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Abstract

Biomarkers are increasingly used in a wide range of areas such as sports and clinical
diagnostics, biometric applications, forensic analysis and population screening. Testing
for such biomarkers requires substantial resources and has traditionally involved
centralised laboratory testing. From cancer diagnosis to COVID testing, there is an
increasing demand for protein based assays that are portable, easy to use and ideally
multiplexed, so that more than one biomarker can be tested at the same time, thus
increasing the throughput and reducing time of the analysis and potentially the costs.
Events in recent years, not least the ongoing investigations into claims of widespread
state-sponsored doping schemes in sport and the COVID-19 pandemic of 2020 highlight

the ever-growing requirement and importance of such tests across multiple frontiers.

The project evaluated the feasibility of new antipeptide affinity reagents and suitable
technologies for application to multiplexed affinity assays geared towards quantitatively

analysing a range of analytes.

In the first part of this project, key protein biomarkers available from blood serum and
covering a range of conditions including cancer, inflammation, and various behavioural
traits were chosen from the literature. Peptide antigens for the development of anti-
peptide polyclonal antibodies for each protein were selected following in silico proteolysis
and ranking of the peptides using an algorithm devised as part of this research. A
microarray format was used to achieve spatial multiplexing and increase throughput of
the assays. The arrays were evaluated experimentally and were tested for their usability

for studying up/down regulation of the target biomarkers in human sera samples.

Another protein assay format tested for compatibility with affinity peptidomics approach
was a gold nanoparticle based lateral flow test. An affinity-based lateral flow test device
was built and used for the detection of the benzodiazepine Valium. Here spectral
multiplexing of detection was considered. The principle was tested using quantum dot
nanoparticles instead of traditionally used gold nanoparticles. The spectral deconvolution

was achieved for mixtures containing up to six differently sized quantum dots.

In the final part of this project, a search for novel peptide affinity reagents against insulin
growth-like factor 1 (IGF-1) was conducted using phage display. Four peptides were
identified after screening a phage display library, and the binding of these peptides to

IGF-1 was compared to that of traditional antibody.
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1.1 Aims & Objectives

The need for fast, accurate, and cost-effective detection of biomolecules has never been
greater. From testing for performance enhancing drugs in sport, and biometric forensic
analysis at crime scenes, to the screening of dietary supplements, and biomarker
profiling in medicine, reliable and rapid test kits that can be run easily and at scale are

in-demand more than ever.

1.1.2 Aims

The aim of this project was to develop a test platform capable of quantitatively analysing
a range of analytes, from “traditional” small molecule drugs, to peptide and protein
markers the presence of which above or below certain thresholds, in isolation or
combination, can provide crucial information to the user who might be a regulatory official
or medical practitioner. The ability to test for multiple targets simultaneously has obvious
advantages in terms of throughput and ways by which this can be achieved will also be

explored.

Whilst the priority was to design a system for the analysis of blood (plasma), there is
scope to incorporate other body fluids due to the wide range of potential applications.
For example, it is likely that blood samples might be recovered from a crime scene,
medical patient or animal such as a racehorse, whilst urine samples are more likely to
be preferred by home users of a commercial kit, or by human athletes being subjected
to a drugs test. Such flexibility should enable screening for a wide range of therapeutic
abuses outlawed by the World Anti-Doping Agency (WADA) regulations to evolve from

the blood-based system developed here.

Given that sample preservation cannot be guaranteed in the intended settings, it would
be advantageous for such an assay to overcome challenges posed by sample
degradation. Therefore, the assays were designed against low molecular weight
proteolytic fragments of protein targets, i.e. products of controlled protein degradation.
Assaying such fragments does not necessitate structural preservation of the protein
antigens and even their partial proteolysis should not affect the assay system devised.
Traditional affinity assays typically rely upon relatively fragile antibodies that are
themselves prone to degradation and so identifying alternative affinity reagents that can

improve the stability of such assays was another key aim of this project.
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1.1.3 Objectives

1. Conduct a thorough review of existing protein assay formats and methods of detection
in order to determine what assays are already available, their capabilities and their

limitations.

2. Select suitable targets. An integral part of developing any diagnostic system is
deciding what to actually test for, and so an in-depth literature review will be carried out
to identify analytes that are of interest to a number of fields, e.g. key biomarkers.
Selection of peptide antigens for the chosen targets, and the generation of antibody

reagents.

3. Set up multiplex affinity assays using antibodies generated. Evaluate multiplexing

opportunities so that multiple analytes can be tested for simultaneously.

4. Set up lateral flow assays to determine the suitability of this format for multiplexing

with quantum dot reagents.

5. Explore novel antibody-mimics that are more stable, cost-effective, and easier to

produce than traditional monoclonal and polyclonal protein antibodies.
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1.2 Biomolecule detection

The following sections provide a comprehensive overview of the principles and formats
of immunoassays, methods of detection, and platforms for quantification, including a
review of assays that are already available and their capabilities, limitations, and

applications in the field of biomolecule detection.

1.2.1 Inmunoassay principles and formats

Direct, competitive, and sandwich immunoassay formats

In direct binding assays, signal strength is directly proportional to the amount of antigen
being assayed (Figure 1.1 Panel A). There remains the need to label samples and that

may interfere with recognition epitopes and affect binding.

Competitive assays involve displacement of labelled analyte with unlabelled sample
analyte (Figure 1.1 Panel B). In such a setup, the signal strength is inversely
proportional to the amount of unlabelled analyte present in the sample. The major
advantage here is that minimal sample preparation is required as unlabelled sample can
simply be mixed with a labelled stock of known concentration prior to incubation with
immobilised capture reagents. Here a decrease in signal compared with negative control

signifies presence of the target in the sample.

Sandwich assays do not require direct labelling of samples, using instead a second
antibody possessing specificity to a second epitope on the captured protein, which is
distinct from the capture antibody (Figure 1.1 Panels E and F). The second antibody is
conjugated to a detection molecule, i.e. either a fluorophore for primary detection, or an
enzyme (e.g. horseradish peroxidase) or ligand (e.g. biotin) for secondary detection
through a chemiluminescent molecule or a fluorophore. Advantages here include the
freedom for molecules to bind in their unmodified native form, and the increased
sensitivity achieved through amplification of the signal thus allowing lower abundance
proteins to be identified. These are common techniques, widely used for half a century
(Cox et al., 2004; Darwish, 2006).
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Figure 1.1 Direct, indirect, two-colour, sandwich and competitive immunoassay

formats.

[A] Direct binding where fluorescently labelled sample antigen binds immobilised antibody,
and [B] where fluorescently labelled antibody binds immobilised antigen. [C] Indirect binding
where labelled secondary antibody is used to detect primary antibody bound to immobilised
antigen. [D] Two-colour direct binding assay where uniquely labelled sample antigen and
reference sample antigen compete for immobilised capture antibodies and ratio of the two
colours infers up/down regulation of sample antigen. [E] Sandwich assays where antigen
bound to capture antibody is detected directly by labelled antibody, and [F] indirectly with
labelled secondary antibody that binds to primary antibody. [G] Competitive binding assays
where sample antigen and labelled reference antigen compete for immobilised capture
antibodies, and [H] where sample antigen and immobilised reference antigen compete for
labelled primary antibody. Original figure first appeared in Soloviev et al. (Soloviev et al.,
2007).
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Antigen-Antibody Binding

Immunoassays have both signal detection and signal saturation thresholds (Figure 1.2
Panel A). At low antigen concentrations, a signal may be undetectable due to sensitivity
limits inherent to the device being used, while high antigen concentrations may saturate
binding sites and prevent accurate measurements. Within these thresholds lies the
measurable range of concentration (MCR) where the antigen can be both detected and
quantified. The rate of reaction is directly proportional to the number of available antigen
binding sites and thus the binding isotherm is not linear, meaning the whole range must
be calibrated in order to accurately determine antigen concentration (Figure 1.2 Panel
A) (Barry et al., 2003).

These binding isotherms may also vary greatly between different binders of different
antigens (Figure 1.2 Panel B), making direct binding assays unsuitable for high-
throughput, multiplexed assays where multiple analytes are assayed simultaneously.
Competitive assays however are not limited by antigen binding capacity in the same way
that direct assays are, making them far more suited to for multiplexed assays such as
microarrays where multiple antigens can be quantified simultaneously (Figure 1.2 Panel
C) (Barry et al., 2003).
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Figure 1.2 Direct and competitive antibody-antigen binding strategies.

[A] Direct binding approach — low concentrations of antigen cannot be detected below signal
detection threshold (SDT) determined by the sensitivity limits of the system, and accurate
quantitation of high antigen concentrations are impossible due to signal saturation, resulting
in a limited measurable range of concentration (MCR). Absolute concentration can only be
determined if the entire range is calibrated due to the non-linear binding isotherm. [B] The
limitations of direct binding strategies are compounded in multiplexed systems where MCRs
for multiple antigens only partially overlap, further restricting the individual MCR of each
antigen in the test. [C] A competitive binding approach typically sees unlabelled sample
antigen compete for antibody binding sites with labelled reference antigen meaning there is
no signal saturation extending both the MCR and dynamic signal range (DSR). This greatly
extends the ranges at which MCRs for different antigens overlap, making the competitive
binding approach superior to direct binding for multiplexed affinity assays. (Adapted from
figure in Barry et al. (Barry et al., 2003).
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1.2.2 Means of protein detection

Radiometric, chemiluminescence, colorimetric, fluorescence

A wide range of staining/labelling techniques are used by existing assay types to detect
proteins of interest, including colorimetric (Javad Khosravi et al., 1995; Garden &
Strachan, 2001; Moorthy et al., 2004), radiometric (Ahlstedt et al., 1976; Yalow & Yalow,
1980; Raja et al., 1988), fluorescence chemiluminescence-based (Rongen et al., 1994a)
and label-free detection methods (Jonsson et al., 1991; Ylera et al., 2013; Nguyen et al.,
2015; Yu et al., 2016), each incorporating their own form of labels such as radioisotopes

for radiometric tests, or organic dyes for fluorescence based assays.

There is a large selection of organic stains available with variable degrees of sensitivity
of protein detection. "Stains-all" dye (1-ethyl-2-[3-(ethylnaphtho[1,2-d]thiazolin-2-
ylidene)-2-methylpropenyllnaphtho[1,2-d]thiazolium bromide) is capable of detecting 5
ug if protein and can be used for the simultaneous detection of proteins (stained red),
DNA (blue) RNA (purple) and polysaccharides (hue) (Green et al., 1973). Coomassie
series dyes bring the limit of detection down to 1 - 0.1 ug level (Wilson, 1979). Further
increase in the sensitivity of detection can be achieved by using metallic stains (e.g.
copper stains detect low "ng" amounts of protein in gels (Lee et al., 1987), or ca 0.1-0.15
ng of protein on a membrane (Root & Reisler, 1989), whilst silver stains are capable of
detecting as little as 0.1 ng protein in gels (Ochs et al., 1981). In the last few decades
fluorescent dyes have emerged that are quickly taking over other labelling and detection
techniques (including radioisotopic labelling), largely due to the fact they are equally

sensitive but safer to use and often allow for a more straightforward analysis.

The use of enhancement techniques, such as chemiluminescence based detection
(Gillespie & Hudspeth, 1991; Rongen et al., 1994b) and of proximity-dependent DNA
ligation assays (Fredriksson et al., 2002; Gullberg et al., 2004), bring the detection limit
down to femtomole and zeptomole level respectively (though much remains dependent
on the affinity of the primary antibody-antigen recognition pair, the non-specific

background staining and on the signal-to-noise ratio).

Fluorescence based detection is, at least in principle, capable of single molecule level
detection (van Craenenbroeck & Engelborghs, 2000; Lebofsky & Bensimon, 2003;
Willets et al., 2005; Bayley, 2006; Foldes-Papp, 2007; Kaiji et al., 2007) but typically the
sensitivities are lower: e.g. fluorescamine has a 6 ng protein detection limit (Ragland et
al., 1974), dansyl chloride 2 ng (Talbot & Yphantis, 1971), Nile Red 1 ng (Daban et al.,
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1991) and SYPRO orange 0.1 ng (Steinberg et al., 1996). Most recently, further
advances have come in the form of the highly fluorescent Alexa Fluor series (Berlier et
al., 2003), and fluorophores tailored to specific applications including eFluor dyes
(Lekishvili & Campbell, 2018) and Super Bright polymer dyes for multi-colour flow
cytometry and immunofluorescence microscopy (Belkina et al., 2017), and BODIPY dyes
for high performance liquid chromatography HPLC and capillary electrophoresis
(Keithley et al., 2013).

Gold nanoparticles

Over the last few decades gold nanoparticles (GNPs) have become popular in many
areas of science and provide an attractive option for visual detection in various forms of
immunoassays. Among the many reasons for their popularity in the field of medical
diagnostics and biological imaging is the fact that they are non-toxic, possess extinction
coefficients far greater than that of organic dyes , and can be produced simply and
inexpensively in almost any lab. The simplest and most widely used method of
synthesising monodisperse, spherical GNPs involves chemical reduction of
tetrachloroauric acid (HAuCls) solution with sodium citrate (Bailes et al., 2012b).
Controlling the amount of reducing solution determines the size of the particles, which in
turn determines their colour. Although the citrate method is the most commonly used,
other methods of synthesis have been reported over the years (Ferrari & Soloviev, 2020).
Particles with a diameter in the range of 10-50 nm appear dark red to the naked eye
when monodisperse, due to localised surface plasmon resonance (LSPR), and deep
purple when aggregated due to a shift in absorption wavelengths from blue to red and
corresponding shift in reflected light from red to blue. To prevent aggregation and
maintain dispersion in solution, particles can be coated with ligands such as DNA,
antibodies or aptamers that readily adhere to the nanoparticle surface. The optical and
physical properties of GNPs mean that they can be detected using a variety of methods,
such as colorimetric, scanometric, fluorescence, surface-enhanced Raman scattering,
and electrochemically. The simplicity and versatility of GNPs as a labelling option has
facilitated the development of new assays with improved sensitivity and specificity, and
widespread application for detection of a diverse range of targets including bacterial
infections (Niu et al., 2014), explosives such as TNT (Girotti et al., 2010), markers of
myocardial injury (Choi et al., 2010), food toxins (Tang et al., 2009), or plant viruses
(Drygin et al., 2009). Their biocompatibility and low toxicity has seen them widely utilised
in the fields of biosensors and bioimaging, for medical diagnosis, and even the treatment
of cancer (Fan et al., 2020).
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Quantum Dots

Quantum dots (QDs), sometimes referred to as ‘artificial atoms’, are highly fluorescent
inorganic semiconductor nanocrystals that possess a number of unique and exciting
characteristics that have seen them incorporated into a wide spectrum of biological

applications and non-biological technologies (Afzaal & O’Brien, 2006; Cai et al., 2006).

QDs typically range between 2 and 10 nm in diameter, corresponding to just 10-50 atoms,
with a total of 100-100,000 atoms in their overall volume. It is this nanoscale size that
results in the exciting properties of this special subclass of semiconductors, causing them
to behave differently when compared to their larger bulk counterparts. Conventional bulk
semiconductor materials possess electrons with a range of energies, and these electrons
are arranged into different levels accordingly, with only two electrons able to occupy a
single energy level. Because of their proximity, the energy levels in bulk semiconductors
are continuous. There also exists a region of energy levels known as the bandgap that
is not accessible to electrons and is unique to each bulk material. Energy levels below
and above the bandgap are known as the valence and conduction bands respectively
and the distance between energy levels within these bands is practically zero when
compared to the size of the bandgap. The vast majority of electrons occupy the valence
band in bulk semiconductors at room temperature, but the application of an external
stimulus equal to or above the energy of the bandgap itself can provide some electrons
with sufficient energy to cross the divide and reside temporarily in the conduction band
before returning to the valence band. Whilst momentarily in the conduction band, the
vacated valence band position is described as a hole. This positively charged hole and
the elevated electron together are known as an exciton and the average physical
separation between the electron and hole is termed the exciton Bohr radius. In bulk
semiconductor material the bandgap is fixed, and the exciton Bohr radius is much smaller
than the semiconductor crystal within which it is contained. However, as the size of the
semiconductor crystal decreases and begins to approach that of the exciton Bohr radius,
its energy levels are no longer continuous but discrete, a phenomenon referred to as
quantum confinement (Brus, 1991; Takagahara & Takeda, 1992). Semiconductor
crystals on the nanoscale therefore differ to bulk semiconductor material because their
bandgap is not fixed, but can be tuned simply by changing the size of the nanocrystal,
e.g. the bandgap energy of CdSe QDs decreases gradually from 2.6 eV to 1.75 eV as
their size increases from 1.2 nm to 12 nm (Hu et al., 1999). This has great importance
when one considers its effects on emission wavelength. As mentioned previously, if an
external stimulus provides sufficient energy it may cause an electron to jump the band

gap from valence to conduction band, remaining there momentarily before returning to
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the valence band and emitting electromagnetic radiation of wavelength corresponding to
the energy loss during its return. Electrons tend to jump from, and to, regions of the
valence and conduction bands close to the bandgap and so the ability to control the
bandgap size effectively allows one to fine-tune the emission wavelength of the

nanocrystal.

QDs have numerous qualities that make them ideal for superseding existing fluorescent
tools in many biological imaging applications. Shortcomings of organic dyes include their
pre-set emission wavelength and narrow absorption pattern that can create many
difficulties in excitation of certain dyes, and their relatively broad emission spectra also
limits the ability to multiplex. Limited stability due to photobleaching over extended
periods of time is also a concern when using organic dyes. QDs provide a highly
promising alternative to conventional dyes and exhibit a range of unique and superior
fluorescent properties that allow them to overcome the aforementioned shortcomings of
organic fluorophores. Because the peak emission of a QD is dependent on its
composition and size, QDs can be tuned to emit at any given wavelength and have
narrow Gaussian shaped emission peaks (dependent on the size distribution of the QDs).
The excitation spectra of QDs are strikingly different from the excitation spectra of
traditional organic dyes, with any wavelength shorter than that of the emission
wavelength capable of excitation, meaning that it is possible to excite different QDs using
the same excitation wavelength, creating obvious opportunities for spectrally
multiplexing assays (Han et al., 2001). QDs are also brighter and more stable than
traditional organic dyes (Chan & Nie, 1998) with excellent resistance to chemical and
photo-degradation (Wu et al., 2003).

Of the various materials that can be using to produce QDs, those from periodic groups
I and IV such as CdSe and CdTe with their ability to emit narrow bands across the entire
optical spectrum, are best understood and most commonly used for biological
applications. Furthermore, the addition of an inorganic shell consisting of material with
wider bandgap to that of the core semiconductor material reduces crystal defects and
imperfections on the QD surface and increases the likelihood that conduction band
electrons will return directly to the valence band, thus reducing nonradiative

recombination and increasing the quantum yield (QY) (Hines & Guyot-Sionnest, 1996).

The surface chemistry of QDs is crucial for making them compatible with biological
applications and without which their unique optical properties would have little use in life
sciences. Methods of synthesising QDs from organic solvents results in one particularly

undesirable outcome: the formation of hydrophobic ligands on the shell surface, which
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prevents solubilisation in aqueous environments. The solution is to either exchange
these ligands for amphiphilic ones or shield them so that they are no longer a hindrance.
A range of modification techniques and surface coatings are now available, enabling a
wide spectrum of medical, biological and biotechnology applications. These surface
chemistries must not only be robust, but versatile too in order to make them soluble in
biological buffers whilst maintaining their optical properties. Surface modification also
involves provision of functional groups such as amine (-NH-), carboxyl (-COOH) and
mercapto (-SH) groups suitable for linking proteins, peptides, nucleic acids, metabolites
and other targets. The coating must also seek to maintain a small overall size for the QD

particularly for live cell and in vivo applications where size is critical (Howarth et al., 2005).

Following the advances in surface modification and the advent of water soluble QDs,
their application in life sciences has been widespread both in terms of the assay formats
and targets for which they have been applied to. Typical examples include the use of
QDs as fluorescent biological labels instead of organic molecules (Feng & Qian, 2018),
for in vivo imaging (Yukawa & Baba, 2017) and (Pohanka, 2017). immunochemistry
applications (Vu et al., 2015), in fluorescence energy transfer (FRET) applications
(Geiller & Hildebrandt, 2016), for the labelling and detection of DNA (Page et al., 2016),
nucleic acids and protein arrays (Gibriel, 2012; Jain et al., 2016) , and for multiplexed
fluorescence coding and detection of molecules (Akinfieva et al., 2013). At the early
stages of this project few QDs were commercially available but the repertoire has
expanded greatly recently and now includes a wide range of naked and modified QDs
such as the Qdot range from Invitrogen that include streptavidin, protein A, biotin and a
wide range of primary and secondary antibody conjugates, a wheat germ agglutinin
(WGA) conjugate, and a Qtracker® range of non-targeted QDs designed to be injected

into the tail vein of mice for the study of vascular structure.

1.2.3 Platforms for quantification of proteins

Affinity immunoassays in various shapes and formats have been used widely for

achieving specific and sensitive detection and quantification of specific analytes.

26



Western Blotting

Western blotting is an immunoblotting technique which relies on electrophoretic
separation of proteins with subsequent transfer of proteins to membranes (Kurien & Hal
Scofield, 2015). As with other blotting techniques, western blots typically involve four
stages: electrophoretic separation of sample material, transfer to membrane support,
probing with affinity reagents, and visualisation of successfully bound probes. Western
blotting is typically used to separate complex mixtures of proteins and to visualise
specific protein on the blot. The separation step does not require prior knowledge of the
protein (size-separation on the gel) but staining and detection relies on the use of specific
antibodies). Whilst western blotting shows both protein size as well as protein presence,
the method is generally limited to lab-based settings, requires days for completion, and
the information obtained is not quantitative. Therefore, such a method is unsuitable for
conducting point-of-care (POC) quantitative analyses which are typically based on

affinity assays (Urusov et al., 2019).

Enzyme-Linked Immunosorbent Assay (ELISA)

First used almost 40 years ago, the enzyme-linked immunosorbent assay (ELISA) has
become a routine technique for the analysis and quantification of protein and peptides
along with non-affinity-based chromatography and electrophoresis. ELISA tests involve
the immobilisation of capture reagents or antigen on solid surface (typically the wells of
a microtiter plate), followed later by detection with a capture reagent that is also bound
to an enzyme capable of inducing colour change upon addition of a suitable substrate.
Blocking and washing steps are critical to the method to prevent non-specific binding
and to remove unbound reagents respectively. The enzymes typically used in ELISA
experiments are horse radish peroxidase (HRP) and alkaline phosphatase (AP) that
produce a distinct colour upon addition of suitable substrate such as 3,3,5,5-
tetramethylbenzine (TMB) or p-Nitrophenyl Phosphate (PNPP) for HRP and AP
respectively. ELISAs have found numerous applications especially in healthcare and
medical diagnostics, life sciences, the food industry and to a smaller degree in forensics
(de Soyza, 1991). In medicine, ELISA tests may be used to diagnose a multitude of
conditions including HIV (Alexander, 2016), Lyme disease (Tammemagi et al., 1995),
Rotavirus (Verma et al., 2019), syphilis (Ji et al., 2019), and Zika virus (Ehmen et al.,
2020; Portilho et al., 2020).
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Real time binding analyses - SPR (BlAcore), interferometry (BLItz), QCM and other

label-free detection methods

Real time assays offer an alternative approach in which the amount of bound protein is
monitored during the binding process. A number of real-time assay formats exist and are

briefly reviewed below.

SPR (BlAcore)

A very popular label-free approach to assaying an analyte of interest in a sample relies
on surface plasmon resonance (SPR), and the first platform to use this was a BlAcore
system (Jonsson et al., 1991). SPR is an optical phenomenon occurring when polarised
light is reflected off a thin metal film under conditions of total internal reflection (Nguyen
et al., 2015). In the BlAcore system, this thin metal film composed of gold forms the floor
of a small flow cell and can be modified so that antibodies are immobilised on its surface.
Running buffer is passed continuously through the flow cell and a sample containing the
analyte of interest can be injected into this mobile phase. Any interactions that occur
between sample antigen and immobilised antibody results in a change in the local
refractive index that subsequently changes the SPR angle (Leonard et al., 2003). The
change in intensity of reflected light is plotted against time, producing a sensorgram. The

underlying principles of this technology are presented in Figure 1.3 (Panel A).

Interferometry (BLItz)

Bio-layer interferometry (BLI) is another label-free technology for measuring
biomolecular interactions. It analyses the interference pattern of white light reflected from
two surfaces, the first being layer of immobilized protein on a biosensor tip, and an
internal reference layer. The biosensor tips come in the form of disposable fiber-optic-
based sensors that are coated with capture molecules and lowered into sample wells.
Light is then directed down sensor and reflected back along the fiber to a spectrometer
(see Figure 1.3 Panel B). Changes in the number of molecules bound to the biosensor
tip results in a change of thickness and consequently a shift in the pattern of light
interference. Importantly, the reflected interference pattern is not affected by unbound
molecules, changes in flow rate or even the refractive index of the medium, permitting
the use of crude samples and the ability to determine the kinetics of binding interactions
(Abdiche et al., 2008). This reflective interferometry technique has been commercialised
by ForteBio in a range of microfluidic-free instruments. The BLItz instrument permits
analysis of a single 4 uL sample, while the Octet range utilises the same technology
combined with multi-well plates for significantly increased throughput (Ylera et al., 2013;
Yu et al., 2016).
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Quartz crystal microbalance (QCM)

The quartz crystal microbalance (QCM) detects very small changes of mass of the
sensor in real time. It is a form of acoustic wave technology, so called because an
acoustic wave is the mechanism of detection. The velocity or amplitude of the wave
changes as it passes through the surface material, and such changes can be detected
by measuring the frequency or phase characteristics of the sensor. Any changes can be
correlated to physical interactions occurring on the surface of the sensor, such as binding
of sample analyte to surface immobilised antibody, which would result in a frequency
decrease due to a mass increase from the biological interactions (Thompson et al., 1986;
Sakai et al., 1995). Such devices are classified by the mode of wave that propagates
through or on the substrate, and of the many wave modes available, shear-horizontal
surface acoustic wave (SH-SAW) sensors are best as biosensors due to their superior
ability to operate with liquids (Drafts, 2001). A special class of these is the Love wave
sensor that consists of a series of coatings on the surface of the device including a final
coating with biorecognition capability. The Love wave sensor has demonstrated
excellent sensitivity (Gizeli et al., 1992, 1993; Kovacs & Venema, 1992; Du et al., 1996)
and the ability to detect anti-goat IgG in solution in the concentration range of 3 x 10-8—
10-6 M (Gizeli et al., 1997). QCM technology has been applied to a number of other
fields such as detection of a class A drug (Attili & Suleiman, 1996) and mutations in DNA

(Su et al., 2004) and is commercially available from a number of providers.

QCM technology was used in another form of biosensor known as rupture event
scanning (REVS). However, rather than being used to measure mass increase as is the
case with other QCM based detection systems like the Love wave sensor, a piezoelectric
substrate is used to detect the binding and estimate the affinity of analyte binding to
antibodies covalently attached to the surface by detecting acoustic noise produced from
the rupturing of bonds between antigens and antibodies. By applying an alternating
voltage to gold electrodes on the upper and lower surfaces of a disk of crystalline quartz,
and monotonously increasing the voltage, and thus the amplitude of the transverse
oscillation of the QCM, Cooper et al. (Cooper et al., 2001) demonstrated a novel way of
directly, sensitively and quantitatively detecting virus particles bound to specific
antibodies immobilised on the QCM surface. Figure 1.3 (Panel D) depicts the general
principles involved in REVS. Both the Love wave sensor and REVS have the advantage
of providing label-free detection of molecules, allowing interactions to be monitored

between unmodified reactants.
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Figure 1.3 Real-time, label-free binding immunoassays.

[A] The BlAcore system detects antigen binding by way of changes to the surface plasmon
resonance (SPR) of polarised light brought about by physical interactions on the surface of
the sensor. [B] BLItz and Octet instruments are based on biolayer interferometry (BLI) where
a fiber-optic biosensor tip coated with capture molecules is pushed into the sample allowing
binding of analyte to the tip. Light emitted from the BLItz instrument is directed through the
biosensor and reflected back. As molecules bind to the tip of the biosensor, it causes shifts
in the interference pattern from the reflected light that are detected by a spectrophotometer.
[C] The Quartz Crystal Microbalance (QCM) is a form of acoustic wave technology that
detects binding interactions by monitoring changes to the frequency of and acoustic wave
passed through the sensor surface, e.g. a drop in frequency corresponds a mass increase
from a binding interaction on the surface. [D] Rupture Event Scanning (REVS) devices utilise
QCM technology to detect binding reactions on a piezoelectric substrate and estimate
binding affinities by analysing the noise generated from the rupturing of these bonds. Original
figure first appeared in Soloviev et al. (Soloviev et al., 2007).
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Microarrays

An array is an ordered arrangement of samples immobilised on a solid substrate.
Microarrays (typically hundreds or thousands of <200 um spots) have satisfied an ever-
increasing market for new, miniaturised, more accurate, and cost-effective diagnostics
capable of multiplexed detection, and in doing so, revolutionised the fields of nucleic acid
analysis and proteomics. In the simplest of protein microarrays, a fluorescent or
otherwise labelled sample is incubated with antibodies immobilised on a solid support
(Haab et al., 2001). High-throughput parallel protein profile studies capable of assaying
thousands of proteins simultaneously on a single chip are possible by robotically arraying
selected probes to bind potential targets within an experimental sample. Microarrayers
fall into two classes: contact printers that utilise free-floating or spring-loaded pins that
are dipped in samples (e.g. in a 96 or 384 well plate) and print by way of physically
touching the target substrate; and non-contact printers that that are syringe-based or
piezoelectric. Contact printers typically feature a print head with gridded pin placements
for flexible configuration. Pins hang in place such that they rise up upon contact with the
substrate, reducing the risk of damaging delicate surfaces and helping to increase the
uniformity of prints, but are prevented from rotating due to the square profile of the pin-
head (see Figure 1.4 Panels A & B).

There is a wide range of substrates available for proteomics microarrays including
porous nylon or nitrocellulose membranes (see Figure 1.4 Panels E-H) gels (see Figure
1.4 Panel C), and metal films (see Figure 1.4 panel D). Desirable properties for a
microarray substrate include not only its ability to immobilise the proteins of interest, but
also to do so with correct orientation such that its binding sites are available for reaction.
The surface substrate should also exhibit minimal non-specific binding in order that the

signal:noise ratio is as high as possible.
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Figure 1.4 Microarray tools and substrates.

[A] Microarrayer pin used for contact printing of ligands to solid support surfaces. [B] Close-
up of most common pin-head designs — the square head prevents rotation of the pin when
assembled as a multi-pin print head, and the hole on the left pin provides an easy means of
pin removal. [C] Polyacrylamide-based hydrogels on silicon slides suitable for both
fluorescence based assays and mass-spectrometry detection were available in various
formats such as 1 cm? (top) and 10x5 2 mm? (bottom) diameter spots, but are no longer
commercially available — however, in-house production is feasible with straightforward
methods (Fodor et al., 1993; Pease et al., 1994). [D] Slides coated with thin films of metal
nanoparticles (e.g. gold or silver) enhance fluorescence signal and increase assay sensitivity
via plasmonic interaction between the fluorophore and nanoparticle surface coating. [E]
Membrane substrates such as nylon, PVDF, and nitrocellulose provide a range of surface
chemistries for immobilisation of biomolecules and are available in a wide range of shapes
and sizes, either backed or unbacked, or even pre-mounted on glass slides [F]. Scanning
electron microscope images (Hirtz et al., 2013) of nylon [G], and nitrocellulose [H] membrane
substrates — scale bars represent 10 um in the main images and 2 um in the insets.
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Porous membranes provide a convenient support material which is strong and easy to
work with but can suffer from higher non-specific binding and thus lower signal:noise
results when compared with other substrates. A comparison of various membrane
materials is shown in Figure 1.5 together with evidence demonstrating the importance
of cross-linking proteins using an agent such as formaldehyde prior to assaying to ensure

they are not removed from the substrate during incubation and wash cycles.

Hydrogels cannot compete with membranes in terms of strength and durability, but they
provide the best 3D support for the immobilisation of test molecules (whether proteins or
peptides) in their native functional state in highly porous hydrogel substrate suitable for
both functional assays and immunoassays (Soloviev et al., 2005). When hydrated, the
hydrogels swell, allowing easy access for the molecules and short diffusion times, but
when dried, the gel thickness is reduced significantly, resulting in focussing of the
trapped fluorescence in a thinner layer. This increases fluorescent readouts (especially
on confocal scanners), whilst the background fluorescence remains extremely low (no

autofluorescence and no non-specific protein sorption) (Scrivener et al., 2003).
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Figure 1.5 Evaluation of anti-peptide affinity array production parameters

[A] Choice of substrate: data obtained by spotting fluorescently labelled albumin onto
untreated substrates. The values reflect not only the protein binding capacity of the substrate
but also the fluorescence quenching by the substrate. [B] An example of the best substrate:
Nylon membrane, immobilized onto a glass slide. [C] Fluorescence quenching by other (non-
traditional) substrates. [D] The effect on signal stability when membranes are not pre-treated
with a crosslinking reagent (following blocking and washing). [E] Membranes incubated in
sealed beakers filled with undiluted formaldehyde (10 ml per 100-ml beaker volume)
overnight prior to blocking and washing. (Reproduced from figure in Soloviev et al. (Soloviev
et al., 2007)).
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Multiplexity is typically achieved through spatially separating antibodies on a solid
support, potentially allowing thousands of proteins to be screened simultaneously on a
single array. Alternative approaches for achieving multiplexity include the use of multiple
fluorescent labels, each with a distinct emission wavelength, as in (Voura et al., 2004).
Such arrays are compatible with a direct immunoassay format where fluorescently
labelled sample/antibody binds to antibody/sample immobilised on solid support and
fluorescence intensity is directly proportional to the amount of sample antigen
concentration, as well as competitive formats where a fluorescently labelled reference
competes with sample antigen for immobilised antibodies, or where fluorescently
labelled antibody is added to the sample and then the mixture is incubated with
immobilised reference antigen. Both competitive formats result in fluorescence intensity

being inversely proportional to sample antigen concentration.

Nucleic acid-based microarrays have proved to be powerful and convenient tools, and
the potential for array-based proteomics to offer numerous advantages over 2D gels and
chromatography by way of higher throughput analysis, better reproducibility and more
quantitative protein expression analysis seems like a logical fit. However, protein arrays
have not seen quite the same success, nor had quite such a dramatic impact, as that of
DNA-based array technology. The problem here is likely due to nucleic acids and
proteins actually sharing little in common and so the unsuccessful application of nearly
identical techniques to both is perhaps ultimately unsurprising. Working with proteins
presents a number of complications that makes designing and optimising an array
system arduous when highly multiplexed assays capable of quantitatively detecting
proteins are sought (Romanov et al., 2014). Unlike nucleic acids, proteins possess a
wider range of physical and chemical properties. For example, protein sizes span over 3
orders of magnitude - from proteins that are small and soluble (e.g. peptide hormones,
cytokines of 1-20 kDa molecular weight) to extremely large ones (e.g. Titin, having
molecular weight of 3 mega Da). The solubility of proteins ranges widely too - some
proteins might be soluble (e.g. cytokines) or contain multiple domains of varying
hydrophilicity (e.g. transmembrane receptors) or might become hydrophobic through

post-translational modification such as covalent lipid attachment (Chen et al., 2018).

The situation is dramatically different in the nucleic acid array field where all cDNAs are
highly soluble, can be made of similar lengths and have nearly identical chemical
composition. Attempting to simultaneously optimise conditions for an assay incorporating
proteins with a range of physical and chemical properties is a huge undertaking and in
many cases may prove too difficult. The situation with proteins is not helped by problems

associated with their extraction from biological samples. Many require the presence of
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detergents and are highly susceptible to denaturation and degradation (a situation quite
different from the extraction and purification requirements for nucleic acids). Additional
difficulties specific for protein assay fields include labelling - typically through chemical
modification of reactive (usually surface exposed and immunogenic) groups, which can
result in significant changes to antigen epitopes and alter reaction affinities further. This
is not an issue with nucleic acids, which can be labelled at sites having little or no
influence on the base pairs’ recognition. The availability of capture reagents presents
another bottleneck in protein affinity assays, something that does not apply to the DNA
field, where all "capture" reagents can be synthesised chemically and even in situ in an
array format (Fodor et al., 1993; Pease et al., 1994) at a fraction of the cost of a single
monoclonal antibody development. Significant heterogeneity in affinities and the need to
characterise protein capture agents also poses problems for achieving reproducible
results, especially when trying to implement traditional array techniques where binding
of analytes from a sample is crucial. Proteins are also susceptible to a number of external
factors such as pH and temperature, which can degrade or even denature them leading
to changes in protein structure. This can cause a change in antibody affinity, affecting
capture and quantification of the target protein. Sample collection and preservation are
two further variables that are often difficult to control. Protein extraction conditions would
also vary for proteins, not least because it is highly unlikely that all cellular proteins can

be solubilised and extracted in a reproducible manner each time from different samples.

Antibodies also have different and unpredictable affinities compared with DNA where
affinity depends mostly on the nucleic acid length and composition, is easily predictable
and also easy to engineer. Antibodies are also often cross-reactive and will recognise
similar proteins that may be irrelevant to the intended purpose, and antigenic epitopes
are often limited, whereas DNA often permits greater choice and so regions with little or
no cross-reactivity can be selected. Finally, substantial effort may be required to
experimentally identify monoclonal antibodies against different epitopes for even a single

protein target, whereas DNA involves simply selecting suitable sequence fragments.

The need for portability and simplicity

There is an ever-increasing demand for smaller, more portable technologies that these
established lab-based platforms are unable to meet. Lengthy turnaround times, limited
throughput and the need for highly trained practitioners are all barriers to them being
adopted by emerging mass markets. End-point users increasingly seek solutions that

allow them to test for multiple analytes on-site, whether at a sporting event or in a hospital,
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with rapid results that allow them to make decisions or a diagnosis with the confidence
that such platforms are no less reliable than conventional lab-based methods. One
format that appears well positioned to meet such demands is immunochromatographic

assays.

Immunochromatographic assays

When designing assay formats, a trade-off often exists between increased multiplexity
versus speed and simplicity. Immunochromatographic assays, otherwise known as
lateral flow or strip tests, are one such example embodying speed and simplicity over
high multiplexity (Andryukov, 2020). These tests are typically more user friendly and
unlike SPR- and QCM-based technologies, and provide rapid results making them well
suited to mass market and point-of-care kit tests. Such kits are also stable for long
durations across a wide range of environments and conditions and are compatible with
all major sample matrices including urine, saliva, serum, plasma and whole blood
(Magambo et al., 2014; Carrio et al., 2015; Schramm et al., 2015; Ang et al., 2016;
Moreno et al., 2017).

Lateral flow assays are compatible with competitive and direct immunoassay formats,
although in practice competitive formats are preferred because they do not require
labelling or spotting of the sample prior to use, which is not at all practical in most
situations where the tests are to be used. In their simplest form, lateral flow tests consist
of a band of capture antibodies immobilised at a particular section along a porous
membrane strip, typically nitrocellulose (although nylon, polyethersulfone, polyethylene,
and fused silica are sometimes used) (Posthuma-Trumpie et al., 2009). Sample is
applied to one end of the membrane and diffuses along the length of the strip by way of
capillary forces. A control line can be added after the capture line where a separate
binding step can be designed to indicate the completion of the test [See Figure 1.6 Panel
A]. For direct assay strips the visual presence of a capture band upon completion of the
assay indicates a positive sample, whereas in the competitive format reduced colour
intensity or disappearance of the capture line entirely is indicative of a target analyte’s
presence in the sample (Koczula & Gallotta, 2016). Reproducibility between tests is
assured by using qualified, semi-automated, equipment that can quantitatively disperse
reagents onto membranes in bulk and perform precise cutting of batch preparations into

individual strips.
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Figure 1.6 Schematic diagram of assembled lateral flow components.

[A] The sample pad is where the test sample is first deposited and regulates flow rate into
the subsequent conjugate pad where it mixes with a labelled reference reagent (represented
here as a GNP-antibody conjugate) that has been temporarily dried in place. Sample and
labelled reference reagent diffuse along a porous membrane coming into contact with test
and control lines (represented here as unlabelled reference and secondary antibodies,
respectively). In this scenario an absorbent pad completes the lateral flow strip and serves
to maximise the sample volume entering the membrane test strip, thus flushing through
unbound detection particles, reducing background and increasing sensitivity. All components
are batch assembled on an adhesive backing card before being cut into individual strips and
inserted into plastic test cassettes with defined sample application and test result windows.
[B] Photograph of fully assembled test strip inserted into plastic test case with top off (above)
and on (below). [C] A BioDot XYZ3000 platform used to quantitatively dispense control and
test line reagents onto the nitrocellulose membrane prior to assembly.
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Lateral flow assays are used widely in clinical settings and for at-home testing where
their ease-of-use is important. Pregnancy tests are perhaps the best known of all lateral
flow assays, providing accurate results typically for just a single analyte, human chorionic
gonadotropin (hCG), in urine (Cole, 2011). The Clearblue Rapid Detection Pregnancy
Test delivers results as fast as one minute with over 99% accuracy (see Figure 1.7
Panel A). Clearblue’s Advanced Digital Ovulation Test identifies the most fertile days of
a female’s ovulation cycle by measuring levels of luteinising hormone (LH) and estrogen
in urine, helping to maximise the user’'s chances of getting pregnant (Clearblue -

clearblue.com).

The continued development and innovation of lateral flow technology has seen a wide
array of labelling and visualisation techniques be employed including liposomes that
contain reporter agents such as coloured, fluorescent or bioluminescent dyes
(Gussenhoven et al., 1997; Ho & Wauchope, 2002; Ho & Huang, 2005), upconverting
phosphors (Corstjens et al., 2001; Niedbala et al., 2001; Zuiderwijk et al., 2003),
paramagnetic particles (Ronald T. LaBorde, 2000), colloidal carbon particles (van
Amerongen et al., 1993; Lénnberg & Carlsson, 2001), silica particles (Xia et al., 2009),
electrochemiluminescent particles (Yoon et al., 2003), gold nanoparticles, and even
quantum dots (Goldman et al., 2004). Such labels offer increased flexibility on design
but often require the use of simple readers or scanners that serve to quantify endpoint
measurements. In keeping with the underlying premise of lateral flow tests, such readers
are usually built-in, handheld or at least portable devices that may either be necessary
or optional components. Examples of such readers include those supplied by Qiagen
whose portable ESEQuant Lateral Flow Immunoassay Reader is capable of colorimetric
or fluorescence detection (Qiagen), as well as Detekt Biomedical and who offer a range
of devices from desktop instruments to portable handheld readers and those that
integrate with smartphones (Detekt Biomedical — idetekt.com) (see Figure 1.7 Panels
B, C & D). Whilst such additional capability is not always required, it can serve to provide
more quantitative results where necessary. There are many commercial examples of
lateral flow test kits available embodying these advancements in rapid and convenient
analyte detection, and the use of lateral flow tests is now widespread in medical
establishments such as hospitals where their combination of speed and simplicity can
often not only be less invasive and traumatic for patients, but also offer serious health
benefits too (Andryukov, 2020).

One commercial example is the Rapid Analyte Measurement Platform (RAMP™) system
by Response Biomedical Corporation that is capable of diagnosing cardiac injury by

quantitatively measuring the cardiac markers creatine kinase-MB (CK-MB) and cardiac
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troponin 1 (cTn1) in whole blood, as well as biodefense screening for anthrax, ricin,
Botulinum toxin and pox, and infectious diseases such as the West Nile virus (Wu et al.,
2004). RAMP assays feature two near-identical sets of particles — test particles and
internal standard particles. Both sets of particles are polystyrene, the same size, and
taken from the same batch to minimise differences between the two, but house distinct
fluorescent dyes. Test particles are coated with an analyte-specific monoclonal antibody,
while internal standard particles are coated with a non-analyte-specific antibody and
serve as an internal standard to overcome inter-strip variability. A dual wavelength
fluorescent scanner is used to determine the intensity of each dye at both a test and
internal standard capture lines, from which the ratio of the two is calculated and
compared against calibration curves to provide an accurate measurement of analyte

concentration (Kesavaraju et al., 2012; Burkhalter et al., 2014).

The Triage Cardiac Panel from Quidel is also capable of detecting acute myocardial
infarction, providing rapid quantitative measurement of CK-MB and cTn1 as well as
myoglobin in under 15 minutes with the use of a portable reader (Quidel Triage Cardiac
Panel | Quidel). The Triage range from Quidel also includes a popular qualitative drugs-
of-abuse panel test that is used regularly in hospitals (see Figure 1.7 Panel E). The
Triage system uses micro capillaries to systematically control the flow of reagents
through the device. W.H.P.M. offer a number of qualitative rapid one-step
immunochromatographic test kits for a range of applications such as screening for drugs
of abuse including amphetamines, barbiturates, benzodiazepines, cocaine, ketamine,
marijuana, MDMA, methamphetamine, methadone, morphine, oxycodone, and PCP, as

well as an ovulation predictor test, and a pregnancy test (W.H.P.M. Inc. - whpm.com).

Magnasense manufactures quantitative lateral flow tests based on superparamagnetic
nanospheres that are comprised of a polystyrene matrix containing uniformly distributed
iron oxide crystals. These nanospheres act as labels and require no optics for
measurement, though a portable reader is required (Makiranta & Lekkala, 2005;
Makiranta et al., 2006).

DiaMondial offer a number of test kits that utilise either monoclonal antibodies
conjugated to either dye or colloidal gold for the detection of Rotavirus and Adenovirus
antigens, RSV antigens, Strep A antigens, and Clostridium difficile antigens. While the
tests are purely qualitative, some devices offer a degree of multiplexing in that they
house dual strips that can be run in parallel to test for different targets (DiaMondial -

diamondial.com).
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Vircell have developed a range of rapid diagnostic kits for the qualitative detection of
infectious diseases including tularaemia, Epstein-Barr virus, Legionnaire’s disease, and
hydatidosis. These VIRapid® tests provide results within 20 minutes that can be read
visually by eye or objectively with the help of a simple scanner (Vircell - vircell.com).
Hydrosense also offer a rapid lateral flow test kit for the detection of Legionella
pneumophila serogroup 1 in water with a sensitivity of 100,000 CFU/litre (Hydrosense -

hydrosense-legionella.com).

Infectious disease testing comprises nearly one third of the clinical and point-of-care
lateral flow diagnostics market with tests including, but not limited to, mosquito-borne
diseases, influenza, hepatitis, tuberculosis, and sexually transmitted infections.
BioSURE’s HIV Self-Test provides simultaneous detection of HIV 1 and HIV 2 from just
2.5 ul of blood (BioSure UK - biosure.co.uk). Results are displayed on the test device for
the user within minutes, are 99.7% sensitive and 99.9% specific. AAZ Labs’ Autotest
VIH® home testing kit offers 100% specificity (Autotest VIH - autotest-vih.eu/en/). Both
tests use synthetic gp36, gp41, and gp120 as antigens, and protein A as a control line.
The same barrel device that BioSURE use for their HIV test was also used for their
recently COVID-19 Self-Test kit that provides qualitative detection of SARS-CoV-2 IgG
antibodies from a finger prick blood sample. A binary result of one line (negative) or two
lines (positive) in is obtained within 10 minutes with reported 98.3% sensitivity (Cl: 90.9-
100%) and 98.8% specificity (Cl: 96.6-99.8%).

Lateral flow assays are also routinely used in the veterinary sector for the diagnosis of
Heartworm (Dirofilaria immitis) (Makiranta et al., 2006), feline leukaemia virus (FeLV)
and feline immunodeficiency virus (FIV) (Westman et al., 2016; Palerme et al., 2019),
rabies (Servat et al., 2019), swine influenza (Le et al., 2017), Salmonella (Yahaya et al.,
2020), Newcastle disease (Wu et al., 2019), and equine infectious anaemia (Costa et al.,

2016), amongst others.

In the food safety sector, lateral flow assays are used to test for foodborne pathogens,
toxins, and contaminants (Liao & Li, 2010), and environmental testing of air, soil and

water is also commonplace.

In response to the SARS-Cov-2 coronavirus COVID-19 global pandemic there is urgent
demand for testing kits that could provide rapid diagnosis and identify individuals who
either needed to self-isolate in order to limit the spread of the disease or, particularly in

the case of health workers, had already contracted the virus and acquired immunity and
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were able to return to work. Lateral flow test kits quickly emerged as a suitable solution,

providing results far faster than RT-PCR based testing that was initially adopted.

The COVID-19 Rapid Test Cassette by UK-based SureScreen Diagnostics detects the
presence of IgM and IgG in a blood, plasma, or serum sample (see Figure 1.7 Panel G)
(SureScreen Diagnostics - surescreen.com). The IgG that the test detects is specific to
COVID-19, and while the IgM is a more general antibody, its presence, combined with
IgG and/or the common symptoms of COVID-19, also indicate infection with the novel
SARS-CoV-2 virus. There are separate test lines for IgM and IgG and visual detection of
either in combination with the additional control line indicates a positive sample. A clinical
study conducted in Wuhan, China compared the test cassette to conventional laboratory
tests for COVID-19 diagnosis for the detection of IgG/IgM in 902 blood samples found
the lateral flow test to be effective, with sensitivity > 91%, specificity > 99%, and accuracy >
97%.

Another IgM/IgG lateral flow test was developed by Li et al. (Li et al., 2020). The test
uses a nitrocellulose membrane and 40 nM colloidal gold nanoparticles as visual marker.
The clinical detection sensitivity and specificity of this test were measured using blood
samples collected from 397 PCR confirmed COVID-19 patients and 128 negative
patients at 8 different clinical sites. Overall test sensitivity was 88.66% and specificity
was 90.63%. The test is now being marketed as the COVID-19 IgM I1gG Rapid Test from
Canada’s BioMedomics (see Figure 1.7 Panel F) (BioMedomics Inc. -

biomedomics.com).

A start-up company created by MIT called E25Bio developed an antigen lateral flow test
in conjunction with MIT’s Institute for Medical Engineering and Science. When a sample
is added to the strip device it mixes with a solution of SARS-Cov-2 specific antibodies
conjugated to gold nanoparticles. If viral antigen is present it binds the gold conjugate
antibodies and antibodies bound at the test line on the paper strip, resulting in two
coloured lines for a positive test. The test takes around 15 minutes to complete. (see
Figure 1.7 Panel H) (E25Bio - e25bio.com).
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Figure 1.7 Examples of commercial lateral flow test kits and platforms.

[A] The Clearblue Rapid Detection Pregnancy Test. [B] The ESEQuant Lateral Flow System
by QIAGEN. [C] The iPhone Rapid Diagnostic Lateral Flow Reader by Detekt Digital
Diagnostic Solutions. [D] Portable lateral flow reader by Skannex. [E] The Triage MeterPro
reader by Quidel, and Triage Cardiac Panel cassette (inset). Three of the first SARS-Cov-2
coronavirus COVID-19 rapid testing kits: [F] the COVID-19 IgM IgG Rapid Test from
Canada’s BioMedomics, [G] the COVID-19 Rapid Test Cassette by UK-based SureScreen
Diagnostics. and [H] the SARS-Cov-2 Spike Direct Antigen Rapid Test (DART) by E25Bio,
developed in conjunction with MIT’s Institute for Medical Engineering and Science.
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1.3 Peptide based assays

Polypeptides are short chains of between 2 to 50 amino acids and occupy a strategic
position between proteins and amino acids, playing many fundamental roles by
regulating the vast maijority of biological processes in the animal kingdom. The range of
biological activities displayed by naturally occurring peptides is truly remarkable; it
ranges from toxins that can paralyse or Kkill, to peptides that have the ability to heal
(Pennington et al., 2018). The suitability of peptides as biomarkers stems from the fact
that they can be produced as a result of natural, or intentional, degradation from all body
fluids, cells and tissues (Schulte et al., 2005; Bhalla et al., 2017).

1.3.1 Peptidomics approach to proteomics

Similarly to "proteomics”, the term "peptidomics" has been defined as the systematic
analysis of the peptide content within an organism, tissue, or cell in order to determine
peptides' identity, quantity, structure and function (Saha et al., 2005). This traditional
definition includes the analysis of protein degradomes, of which urine peptidomics may
be a good example. The same type of analyses could be applied to artificially generated
peptidomes, such as proteolytically digested proteins, protein mixtures or proteomes. In
the latter case the application of alternative detection methods may be justified, such as
the use of affinity regents. Such applications have been reported and by similarity to
naturally occurring peptidomes were dubbed affinity peptidomics rather independently to
traditional “omics” analyses of naturally occurring peptides (EP1320754B1 - Detection of
peptides - Google Patents; US20020055186A1 - Detection of peptides - Google Patents;
W02002025287A3 - Detection of peptides - Google Patents; Scrivener et al., 2003).
Since biologically occurring peptides (whether biologically active or not) are strictly
speaking also the products of proteolysis (e.g. insulin which is generated through partial
proteolytic digestion of pre-pro-insulin (EI-Manzalawy et al., 2008) or biologically active
peptides obtained through "non-specific" proteolysis of e.g. haemoglobin (Lian et al.,
2014), both meanings of "peptidomics" are therefore very similar in that they refer to the

analysis of partially or fully proteolytically digested proteins, i.e. peptides.

Affinity peptidomics

The peptidomics approach to affinity assays requires that sample proteins be digested
(e.g. enzymatically) to create a large pool of peptides prior to any affinity assays and the

affinity assay is carried out using anti-peptide affinity reagents (e.g. anti-peptide
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antibodies). Problems regarding the heterogeneity of anti-protein antibodies affinities
and of protein antigens’ physical properties, as well as the fact that proteins are prone to
denaturing can therefore be addressed if proteins are first proteolytically digested in a
predictable way, as in affinity peptidomics. Such digestion can be done with one or a few
of the many available proteases or by using chemical digestion, but is usually and most
conveniently done with trypsin, which would often yield ca 100 tryptic peptides for a
100kDa protein. This potentially allows for truly high-throughput proteomic analysis by
means of a parallel affinity assay in microarray format that does not suffer from the same
complications as protein arrays do because peptides are far more similar in their physical
and chemical properties than intact proteins, simplifying the optimisation of assay
conditions. Critically, the ability to analyse peptide pools (denatured and digested
proteins) rather than proteins themselves, overcomes another major drawback of
protein-based assays in that degradation and denaturation are no longer a concern
because peptides are far more stable and robust than proteins. This makes the
peptidomics approach far better suited to applications such as forensic analysis where
one could hardly imagine that a sample always be provided in a well preserved state (let
alone be "taken" and handled in a reproducible and appropriate manner). It would not be
impossible to apply traditional protein separation technique or a combination thereof,
followed by mass spectrometry (MS) or liquid chromatography mass spectrometry (LC-
MS) approaches to analyse any particular forensic biological sample, but the methods
would need to be adjusted each time, depending on the sample origin, preservation
quality, etc., and would require major facilities and significant manpower. On the other
hand, pre-treating samples with trypsin (or another proteolytic reagent) would lead to a
much simplified extraction and assaying procedures and would yield a number of
hydrophilic peptides even for hydrophobic proteins (see Figure 1.8), making it easier to
select suitable candidates and to generate anti-peptide affinity reagents. Since each
protein would yield on average 50 tryptic peptides these would provide plenty of
opportunities for choosing the most suitable peptide (physical properties, synthesis,

modifications, cost, etc) or even multiple peptide antigens for each protein target.
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Figure 1.8 Protein vs peptide hydrophilicities.

Frequency distribution of hydrophilicities for human proteins (based on entire SwissProt
database and calculated using Kyte and Doolittle weights as described in the Methods &
Materials chapter of this thesis (open circles). Similarly calculated hydrophilicities for the
entire SwissProt tryptic digest are shown for the best (i.e. most hydrophilic) peptides longer
than 10 amino acids (open squares), 9 amino acids or longer (open triangles), over 8 amino
acid long (filled circles), over 7 amino acid long (filled squares) and over 6 amino acid long
(filled triangles), from each individual SwissProt human protein. The figure is based partially
on Soloviev & Finch (Soloviev & Finch, 2005).
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Generation of affinity reagents against proteins is a time and resource consuming
process, requiring significant amounts of properly folded, often intact protein antigen
itself, and such antibodies are typically against only a few strong surface epitopes with
very different affinities and require extensive characterisation. Anti-peptide antibodies,
whether in the form of traditional IgGs, IgG fragments, other proteinaceous affinity
reagents, aptamers, molecularly imprinted polymers or other, can be produced more
easily since no intact folded protein antigen is required. Contrary to these, the peptide
antigens may be produced cheaply and quickly by chemical synthesis and be based on
the sequence information alone. Such antigens are perfectly suitable for traditional
immunisation approaches and for any other affinity selection procedures such as phage
display (de La Cruzs et al., 1988), ribosome display (Hanes & Pliickthun, 1997), mRNA
display (Wilson et al., 2001) or other molecular display technologies (Fletcher et al.,
2003). Whilst anti-peptide antibodies are often incapable of binding to the original intact
protein targets in their conformational states, these anti-peptide antibodies are perfectly
suitable for anti-peptide assays. The heterogeneity of these antibody affinities is also
less of a problem for peptide-based arrays, where competitive affinity assays may be
used to further compensate for differences (Barry et al., 2003). Displacement assay
formats are perfectly compatible with such an assay and can be performed by mixing the
sample digest with pre-labelled reference peptides prior to incubation with the anti-

peptide antibodies (Figure 1.9).
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Figure 1.9 Peptidomics approach to competitive displacement affinity assays.

Sample proteins are enzymatically digested (e.g. with trypsin) to generate short linear
peptides. These are then mixed with fluorescently labelled reference peptides and incubated
with anti-peptide antibodies immobilised on a solid support (e.g. nylon membrane). After a
washing stage the membranes are dried and scanned using a fluorescence detector. As
sample and labelled reference peptides compete for binding sites, a decrease in
fluorescence corresponds to higher sample antigen concentration. Original figure first
appeared in Bailes & Soloviev (Bailes & Soloviev, 2007).
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1.3.2 Peptide detection in diagnostics and biomarker discovery

One of the main focuses in the field of peptidomics has been the analysis of body fluids
(Schrader & Schulz-Knappe, 2001) with the emphasis on diagnostics and biomarker
discovery. The ability to identify biomarkers indicative of specific undesirable
physiological states has generated a huge amount of interest. Biomarkers that are
present at the onset of a condition and are predictive of more long-term effects are
increasingly sought as they permit early diagnosis and treatment should it be necessary.
Whilst many biomarker-based clinical tests already exist, they typically rely upon a single
analyte (often a protein) and are conducted under conditions favourable to that protein,
making high throughput multiplexing virtually impossible. Modern peptidomics
approaches seek to adopt a more parallel, as opposed to serial, methodology to
biomarker discovery whereby numerous biomarkers are elucidated at once without prior

consideration of their potential for recognition and monitoring of a particular state.

The peptide content of biological fluids, such as urine for example, can be used to
produce a complete peptidomic fingerprint of an individual’'s health (Metzger et al., 2009).
Urinary polypeptide profiles have already shown promise contributing to the existing
biomarkers for coronary artery disease (CAD) (Zimmerli et al., 2008), diagnosis and
progression of renal and urogenital conditions (Fliser et al., 2005; Julian et al., 2007b,a;
Zurbig & Mischak, 2008), and cancer diagnostics (Theodorescu et al., 2005, 2006).

Serum is a rich source of biological material and represents one of the most attractive
type of samples. Widely available in clinics, it contains a plethora of disease related
biomarkers including proteins and peptides and therefore represents one of the most
interesting models for peptidomic analysis. Of the tens of thousands of proteins and
peptides presentin human sera, only ~20 are highly abundant, representing a staggering
99 % of its proteinaceous content. The remaining 1 % consists of a wide range of
molecules, including hugely important ones such as hormones and growth factors, many
of which weigh in well under 10 kDa in size. Despite their small size and relatively low
abundance, such molecules could represent ideal biomarker candidates of major
biological significance even if such polypeptides only result from partial degradation of
larger proteins by various proteases. Protein fractionation using size exclusion
chromatography or ultrafiltration have been used to isolate the low molecular weight
proteinaceous content of serum prior to analysis (Tirumalai et al., 2003; Zheng et al.,
2006). Undoubtedly, future work will need to focus on firmly identifying which peptides

represent disease-specific proteolysis in order to establish useful biomarkers.
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In forensics, traditional techniques for analysing crime scenes are centred on retrieval of
DNA with the hope of identifying an individual by matching the data with that in a
database, but given that the United Kingdom National DNA Database (NDNAD) covers
less than 10% of the population (5.86 million people as of 2016) the chances of obtaining
such a match are optimistic at best. Peptidomics aims at building protein and metabolite
profiles from forensic samples to establish biometric and behavioural profiles to gain a
better understanding of the victim and events and to narrow down lists of potential
suspects. Forensic samples are unlikely to be provided in a highly preserved state, with
collection and handling may also not have been carried out reproducibly. However, unlike
DNA which may help in the identification, proteins and metabolites could provide much
needed insight into biochemical, nutritional, behavioural and lifestyle patterns. Not only
are proteins representative of the health, disease and lifestyle states of an organism,
they constitute the largest type of biopolymers in the human body by mass (~20%) and
therefore represent the most attractive, albeit difficult, markers to work with. The affinity
peptidomics approach addresses the major remaining problems of proteins (Scrivener
et al., 2003), needing no major changes to traditional affinity assays and simply requiring
samples to be treated with a proteolytic reagent such as trypsin prior to antibody array-
based detection. One additional advantage is that such pre-treated samples are also
compatible with well-developed MS-based approaches. Affinity peptidomics is a robust
approach that is one of the most favourable options in cases where sample preservation
is likely to be difficult, such as forensic samples or aged specimens. Another advantage
of peptide-based affinity assays is that a larger choice of potential antigens becomes
available for virtually any protein, even if such a protein belongs to a family of structurally
related and similarly folded proteins which may not be easily distinguishable by
antibodies in their folded state. In contrast, even a single amino acid difference may

result in substantial discrimination between otherwise identical peptide sequences.

The ability to analyse peptide pools and determine differential expression of both
naturally occurring peptides and those predictably produced from deliberate enzymatic
digestion promises much by way of identifying and detecting biomarkers indicative of a
range of conditions. These biomarkers must be unambiguous in their indication, able to
convey the severity or stage of the condition they represent, simple to detect and
consistent across populations, i.e. not resigned to just a single subject. Peptide
biomarkers are unlikely to be indicative of a condition individually, but rather changes in
the expression or secretion profile of multiple peptides is a more realistic objective to aim
for. While there appear to be many examples of peptidomic analysis contributing to
multiple fields (Agyei et al., 2018; Conlon et al., 2019; Lee et al., 2019; Sirolli et al., 2020),

the vast majority of these studies rely on sophisticated technologies such as LC-MS or
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CE-MS (Latosinska et al., 2019; Ziganshin et al., 2019), requiring expensive equipment
and highly trained staff in centralised laboratories. The development of an assay
incorporating the power and flexibility of the affinity peptidomics approach but utilising a
more portable assay system that is simpler to operate and generates more rapid results

could prove extremely useful.
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1.4 Affinity reagents

Ideally a series of affinity reagents would be available for each and every protein in any
given proteome including their various post-translationally modified variations and
cleavage products, would exhibit minimal cross-reactivity, be stable across a range of
conditions, and be cheap to produce with zero batch-to-batch variability. Whilst this ideal
scenario may not be on the immediate horizon, novel methods of identifying and
generating affinity reagents that meet many of these desirable features are expanding
the available toolset. Types of affinity reagents as well as their respective pros, cons,

and suitability to the aims of this project will now be examined.

1.4.1 Traditional affinity reagents

Anti-peptide antibodies for peptidomics affinity assays

Generating antibody affinity reagents for use in peptidomic affinity assays is overall
advantageous compared to raising anti-protein antibodies. Peptide antigens can be
designed based on the sequence information alone and generated by reproducible
chemical synthesis. The purity will often exceed that of native or recombinantly
generated full-length protein antigens and unlike larger proteins, peptides will be less
susceptible to inadvertent and often irreversible unfolding and denaturing. Target peptide
selection involves selecting an appropriate protein target and then choosing a suitable
proteolytic peptide to be used as an antigen for generating affinity reagents. In the past,
many tools for predicting the antigenicity of proteins and antigenic epitopes were
reported, e.g. SYFPEITHI (Rammensee et al., 1999), MHCBN (Bhasin et al., 2003),
Bcipep (Saha et al., 2005), The Immune Epitope Database (IEDB) (Vita et al., 2009),
ABCpred (ElI-Manzalawy et al., 2008), EPMLR (Lian et al., 2014), and Lbtope (Saha &
Raghava, 2007). Such tools were developed to facilitate the prediction of peptide
antigens for generating antibodies capable of detecting the original natively folded
antigens, not just the peptides used for immunisation. None of the tools though appear
to be suitable for predicting, selecting and ranking proteolytic peptides for the
development of anti-peptide antibodies. Many of the tools reported so far rely heavily on
protein structural information or aim to identify solvent-exposed linear epitopes based on
protein structure and may not select sequences that are "antigenic" but are not fully
solvent exposed. Such tools have only limited usability in the analysis of proteolytic
peptides for their antigenicity. However, some limited yet clear correlation exists between

tryptic peptides’ amino acid composition and their ability to generate strong polyclonal
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serum, as will be discussed in Chapters 3 and 4. However, parent protein structure,
folding and fragment solvent exposure play no role in determining tryptic peptides'
antigenicities.

While antibodies have undoubtedly contributed much to biomolecule analysis they are
not without their shortcomings. Cross-reactivity, while an evolutionary advantageous in-
vivo for combatting related pathogens, is not so desirable for assaying specific antigens
where specificity is key. Antibodies themselves are also susceptible to the same
degradation factors as other proteins with excessive freeze/thawing or improper storage
conditions causing structural conformation changes that can have devastating
implications in terms of their ability to bind target antigen molecules effectively (le Basle
et al., 2020). There are a number of drawbacks inherent to the production of antibodies
in animals