affimer-based direct ELISA was performed to ascertain whether Affimers could 

substitute antibodies for the detection of target analyte (recombinant, ECD-LOX-1). 

Of all five Affimers successfully screened against ECD-LOX-1, only the Affimer A1 

demonstrated a statistically significant, positive correlation between colorimetry and 

ECD-LOX-1 concentration (r=0.9, p=0.04) (Figure 3-2). It was noted that despite this 

positive correlation, the overall colour change and thus recoded absorbance (Max 

OD650=0.05) was low, even at concentrations of ECD-LOX-1 106-fold over recorded 

physiological norms.  Further, though results were consistent and error margins were 

small, the overall increase in absorbance was within the error limits of the 

colorimetry hardware used. Thus, while the A1 Affimer could clearly be used for 

detecting ECD-LOX-1 in solution, the direct ELISA was not suitable for ‘real-world’ 

applications. In order to employ such applications, the signal generated would need 

to be amplified and sensitivity increased. 
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Legend: All five Affimers, conjugated to biotin were incubated with known 

concentrations of recombinant ECD-LOX-1. A positive correlation between 

concentration and colorimetry was taken as a sign of a successful ELISA. n=3. Results 

plotted with bars representing standard error of the mean. 

Figure 3-2: Single Affimer-based direct ELISAs. 
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3.2.4 Affimer Sandwich ELISA 

All five Affimers were screened against each other in 25 possible combinations 

dictated by orientations of capture and detection positions. Most combinations of 

Affimers failed to generate a signal greater than baseline, presumably due to 

competitive binding sites on ECD-LOX-1. However, when combined, H1 and A1 gave 

a significantly higher signal than all other combinations (p<0.0001) (Figure 3-3A). 

Reassuringly, this was present in both orientations (H1 capture, A1 detection versus 

A1 capture and H1 detection), though seemed greater with H1 as the capture Affimer. 

These results support the notion that A1 and H1 are non-competitive ECD-LOX-1 

binders 

The H1/A1 Affimer sandwich ELISA was taken forward and assessed for correlation 

between ECD-LOX-1 and colorimetry. This showed a stronger correlation profile than 

the A1 direct ELISA (r=0.98, p<0.0001) (Figure 3-3B). However, the sensitivity was not 

convincingly improved (the lowest concentration of ECD-LOX-1 correlated with an 

increase in signal of 100ng/ml, still 10 000 times higher than the lowest reported 

physiological level). Further, the signal strength was still weak, with a peak 

absorbance (OD650) of 0.06. Thus, to improve both signal amplitude and overall 

sensitivity, the H1/A1 Affimer sandwich ELISA was modified to a chemiluminescence-

based platform.  
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Figure 3-3: Affimer Sandwich Assay Screen and Results 

  

Capture Affimer 

A 

B 

Legend: A) Sandwich binding Screen of all Affimer combinations, NS: Non-

significant, OD: Optical Density. H1 / A1 Constructs had significantly higher signal 

levels than other combinations B) H1/A1 Affimer Sandwich ELISA. Strong positive 

correlation with signal strength and ECD-LOX-1 concentratoin
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3.2.5 Chemiluminescence Affimer Affinity Tests 

To improve sensitivity, and amplify signal, a chemiluminescence platform was 

adopted, as described in the methods section. The same combination of H1/A1 

Affimers led to no improvement in the sensitivity of the assay, with a minimum 

concentration of 100ng/ml of ECD-LOX-1 being required for a detectable change in 

the relative light units detectable by the chemiluminescence experiment (Figure 3-

4A). As a final effort develop an immunoassay-based sensing platform, a hybrid 

(antibody/Affimer) assay was developed. The capture/detection orientation of 

antibody and Affimers was tested and revealed that greatest signal was obtained 

when antibodies were used for capture and Affimers for detection (Figure 3-4B, C), 

perhaps due to the easier biotinylation of Affimers with a free cysteine group. After 

a screening test, similar to that outlined earlier, Affimers B1 and G1 were found to 

have the highest sensitivity between 0 and 500ng/ml of ECD-LOX-1. These were taken 

forward into the hybrid chemiluminescence platform to assess overall sensitivity. 

Again, the limit of detection was approximately 100ng/ml of ECD-LOX-1 (Figure 3-5), 

making the hybrid system no more sensitive than the Affimer-only 

chemiluminescence platforms. 
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Figure 3-4: Chemiluminescence Affimer Affinity Test 

 

Legend: A) Affimers A1 and H1 used in combination to detect ECD-LOX-1 B) Hybrid 
antibody / Affimer CLAAT demonstrated significantly higher chemiluminescence 
when anti-LOX-1 antibody was used for immobilisation of ECD-LOX-1. C) 
Chemiluminescence images demonstrating difference in luminescence, numbers 
indicate well repetition, n=3.  
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Figure 3-5: Hybrid CLEIA/CLAAT optimisation 

 

Legend:  A) Testing 0 to 500ng of ECD-LOX-1 with Affimers G1 and B1 showing 
greatest differentiation in signal intensity. B) Antibody/B1 CLEIA demonstrates 
lowest detectable rise in signal at approximately 50ng ECD-LOX-1 with drop-off in 
signal after 500ng C) Antibody/G1 CLEIA demonstrating similar sensitivity to B1 



- 78 - 
 

3.2.6 Electrochemical biosensor optimisation 

To this point, Affimers A1 and H1 demonstrated the strongest binding to ECD-LOX-1. 

For this reason, they were taken forward into biosensor construction. Two 

polymerisation constructs (tyramine and octopamine) were used for binding the 

Affimers to the electrodes, as described in the methods section.  

Acid cleaning of electrodes by cyclic voltammetry revealed a change in electrode 

performance after the first cycle, however this was stable for subsequent cycles, 

denoting the possible presence of contaminants on the electrode surface from the 

supplier (Figure 3-6A). Polymerisation revealed a characteristic ‘hump’ in the 

voltammetry curve followed by a change in its pattern on subsequent shape on the 

second cycle (figure 3-6B). These characteristic changes were typical of successful 

polymerisation and were seen in all experimental electrodes. 

 Initial trials with tyramine led to extremely irregular Nyquist plots (Figure 3-6C) and 

uninterpretable results, perhaps suggesting that tyramine was an inadequate binding 

or polymerisation substrate. Octopamine plots by contrast were comparatively more 

uniform over fixed ranges in concentration. Next, it was clear that at frequencies 

below 15Hz, the Nyquist plots became very erratic. Lastly, it was observed that while 

there were changes in the Nyquist curve parameters between 1pg/ml and 1ng/ml, at 

concentrations greater than this, the curves would change unpredictably. For this 

reason, the frequency range was limited to 15-2500 Hz and ECD-LOX-1 was tested in 

concentrations of 1pg/ml-1ng/ml.  
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Figure 3-6: Biosensor Optimisation Steps 

 

Legend: A) Acid cleaning with cyclic voltammetry led to stable electrode response. B) 

Characteristic curve and ‘hump’ (arrow) illustrating tyrosine/octopamine 

polymerisation on electrode C) Highly disorganised Nyquist plot using tyramine as 

polymerisation agent. Concentrations of LOX-1 greater than 1ng/ml and frequencies 

below 15Hz associated with particular derangement in plot 
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3.2.7 ECD-Lox-1 detection by Affimer-based biosensor 

For Affimer A1, a subtle difference could be appreciated in some Nyquist plots at 

different LOX-1 concentrations. This difference was greatest at the lowest tested 

frequency (18Hz) and could be most easily appreciated as a variation in the 

capacitance within the circuit. However, this was an inconsistent result and could also 

be seen in the non-specific electrode (Figure 3-7, 3-8). Furthermore, there was great 

variation in the size and shape of Nyquist plots despite using the same materials, 

methods and conducting tests in the same environment, on the same day. The 

reasons for this are unclear but perhaps imply a variability in electrode surface or 

binding of the octopamine/Affimer conjugate. Predictably, given this variability, 

when plotted, resistance to charge transfer showed enormous error, even when 

demonstrated as a percentage change from baseline. 

Ultimately, given the variability in electrode performance and the absence of a 

demonstrable change in circuit characteristics at different LOX-1 concentrations, it 

was not possible to take the A1-Affimer biosensor forward into biological sample 

testing.  
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Figure 3-7: ‘Optimised’ A1-based Biosensor 

 

Legend: A) Organised Nyquist plots using 3 different electrode chips with A1 

Affimer/octopamine polymerisation B) Capacitance response at 18Hz shows general 

decrease in response to higher concentration C) Generally flat percentage resistance 

to charge change compared to control (no ECD-LOX-1) with large error margins 
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Figure 3-8: GFP Affimer-Based Biosensor 

 

Legend: A) Nyquist plots using 3 different electrode chips with GFP 

Affimer/octopamine polymerisation B) Capacitance response at 18Hz shows general 

decrease in response to higher concentration C) Increasing percentage resistance to 

charge change compared to control (no ECD-LOX-1) with large error margins 
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The H1 Affimer displayed very similar characteristics to A1 when used in the Affimer-

based biosensor. Again, there was some noticeable variation in the Nyquist plots, 

with a peak difference visible at the lowest tested frequency (18Hz). A notable 

difference was again present in the morphology of different plots, despite 

experiments being conducted simultaneously. However, the overall reduction in in 

circuit capacitance was more consistent in experiments involving Affimer H1 (Figure 

3-9). Unfortunately, the same was also true in the control electrode, with the non-

specific Affimer, bringing this positive finding into question (Figure 3-10). 

Furthermore, given that the same, non-specific Affimer was used in experiments for 

the A1 Affimer biosensor, it is likely that the overall reduction in capacitance is a 

spurious finding. 

In a similar manner to the A1 Affimer experiments, H1 demonstrated a large variation 

in results for resistance to charge transfer across experiments, illustrated by wide 

error bars. Although there was a more convincing, downward trend in resistance, this 

was again matched by the control Affimer, making it a probable false positive. Given 

these results, the H1 biosensor could not be considered successful in consistently 

detecting variations in ECD-LOX-1 and was not taken forward for any testing of 

human samples.  
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Figure 3-9: ‘Optimised’ H1-Based Biosensor 

 

Legend: A) Organised Nyquist plots using 3 different electrode chips with H1 

Affimer/octopamine polymerisation B) Capacitance response at 18Hz shows 

decrease in response to higher concentration C) Progressive decrease in percentage 

resistance to charge over 1-100pcg/ml compared to control (no ECD-LOX-1) with 

large error margins 
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Figure 3-10: GFP Affimer-based Biosensor 

 

Legend: A) Nyquist plots using 3 different electrode chips with GFP 

Affimer/octopamine polymerisation B) Capacitance response at 18Hz shows general 

decrease in response to higher concentration C) Decreasing percentage resistance to 

charge change (1-100pcg/ml) compared to control (no ECD-LOX-1) with large error 

margins 
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3.3 Discussion 

At the outset, the aim of this chapter was to develop an Affimer-based soluble LOX-

1 assay or sensor. Two main techniques were employed, the first was a modified 

ELISA platform, including diversification into a ‘sandwich’ platform, 

chemiluminescence detection and hybrid, antibody/Affimer system. The second 

technique employed was the use of an electrochemical biosensor platform, binding 

the Affimers to organic monomers which were then polymerised onto a gold 

electrode and subjected to impedance spectroscopy. Attempts were also made to 

optimise this technique by selecting a more stable binding compound, limiting the 

alternating current frequencies and focusing on specific, physiologically relevant 

concentration ranges. 

The ELISA platform proved the more successful technique. Initial results showed a 

weak positive correlation between colorimetry and ECD-LOX-1 concentration. 

However, this was not a suitable method for taking forward into experiments 

involving human blood samples. This was predominantly due to the fact that such 

experiments relied on the target being fixed on the ELISA plate. This would be 

challenging in a sample of human blood containing multiple proteins in higher 

concentration, which would presumably inhibit the binding of LOX-1 to an 

unprepared plate. Another consideration was that the lower limit of detection was 

below the physiological concentration of soluble LOX-1 reported in the literature 

(Kume, Noriaki et al., 2010). Screening of antibodies revealed a complimentary 

binding pair of Affimers. Unfortunately, although in combination, the ELISA showed 

much stronger signal and correlation between concentration and signal level, the 
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limit of detection was still too high. This was not helped by substitution with 

chemiluminescence-detection or the use of antibodies for LOX-1 capture. 

Interestingly, when used in combination with antibodies, it was Affimers G1 and B1 

which demonstrated the strongest signal. Given that G1 generated no convincing 

signal when ECD-LOX-1 was fixed to the plate, and that the A1/H1 Affimer pair 

showed very little signal difference over control, it is possible the binding of the 

antibody to ECD-LOX-1 brings about some change in its orientation or structure, 

promoting, or inhibiting Affimer binding.  

It was hoped that the use of a biosensor platform may lead to a more sensitive assay 

for ECD-LOX-1. However, despite trying to optimise the concentration range, 

reducing the current frequency range and trying different polymerising agents, it was 

not possible to demonstrate a convincing signal response in peak capacitance or 

charge transfer resistance after exposure to ECD-LOX-1 at increasing concentrations. 

The reasons for this are not immediately clear, however, of note, there was 

significant variation in the Nyquist plots between experiments conducted near 

simultaneously. Given that experiments were conducted in the same manner, with 

the same materials, it suggests a variability in the materials employed. In particular, 

the gold-coated electrodes on which the Affimers were bound, could not be quality 

controlled, and there may have been variation in the coating (smoothness, thickness, 

contaminants etc). Equally, the use of octopamine/tyramine binders in biosensor 

design is relatively new. Although the monomers bound the Affimers by a cysteine 

group in an inactive part of the molecule, it may be that the orientation of the 

molecule changed once the monomer had been polymerised. Equally, the response 

of Affimers to electrochemical forces is unknown. Though unlikely, it may be that the 
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very electrochemical polymerisation of the monomers led to a denaturing of the 

Affimers and inhibited their binding ability. 

Ultimately, it has been shown that Affimers directed against ECD-LOX-1 can be 

successfully used for its detection by means of a modified ELISA system. However, 

such a system is not sensitive enough to have clinical applications. It is possible that 

with further work, a more sensitive platform may be developed, though to do so may 

require extensive investigation into the properties of Affimers in response to 

electrical currents, their behaviour in different polymerisation constructs and testing 

of different electrode ‘chips’ to ascertain those with the most stable electronic 

response. 

Lastly, it is worth mentioning that neither sensing technology was validated against 

existing, antibody-based LOX-1 ELISA systems. This would naturally be the next step 

in the development of the technology and had been considered at the outset. 

However, neither the affimer-based ELISA, nor biosensor demonstrated sufficiently 

low detection limits to be of use in the sensing of physiological LOX-1 levels and as 

stated above, would not be used for the testing of biological samples. Thus, 

pragmatically, there was a futility in comparing these against existing technologies, 

as they were not suitable for further development. 
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CHAPTER 4 : THE LOX-1 SCAVENGER RECEPTOR AS A TARGET FOR 
AFFIMERS 

4.1 Introduction 

The lectin-like oxidised low-density lipoprotein receptor-1 (LOX-1, OLR1) is found on 

the surface of endothelial cells, smooth muscle cells, macrophages and platelets, 

among others. As its name suggests, its discovery by Tatsuya Sawamura, in 1997 

focused on how modified low-density lipoproteins are recognised by endothelial cells 

(Sawamura et al., 1997). The accumulation of oxidised lipids in the sub-intima of 

arterial walls is understood to be a critical step in the formation of atherosclerosis, a 

pre-morbid state leading to ischaemic heart disease, strokes, mesenteric angina and 

peripheral arterial disease(Di Pietro et al., 2016). Thus, it is hypothesised that if 

oxLDL- specific membrane transporters could be modulated, then atherosclerosis 

may be prevented.  

In line with the above hypothesis, LOX-1 null (-/-) mice have been shown to have 

reduced atherogenesis(Mehta, J. L. et al., 2007) and mice injected with viral vectors 

promoting over-expression of LOX-1, directly into the carotid artery, have greater 

atherogenesis(White et al., 2011). However, while such experiments serve to lend 

support to the idea that LOX-1 has an important role in atherogenesis, they do not 

provide a viable therapeutic option for the prevention of atherosclerosis. The 

inhibition of LOX-1 has been studied in vitro, using TS20, a LOX-1-specific monoclonal 

antibody. It has been shown that TS20 can reverse the impairment of vascular 

relaxation, brought about by LOX-1 (English et al., 2013), other studies analysing LOX-
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1 inhibition have demonstrated a reduction in carotid neointimal hyperplasia, renal 

artery disease and ischaemic infarction.  

To date, no studies have attempted to demonstrate a reduction in atherosclerosis in 

humans, as a result of LOX-1 inhibition. This may in part be due to the technical and 

ethical limitations of offering subjects viral gene therapy or antibody therapy in the 

long term to prevent or stabilise a disease which takes decades to develop. 

Nonetheless, preventative monoclonal antibody therapy for cardiovascular disease 

has begun to emerge, over the last decade. However, such treatments are 

enormously expensive and are used under relatively limited indication at present 

(National Institute for Health and Care Excellence, 2016). Thus, an alternative 

approach to inhibiting LOX-1 may be warranted and new, small-molecule inhibitors 

are under investigation(Thakkar et al., 2015). 

Affimers are small synthetic proteins and showing increasing use in a diverse range 

of applications. Affimers specific for LOX-1 may provide a viable alternative to 

antibody inhibition of the receptor. As discussed earlier, they have the advantage of 

being small molecules (10kDa) which are easily produced in bacterial hosts, and thus 

can be generated in large volumes at relatively low cost(Tiede, C. et al., 2017).This 

chapter aims to assess whether Affimers can be used to successfully inhibit the LOX-

1 cell receptor and thus prevent the uptake of oxLDL by endothelial cells. 
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4.2  Results 

4.2.1 Oxidation of LDL and fluorescent labelling of oxLDL 

Low density lipoprotein particles were purified from the blood of healthy human 

volunteers using established procedures (see Materials and Methods). Successful 

oxidation of LDL and conversion to oxLDL using incubation with copper sulphate was 

confirmed by agarose gel electrophoresis and staining with the dye Sudan black (Fig. 

4.1A). Two different lipophilic fluorescent dyes were tested for labelling of oxLDL 

particles: Di-I and Di-D. The purified, fluorescent labelled oxLDL particles were 

incubated with HEK-293T cells, expressing human LOX-1 (see Materials and 

Methods). Inducible expression of FLAG-tagged human LOX-1 in HEK-293T cells was 

evident in both experiments (Fig. 4.1B). Incubation of HEK-293T LOX-1-expressing 

cells with Di-I-labelled oxLDL did not reveal any evidence of binding or uptake of these 

particles upon excitation and emission at the Di-D-specific wavelength (Fig. 4.1B, 

upper panel). However, Incubation of HEK2-93T LOX-1-expressing cells with Di-I-

labelled oxLDL showed substantial red fluorescence upon excitation and emission at 

the Di-I-specific wavelength (Fig. 4.1B, lower panel). Thus only Di-I-labelled oxLDL 

particles can be specifically recognised and bound by the LOX-1-FLAG protein in this 

cellular assay. 
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Figure 4-1: LDL processing and oxLDL analysis. 

 

Legend: (A) Distinct bands of purified LDL and oxLDL particles are visible by agarose 

electrophoresis and Sudan black staining (see Materials and Methods). (B) Different 

lipophilic dyes were tested for labelling of oxLDL particles and binding by HEK293T 

cells expressing LOX-1-FLAG (green). No demonstrable red fluorescence visible with 

Di-D labelled oxLDL, but Di-I-labelled oxLDL is detected. . Blue: DAPI, Green: FLAG, 

Red: Di-D/Di-I. Scale bar denotes 100micrometres 
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4.2.2 Inducible LOX-1 Expression in HEK-293T cells 

The tetracycline-inducible expression of LOX-1-FLAG in human HEK-293T cells stably 

expressing a cDNA construct was demonstrated by immunoblotting. As predicted, 

HEK-293T cells transfected with an empty plasmid vector (EV) had a very low level of 

signal when blotted with the anti-LOX-1 antibody. In contrast HEK-293T cells 

transfected with a LOX-1-FLAG plasmid vector (LOX-1) and induced with 1 g/ml 

tetracycline for 16-20 h showed clear and significant presence of LOX-1 protein. Using 

tubulin as a loading control, the difference in inducible expression for LOX-1 was 

highly significant (**, p<0.01). (Figure 4.2A) 

The LOX-1 vector construct also included a FLAG protein tag to facilitate blotting with 

a commercially available anti-FLAG antibody. Immunostaining with anti-FLAG 

antibody also revealed a clear difference in LOX-1 expression. Importantly, the 

binding of Di-I stained ox-LDL was also visibly lower in the negative control EV cell 

line. This experiment served to illustrate that HEK-293T cells did not natively bind 

oxLDL in the timeframe proposed, and thus such activity was dependent on the 

activity of the inducible expression of LOX-1, confirming that this is a useful cellular 

model for studying LOX-1 function and properties.  (Figure 4.2B) 
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Figure 4-2: Characterisation of an inducible LOX-1-specific HEK-293T expression 
system 

 

Legend: (A) Immunoblotting of control (EV) and LOX-1-FLAG expressing (LOX-1) HEK-

293T cells after treatment with tetracycline overnight. Statistical analysis of LOX-1 

expression (upper panel)based on immunoblot data (lower panel). Error bars denote 

+SEM; **, p<0.01. . (B) Immunofluorescence analysis demonstrates both anti-FLAG 

staining and oxLDL uptake in LOX-1-FLAG expressing cells but none in the control EV 

cell line 
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4.2.3 Affimer-mediated inhibition of oxLDL binding to LOX-1-expressing HEK293T 

Cells 

These studies established that binding of DI-I-labelled oxLDL particles to HEK-293T 

cells, was dependent on the presence of the LOX-1-FLAG protein (Fig. 4.3A). Using 

this assay, cells were pre-incubated for 5 minutes with increasing concentrations (50-

500 000 pg/ml)  of Affimers A1, B1, G1, H1 and A3 (Fig. 4.3B), followed by incubation 

with 10 mcg/ml of Di-I-labelled oxLDL for 30 minutes. Fluorescence microscopy 

revealed marked reduction in Di-I-labelled oxLDL binding at maximum concentration 

(500 ng/ml) of Affimers A1, B1 but not G1 (Fig. 4.3B). Further analysis confirmed that 

Affimer A3 and H1 also appear to inhibit Di-I-oxLDL binding and uptake (Fig. 4.4A). 

When subjected to digital quantification of image datasets, the relative reduction in 

Di-I-labelled oxLDL staining of LOX-1-expressing cells  (positive control) and same cells 

treated with the specific Affimers was highly significant (p<0.0001; Fig. 4.4B. Thus 

Affimers A1, A3, B1 and H1 appear to inhibit Di-I-labelled oxLDL binding and uptake 

by LOX-1-expressing HEK-293T cells. 

By contrast, the Affimer G1 appeared to act in a different manner by  increasing Di-I-

oxLDL binding to LOX-1-expressing cells (Fig. 4.3B). Quantification of Affimer G1-

mediated effects also revealed that Di-I-oxLDL labelling of LOX-1-expressing cells to 

be significantly higher than in positive controls (p<0.0001; Fig. 4.4B). Thus Affimer G1 

appears to promote Di-I-labelled oxLDL binding and uptake by LOX-1-expressing HEK-

293T cells. 
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Figure 4-3: Perturbation of Di-I-oxLDL binding to LOX-1-expressing cells by 
Affimers A1, B1 and G1 

 

Legend: (A) Binding of Di-I-oxLDL particles to LOX-1-expressing cells, but not the 

negative control (EV) (Scale Bar 100um). (B) Titration of increasing Affimer (0-500 

ng/ml) and evaluation of Di-I-oxLDL binding in LOX-1-expressing cells. Note that A1 

and B1 show different effects compared to G1. Nuclear stain, DAPI (blue) and oxLDL 

(red).   
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Figure 4-4: Perturbation of Di-I-oxLDL binding to LOX-1-expressing cells by 
Affimers H1 and A3 

 

Legend (A) Binding of Di-I-oxLDL particles to LOX-1-expressing cells, in the presence 

of increasing amounts of Affimer H1 or A3. Scale Bar 100um(B) Quantification and 

comparison of Di-I-oxLDL surface binding in LOX-1-expressing cells at maximal 

Affimer concentration (500 ng/ml). Error bars:  +SEM; All groups demonstrate 

reduced fluorescence compared to LOX-1 positive controls:****, p<0.0001. 
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4.2.4 Affimer-based perturbation of oxLDL endocytosis and LOX-1 recycling in HEK-

293T cells 

It was unclear whether these Affimers could modulate the trafficking of oxLDL and 

LOX-1 in this cellular model. To test this idea, a series of experiments were carried 

out to assess this using this inducible LOX-1-FLAG expression system. The HEK-293T-

EV cell line was used as a negative control for assess baseline oxLDL uptake and 

staining for LOX-1. Di-I-oxLDL uptake was visible in LOX-1 transfected cells at 30 min 

of incubation, though not in the EV control (Fig. 4.5A). At 60 min, Di-I-oxLDL staining 

could be detected in control EV cells, suggesting that oxLDL could be bound and 

accumulated by a human LOX-1-independent pathway (Fig. 4.5A). However, Di-I-

oxLDL staining was generally much higher in LOX-1-expressing HEK-293T cells (Fig. 

4.5A). At 180 min, both negative control and LOX-1-expressing cell lines showed 

marked accumulation of Di-I-oxLDL (Fig. 4.5A). Quantification of digital images of 

these fluorescent cell profiles showed that LOX-1-expressing cells demonstrated 

significantly greater accumulation of oxLDL after 180 min incubation period (p=0.02; 

Fig. 4.5B). 

Using this finding as a basis for testing the effects of Affimers on oxLDL and LOX-1 

trafficking and accumulation, we pre-incubated negative control (EV) or LOX-1-

expressing cells with Affimers, followed by a 180 min incubation with Di-I-oxLDL (Fig. 

4.6). The findings showed significant variability, even within the same experiment 

(Fig. 4.6A). Generally, Affimers A1 and A3 exhibited significant reduction in Di-I-oxLDL 

binding and uptake over 180 min (p<0.01; Fig. 4.6B). In contrast to earlier findings, 

di-I-oxLDL uptake and accumulation appears to be promoted by Affimer H1 (p<0.001; 

Fig. 4.6B). 
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The above findings suggest that the uptake and recycling of oxLDL in HEK293T cells is 

mediated by other receptors during the period between 15 and 180 minutes, 

therefore nulling the effect of the inducible LOX-1 system. Such receptors are also 

seemingly not inhibited by the presence of Affimers which are directed towards LOX-

1, suggesting that they are distinct from the receptor studied herein. Thus, to assess 

whether affimers may have a sustained effect on vascular tissues, a native vascular 

endothelial cell was studied next. 
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Figure 4-5: Di-I-oxLDL accumulation within LOX-1-expressing cells 

 

Legend: (A) Binding of Di-I-oxLDL particles to negative control (EV) or LOX-1-

expressing cells.. Nuclear stain, DAPI (blue); Di-I-oxLDL (red). Scale Bar denotes 

100micrometres (B) Quantification of Di-I-oxLDL binding in negative control (EV) vs. 

LOX-1-expressing cells. Error bars indicate +SEM; *, p<0.05 
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Figure 4-6: Di-I-oxLDL accumulation within LOX-1-expressing cells in the presence 
of Affimers. 

 
Legend: (A) Binding of Di-I-oxLDL particles to negative control (EV) or LOX-1-

expressing cells in the presence of Affimer (500 ng/ml). Scale bar, 100 um. Nuclear 

stain, DAPI (blue); Di-I-oxLDL (red). (B) Quantification and comparison of Di-I-oxLDL 

binding in positive control LOX-1-expressing cells vs. Affimer-treated LOX-1-

expressing cells. Error bars indicate +SEM; * p<0.05, **p<0.01. ****p<0.0001 
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4.2.5 LOX-1 Expression in a Porcine Aortic Endothelial Line 

One caveat of the previous studies is that the human embryonic kidney cell line HEK-

293T although experimentally tractable, is relatively non-physiological in relation to 

vascular properties such as signal transduction and angiogenesis. Another alternative 

was to express LOX-1-FLAG in a vascular endothelial cell line. Although these are 

relatively few, the porcine aortic endothelial cell (PAEC) line has been used in a 

number of endothelial studies (Arbogast et al., 1982; Boccafoschi et al., 2005; Basini 

et al., 2007). A tet-inducible PAEC-LOX-1-FLAG model was provided and tested (Fig. 

4.7). Immunoblot analysis showed statistically significant expression of LOX-1 

(p<0.001) based on immunoblot data comparing a negative control (EV) and LOX-1-

expressing line (Fig. 4.7A). There was concern that this endothelial cell line may have 

native (porcine) LOX-1 expression, however PAECs transfected with an empty vector 

(EV) had a very low signal when blotted with the anti-(human) LOX-1 antibody, 

though the cross-species reactivity for this sheep anti-human LOX-1 antibody is not 

known.  

Like in HEK293Ts, the LOX-1 vector construct included a FLAG protein tag to facilitate 

blotting with anti-FLAG antibody. Immunostaining with anti-FLAG antibody also 

revealed a clear signal for LOX-1 expression. However, there was visible binding and 

accumulation of Di-I-oxLDL in the negative control (EV) (Fig. 4.7B). Furthermore, the 

binding of Di-I-oxLDL to LOX-1-FLAG-expressing PAEC cells appeared at first sight to 

be similar to that of EV-expressing PAECs (Fig. 4.7B). These findings suggested that 

LOX-1-FLAG expression in the PAEC line might not contribute to the binding of oxLDL 

in isolation.  
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Figure 4-7: Characterisation of an inducible LOX-1-specific PAEC expression 
system. 

 

Legend:  (A) Immunoblotting of control (EV) and LOX-1-FLAG expressing (LOX-1) PAEC 

cells after treatment with tetracycline overnight. Statistical analysis of LOX-1 

expression (upper panel) based on immunoblot data (lower panel). Error bars denote 

+SEM; **, p<0.01. (B) Immunofluorescence analysis demonstrates anti-FLAG staining 

and Di-I-oxLDL staining in cells stained with DAP (blue). 
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4.2.6 Affimer- mediated inhibition of oxLDL binding to LOX-1-expressing PAECs 

Despite the presence of Di-I oxLDL staining in EV-PAEC lines, when subjected to digital 

quantification of image datasets, the difference in  Di-I-oxLDL staining between LOX-

1 and EV-transfected PAECs was found to reach statistical significance (p<0.0001; Fig. 

4.8B). This made the assessments of Affimers as inhibition agents feasible. Despite 

the fact that the EV cell line bound Di-I oxLDL, it could still serve as a negative control, 

given that it was statistically different from the LOX-1-expressing PAEC line. 

The pre-incubation of PAECs with Affimers led to a dramatic reduction in Di-I-oxLDL 

staining using fluorescence microscopy (Fig. 4.8A). Quantification of image datasets 

demonstrated that this was highly significant for all Affimers when compared to the 

untreated LOX-1 cell line, even when accounting for multiple analysis correction 

(p<0.0001 for all comparisons; Fig. 4.8B). Of note, LOX-1-transfected cells which were 

pre-incubated with Affimers demonstrated a lower overall fluorescence than 

negative control (EV) PAECs which had not been pre-incubated. When images from 

Affimer containing cells were compared against EV cell line wells, this reached 

statistical significance for all Affimers except for Affimer A1.  
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Figure 4-8: Di-I-oxLDL accumulation within LOX-1-expressing PAECs in the 
presence of Affimers. 

 

Legend: (A) Binding of Di-I-oxLDL particles to negative control (EV) or LOX-1-

expressing cells in the presence of Affimer (500 ng/ml). Nuclear stain, DAPI (blue); Di-

I-oxLDL (red). Scale bar, 100 um. (B Quantification and comparison of Di-I-oxLDL 

surface binding in LOX-1-expressing cells at maximal Affimer concentration (500 

ng/ml). Error bars indicate +SEM; All groups demonstrate significant reduced 

fluorescence compared to LOX-1 positive controls: ***,p<0.001; ****, p<0.0001 
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4.2.7 Affimer-mediated perturbation of oxLDL binding and accumulation by LOX-1-

expressing PAECs 

Prolonged incubation of PAECs with oxLDL demonstrated that the EV cell line reached 

saturation by 120 min post-incubation with Di-I-oxLDL (Fig. 4.9A). In contrast to short 

incubation periods on ice, the difference in Di-I-oxLDL binding and accumulation  

between negative control (EV) and LOX-1 expressing PAECs after 120 min was not 

visually evident. Despite the lack of di-I-oxLDL accumulation  in the EV and LOX-1 cell 

lines, the effect of Affimers was still assessed, given that they had previously 

demonstrated inhibition of oxLDL binding above the level of the empty vector cell 

line. Only Affimer H1 seemed to significantly inhibit oxLDL staining (p<0.0001; Fig. 

4.9B), whereas Affimers B1 and A3 significantly boosted oxLDL accumulation 

(p<0.001; Fig. 4.9B). The effects caused by other Affimer tratments was not significant 

in this assay. 

Of note, the overall uptake of Di-I-oxLDL in PAECs was highly heterogenous across all 

wells after 120 min incubation period. Some clusters of cells would appear 

completely saturated, while others would seem to have very little uptake, if any. 

Thus, it was difficult to gain much certainty as to whether the results were a true 

reflection of the effects of affimers, or, perhaps more likely, discrepancies in image 

capture brought about by a heterogenous sample. 
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Figure 4-9: Sustained Di-I-oxLDL accumulation within LOX-1-expressing PAECs in 
the presence of Affimers 

 

Legend: A) Binding of Di-I-oxLDL particles to negative control (EV) or LOX-1-

expressing cells in the presence of Affimer (5 ug/ml). Nuclear stain, DAPI (blue); Di-I-

oxLDL (red). Scale bar denotes 100micrometres (B) Quantification of Di-I-oxLDL 

binding in positive control LOX-1-expressing PAECs vs. Affimer-treated LOX-1-

expressing PAECs. Error bars indicate +SEM; ****, p<0.0001 
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4.2.8 Affimer toxicity assay 

A cell viability study was performed to assess the toxicity of Affimer at the 

concentrations used in this study (as described in the Materials and Methods). The 

exposure of HEK-293T cell lines to tetracycline and subsequent expression of LOX-1 

was associated with a minor absolute decrease in cell viability (100% to 95%) after 24 

hours. Incubation with Affimers for 24 hours did not bring about any change in cell 

viability. 2-way ANOVA did not demonstrate any statistically significant difference 

between groups (Figure 4-10A). 

The PAEC cell lines were similar in response, though seemed to demonstrate that 

viability increased following tetracycline-dependent LOX-1-FLAG protein expression 

(76% to 80%). Co-incubation with affimers did not negatively affect cell viability. No 

results were statistically significant as assessed by 2-way ANOVA (Figure 4-10B). 
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Figure 4-10: Cell Viability Assays 

 

Legend: (A) Cell Viability assay of HEK293T cells after co-incubation with Afimers over 

24 hours after induction of LOX-1 Flag expression. No statistically significant 

difference when compared to cells not exposed to Affimers. (B) Cell Viability assay of 

PAECs after co-incubation with Afimers over 24 hours after induction of LOX-1 Flag 

expression. No statistically significant difference when compared to cells not exposed 

to Affimers. 
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4.2.9 Flow Cytometry of HEK293T Cells and PAECs 

Flow cytometry was undertaken as a more robust method to assess LOX-1 expression 

and cell viability. This is especially relevant as LOX-1 may promote pro-apoptotic 

signal transduction and cell death in response to oxLDL binding. In both HEK-293T 

and PAEC cell lines, after appropriate gating, histograms for EV and LOX-1-transfected 

cells looked very similar, with no visible shift favouring either greater or lesser 

fluorescence in response to excitation at the appropriate (560 nm) wavelength (Fig. 

4.10). In line with this, pre-incubation with Affimers led to no difference in histogram 

shapes, compared to LOX-1-transfected positive controls (Fig. 4.11). Overall, signal 

levels were very low and cellular debris accounted for a significant proportion of 

events (45-65%). It was therefore unclear whether cells or fluorescence had degraded 

in the lead time between experiments, fixation and flow cytometry (approximately 

24 hours). 
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Figure 4-11: Flow Cytometry 

 

Legend: A) HEK 293 cells demonstrate no histogram shift between LOX-1 and EV after 

incubation with di-I oxLDL for 180 minutes. Affimers also do not promote any change. 

B) PAECs also demonstrate no histogram shift between LOX-1 and EV after incubation 

with di-I oxLDL for 120 minutes and Affimers have no effect. Both cell populations 

demonstrate a large amount of cell debris. 
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4.3 Discussion 

This chapter aimed to establish whether Affimers directed against LOX-1 could 

disrupt the receptor function at the cell surface. To do this, two cell lines were 

employed. Firstly, a human kidney embryonic cell not known to natively express LOX-

1 and secondly, an immortalised porcine vascular endothelial cell, which did not 

express human LOX-1. Both of these cell lines had been transfected with an inducible 

LOX-1 expression system.  

Both cell lines were chosen as the presence or absence of human LOX-1 at the cell 

surface could be regulated and thus, EV-transfected cells could be used as a reliable 

negative control. The choice of cell lines may be criticised insofar as it did not include 

primary human endothelial cell lines, and indeed, as this work is continued, these 

should be the next cells studied. However, primary human cell lines present a 

challenge in their limited passage number (suppliers advise no more than 10 

passages), relatively high cost and their plurality  of scavenger receptors which bind 

modified forms of LDL (Abdul Zani et al., 2015). They were therefore not deemed 

suitable as an initial cell line with which to study the effects of Affimers. 

The tetracycline-dependent, inducible LOX-1 system proved reliable in both cell lines. 

Using tubulin as a Western blotting control, the relative expression of human LOX-1 

was significantly higher than in cells transfected with EV. This was supported by 

immunofluorescence microscopy which demonstrated clear fluorescence in these 

cell lines, in response to immunostaining with FLAG antibodies. Furthermore, the 

expression of LOX-1 was not associated with a drop in overall cell viability, suggesting 
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that protein expression and exposure to tetracycline was not inherently deleterious 

to the cell, a concern which has been raised in recent studies (Moullan et al., 2015). 

The effectiveness of inducible Human LOX-1 expression in relation to the early 

binding of oxLDL could be clearly appreciated in HEK293Ts. This is an expected effect 

as ordinarily, scavenger receptor expression is increased hours after exposure to 

modified LDL (Martin-Fuentes et al., 2007). Thus, the pre-expressed receptors at the 

surface of cells are bound to have notable early effects. Supporting the hypothesis 

presented in this thesis, pre-incubation with four different Affimers significantly 

inhibited the binding of oxLDL at the cell surface. Moreover, this followed a dose-

dependent effect, which seemed clearest with Affimers A1 and H1.  

PAEC results broadly mirrored those of HEK293Ts: pre-expression with LOX-1 led to 

more oxLDL binding compared to EV controls. However, in contrast to HEK293Ts, 

PAECs seemed to natively bind oxLDL more readily, in the short incubation time-

frame. The reason for this is not immediately clear but it may be that the baseline 

expression of scavenger receptors is higher in endothelial cell lines. Alternatively, the 

two hours of starvation preceding the experiment, designed to bring about cell 

quiescence, may have also brought about a stress response from cells, leading to 

upregulation of scavenger receptors (Abdul Zani et al., 2015). 

When subjected to longer incubation, the effects of both the LOX-1 expression 

system and Affimers were less evident in HEK 293Ts. The overall difference in oxLDL 

binding between LOX-1 cells and EV was much less pronounced across. Thus, the 

spectrum by which Affimers could bring about change was much narrower and 

indeed, the effects were subdued. It was postulated that these effects may be unique 
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to the embryonic cell line. However, in PAECs, the effects of prolonged incubation 

were again, less pronounced and the effects of Affimers limited. 

Given the limited sampling available through digital imaging software analysis 

(dozens of cells) and inherent heterogeneity in image selection, flow cytometry was 

employed as it allowed the sampling of a greater number of cells (thousands). 

However, this showed no discernible difference between cell lines or Affimer effects. 

In summary, the pre-expression of LOX-1 leads to increased early ox-LDL binding, in 

both cell lines studied. In support of the working hypothesis, this effect is mitigated 

by Affimers. After prolonged incubation, negative controls bind oxLDL more readily 

and the early benefit of Affimers is nulled. It is presumed that this ‘catch-up’ effect is 

brought about by the expression of alternative scavenger receptors, oxLDL receptors 

or porcine LOX-1 receptors, to which Affimers do not bind. HEK293T cells are not 

known to express LOX-1, CD68, CD36 (Xu, S. et al., 2013) or SRA natively (Shannahan 

et al., 2015). Therefore, the binding of oxLDL must be brought about by an alternative 

receptor in this cell line. Regardless of which pathway is activated for the uptake of 

oxLDL, Affimers did not serve to inhibit this in either cell line. However, LOX-1 has 

been identified as the major oxLDL receptor in human endothelial cells and Affimers 

directed to human LOX-1 may bring about a more pronounced effect in human 

arterial endothelial cell lines. Future work should focus on primary cells and aim to 

translate the above findings to more clinically relevant endpoints through 

translational research. 
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CHAPTER 5 : DISCUSSION 

5.1 General Discussion 

Ischaemic heart disease and stroke are two of the three leading causes of death for 

men and women in England (Public Health England, 2017).  The pathophysiology of 

ischaemic heart disease and stroke is multifactorial (Marzilli et al., 2012; Deb et al., 

2010), however, atherosclerosis plays a fundamental part in their development 

(Marulanda-Londoño and Chaturvedi, 2016; Hansson, 2005). Further, non-fatal 

atherosclerosis carries significant associated morbidity, particularly when taken in 

context of its additional manifestations, such as peripheral arterial disease (Malyar et 

al., 2013).  

Atherosclerosis is a chronic inflammatory process which is discussed more fully in the 

introduction, however, at its earliest stage can be seen as the deposition of lipids in 

the arterial subendothelium, through endothelial dysfunction (Hadi et al., 2005). 

Macrophages, smooth muscle cells, platelets and endothelial cells themselves react 

to such lipids and the paracrine effects brought about by the endothelial dysfunction 

to propagate further inflammation and atherosclerosis. LOX-1 is a scavenger receptor 

found in the cell walls of the above cells. Its over-expression is associated with 

increased atherosclerosis (Akhmedov et al., 2014). A number of cellular and 

translational studies have demonstrated that the suppression of LOX-1 is associated 

with a reduction in intra-arterial lipid deposition, and organ dysfunction (De Siqueira 

et al., 2015). Additionally, increases in the serum concentration of soluble-LOX-1 

fragments are associated with negative outcomes in atherosclerotic disease (Pirillo 
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and Catapano, 2013). LOX-1 is therefore considered a potential target for preventing 

atherosclerosis and its clinically relevant sequelae (Mehta, Jawahar L. et al., 2011). 

There are, however, key limitations in the technology currently available for the 

inhibition of LOX-1. Namely, that gene therapy and autoantibody treatment carry 

significant cost and unknown toxicity and its use for the prevention of disease is 

therefore unjustified. Therefore, in order the advance potential therapies, new 

technologies need to be developed. To date, there are very few studies assessing the 

application of antibody mimetics targeted against LOX-1. One study has described 

the use of LOX-1-targeted nanobodies for the imaging of atherosclerotic plaques by 

PET-CT. However, such nanobodies showed poor uptake in atherosclerotic plaque-

rich regions (de Vos et al., 2012), thus bringing into question their value over more-

established, antibody-based labels. A second study (Thakkar et al., 2015) used virtual 

molecular screening techniques to identify five molecules which bind at the LOX-

1/oxLDL binding site, of these, two molecules demonstrated functional inhibition of 

oxLDL uptake. This study in particularly interesting in so far as it did not use 

established antibody mimetic platforms but commercially available organic 

chemicals. 

A further challenge in studying LOX-1 is that anecdotally, members of the 

Ponnambalam laboratory have found commercially available antibodies very 

unreliable. This has also been a point of discussion with members of other 

laboratories at conferences. Moreover, there is no consensus on the normal serum 

concentration of LOX-1, being 64pg/ml (Kobayashi et al., 2011) in one paper, 

<0.5ng/ml (Kume, N. et al., 2010) in another and 1.6mcg/ml (Inoue et al., 2010) in a 



- 117 - 
 

third . Of note, some of these ranges fall outside most commercially available ELISA 

Kits for LOX-1, which have a maximum working range of less than 5ng/ml, and authors 

have described using their own kits. While it is entirely feasible that different assays 

may have subtle discrepancies in their results, variations greater than three orders of 

magnitude are substantial and bring into question the reliability of antibody-based 

assays. 

This thesis describes the use of specific antibody mimetics, Affimers, to two different 

applications, namely in the sensing of LOX-1 and in inhibiting its function as an oxLDL 

receptor. The success and limitations of these are discussed in detail below 

5.2 Affimers as sensing molecules 

The first working hypothesis, as stated in the thesis’ aims was that an Affimer-based 

assay could be used to differentiate between normal and elevated levels of soluble 

LOX-1. To test this hypothesis, five pre-screened Affimers were used to construct 

variations on an immunoassay including chemiluminescence and antibody-Affimer 

hybrid constructs. After optimisation, the assay was successful in detecting 

recombinant, extra-cellular domain LOX-1 in concentration of 100ng/ml to 

10mcg/ml, proving that an Affimer-based platform can be used in the construction 

of immunoassays.  

While the work for this thesis was being undertaken, two key papers were published 

by other groups. The first paper was published at the very outset of the research 

period. It described the use of Affimers as a platform for a sandwich ligand binding 

assay of pigment epithelium-derived factor (PEDF), however, PEDF was only 

measured within a narrow concentration range of 0, 1 and 5 µg/ml (Straw et al., 
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2013). The assay was therefore underdeveloped and served only as a simple 

positive/negative test. Furthermore, the application of such a technology is 

dependent on its ability to detect physiological levels of target and most disease 

biomarkers exist in concentrations outside this range. The use of chemiluminescence 

or hybrid platforms had not been previously described in an Affimer-based assay and 

this was a novel area of exploration. It was demonstrated that CLAAT mimics 

chemiluminescence enzyme immunoassay (CLEIA), a simple modification of 

colorimetric ELISA, designed to increase sensitivity. The Hybrid antibody/Affimer 

CLAAT was therefore a more sophisticated assay with a demonstrably wider, linear 

working range. 

The second key paper to be published while work for this thesis was conducted, 

describes a hybrid, antibody/Affimer, chemiluminescence platform to detect 

Glypican-3, an emerging hepatocellular carcinoma tumour marker (Xie et al., 2017). 

In contrast to the assay developed in this thesis, the GPC3 assay had a detection range 

of 0.03ng/ml to 600ng/ml. Further, this group found that their assay correlated better 

with immunohistochemistry than other available antibody-based assays. Key to this 

group’s work was the fact that the working range of their assay covered normal and 

pathological concentrations of their target biomarker. However, as stated above, 

physiological concentrations of LOX-1 have been reported as low as four orders of 

magnitude below the detection limit of the assay developed herein (Brinkley et al., 

2008). 

Naturally, the sensitivity of such an assay is dependent on a number of factors, chief 

of which is the binding affinity between an Affimer and its target. However, the 
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binding affinity of Affimers has been shown to be comparable to immunoglobulins 

(Tiede et al., 2014); though this will vary in accordance to each Affimer-target pair, as 

illustrated by the discussion above.  

The Affimer-based assay was to be used for quantifying sLOX-1 in human blood. 

Despite efforts at further optimisation, the lower limit of detection did not equal the 

lowest sLOX-1 levels described in the literature. Given that the working range of the 

assay was below that reported in commercial kits, no attempt was made to compare 

it directly against another assay, and no comment can be made on its superiority or 

inferiority to established methods.  

Sandwich immunoassays in particular are known to be limited in the detection of 

small proteins due to the proximity of binding sites (steric hinderance). At this stage, 

there were two available avenues, either the assay could be taken forward into 

testing banked human samples (in the hope that the actual range would fall within 

the sensitivity established to date), or an attempt could be made to develop an 

alternative platform with which to develop the Affimer assay. Given that the banked 

samples were a limited resource it was decided that the next step should be the 

development of a biosensor. 

The biosensor platform chosen for further experiments was electrochemical 

impedance spectroscopy, a technique which allows analysis of the resistive and 

capacitive properties of an electrical circuit, based on the application of a small 

sinusoidal current at varying frequency. Specifically, biosensors can monitor the 

progress of a biological reaction happening at the electrode surface and there are a 

wealth of examples of enzymes, antibodies and nanoparticles used in the 
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construction of biosensors (Goode et al., 2016; Guan et al., 2004). The biosensor 

reaction electrode was constructed using DropSens gold electrodes and a novel, 

patented polymerisation protocol developed by Elisha Biosystems using octopamine 

and tyramine (structurally similar amines) as monomers. While the particular 

protocol for the binding of tyramine and octopamine to Affimers and inducing 

polymerisation is novel, the application of polytyramine as a binding layer for 

electrical biosensors is a well-established process (Miao et al., 2005; Situmorang et 

al., 1998). On reflection, the presence of Affimers on the tethering layer had not been 

assured. As mentioned in chapter 4’s discussion, their behaviour in response to cyclic 

voltammetry is unknown and it is possible that they may have been denatured or 

layed down in a disorganised manner as a result of polymerisation of octopamine and 

tyramine monomers. Equally, cysteine-containing Affimers have a strong tendency to 

form dimers due to their terminal thiol groups. Given that they were successfully 

biotinylated for immunoassay, it is reasonable to assume that dimerization did not 

impede thiol-amine coupling to biosensor monomers, though it is a worthwhile 

consideration, nonetheless. Ultimately, the biosensor itself failed to detect variations 

in the concentrations of Affimers. In particular, the Nyquist plots generated through 

the biosensor were very unstable and data could only be used across limited 

concentration and frequency ranges. At these ranges, there was no discernible 

difference in signal. 

A recently published study (Zhurauski et al., 2018) reports on the use of a capacitive 

Affimer biosensor for the detection of receptor tyrosine-protein kinase erbB-4. In 

contrast to the technique employed in this report, their group used interdigitated, 

electron-beam evaporator coated electrodes and Affimers were applied using self-
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assembling monolayer chemistry, directly onto electrodes. The authors report that 

the biosensor has a limit of detection of less than 1pM. Evidently, the use of vapor 

coated electrodes and a different coating technique is possibly accountable for the 

difference in results. However, the techniques employed within this report are 

established (Taleat et al., 2014; Goode et al., 2016) and with more time, alternative 

binding techniques, such as that developed by Zhurauski may have led to a clinically 

practicable biosensor and it is possible that such a technology could be used to assess 

blood samples. 

5.3 Affimers as inhibitors 

The second working hypothesis of this thesis was that Affimers could inhibit the 

binding of oxLDL by LOX-1. To investigate this, two cell lines were used: one which is 

not known to express oxLDL binding receptors and a vascular endothelial cell line 

which does. The intended purpose of the first approach was that HEK cells would 

allow the study of the LOX-1 receptor in isolation and any oxLDL bound to the cell 

would be as a direct result of this. Further, the effect of Affimers could be directly 

linked to their potency in inhibiting the LOX-1 receptor. In support of this, the empty 

vector cell line had almost no red spectrum fluorescence after short term incubation, 

while the LOX-1 expressing cell line had notable red spectrum fluorescence. 

Furthermore, four of the five Affimers brought about a significant reduction in the 

fluorescence of the LOX-1 cell lines, and by inference, inhibited the uptake of oxLDL. 

The fifth Affimer (G1) seemed to enhance oxLDL binding over and above that of LOX-

1 transfected cells. This was evident across a range of concentration and suggested 

that G1 may bind allosterically and promote some conformational change in LOX-1 
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to boost its binding ability. However, such change was not evident on prolonged 

incubation or in experiments performed on PAECs, so may have been an erroneous 

finding. Short term incubation of oxLDL with PAECs revealed very similar results to 

those of HEK293s: all Affimers brought about a significant reduction in the binding of 

oxLDL. It was notable that there seemed to be a higher red spectrum fluorescence of 

the EV cell line; as discussed earlier, this may be due to the presence of natively 

expressed SRs in the PAEC cell line. 

Two recently published studies have examined the role of Affimers as tools in 

inhibiting cellular function. The first, (Robinson et al., 2017) demonstrated that 

Affimers can block immunoglobulins from binding Fc gamma receptors in monocytes. 

A further study, took a very different approach by transfecting HEK293 cells with an 

anti-SUMO Affimer DNA sequence (Hughes et al., 2017). The study concluded that 

such Affimers were able to inhibit intracellular SUMO interaction motif-dependent 

protein-protein interactions. Lastly, though not a cellular function experiment, one 

group (King et al., 2015) have shown that Affimers can modulate C3 induced 

thrombolysis in fibrin clots, though published as an abstract, this work does not seem 

to have been taken further. 

Unfortunately, when extended to a prolonged incubation time (2-3 hours). 

Immunofluorescence microscopy and subsequent image analysis demonstrated that 

the inducible LOX-1 expression system showed only a minor increase in the uptake 

of oxLDL, presumably due to other mechanisms within the cells studied being 

upregulated and ‘catching up’ with oxLDL binding and uptake. Thus, the effects of 

Affimers were not as evident, as might be expected, given that they bind human LOX-
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1 and this is not natively expressed in either cell line. While there were small but 

statistically significant differences in the IF experiments, there was no discernible 

difference when cells were analysed by flow cytometry. Evidently, to investigate 

whether Affimers have a sustained effect on the LOX-1 receptor, it would be 

necessary to use them with a cell line which lacks other scavenger receptors, or oxLDL 

binding proteins. However, this was the intended purpose of using HEK293 cells. An 

alternative approach would be to use a cell line which is known to express relevant 

receptors but to knock them out genetically, though this would be highly impractical 

and translation directly into primary human endothelial cells is a more natural next 

step, 

Only one published study has shown a sustained effect of Affimers on cell function: 

Affimers targeted against vascular endothelial growth factor (VEGF) receptor bring 

about a reduction in tubulogenesis in human umbilical vein endothelial cells in 

response to VEGF stimulation(Tiede et al., 2017). Whether a similar effect could be 

demonstrated on the binding of oxLDL to LOX-1 remains unclear. However, it has 

been demonstrated that LOX-1 continually cycles between endosomes and the cell 

membrane leading to dissociation from LOX-1 bound oxLDL after approximately 30 

minutes (Murphy et al., 2008). Attempts were made to study the co-localisation of 

oxLDL and LOX-1 in the experimental models of this thesis, however, the use of 

membrane solubilisers which would allow antibody probing for LOX-1 seemed to 

solubilise oxLDL and this experiment was not possible. Nonetheless, this poses an 

interesting question as to whether Affimers, bound to LOX-1 would be internalised 

and lysed by intra-cellular mechanisms, or whether they would bind to LOX-1 in an 

irreversible manner, hence bringing about a sustained effect. 
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Lastly, the effects of the LOX-1 expression system and Affimers on cell viability 

warrant discussion. As reflected in the results, exposure of the cell to both of these 

brought about no significant decrease in cell viability over 24 to 36 hours. It is 

possible, nonetheless, that the cell is stressed by either the over-expression of LOX-1 

or by any undiscovered toxicity brought about by Affimers. No attempt has been 

made within this thesis to study whether pro-apoptotic signalling pathways are 

upregulated in this thesis. Such work was partly carried out in parallel by another 

member of the Ponnambalam laboratory (Abdul Zani, 2016), who found that the 

inducible expression of LOX-1 brought about an increase in pro-inflammatory and 

pro-apoptotic signalling. The effects of Affimers on these pathways remains elusive. 

5.4 Future Work 

While successful in achieving some its aims, this thesis leaves some questions 

unanswered. Firstly, although an Affimer-based serum LOX-1 affinity assay or 

biosensor which works within physiological limits appears within reach, it remains 

unclear what long-term use such a tool will provide. Examining successfully 

developed sensors above, the path to develop a LOX-1 biosensor seems clear. Future 

questions to be answered for when such a sensor is developed will revolve around 

whether LOX-1 elevation correlates with increased long-term risk of atherosclerotic 

disease or metabolic syndrome, as had been hoped at the commencement of this 

work. Although work carried out in a Japanese population (Inoue et al., 2010) would 

suggest not, European populations are subjected to very different diet and genetics. 

Further, LOX-1 is rapidly elevated in myocardial ischaemia, a time-critical, acute 

condition. A LOX-1 antibody ELISA takes hours to conduct and is very user dependent. 
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By contrast, a calibrated biosensor can generate results in minutes, making the rapid 

assessment and treatment of myocardial infarcts more viable.  

The use of Affimers as LOX-1 inhibitors carries much greater potential. Affimers are 

one of many molecules which make up the expanding field of nanobody particle (or 

antibody mimetic) research. As discussed in the introduction, despite their enormous 

potential, nanobodies have had limited success in their practical application. This is 

perhaps best understood when reviewing the history of aptamers, the oldest and 

best established nanobody molecules (Ellington and Szostak, 1990). Though they 

have been successfully used as sensing molecules (Feng et al., 2011) and viral 

inhibitors (Binning et al., 2012), their translation into clinical research has been 

limited by rapid degradation, renal excretion, undefined pharmacokinetics, and 

molecule cross-reactivity (Lakhin et al., 2013). These challenges remain untested for 

Affimers and their future development into viable therapeutic agents will depend on 

their success. 

The obvious next step for the development of Affimers as a therapeutic agent is to 

establish their effect on a primary human vascular endothelial cell line. Such work 

should focus on short term and medium-term effect on oxLDL binding and the 

localisation of Affimers and LOX-1. While no Affimer-specific immunofluorescent 

labels are available currently, a protein tag could easily be engineered into the 

plasmid vector for Affimers, as has already been described (Lopata et al., 2018). 

Should Affimers demonstrate inhibition of oxLDL binding in vitro, the next step should 

be their application in an in vivo model. The Ponnambalam laboratory keeps LOX-1 

and ApoE knockout mice and these would be excellent experimental and control 
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subjects for future experiments. Naturally, human LOX-1 Affimers will need to be 

screened against the murine equivalent to assess cross reactivity, if none is 

established, a new round of screening will need to be performed. A reproduction of 

prior research findings such as reduced atherosclerosis and reduction of myocardial 

infarct areas would be key areas to examine. 

An obvious limitation of the use of Affimers as therapeutic agents lie in their small 

size. Though a desirable characteristic for tissue and cellular penetration, this leaves 

them vulnerable to renal clearance once used systemically. Such challenges may be 

overcome by binding the Affimers to larger, inert molecules such as polyethylene 

glycol (Veronese and Mero, 2008). Linked to this will be the pharmacokinetics of LOX-

1-targeted Affimers, the ideal dose and dosing schedule. However, this will not 

become apparent until animal-based research begins. Regardless, concerns will 

remain about the immunogenic potential of Affimers. While the immunogenic 

potential of Affimers have been publicised as very low by Avacta (Avacta Life 

Sciences, 2017), a private pharmaceutical company currently licensing the 

technology, such data has not been published in a peer-reviewed publication (though 

this is not customary). 

5.5 Closing Remarks 

While the work in this thesis has predominantly focused on the development of 

Affimer based LOX-1 assays and inhibition, it has only touched lightly on the use of 

alternative technologies to achieve the same goal and in the use of the same 

technology to achieve alternative goals. Examples of this include the use of Affimers 

for near molecular-level microscopy labelling (Schlichthaerle et al., 2018) (a 
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technique not possible with the use of antibody-based techniques, due to their large 

size) and the recent discovery of LOX-1 binding small molecules not based on existing 

nanobody structures (Thakkar et al., 2015).  

Should viable Affimer-based, LOX-1-modulating therapies be developed, key 

questions will remain as to what their role should be. Given their protein-based 

structure, they are unlikely to be delivered orally, unless significant advances are 

made in oral peptide administration (Gupta et al., 2013). Thus, a significant 

therapeutic benefit will need to be proven to justify the frequent administration of 

intravenous Affimers. Such benefit is unlikely to be proven in the prevention of 

atherosclerotic disease, a chronic condition manifesting over decades and subject to 

significant modulation by current prevention strategies. Nonetheless, as discussed in 

the introduction, LOX-1 expression is also elevated in the presence of other 

inflammatory conditions such as arthritis (Hashimoto et al., 2017), pre-eclampsia 

(Chigusa et al., 2012) and sepsis (Wu et al., 2011). Furthermore, the administration 

of anti-LOX-1 antibodies has led to the abrogation of some of  these inflammatory 

conditions in animal models(Ishikawa et al., 2012; Landsberger et al., 2010). It is likely 

that the parenteral administration of LOX-1 Affimers would be more easily justified, 

in such conditions which are immediately life-threatening or debilitating. These 

conditions have not formed the focus of this thesis, but the progress made herein 

may lead to applicable benefits. There is clearly great scope for further research in 

this field and future developments are eagerly anticipated.  
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