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ABSTRACT

We proposed that the development of a new high capacity polymer microsphere technology,
termed ReSyn, could be developed as viable detection reagents for lateral flow technology.
This body of work outlines the development of this new high capacity polymer microsphere
technology for suitability to flow on lateral flow membranes, and highly specific biomarker
detection for immunoassay development. Proof-of-concept was achieved using hCG
(pregnancy biomarker) and validated for detection of pLDH and HRP2 as biomarkers of
malaria. The sensitivity, stability and multiplex capability of these microspheres were further
explored and compared against the current ‘gold’ standard detection agent for lateral flow,

colloidal gold.

Malaria was selected as a suitable target for evaluation of the microsphere technology since it
is considered to be a global epidemic that can benefit greatly from improved point-of-care
diagnostics. Malaria affects almost half of the world’s population and is responsible for causing
approximately 655 000 deaths per annum in 2010, with 90% of these deaths occurring in
Africa and 85% of these deaths occurring in children under 5 years of age (del Prado et al.,
2014; Kokwaro, 2009; White et al., 2014; WHO, 2009). Febrile disease diagnosis at point-of-
care is often based on symptomatic diagnosis rather than on the use of validated diagnostic
technologies, and is considered one of the major contributing factors for the high morbidity and
mortality rate of malaria (Chandler et al., 2008; Kain et al., 1998; Kokwaro, 2009). Improved
diagnostic technologies, allowing for sensitive and accurate diagnosis at the point-of-care,
could assist alleviating these problems through the improved management of disease (Bell et
al., 2006). Lateral flow rapid diagnostic tests are the preferred method for point-of-care
diagnostics in resource constrained areas but have several limitations including sensitivity and
stability in resource constrained settings (Bell et al., 2006). Improvements in detection agents

are seen as a viable approach to improving these features of diagnostic assays.

The results of this study show that the polymer microspheres provide improved stability to
immobilised antibodies, with potential for translation into improved stability for diagnostic
assays in tropical malaria endemic regions. The polymer microspheres offered high specificity
and comparable visual sensitivity to the market leader colloidal gold and is therefore
considered as alternate detector agents in lateral flow assays. Additionally, the microspheres
can be dyed various colours (red and blue in this study), allowing for specific and sensitive
multiplex detection of multiple analytes in a single sample. This increases the versatility of the
microspheres for lateral flow diagnostic application, and improves the interpretation of lateral

flow diagnostic technology at the point-of-care.



CHAPTER 1
LITERATURE REVIEW

1.1. Introduction

Diagnosis of infectious diseases in rural settings, at point-of-care, remains challenging due to
various limitations including the lack of resources (e.g. clean water and electricity), availability
of trained/skilled staff, labour intensive and time consuming techniques (microscopy) and the
requirement for specialised equipment (Moody, 2002). The only true point-of-care
technologies for infectious diseases, such as malaria detection, are rapid diagnostic tests
(RDT’s), also known as first generation point-of-care diagnostic tests (Pai et al., 2012).
However, several challenges to RDT’s hinder the effective management of infectious diseases,
including a general lack of sensitivity and low stability. We believe that these shortfalls may in
part be alleviated by the development of new polymer microsphere diagnostic detection agents
for lateral flow diagnostic assays. Improved point-of-care diagnostics (RDT technology)
potentially provides for improved disease management, reducing the emergence of drug
resistance, reducing healthcare expenditure, and reducing morbidity related to the disease
(Gubbins et al., 2014).

1.2 Point-of-care diagnosis of infectious diseases

Infectious diseases are known to cause millions of deaths annually, with majority of the
incidences occurring in developing countries, with the largest burden on Africa (Peeling et al.,
2010; Yager et al., 2008). In addition to the three main global infectious diseases (human
immunodeficiency virus (HIV), tuberculosis (TB) and malaria), pneumonia, acute respiratory
infection, sexually transmitted diseases, Human African trypanosomiasis, visceral
leishmaniasis and the common flu (Haemophilus influenza) are also considered key players in
contributing to the rate of mortality in the developing world (Mabey et al., 2004; Peeling et al.,
2010). It has been estimated that there are approximately 2 billion people currently infected
with TB, 39.5 million people living with HIV, approximately 500 million cases of malaria
annually and over 500 000 new infections of Gonorrhoea, syphilis and chlamydia daily
(Gerbase et al., 1998; WHO, 2007; WHO/UNAIDS, 2006; Yager et al., 2008).

Of the diseases above, many currently rely on complicated diagnostic techniques, such as
sputum microscopy and culture incubation for the diagnosis of TB, and agglutination tests for
the diagnosis of trypanosomiasis (Mabey et al., 2004; Peeling et al., 2010). Syndromic

diagnosis (based on symptoms) is also often used by healthcare providers, and although they



may be effective, inaccurate diagnosis and treatment often results in overtreatment, wasted

resources and potentially increased drug resistance (Yager et al., 2008).

Various strategies for reducing the burden of disease have been initiated, including vaccination
programmes, healthcare education, sanitation and the promotion of hand washing, safe sex
practice, the use of insecticides and insecticide treated bed-nets, mass drug administration,
and improved availability of medication (Mabey et al., 2004; Peeling et al., 2010). With these
strategies in place, has unfortunately not significantly reduced the disease burden, thus
appropriate clinical management of disease continues to be of importance and remains a
major global health challenge (Peeling et al., 2010). The majority of these patients in rural
areas of developing countries may have to walk for hours before reaching a clinic, and are
treated at facilities that often lack the required infrastructure to accurately and rapidly diagnose

disease (Peeling et al., 2010).

Infectious disease management consists of identifying the cause of infection, initiating
treatment and controlling host reactions to infection (Bissonnette et al., 2012). The time
required to complete the diagnostic cycle (clinical sampling, transport, microbiology testing,
confirmation of results, quality control and validation, interpretation of result) often remains
challenging (= 24 hours) while point-of-care diagnostic tests are anticipated to provide specific
and sensitive answers at the bedside with minimal delay, making rapid diagnostic tests
(RDT’s) arguably the best solution for management of diseases in resource constrained

settings (< 2 hours) (Bissonnette et al., 2012).

1.3. Point-of-care diagnostic tests

Point-of-care testing is defined as “patient specimens assayed at or near the patient with the
assumption that test results will be available instantly to assist caregivers with immediate
diagnosis and/or clinical intervention and to make a decision or take appropriate action, which
will lead to an improved health outcome”, and therefore need to meet the “ASSURED” criteria
of being affordable, sensitive, specific, user friendly, rapid and robust, equipment free and
delivered (Pai et al., 2012). Point-of-care tests play an important role in disease prevention and
management since caregivers can initiate appropriate treatment, reducing disease
transmission, further reducing the need for patient follow-up visits (Loubiere et al., 2010; Pai et
al., 2012). In addition, point-of-care tests could reduce the workload for rural
clinics/laboratories, streamline care where large numbers of patients are treated daily and can
potentially empower patients to self-test in the privacy of their own homes (Loubiere et al.,
2010; Pai et al., 2012).



Point-of-care tests are often based on microbial particle-based or antibody-based detection
(Gubbins et al., 2014). Point-of-care tests are generally more affordable, and equipment free,
however newer possibly more sensitive second generation point-of-care technologies that
require equipment have been developed, including cartridge-based nucleic acid amplification
tests. A third generation of point-of-care tests involving hand-held devices and mobile phone-
based devices are an active area of development (Pai et al., 2012). Point-of-care tests are

classified into five distinct types, based on the setting in which they are used (Figure 1.1.).

TPP1: HOME TPP2: COMMUNITY TPP3: CLINIC /HEALTH POST TPP4: PERIPHERAL LAB TPP5: HOSPITAL
(Out-patient) (In-patient)

Testing in the clinic by
healthcare providers
(e.g. doctors, nurses)

User: Clinic staff
Device: RDT, handheld
instruments

Testing in the
peripheral laboratory
User: Labtech

Testing of in-patients
in hospitals
(e.g. ER, OR, ICU)

Testing in the community
by health workers
(e.g. village workers,

paramedics)

User: Minimally trained
health worker

Device: RDT
Purpose: Triage and

referral /

-3

HIV self-testing Malaria, HIV, HIV, malaria, syphilis, TB, HIV, malaria, HBV, C.diff, TB, HIV, malaria, HBV,

User: Hospital staff

ROT (pregnancy-
type) or dipstick
Selfassessment
and referral

Device: RDT, molecular
tests, ELISA,
microscopy, etc

Device: RDT, molecular,
smears, etc

Purpose: Diagnosis and
treatment

Purpose: Diagnosis
treatment
monitoring

Purpose: Diagnosis
treatment

monitoring /

Simplest

Relatively sophisticatea

l |

dengue dengue, Strep A CD4, HCV, MRSA, flu, HCV, flu, MRSA CD4,
UTI, viral loads, etc. Strep A, C.diff, etc.

Figure 1.1: Target product profiles (TPP), users and settings within the point-of-care spectrum. HBV:
Hepatitis B virus, HCV: Hepatitis C virus, UTI: Urinary tract infection, MRSA: methicillin-resistant
staphylococcus aureus, C. diff: clostridium difficile, Strep A: group A streptococcus. Reproduced from
(Pai et al., 2012).

As illustrated in Figure 1.1, the point-of-care test can range from a simple dipstick assay to an
automated molecular test, or portable analyser, while a single test (e.g. lateral flow assay) may
be used across all five TPP settings, with certain devices being limited to certain users and
TTP (e.g. ELISA, microscopy) (Pai et al., 2012).

Although point-of-care tests are available for a variety of diseases (e.g. HIV, malaria, dengue,
syphilis, hepatitis), are inexpensive and often meet the ASSURED criteria, these tests will not
have any impact unless they are widely used and followed with an appropriate treatment
regime (Cobelens et al., 2012). In high transmission areas where adequate resources and
healthcare infrastructures are limited, effective diagnosis, prevention and treatment of disease
(e.g. malaria) is challenging. In these resource constrained settings, lateral flow diagnostic

devices and dipstick assays are considered the preferred solution for true point-of-care
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diagnostics as they do not require electricity, clean water, or cold storage, and are easy to use

and interpret by individuals with minimal training (Urdea et al., 2006).

1.4. RDT detection agents

Lateral flow assays are the most suitable diagnostic technology for use at true point-of-care,
they are unfortunately the least sensitive (Goryacheva et al., 2013; Sajid et al., 2014) . Two
main approaches are potentially suitable to target the limitations of current lateral flow
diagnostic assays: improve the materials and detection methods of the assay; develop new
labels or label systems which would improve the analytical signal generated (Goryacheva et
al., 2013).

An alternate avenue of improving sensitivity is to improve the immobilisation of the capture
antibody onto the nitrocellulose membrane (Fribe et al., 2009). Currently, capture antibodies
are immobilised onto the nitrocellulose via adsorption which results in a monolayer of randomly
immobilised antibodies of approximately 0.4 pg.cm? (Fribe et al, 2009). Oriented
immobilisation of the capture antibody to the nitrocellulose membrane surface is an area which
has been investigated to improve the functional activity and stability of the immobilised
antibodies in lateral flow assays (Rejeb et al., 1998). The surface of the nitrocellulose
membrane can be functionalised to amine groups which allow for covalent oriented
immobilisation of oxidised antibody and subsequently result in maximum paratope (antigen
recognition site) availability (Rejeb et al., 1998). The study by Rejeb et al., 1998 illustrated that
the functionalised membrane had reduced non-specific binding and that the functionalisation
process did not affect the porous state of the membrane (Rejeb et al.,, 1998). Oriented
immobilisation of the capture antibody may have its advantages; however, as only the top layer
(10 um) of the three-dimensional nitrocellulose membrane is capable of being visualised, any
detection agents captured below this top layer (oriented or randomly immobilised) will remain
undetected (Puertas et al., 2010; Wang et al., 2009b).

The choice of a detector particle is driven by several key factors such as the necessity for
stability (covalent attachment versus passive adsorption) , qualitative versus quantitative
results, level of sensitivity, need for multiplex detection, and the cost of manufacturing (Wong
et al., 2009). The most common detector labels used in lateral flow assays are colloidal gold
and latex (Wong et al., 2009).

The first account of a diagnostic immunoassay utilising an antibody-conjugated colloidal gold
nanoparticle (AuNP) as a detector reagent was reported in 1981 (Leuvering et al., 1981).

Colloidal gold is currently the most widely used label available in lateral flow diagnostic
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immunoassay due to its stability and sensitivity, in addition to well established and reproducible
manufacturing (Wang et al., 2009a). A colloidal gold particle consists of an elemental gold core
surrounded by a double ionic layer of negative charges and often 20 — 40 nm in diameter for
lateral flow application (Wong et al., 2009). Colloidal gold (conjugated and unconjugated) is
readily available from commercial sources, is nontoxic, has an intense colour which is easily
detected and remains stable in both liquid and dried forms (Wong et al., 2009). The advantage
of colloidal gold over alternate particles is its mobility in the porous nitrocellulose membrane
and being less susceptible to aggregation (Shyu et al., 2002). The drawbacks include leaching
of the antibody (not covalently attached), as well as only providing for single colour detection,
where the colour intensity is related to the size of the colloidal gold particle (Chenggang et al.,
2008). The range of disadvantages have led to an active field in the research and development
of new detection agents due to the potential benefit of improved sensitivity for point-of-care

diagnosis.

Various new particle preparations have been explored in the development of lateral flow
assays with the aim of improving sensitivity, while retaining the specificity of current
commercially available detector particles, namely colloidal gold nanoparticles and latex (Sajid
et al., 2014). Detector particles that have been considered are magnetic particles, colloidal
carbon, colloidal selenium, silver nanoparticles (including enhancement of detection through
signal amplification), quantum dots, up-converting phosphor, organic fluorophores, colloidal
“dyes”, liposomes and enzymes (Gao et al., 2014; Goryacheva et al., 2013; Sajid et al., 2014;
Wong et al., 2009).

The approaches to enhancing the signal of colloidal gold are to either modify the colloidal gold
nanoparticles without affecting the assay procedure, or to incorporate additional steps
(enhancements) to the procedure, resulting in a multi-step assay format (Goryacheva et al.,
2013). The use of silver and gold conjugated nanoparticles is an example of modifying the
colloidal gold nanoparticle, where the core of the nanoparticle consists of silver and the shell
consists of gold nanoparticles, which resulted in enhanced sensitivity with stability comparable
to the conventional colloidal gold nanoparticles (Liao et al., 2010). Several techniques have
been developed to enhance the signal at the test-line of lateral flow assays after assay
development, including silver nanoparticles and conjugated enzymes (Goryacheva et al.,
2013). Silver enhancement involves submerging the gold nanoparticle labelled membrane into
a silver solution containing a reducing agent (Goryacheva et al., 2013; Horton et al., 1991;
Linares et al., 2012). The transfer of electrons from the reducing agent in the solution to the
silver ions results in the deposition of metallic silver at the site where colloidal gold is present
and has been shown to increase sensitivity of the assay 100-fold (Horton et al., 1991). This

technique is however restricted by the requirement of additional assay steps and the preceding
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wash steps are crucial in removing interfering ions (Goryacheva et al., 2013). Enzyme
enhancement involves the incorporation of an enzyme label (e.g. horseradish peroxidase,
alkaline phosphatase) into the conjugated antibody on the detector particle (Gao et al., 2014;
Goryacheva et al., 2013; Sajid et al., 2014). In this technique the developed membrane is read
with a strip reader after being submerged into a substrate solution (Goryacheva et al.,
2013).The chromogenic substrate results in a darker colour at the capture lines when
compared to the unmodified gold nanoparticles with claimed enhanced sensitivity of one order

of magnitude (Parolo et al., 2012).

Colloidal carbon (carbon black), colloidal iron oxide (magnetic nanoparticles) and colloidal
dyes have also been explored for their use in enhancing lateral flow detection (Goryacheva et
al., 2013). The black colour of colloidal carbon nanoparticles allows for easy visual detection
and was first used as a label in rapid immunochromatographic tests in 1993 with claimed
sensitivities close to that of an ELISA (Van Amerongen et al., 1993). Colloidal carbon can be
functionalised with various biological molecules and is further considered an inexpensive
detection agent (Sajid et al., 2014). The performance of carbon black was compared to silver
enhanced gold, colloidal gold and latex nanoparticles, and was found to be 100 times more
sensitive than the standard colloidal gold, with a lower detection limit of 0.01 pg.ml™ compared
to 0.1 ug.ml’, 1 ug.ml™ and 1 mg.ml” for silver enhanced gold, colloidal gold and latex
respectively (Linares et al., 2012). Carbon black particles range between 150 = 50 nm in size
and may form aggregates (0.5 — 2 ym), although the low density of the particles allow for larger
particles to be used in lateral flow, subject to the membranes having suitable pore sizes of 8 —
12 times the diameter of the aggregates (Linares et al., 2012). However, this label has not
achieved wide adoption possibly due to the presence aggregates and irregular shaped
particles (Sajid et al., 2014). Colloidal iron oxide labels have been used for enhanced detection
due to their magnetic properties and the ability to read the signals at the capture lines with a
simple magnetic particle detector (Goryacheva et al., 2013; Handali et al., 2010; Nor et al.,
2012; Sajid et al., 2014; Wang et al., 2009b). Advantages of using magnetic nanoparticles is
the stability of the signal since the signal does not degrade over time and where only the top
10 ym of the nitrocellulose membrane is available for visual detection, the use of magnetic
nanoparticles allows for measurement of the magnetic signal throughout the depth of the
membrane, resulting in claimed enhancement in sensitivities from 10 — 1000-fold (Wang et al.,
2009b). Colloidal dyes make use of organic nanoparticles which are loaded with a colourless
indigo dye precursor (5-bromo-4-chloro-3-indolyl acetate) and coupled to antibodies. The dyed
particles are activated through hydrolysis to produce a blue compound (5-bromo-4-chloro-3-
hydroxyindole), which in turn oxidises to become an insoluble precipitate (5,5-dibromo-4,4'-

dichloro-indigo) (Mak et al., 2011). The advantage of this approach is that the visibly



detectable signal is both quantitative and qualitative with a signal to noise ratio 2 times higher

than that of conventional colloidal gold (Mak et al., 2011).

Fluorescent labels (e.g. rhodamine, cyanine, fluorescein) are widely used in diagnostic
detection due to their high sensitivity and potential for simultaneous detection of multiple
analytes (multiplexing) which can be quantified (Wang et al., 2006). The use of single
fluorescent labels in membrane based assays are limited due to the high light scattering
caused by the membrane support and the interference of internal fluorescence caused by the
assay proteins and analytes (Goryacheva et al., 2013). They are therefore incorporated in
microspheres (polystyrene) or by doping of silica nanoparticles (Choi et al., 2004; Goryacheva
et al., 2013; Nooney et al., 2012; Oh et al., 2009). Quantum dots are inorganic luminescent
semiconducting nanocrystals that are water dispersible and can easily be combined with
biomolecules for use in diagnostic assays with a claimed enhanced sensitivity of 10-fold when
compared to colloidal gold (by UV light analysis) (Goryacheva et al., 2013; Sajid et al., 2014).
Quantum dots are however toxic and their disposal is currently of concern for point-of-care
application (Sajid et al., 2014). The toxicity of quantum dots can be overcome by incorporation
into silica nanoshells (Bruchez et al., 1998). The limit of detection using CdTe quantum dot test
strips decreased by 10-fold when compared to colloidal gold test strips (Yang et al., 2010). Up-
converting phosphors (UCPs) have received much attention in lateral flow assay development
(Sajid et al., 2014). UCPs are photo-luminescent inorganic crystals consisting of rare earth
metals, capable of photon up-conversion upon photon absorption (Riuttamaki et al., 2014).
These UCPs combine absorber and emitter ions in sub-micron sized crystals of 200 — 400 nm
in diameter, to up-convert low-energy (infra-red) radiation to high-energy (visible) light, by
making use of a multiphoton absorption process and phosphorescence emission (Hampl et al.,
2001).Detection of UCPs remains unaffected by the environment (e.g. buffer composition,
assay temperature) with minimal background signal and no photo-bleaching (Hampl et al.,
2001). UCPs enable multiplex detection, while the brightness of the crystals and the absence
of auto-fluorescence support quantification over a wide range of analyte concentrations (Hampl
et al., 2001). The use of UCPs in diagnostics such as lateral flow assays, result in enhanced
sensitivity of 10 — 100-fold when compared to colloidal gold and coloured latex beads under
the same experimental conditions (Corstjens et al., 2001; Hampl et al., 2001). Disadvantages
of using UCPs include the complex preparation and labelling processes, the non-specific
binding of untreated phosphor particles with biomolecules and the requirement for surface

modification to enable bio-conjugation (Goryacheva et al., 2013).

Latex particles have also been incorporated into lateral flow immunoassays with several
claimed advantages over colloidal gold as a detector agent. The surface of latex particles can

be functionalised (carboxylation, amidation, hydroxylation, amination) to facilitate antibody
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attachment and increase stability of attached capture agents through covalent coupling
chemistries (Gella et al., 1991; Wong et al., 2009). A requirement for quantitative lateral flow
diagnostic devices is the reproducible attachment of the antibodies (Wong et al., 2009). Latex
particles can also incorporate a variety of colour dyes, allowing multiple ligands to be
conjugated covalently to different coloured particles for multiplexing, with simple interpretation
of diagnostic results (Wong et al., 2009). The disadvantage of latex however is its tendency to
aggregate and the modified latex particles often require an optical instrument to measure the
signal (reflectance, contrast, colour change or fluorescence), increasing the potential cost of
diagnosis, but providing for quantitation for e.g. monitoring of treatment (Shyu et al., 2002;
Wong et al., 2009). The aggregation of latex is a major concern in a lateral flow diagnostic
device since, unlike colloidal gold aggregation which is visible, there is no distinct colour
change with latex aggregation and it remains undetected in the assay, leading to reduction in
assay sensitivity (Wong et al., 2009). Colloidal gold remains more sensitive than standard
coloured latex beads due to the smaller size of colloidal gold allowing higher packing density of
the nanoparticles at the capture lines on the nitrocellulose membrane and the higher colour
intensity of colloidal gold allows for better discrimination of low positive signals in an assay (O'
Farrell, 2013). The sensitivity limitations of latex are however overcome with the use of

alternate (fluorescent) labels.

The current commercial standards, colloidal gold and latex, unfortunately do not provide a
universal solution to the key lateral flow assay requirements. Should an assay require covalent
attachment of antibodies then only latex can be considered since colloidal gold utilises
adsorption via hydrophobic and electrostatic interaction (Wong et al., 2009). If sensitivity is
required colloidal gold would be the preferred detector due to its small size and its ability to
give a higher packing density on the capture (control and test) lines of lateral flow devices,
while multiplex detection would favour the use of latex beads (Wong et al., 2009). Both
particles would potentially benefit from the use of a reader while latex particles labelled with
fluorescent labels could result in enhanced sensitivity (with reader) while the cost for both
colloidal gold and latex based assays are comparable from colloidal gold suppliers such as
British BioCell International, Diagnostic Consulting Network and latex bead suppliers such as
Bangs Lab, Dynal and Merck (Wong et al., 2009).

A new high capacity polymer microsphere technology (termed ReSyn) has several features
which could alleviate the limitations of current RDT lateral flow detection particles. The polymer
microspheres have a comparatively higher functional group density, potentially providing for
enhanced stability of immobilised biologicals through multipoint covalent attachment (Brady et
al., 2009; Twala et al., 2012). The microspheres may be coloured to provide for multiplex and

quantitative detection in lateral flow, while the high capacity of the microspheres and high
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functional group density may potentially provide for a high chromophore capacity, increasing
the contrast against the nitrocellulose membrane, further improving assay sensitivity for visual
detection. Considering this is a polymer microsphere technology, it may be suitable for

multiplex detection, and further provide for quantitative detection of biomarkers.

1.5. Malaria

Malaria is an infectious disease which affects approximately 40% of the world’s population and
has become widespread through tropical and sub-tropical regions, including America, Asia and
Africa (Bell et al., 2006). Malaria is a disease which is often associated with poverty, causing
febrile illness and contributing to the high mortality and morbidity rates found in the tropics (Bell
et al., 2006). Out of the 109 countries reported to be endemic for malaria, 45 are located in
Africa (WHO, 2009). It has been estimated that approximately 216 million clinical cases occur
annually around the world, with 85% in sub-Saharan Africa and an approximate mortality of
655 000 deaths in 2010 (del Prado et al., 2014; White et al., 2014; WHO, 2009). The majority
of the countries affected by malaria simply do not have the health infrastructure or resources to
effectively combat the disease and this eventually leads to poor economic growth and
persistence of the disease (Bosman et al., 1999). The global distributions of the Plasmodium
species that are associated with malaria incidence in humans (Plasmodium falciparum,
Plasmodium vivax, Plasmodium ovale and Plasmodium malariae) are illustrated in Figure 1.2
(Talman et al., 2007). The fifth species, known as Plasmodium knowlesi, primarily affecting
monkeys (with potential cross-species infection to humans) is not included due to its

comparatively low incidence (White et al., 2014).

P.falciparum P.vivax

Figure 1.2: A world map, illustrating the global distribution of common Plasmodium species in red
(reproduced from Talman et al., 2007). Dots represent locations where the various Plasmodium species

have been reported.
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The effect of malaria on economic growth, human health and longevity is of major concern for
developing countries (Makler et al., 1998; Sachs et al., 2002). Malaria is a poverty related
disease and the economic burden of malaria has been estimated to cost African countries
more than $12 billion per annum, with approximately 40% of the African health expenditure on
malaria alone (Kokwaro, 2009). In 2005 the World Health Organisation (WHO) estimated that a
larger quantity of anti-malarial drugs were distributed/administered compared to the quantity of
rapid diagnostic tests purchased, suggesting the possibility that anti-malarial drugs are
potentially wasted on patients with non-malarial disease (Bell et al., 2006). Research aimed at
improved malaria diagnostics receives less than 1% of the overall annual research and
development expenditure on malaria, compared to 37% for drug discovery and development
research, even though the ultimate impact of improved diagnosis for the management of the

disease potentially has a greater effect on morbidity of the disease (Bell et al., 2006).

All five identified Plasmodium species exhibit a similar life cycle consisting of an insect vector
and a vertebrate host, with minor variations in the time taken to complete a full lifecycle (White
et al., 2014). The sexual stage of the parasite lifecycle occurs in the female Anopheles
mosquito while the asexual stage occurs within the human host (Figure 1.3) (White et al.,
2014).
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Figure 1.3: Lifecycle development stages of the malaria parasite in the human and mosquito host
(reproduced from White et al., 2014).

The female mosquito requires a blood meal to facilitate egg production and during the feeding
process, thousands of haploid sporozoites from an infected mosquito are injected into a human
host where they travel via the blood stream to the hepatocytes (White et al., 2014; Winzeler,

2006). Once the sporozoites have invaded the hepatocytes they asexually reproduce to
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merozoites which, once released into the blood stream, proceed to invade new erythrocytes
(White et al., 2014; Winzeler, 2006). Each sporozoite produces between 10 000 and 30 000
new merozoites within 1 week after hepatocyte invasion, with an asexual blood-stage cycle of
72 hours for P. malariae, 48 hours for P. falciparum, P. vivax and P. ovale, and 24 hours for P.
knowlesi (White et al., 2014). Within the erythrocytes the parasite consumes the red blood
cell’'s contents, alters the cell membrane to facilitate nutrient exchange and matures from the
ring stage to the trophozoite stage, producing a mature schizont (White et al., 2014). Rupturing
of the mature schizont releases approximately 30 new merozoites into the blood stream to
infect/invade new erythrocytes (White et al., 2014; Winzeler, 2006). A small subset of the
parasites undergo gametocytogenesis in the human host to produce mature male and female
gametocytes (White et al., 2014; Winzeler, 2006). If these sexual forms of the parasite are
transferred to a mosquito during a blood meal, they undergo sexual reproduction in the
mosquito’s midgut to produce new sporozoites (through oocyst formation) which migrate to the
mosquito salivary glands and facilitate parasite transmission to the next host, completing the

malarial parasite life-cycle (Winzeler, 2006).

P. falciparum and P. vivax are considered the most important infectious human Plasmodium
species (Bosch et al., 2007; White et al., 2014). P. vivax is the most widespread malaria
parasite likely due to its potential for a dormant liver stage, where not all of the injected
sporozoites mature into schizonts but instead a proportion remain as hypnozoites and can
result in dormancy for up to 30 years (Hulden et al.,, 2011). P. falciparum has the highest
mortality rate and can rapidly progress to cause coma and death, while P. vivax, P. ovale and

P. malariae cause acute illness, but are rarely fatal (Bell et al., 2006).

There are over 400 different Anopheles mosquito species; 25 of these are regarded as
important malaria vectors, with A. gambiae and A. funestus the primary malaria vectors of P.
falciparum in Africa during the wet and dry season respectively (Gullan et al., 2010; Kelly-Hope
et al., 2009; Kiszewski et al., 2004; White et al., 2014). While most other species of mosquito
feed on animals, these malaria vectors preferably feed on humans, classifying them as
anthropophilic (Kiszewski et al., 2004; Sachs et al., 2002; Sinka et al., 2012). Figure 1.4
illustrates the global distribution of Anopheles mosquitos, clearly illustrating the dominance of

A. gambiae and A. funestus in central Africa (Sinka et al., 2012).
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Figure 1.4: Global distribution of dominant malaria vector species (reproduced from Sinka et al., 2012).

The future impact of global warming and climate change on malaria has become a public
health concern due to the possible spread of malaria and its vectors (Gething et al., 2010; Siraj
et al., 2014). The Plasmodium parasite undergoes an essential life-cycle change within the
mosquito prior to it becoming infectious to other hosts, which is highly dependent on
temperature (Sachs et al., 2002). Parasite transmission becomes less likely at temperatures
below 18 °C while parasite development ceases at temperatures below 16°C (Sachs et al.,
2002; Siraj et al., 2014). Furthermore, at lower temperatures, feeding declines and the rate and
stability of parasite transmission therefore decreases in temperate climates (Sachs et al.,
2002). Additional climatic features that affect parasite transmission include humidity and
rainfall, the effect of which are the topic of a study by Sachs et al. in 2002. It was suggested
that these changes may facilitate the spread and persistence of malaria into regions currently
unaffected and that the distribution range of Anopheles will shift outwards rather than jump into
different locations (Rogers et al., 2000; Tonnang et al., 2010). Of further concern for the
spread of malaria vectors and parasites that are introduced into unaffected areas through
travellers or trading activities, is the possibility of increased survival in these regions as a result

of climate change (Rogers et al., 2000; Tonnang et al., 2010).
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Figure 1.5: The current and predicted global distribution of malaria (reproduced from Rogers et al.,
2000).

1.6. Prevention and treatment of malaria

Preventative measures such as the use of insecticide treated bed nets (e.g. Pyrethroid) and
indoor spraying of DDT (dichlorodiphenyltrichloroethane) are effective control measures in
areas with moderate to high transmission rates, as both strategies kill the anopheles mosquito
vector (del Prado et al., 2014; White et al., 2014). Access to anti-malarial drugs is currently a
problem and would allow for successful treatment and reduced transmission rates (del Prado
et al., 2014; White et al., 2014). The extensive use of chloroquine and sulphadoxine-
pyrimethamine, as effective and low cost treatments for suspected malaria infection,
contributed to the rise of drug resistant parasites which has led to the introduction of more
expensive first line anti-malarial drugs such as artemisinin-combination therapies since 2007
(Kokwaro, 2009; Loubiere et al., 2010; Murray et al., 2008; Urdea et al., 2006).

In tropical and sub-tropical regions symptomatic diagnosis of malaria is problematic, especially
considering the range of disease with similar symptoms (headache, fever, diarrhoea) that may
result in incorrect diagnosis and thereby contribute to malaria mortality (Bell et al., 2006; Ly et
al., 2010; Murray et al., 2008; Tangpukdee et al., 2009). In addition, incorrect initial diagnosis
leads to late diagnosis, which contributes to the rise of drug resistant parasites due to incorrect
initial drug administration (Kokwaro, 2009; White et al., 2014).
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Anti-malarial drugs differ in their mode of action and the rate of parasite clearance: artemisinin-
based therapy has been shown to reduce the parasite burden in the body by a factor of 10*
with every treatment cycle; while previous front-line treatments including quinine,
sulphadoxine-pyrimethamine and mefloquine have shown to reduce the parasite burden by a
factor of 10°— 10% and antibiotics only reduce the parasite burden by a factor of 10 (Nosten et
al., 2004). The main objective for the treatment of uncomplicated malaria (non-specific
symptoms such as headache and fever are present, but there are no signs of vital organ
dysfunction/failure) is to effectively reduce the parasite burden, with the aim of ultimately
clearing the parasite biomass, further reducing the possibility of transmission (Bell et al., 2004;
Nosten et al., 2004; White, 2014). It has previously been shown that initiating treatment within
48 hours of fever onset allows maximum reduction in gametocyte burden, which prevents the
switch to gametocytogenesis (Nosten et al., 2004). Earlier detection could therefore effectively
decrease the rate of transmission, reduce drug expenditure and ultimately reduce mortality.
More recently, a possible vaccine targeted against the circumsporozoite protein of P.
falciparum, has been developed (White et al., 2014). A large clinical trial is currently underway
where this vaccine is evaluated in seven African countries and thus far it has shown good

safety, but only moderate efficiency (del Prado et al., 2014; White et al., 2014).

1.7. Malaria biomarkers

During the life cycle of the Plasmodium (malaria) parasite, several species specific antigens
are expressed at different stages, and these antigens may be used as biological markers for
disease detection and diagnosis (Bell et al., 2006; Drakeley et al., 2009; White et al., 2014).
The parasite specific antigens (biomarkers) most often used for malaria detection are histidine
rich protein 2 (HRP2), Plasmodium lactate dehydrogenase (pLDH) and aldolase, which are
secreted into the blood throughout the asexual lifecycle stages of the parasite (Bell et al.,
2006). HRP2 is a heat-stable, water soluble antigen specific for detection of P. falciparum,
while pLDH and aldolase are conserved key enzymes of the malaria parasite’s glycolytic
pathway, which are suitable as biomarkers for detection of all Plasmodium species that infect

humans, and are thus classified as pan-species reactive (Bell et al., 2006).

Infection with Plasmodium falciparum mediates parasite dependent alterations of the
erythrocyte membrane, resulting in the development of surface protrusions (knobs) which
enable erythrocyte sequestration (adherence of red blood cells containing late stage malaria
parasites to the capillaries and therefore are not available in the blood (Leech et al., 1984).
Erythrocytes containing early stage malaria parasites (rings) do not express the surface
protrusions (knob negative) and circulate in the blood stream, while erythrocytes containing

late stage malaria parasites (trophozoites and schizonts) express the surface protrusions
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(knob positive) and sequester to the endothelium of capillaries (Howard et al., 1986; Leech et
al., 1984). HRP1, HRP2 and HRP3 are proteins synthesised by Plasmodium falciparum, with
HRP1 solely expressed by knob positive infected erythrocytes, HRP2 expressed in both knob
positive and knob negative erythrocytes and thus found in high abundance, with HRP3
structurally similar to HRP2 but found in the lowest abundance (Howard et al., 1986; Rock et
al., 1987).

HRP2 is a 60 — 105 kDa protein produced by the asexual and early sexual stages of the
parasite and is composed of 10% aspartic acid residues, 34% histidine residues, and 37%
alanine amino acid residues (Baker et al.,, 2010). The protein is exported through the
erythrocyte cytoplasm, accumulates in the extracellular plasma and may be detected in serum,
plasma and urine (Desakorn et al., 2005; Kifude et al., 2008). Theories have suggested the
possible roles of HRP2 to be detoxification of free haem by polymerisation of haem into
hemozoin; however, the protein has further been implicated in remodelling of the erythrocyte
cytoskeleton, modulating the host immune response, and inhibiting neutrophil-mediated
immune response required to kill the asexual form of P. falciparum (Baker et al., 2010;
Desakorn et al., 2005; Howard et al., 1986). The localised concentration of HRP2 increases
throughout the intra-erythrocytic developmental cycle of the parasite and most of the antigen is
released during rupturing of the schizont and has been detected in synchronised in vitro
cultures as early as 2-8 hours after ring development, thus being the ideal biomarker for
Plasmodium falciparum detection (Kifude et al., 2008). Quantification studies have revealed
that each parasite excretes an average of 5.2 femtogram HRP2, with a mean plasma
elimination half-life of 3.67 days (Desakorn et al., 2005; Fogg et al., 2008).

Tests based on HRP2 have been shown to provide sensitivities and specificities in excess of
90% when there are between 60 — 100 parasites.ul” of blood (Makler et al., 1998). HRP2
expression is limited to P. falciparum and assays are indicative of infection with this species
only, while infection with the remaining three species can remain undetected and may be
misdiagnosed as malaria-negative (Makler et al., 1998). Previous studies have found that
HRP2 antigen remains in the blood for several weeks after the parasites have been cleared
from the host and therefore, these assays are not suitable for monitoring parasite clearance
during malaria treatment (Makler et al., 1998). False-positive results have also occurred as a
result of cross reactivity with a rheumatoid factor (Wongsrichanalai et al., 2007). However,
replacement of IgG antibodies with IgM has been shown to eliminate this problem
(Wongsrichanalai et al., 2007). Recent episodes of fever have also been found to affect the
sensitivity of the assay as fever often produces high levels of circulating non-specific

heterophilic antibodies, that can result in false positives (Bell et al., 2006).
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Malaria parasites lack the citric acid cycle and depend on anaerobic glycolysis for energy
production, where the infected red blood cell utilises glucose at a much higher rate than normal
red blood cells, resulting in parasitized red blood cells consuming 30 — 50 times more glucose
than the human host (Brown et al., 2004; Choi et al., 2007). pLDH is one of the most abundant
Plasmodium enzymes and is involved in this anaerobic metabolism, catalysing the reduction of
pyruvate to lactate using nicotinamide adenine dinucleotide (NADH) and 3-acetaylpyridine
adenine dinucleotide (APAD) as co-factors (Choi et al., 2007; Talman et al., 2007). Parasite
pLDH is a 316 amino acid protein found in the cytosol and it has been proposed that parasite
pLDH is present at higher levels in trophozoites than in the ring stage due to the increased
metabolic requirements (Gomez et al., 1997; Wiwanitkit, 2007). This antigen is produced
solely by viable parasites and pLDH-based assays are capable of detecting all malaria causing
species, allowing for the monitoring of anti-malarial therapy (Makler et al., 1998). Various
assay formats have been explored for pLDH using immunocapture, dipstick and immunodot

techniques for diagnosis (Kakkilaya, 2003).

Aldolase is a key enzyme in the glycolytic cycle of the parasite, ultimately assisting in the
generation of adenosine triphosphate (ATP) (Moody, 2002). Higher vertebrates have three
tissue specific aldolase isoenzymes while P. falciparum and P. vivax only possess one
aldolase isoenzyme, which is 396 amino acids in length and is relatively conserved with a
molecular weight of 41kDa (Dzakah et al., 2013; Lee et al., 2006; Tritten et al., 2009). Aldolase
is believed to interact with actin and thrombospondin-related anonymous protein (TRAP) which
are associated with the invasion machinery of the parasite (Bosch et al., 2007; Jewett et al.,
2003). Aldolase is considered a pan-specific antigen, is localised to the cytoplasm of the
parasite, and is often used in combination with HRP2, providing sensitivity of 75 — 95% at >500
parasites pl™" blood (Dzakah et al., 2013; Moody, 2002). The genetic diversity of this antigen in
P. falciparum and P. vivax is highly conserved, preventing detection failure which may be seen
with other antigens (Tritten et al., 2009).

Performance of rapid diagnostic tests are influenced by intra-species diversity of the
biomarkers, stage-specific expression of the antigens, and in vivo stability of the antigen (Bell
et al., 2006). HRP2 is highly variable and significant sequence variation has been observed
between PfHRP2 and PfHRP3 isolated within the same country (Baker et al., 2010). HRP2
protein diversity was shown to adversely affect the sensitivities of HRP2-based tests as certain
isolates in the Amazon region of Peru have been found to lack either HRP2, HRP3, or both,
which results in positive microscopic tests, but negative rapid diagnostic tests (Gamboa et al.,
2010; Tritten et al., 2009). In Peru, the overall frequency of parasites lacking HRP2 and HRP3
were 41% and 70% respectively, while 21.6% of the parasites lacked both genes (Gamboa et
al., 2010). The strains with deleted HRP2 genes however still remained positive for pLDH,
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supporting the need for multiplex rapid diagnostic assays (the simultaneous measurement of
more than one correlated analyte in a single sample) applicable for certain regions of the world
where these gene deletions are (or may become) common (Gamboa et al., 2010; Tozzoli,
2007).

1.8. Diagnosis of malaria

In 2004 the Bill and Melinda Gates Foundation selected malaria as one of the six priority global
diseases in the developing world with regards to diagnostics (Urdea et al., 2006). In high
transmission areas where adequate resources and healthcare infrastructures are limited,
effective diagnosis, prevention and treatment of malaria become extremely challenging due to
various factors such as parasite sequestration, life cycle development changes of the different
malaria species (time to complete a full life cycle differs), persisting viable and non-viable
parasitemia (active versus previous malaria infection), drug resistance, immunity and
population movement (David et al.,, 1983; Tangpukdee et al., 2009). The Global Malaria
Control strategy and the Roll Back Malaria initiative places emphasis on applying current
diagnostic tools effectively and developing new tools for improving the management of the
disease (WHO, 2000). Currently, various limitations exist for accurate, rapid, inexpensive and
sensitive diagnosis of malaria, and the “gold standard” for malaria diagnosis remains
microscopy (Wongsrichanalai et al., 2007). Although there are several diagnostic technologies
suitable for detection of malaria, true point-of-care diagnostics and disease management of

malaria still remains challenging.
1.8.1. Microscopy

Light microscopic examination of thick and thin blood smears stained with either Giemsa,
Wrights or Field’s stain, can provide information on the species, the stage, and the density of
parasitemia with a sensitivity of 5 to 10 parasites.ul™ of blood for well trained staff (Kakkilaya,
2003; Makler et al., 1998; Moody, 2002; Murray et al., 2008). The different stages of the
parasite (ring, trophozoite and schizont) are morphologically different, with the ring stage
having a characteristic “ring” with a large chromatin dot, the trophozoite stage having a denser
pigment and larger chromatin dot and the mature schizont stage having a large nuclei
containing merozoites clustered around a dark course mass (White, 2014). For quantification
purposes, thick blood smears are preferred since they can provide improved sensitivity at low
parasitemia, while a major disadvantage of this procedure is the potential lysis of erythrocytes
during the staining procedure, that can result in irregularities and difficulties in interpretation

(Moody, 2002). Thin blood smears, stained with Giemsa or Wright’s stain, provide a monolayer
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of erythrocytes and can allow for morphological identification of the infecting Plasmodium

species with greater specificity (Makler et al., 1998; Moody, 2002).

The detection threshold for Giemsa stained thick blood smears is estimated to be 4 — 20
parastites.ul” blood. However, under field conditions this threshold is considered closer to 50 —
100 parasites.ul’ (Tangpukdee et al., 2009; Wongsrichanalai et al., 2007). Unfortunately,
microscopy is prone to human error, and accuracy is dependent on several factors including
level of staff training, condition of the microscope, workload of the staff, and quality of the
laboratory reagents and supplies (Wongsrichanalai et al., 2007). Blood film preparations may
generate artefacts formed from stain precipitation, dirt and cell debris resulting in false-
positives while false-negative results often occur at low parasite densities (Figure 1.6;
Wongsrichanalai et al., 2007). Although microscopy is still considered the gold standard for
malaria diagnosis, it is evident in Figure 1.6 that microscopy in the hands of an inexperienced

microscopy analyst could result in incorrect diagnosis.

Figure 1.6: Examples of Giemsa stained thick (top) and thin (bottom) blood smear of artefacts that may
result in incorrect diagnosis, reproduced from Wongsrichanalai et al., 2007. A: Early trophozoite of P.
falciparum; B: Two ring forms that look like artefacts; C — H: Artefacts that resemble P. falciparum

trophozoites on thin film C — F and thin film G — H.

Fluorescent microscopy has also been considered useful as an enhanced detection method in
the diagnosis of malaria since DNA-binding fluorescent dyes are used to identify infected red
blood cells containing parasite deoxyribonucleic acids (DNA) present in the parasite nucleus
and fluoresce strongly when excited by UV light (Makler et al., 1998; Moody, 2002). Acridine
orange (AO) and benzothiocarboxypurine (BCP) are two commonly used fluorochromes for
malaria staining. A diagnostic technique called the buffy coat method uses AO to stain
parasites in a specialised capillary tube, followed by differential centrifugation and visualisation
(Mattia et al., 1993). Rhodamine-123 may be used for assessing parasite viability, since this
dye is only taken up if the parasite membrane is functional, potentially allowing for monitoring
of parasite clearance during treatment (Moody, 2002). Methods utilising AO as a stain provide

sensitivity and specificity values of 41 — 93% and >93% respectively, at ~100 parasites.pl”
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(Moody, 2002). BCP stains the nucleic acids of viable parasites intensely while leaving the
erythrocyte inclusions and leukocytes poorly stained, which allows for the rapid and accurate
examination of lysed blood, either in suspension or on the unfixed thick blood film with
sensitivity and specificity values of >95% (Moody, 2002). The use of AO and BCP however has
its limitations, since fluorescent methods require specialised training, equipment (fluorescent
microscope) and reagents (toxicity requires special disposal) (Makler et al., 1998).
Furthermore, these techniques fail to differentiate among Plasmodium species (Makler et al.,
1998).

Figure 1.7: Fluorescent microscopy for the detection of malaria. A: Acridine Orange in the Quantitative

Buffy Coat method and B: Benzothiocarboxypurine method. Reproduced from Moody et al., 2002.

1.8.2. Molecular diagnosis

Various molecular DNA based techniques have been employed for use in malaria diagnostics
and include polymerase chain reaction (PCR), microarray, loop-mediated isothermal
amplification (LAMP), mass spectrometry (MS) and flow cytometry (FCM) (Tangpukdee et al.,
2009).

PCR has been successfully used in malaria diagnostics to provide high sensitivity (parasitemia
of 5 parasites.ul™") and 100% specificity for all 4 human infective species (Kakkilaya, 2003;
Makler et al., 1998; Moody, 2002). Nested and multiplex PCR have been used to amplify
various genes of Plasmodium, such as the small sub-unit 18S rRNA, the large sub-unit RNA
and circumsporozoite genes (Moody, 2002). PCR technology is reported to be 10-times more
sensitive than microscopy and thus, amplified parasite DNA can be detected in other non-
invasive samples such as urine or saliva with sensitivity and specificity of 73% and 97%

respectively (saliva) (Sutherland et al., 2009).

The LAMP technique for malaria diagnosis uses isothermal amplification (does not require
temperature cycling) and is considered simple and inexpensive, involving the detection of the
18s rRNA gene of Plasmodium (conserved in each species), which allow the various species
to be distinguished in a mixed infection (Tangpukdee et al., 2009). LAMP is considered

potentially more affordable than PCR and has potential for use in rural clinical settings, as it
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requires minimal equipment (a water-bath or heat block) but the reagents for this technique are
expensive and require cold storage. Although LAMP has a detection limit of > 5 parasites.ul”
blood, each LAMP assay can only detect a single Plasmodium species and thus mixed
infections will require more than one LAMP assay to be used (Poéschl et al., 2010;
Sirichaisinthop et al., 2011; Tangpukdee et al., 2009). In addition LAMP is highly susceptible to
false positives if the sample is contaminated with small amounts of DNA (Hsiang et al., June
2014). Microarray technology enables the detection/probing of multiple targets in a single
sample and would be ideal for point-of-care diagnostics if the technique could potentially be

miniaturised and automated (Tangpukdee et al., 2009).

1.8.3. Hemozoin detection

Flow cytometry has been evaluated as a diagnostic tool and is based on detecting hemozoin, a
parasitic crystallised pigment in the parasite food vacuole which is formed when the parasite
digests host haemoglobin (Gascoyne et al., 2004; Tangpukdee et al., 2009). The presence of
hemozoin is detected by the depolarisation of the laser light when the cells pass through the
detection channel, and potentially provides sensitivity and specificity values of 49 — 98% and
82 — 97% respectively (Tangpukdee et al., 2009).

Mass spectrometry is potentially a rapid, robust, automatable and high throughput technique
for malaria diagnostics with sensitivities of 10 parasites.ul™ of blood (Tangpukdee et al., 2009).
This technique comprises of cleaning up the whole blood sample which is then subsequently
analysed through a direct UV laser desorption mass spectrometer, and identifies heme from
hemozoin (Tangpukdee et al., 2009). Both flow cytometry and mass spectrometry do however
suffer from the same drawbacks, including the requirement for expensive equipment and

facilities, and highly trained and skilled staff (Tangpukdee et al., 2009).

1.8.4. Immunoassay

Enzyme immunoassays (EIA) and Enzyme linked immunosorbent assay (ELISA) (refer to
section 3.1 and Figure 3.2) utilise enzyme-labelled antibodies to detect biological molecules
(antigens, proteins) in samples and is a technique widely used as a diagnostic tool (Lequin,
2005; Noedl et al, 2006). The most commonly used enzymes for enzyme-based
immunoassays are alkaline phosphatase (AP) and horseradish peroxidase (HRP) since their
substrates are non-toxic and inexpensive, and provide a colour change that is easily observed
with the naked eye and measured spectrophotometrically (Voller et al., 1876). Radioactive
isotopes and fluorescent dyes may also be attached to the antibodies or antigens, referred to

as Radioimmunoassay’s (RIA) or immunofluorescence respectively (Voller et al., 1876). These
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techniques suffer the same drawbacks including the requirement for a detection instrument
and trained staff, limiting their application to point-of-care. Reducing these techniques to point-
of-care has necessitated the development of new, miniaturised readers, and the automation of

sample processing through e.g. microfluidic technologies (Gascoyne et al., 2004).

Nucleic acid lateral flow immunoassays (NALFIA) incorporate a PCR amplification step
followed by the lateral flow immunoassay, where the labelled amplicon products are captured
by specific antibodies present at the test and control lines (Matson, 2013). The performance of
NALFIA to detect all four human Plasmodium species have been evaluated with direct
comparison to PCR (combined with gel electrophoresis) and microscopy (Mens et al., 2008).
This technique was 10 fold more sensitive than gel analysis with a limit of detection in the
range of 0.3 — 3 parasites.ul™ (Mens et al., 2008). The performance of NALFIA was considered
good in both laboratory and field settings, with claimed specificity and sensitivity values of
94.8% and 97.4% respectively (Mens et al., 2012). This molecular tool, although labour
intensive, may potentially be advantageous in a point-of-care setting if inexpensive and
portable thermal-cyclers could be used with stabilised PCR reagents (Matson, 2013; Mens et
al., 2012).

Isothermal recombinase polymerase amplification (RPA) in combination with lateral flow, also
known as LF-RPA, amplifies DNA using oligonucleotide primers at temperatures just above
room temperature in less than 30 minutes, after which the amplicons are run on a lateral flow
assay (Kersting et al., 2014; Piepenburg et al., 2006). This diagnostic tool, requiring reduced
temperatures, may potentially overcome the limitations of NALFIA. This technique reduce the
requirement for instrumentation, and provides sensitivity and specificity comparable to
conventional PCR (Kersting et al., 2014). The performance of this diagnostic tool however still
needs to be evaluated in a resource limited field-setting to determine its suitability for point-of-

care diagnosis (Kersting et al., 2014).

Gel diffusion assays are also commonly used in clinical laboratories and are based on the
passive diffusion of antigens towards specific antibodies which result in precipitation lines in an
agar gel and allows for easy diagnosis of disease (Riley et al., 2002). This technique however

lacks sensitivity and is often prone to interpretation errors (Riley et al., 2002).

1.8.5. Emerging diagnostic technologies

Microfluidics and nanotechnology potentially provide solutions to sample processing (reducing
training requirements and potential for human error), improving disease detection and assay

performance (Yager et al., 2008). Microfluidic technology has been introduced to study disease
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pathogenesis with the hope of being used in the field for both diagnosis and prognosis of
diseases such as malaria (Antia et al.,, 2008). Microfluidics is a technology based on
manipulating microliter volumes of fluids/samples in micron-sized channels with claimed
advantages of being inexpensive, versatile and portable (Antia et al., 2008). The detection
reagents used in these emerging diagnostics include fluorescent and magnetic beads (Yager
et al., 2008). Microfluidics and nanoparticles are considered the next generation of diagnostic
technologies, with claimed advantages of improved sensitivity. However, several challenges to
their implementation as diagnostics remain, including toxicity of reagents and cost, currently
preventing their application for point-of-care diagnosis in rural communities (Yager et al.,
2008).

The Magneto Optical Test (MOT) has been evaluated as a fast and easy method of detecting
malaria parasites in resource poor settings since it does not require a stable source of
electricity (solar battery) or cold storage (Mens et al.,, 2010; Orban et al., 2014). The
fundamental principle behind the test is that the Plasmodium parasite digests globin from
haemoglobin, resulting in deposition of the toxic heme component in a rod-shaped, crystalline
hemozoin (Butykai et al., 2013; Mens et al., 2010; Orban et al., 2014). The MOT principle is
similar to flow cytometry and is based on detecting hemozoin (Mens et al., 2010). Hemozoin is
paramagnetic, allowing it to become temporarily magnetic when an external magnetic field is
applied. Therefore, any hemozoin crystals present in an infected sample will align within the
field of an externally applied magnetic force, a phenomenon known as the Cotton-Mouton
effect (Figure 1.8) (Mens et al., 2010).
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Figure 1.8: Schematic representation of the MOT diagnostic device principle reproduced from Mens et
al., 2010. (a) Lysed blood samples are placed between two poles of magnet and a laser beam passed
through sample before and during application of the magnetic field. The transmitted intensity is recorded
- if hemozoin is present the intensity of the transmitted magnetic signal increases. (b) No magnetic field,
crystals are randomly oriented and a baseline signal is obtained. (c) Application of magnetic field results

in crystals aligning, resulting in a measurable increase in intensity.
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The MOT method is considered a potentially high-throughput and affordable point-of-care
technology to rapidly screen patients for malaria, with an analytical sensitivity of 50 — 100
parasites.ul” (Mens et al., 2010). Studies using the rotating-crystal magneto-optical (MO)
diagnostic method on artificial (synthetic) hemozoin crystals (500 — 900 nm in length) resulted
in a detection threshold of 15 picogram hemozoin per pl of blood which is equivalent to < 30
parasites.ul”, but still requires validation in clinical testing (Butykai et al., 2013). The study was
repeated on synchronised in vitro P. falciparum cultures with resulting detection limits of 40
parasites.ul” for ring stage parasites, which are below the current threshold for RDT’s (100
parasites.ul” blood) and within the detection range of expert microscopy (Orban et al., 2014).
These studies were further performed on frozen blood samples and would need to be repeated
on freshly lysed blood in order to support diagnosis at true point-of-care (Orban et al., 2014).
The limitations of this technique also include the possibility of false positives, due to the
presence of hemozoin in blood after parasite clearance, and false negatives which could result
from infections containing early ring stage parasites with low levels of hemozoin (Orban et al.,
2014).

1.8.6. Point-of-care technologies: Rapid diagnostic tests

The technologies with potentially the most impact on the management of malaria, are RDT’s
that are expected to be stable, sensitive, accurate and simple to use and interpret (Bell et al.,
2006). They are characterised as having little to no requirement for trained staff and a simple
readout that is visually detectable (or at the least requires a simple reader for e.g.
quantification purposes). Unfortunately these tests are currently considered the least sensitive
and accurate for malaria diagnosis detecting between 100 — 500 parasites.ul™ of blood (Hatta
et al., 2008; Moody, 2002; Wongsrichanalai et al., 2007). The most prominent point-of-care

test formats include agglutination, dip-stick, and lateral flow assays.

The latex agglutination test, which is a rapid, simple and portable diagnostic test suitable for
biomedical field application, involves aggregation of antigen or antibody coated latex particles
in the presence of a specific biomarker (Polpanich et al., 2007). However, due to non-specific
proteins adsorbing to the latex particles, non-specific agglutination can occur, resulting in false
positives (Polpanich et al., 2007). Agglutination testing has been shown to have a lower
sensitivity and specificity when compared to lateral flow RDT’s. This was illustrated in a study
using hCG, where the agglutination assay resulted in sensitivity and specificity values of 82%
and 43% respectively, while the lateral flow assay resulted in comparative sensitivity and
specificity values of 99% and 100% respectively (Hassan et al., 2009). The principle of lateral

flow assays and agglutination assays is illustrated in Figure 1.9.
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Figure 1.9: Schematic representation of positive and negative results obtained with a lateral flow assay

and agglutination assay (adapted from Sajid et al., 2014).

The stability of RDT’s in tropical and sub-tropical areas is questionable, where high
temperature and humid storage conditions may lead to deterioration of components and
deformation of antigen-binding sites on the antibodies within these assays (Bell et al., 2006).
There are several factors that influence the suitability of these rapid diagnostic tests for malaria
including the antigen being detected. As an example, the accuracy of rapid diagnostic tests
may be adversely affected during treatment of malaria as certain antigens, such as HRP2,
have a tendency to persist in the blood for several weeks after treatment while other antigens
such as pLDH are rapidly cleared, and may thereby be used to monitor parasite clearance
during treatment (Bell et al., 2006).

Despite the numerous published lateral flow diagnostic test trial reports, it is difficult to
accurately compare their efficiency since these tests are not performed under equivalent
conditions, on the same epidemiological population, or under conditions prevalent in malaria
infected territories (Murray et al.,, 2008; Wongsrichanalai et al., 2007). This led to an
independent evaluation of the performance of selected commercially available lateral flow
malaria tests under standard conditions by the World Health Organisation in 2009 (WHO,
2009). The results from these studies revealed numerous limitations regarding the sensitivity
and specificity of these lateral flow diagnostic devices and are briefly summarised in Table 1.1
below.
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Table 1.1: Summary of Rapid Diagnostic Tests conducted by the WHO (WHO, 2009)

Rapid Diagnostic Antigen Sensitivity | Specificity Reference
Test detected 100-500 100-500
par.ul™ par.ul™
ParaSight-F HRP-2 >95% 97-99% (Kilian et al., 1997)
ICT Malaria Pf HRP-2 92.5-100% 96.2-98.3% | (Garcia et al.,, 1996; Gaye et al.,
1998; Jelinek et al., 2000; Kilian et
al., 1997)
ParaCheck HRP-2 ~94% ~87.3% (Fogg et al., 2008)
PATH Pf Malaria IC | HRP-2 96% 99% (Gaye et al., 1998)
ICT Malaria Pf/Pv HRP-2 95.5% (Pf) 89.8% (Pf) | (Tjitra et al., 1999)
Aldolase 75-95% (Pv) | 94.8% (Pv)
OptiMal pLDH 88.5% (Pf) 99.4 (Pf) (Jelinek et al., 2000)
61.5% (Pv) 100% (Pv)
ICpLDH pLDH 92% 100% (Piper et al., 1999)
ParaBank pLDH 84.7% 94.6% (Fogg et al., 2008)
CareStart pLDH 95.6% 91.5% (Fogg et al., 2008)
VstaPan pLDH 91.1% 89.6% (Fogg et al., 2008)

* For a more detailed review on current rapid diagnostic tests refer to WHO report entitled: “Malaria rapid

diagnostic test performance”

The current malaria rapid diagnostic tests are limited to blood based detection, which is
problematic in countries where drawing of blood is frowned upon, and there is potential for
accidental infection by the use of contaminated needles (Wilson et al., 2008). HRP2 antigen
has been detected in urine and saliva, albeit it at lower concentrations of the antigen in these
non-invasive body fluids (Wilson et al., 2008). Increasing the sensitivity of rapid diagnostic
tests may therefore allow for detection of malaria in these non-invasive samples and assist in

malaria management.

Rapid diagnostic tests are currently used by primary healthcare workers, but in conjunction
with other methods to confirm the results and monitor treatment (Tangpukdee et al., 2009). It is
thereby evident that new RDT’s for malaria offering improved sensitivity or stability could

potentially offer significant advantages to management of malaria in remote prevalent areas.

We therefore propose that the development of the ReSyn polymer microsphere technology as
lateral flow detection particles can address all the key requirements, possibly making it suitable
for all RDT applications. Due to the potential benefit of improved detection agents for the
management of malaria, we use this as a model disease for evaluation of the new detection
microspheres (ReSyn). This thesis aims to address the first step in the development of a new
platform for lateral flow detection agents, engineering of the ReSyn microspheres such that
they are suitable for flow on lateral flow membranes with sensitivities and specificities in the

range of the current commercial standard, colloidal gold.
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CHAPTER 2
MICROSPHERE ENGINEERING FOR LATERAL FLOW

2.1. INTRODUCTION

Emulsions comprise of two immiscible liquids, with one liquid (the dispersed phase) being
dispersed in the second liquid (the continuous phase), resulting in either an oil-in-water (o/w),
water-in-oil (w/0) or anhydrous emulsion (Malick et al., 1996). For emulsions to be made, the
liquids are often subjected to mechanical shear forces, such as vigorous stirring, in the
presence of an emulsifier (often a detergent), resulting in the otherwise insoluble substances
remaining dispersed in an aqueous phase (Malick et al., 1996). Microspheres that have been
formed by emulsion polymerisation have found application in for instance the development of
drug delivery systems, agglutination assays, nucleic acid hybridization assays and diagnostic
assays (Malick et al., 1996).

The physical and optical properties of microspheres are carefully considered in the context of
detection, handling and final application, and small spheres (with diameters in the range of 0.1
— 0.4 um) are ideal for lateral flow assays while larger microspheres (~4 — 10 ym) are ideal for
e.g. bead-based cytometric assays (Holmes et al., 2007; Meza, 2000). Membrane
manufacturers offer a range of nitrocellulose membranes with varying pore sizes, to
accommodate particle size variations (e.g. colloidal gold vs latex) and vary lateral flow
parameters such as speed of capillary flow (Wong et al., 2009). Synthetic polymer
microspheres, as opposed to silica or biopolymers, generally have higher protein binding
capacity due to higher functional group densities, while the routine and simple incorporation of
functional groups allows for covalent coupling, which may subsequently result in increased
stability of immobilised biologicals (Ahmad et al., 2014; Malick et al., 1996). Various strategies
are available to immobilise biological ligands onto polymer microspheres including adsorption,
covalent coupling to surface functionalised microspheres, and affinity binding of ligand to
microspheres pre-coated with a binding protein such as Streptavidin or Protein A/G, or

chemical ligand such as chelated metal ions (Di Marco et al., 2010; Tan et al., 2012).

The polymer microspheres synthesised in this study for application as lateral flow detection
agents, were produced using a modified water-in-oil emulsion technique (Jordaan et al., 2009).
The synthesis process was carefully considered as the particle size distribution and properties
of the microspheres may be readily manipulated by adjusting both the quantity of the detergent
during the emulsion process and the speed of mixing (energy input) (Jordaan et al., 2009).

Larger particle preparations are favoured with lower quantities of detergent and/or slower
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mixing, while smaller particles are favoured with increased detergent and faster mixing speeds.
The standard preparation of the microspheres, described by Jordaan et al, (2009) produce
aldehyde-functional microspheres, which may subsequently be converted to primary amine,
epoxide or carboxyl functionality through reaction with various chemicals. The use of epoxide
microspheres were considered the preferred functionality for use in lateral flow immunoassays
due the potential stabilisation (covalent immobilisation) of the antibodies, which potentially
addresses the lack of stability of current lateral flow devices to point-of-care (Mateo et al.,
2007).

One advantage of using polymer microspheres, in particular ReSyn with its high functional
group density, in RDT diagnostic assays is the possibility of incorporating a high concentration
of reactive dye, resulting in intensely coloured microspheres, thus potentially increasing the
sensitivity of the assay over latex microspheres, as well as further allowing for the use of
multiple colours in multiplexing assays (a claimed benefit of latex beads), allowing for the

detection of various biomarkers in a single assay (Malick et al., 1996).

Textile dyes, also commonly known as reactive dyes, are synthetic, inexpensive, commercially
available and easily immobilised on surfaces bearing various functional groups (Denizli et al.,
2001). The chemical structure of dyes consists of conjugated systems of aromatic rings and
double bonds, resulting in dye classes having anthroquinoid, indigoid and azo structures; all of
which have strong transitions in the UV-visible spectrum (Chacko et al., 2011). Azo dyes
(characterized by having N=N bonds) are the most common and inexpensive dye class and

were therefore considered for incorporation into the diagnostic microspheres.

A variety of dyes were considered in the evaluation of coupling to the microspheres, and for
the potential of multiplexing. The initial selection was based on the tinctorial strength (ability to
impart colour to materials) of the dye (Lambourne et al., 1999). The higher the tinctorial
strength of a dye, the less dye is required to achieve a certain depth of shade. The measure of
tinctorial strength is related to the dye extinction coefficient, which is a measure of the optical
density of a dye in relation to its concentration measured at the dye’s maximum absorbance
wavelength (Bailey et al., 1989; Jung et al., 2014). The higher the extinction coefficient of a
dye the greater contribution each dye molecule makes to achieve a desired colour (Bailey et
al., 1989; Jung et al., 2014). The chemical structures of the selected azo dyes used for this

study are illustrated in Figure 2.1.
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Figure 2.1: Chemical structure of reactive azo dyes, available online: www.sigmaaldrich.com, accessed
6 November 2014.

2.2. MATERIALS AND METHODS

2.2.1. Materials

All reagents used were supplied by Sigma Aldrich (Germany) unless otherwise stated. Ultra-
pure water from a MilliQ system (Millipore) was autoclaved and used for all experiments.
Centrifugation was performed using a Beckman-Coulter Allegra X-22 centrifuge at room
temperature (25°C) at 2000 x g for 5 minutes. The continuous end-over-end mixing/incubation
steps were performed at room temperature (25°C) on an ELMI Intelli-mixer RM-2 at 25 rpm
(180° rotation). Absorbance readings were obtained with a spectrophotometer (Powerwave
HT, Biotek Instruments)

2.2.2. Synthesis of functional polymer microspheres

For the preparation of a 10 ml batch of aldehyde functional polymer microspheres, 5 ml
mineral oil and 100 yl Nonoxynol-4 (NP4) (Dow Chemical company) was dispensed into two
separate 15 ml conical tubes and mixed until dissolved using vortexing (Vortex Genius 3, IKA).
A 200 of 10%

volume of 20% glutaraldehyde aqueous solution and 200
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Polyethyleneimine (PEI, adjusted to pH 10 with HCI) were added to each of the respective
tubes and vortexed for 30 seconds. The two suspensions were mixed and vortexed briefly at
maximum speed. The polymerisation proceeded for 1 hour on a vortex mixing platform (Vortex
Genius 3, IKA, setting 6). The tube was centrifuged, the supernatant decanted and the pellet
washed with 10 ml of sodium phosphate buffer (0.1M, pH 4.5). The oily supernatant was
decanted and the pellet was washed a further two times by resuspension in 10 ml of sodium
phosphate buffer with recovery between each wash by centrifugation as above. The pellet was
washed a further three times with 10 ml of 20% ethanol (centrifugal recovery as above) and
the pellet resuspended to a final volume of 10 ml in water and stored at 4°C for further

experimentation.

Amine functionalised polymer microspheres were produced by resuspending the pellet in 5 ml
of ethylenediamine (EDA, 0.5 M, adjusted to pH 7.5 with HCI) and incubating at 4°C with end-
over-end mixing for 18 hours. The microspheres were recovered from the suspension by
centrifugation, the supernatant discarded and the pellet subsequently washed with 5 ml of
water, vortexed for 1 minute and recovered by centrifugation. The pellet was washed an
additional 3 times with ultra-pure water. The washed microsphere pellet was resuspended in
water to a final volume of 5 ml and chemically reduced by the addition of 200 ul of sodium
borohydride (0.5 M in 1 M NaOH). The reduction was allowed to continue for 30 minutes and
mixed by gentle inversion every 5 minutes. The microspheres were recovered from this
reaction by centrifugation, the supernatant discarded and the pellet washed a further four times
with water (with recovery by centrifugation). The reduced, amine functional, polymer
microspheres were functionalised to epoxide by resuspending the pellet in 5 ml of freshly
prepared 1,4-butanediol diglycidyl ether (1.5 M), followed by vortexing for 20 seconds and
incubation with end-over-end mixing for 48 hours. After recovery of the microspheres by
centrifugation, the supernatant was discarded and the pellet washed six times with water as
described above. The final epoxide activated microsphere pellet was resuspended in 10 ml
water and possible aggregates from centrifugal recovery were allowed to settle. After 3
minutes the supernatant (9 ml) was transferred to a clean tube and stored at 4°C. These

microspheres were used in subsequent experimentation.
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Figure 2.2: Sequential chemical reactions during microsphere synthesis protocol

2.2.3. Protein binding capacity of microspheres

Bovine Serum Albumin Fraction 5 (BSA) (Roth) was used as the standard protein to determine
the binding capacity of the synthesised microspheres (Fahmy et al., 2012; Puertas et al., 2010;
Sondhi et al., 2014). The capacity was determined for all microsphere preparations in triplicate,
and functional chemistries using the same technique. Non-covalently attached protein was
removed for quantification by elution with 4 M NaCl (Bates, 2005; Engstrand et al., 2008). For
amine functional microspheres it was expected that all protein would elute due to the non-
covalent ionic nature of the binding. The total protein binding capacity of the microspheres was
determined by quantifying the difference in the total protein added to the microspheres,
corrected for the quantity left in solution and eluted during the salt-washing to remove ionically

bound protein.

Briefly, 250 uyl of the respective functionalised microsphere suspension
(aldehyde/amine/epoxide) was alliquoted in triplicate into separate Eppendorf tubes,
centrifuged as above, and the supernatant discarded. The pellets were resuspended in 1 ml of
BSA (10 mg.ml"), vortexed for 5 seconds and subsequently allowed to incubate at 4°C with
end-over-end mixing for 18 hours. The microspheres were recovered by centrifugation and the

supernatant transferred to a clean tube.

The aldehyde and epoxide microsphere pellets were each washed three times with 1 ml of
NaCl (4 M), recovered by centrifugation, and the supernatants pooled together to a final
volume of 4 ml. The amine microsphere pellets were washed three times with 1 ml of Tris (50
mM, pH 8), followed by centrifugation as above and the supernatants pooled together to a final

volume of 4 ml. Subsequently, the bound protein was eluted from the amine microspheres by
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washing the pellets 4 times with 500 ul of NaCl (4 M) and the supernatants pooled to a final

volume of 2 ml.

The unbound BSA in the supernatant was measured spectrophotometrically by alliquoting 200
pI of the pooled supernatant in triplicate into a Ultra-violet (UV)-96 well plate and reading the
absorbance at 280 nm. Water was used as blank and the 10 mg.ml”" BSA standard was diluted

10X and read for quantification of the results.

2.2.4. Dry weight determination

In order to normalise the protein binding capacity of the microspheres, the dry weight of the
synthesised microsphere batches was determined using lyophilisation. A total of 500 pl of
microsphere suspension was transferred to pre-weighed microcentrifuge tubes in duplicate
(per batch). Microsphere samples were pre-frozen at -80°C for 1 hour, and subsequently

lyophilised in a freeze-drier (Labconco Triad), for 24 hours at a shelf-temperature of 0°C.

2.2.5. Dye binding to epoxide microspheres

2.2.5.1. Dye Screening

Dye binding and leaching studies were performed on epoxide functionalised polymer
microspheres prepared as described in section 2.2.2 and using a selection of 8 azo reactive
dyes, namely Chicago Sky Blue, Direct Blue, Acid Violet, Congo Red, Reactive Black, Acid

Orange, New Coccine and Allura Red.

The maximum absorbance wavelength of each dye was determined by wavelength scanning
(420 to 700 nm) of 200 pl aliquots of each dye (5 ug.ml™) into a UV-transparent 96 well flat
bottomed microwell plate using a spectrophotometer. Subsequently, the extinction coefficient
of each dye (at optimal wavelength) was determined by the preparation of a standard curve

from a serial dilution of the dye.

The binding capacity for each dye to the microspheres was determined as follows: for each of
the dyes (8 total) 800 ul (2.16 mg) of polymer microsphere suspension was alliquoted into an
Eppendorf tube followed by the addition of 200 pg (1 pg.ul™") of dye. The tubes were vortexed
for 10 seconds and incubated with end-over-end mixing for 1 hour. The microspheres were
recovered by centrifugation, the supernatant transferred to a clean tube and the pellets
washed once with 1 ml of water (centrifugal recovery as above). The supernatants were

pooled and residual dye content determined by spectrophotometric measurement at the
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respective peak wavelengths. The amount of dye bound to the microspheres was calculated

as the difference between the original solution and the final supernatant.

The dyed microsphere pellets were resuspended into 600 pl water, vortexed for 10 seconds
and subsequently split into two Eppendorf tubes. To evaluate potential non-specific binding, 1
ml of either NaCl (4 M) or EtOH (100%) was added to the aliquots for each dye, the reactions
vortexed for 10 seconds and allowed to incubate with end-over-end mixing for 1 hour. The
microspheres were recovered by centrifugation, the supernatant transferred to a clean tube
after which 200 pl of each supernatant was alliquoted in triplicate into a UV-96 well plate and
the absorbance read at each dye’s respective optimum wavelength using a
spectrophotometer. The quantity of dye that leached from the microspheres into the

supernatant was determined using the extinction coefficient of each dye.

2.2.5.2. Maximum dye binding capacity of preferred dyes

Two dyes were selected based on performance in section 2.2.5.1, namely Congo Red and
Chicago Sky Blue. The maximum dye binding capacity of each of the two dyes were explored
by adding varying amounts of dye (200 ug, 400 ug, 600 pg, 800 ug) to 400 pl (1.08 mg)

epoxide functional microspheres.

Stock solutions (1 mg.ml™") of Chicago Sky Blue and Congo Red were prepared and varying
volumes were added to 400 pl aliquots of microspheres and made up to 1 ml using ultra-pure
water. The suspensions were vortexed for 10 seconds and incubated with end-over-end mixing
for 1 hour after which the microspheres were recovered by centrifugation and the supernatant
transferred to a clean tube. The pellets were repeatedly washed with 1 ml of water until the
supernatants cleared. All supernatants were pooled together and the dye quantified by

absorbance spectroscopy (correcting for dilution of the washes).

To each pellet, 1 ml NaCl (4 M) was added and the reactions incubated with end-over-end
mixing for 1 hour after which the microspheres were centrifuged and the supernatants

transferred to a clean tube for quantification of leached dye by absorbance spectroscopy.

2.2.6. Particle size distribution

The particle size distribution (PSD) of the Chicago Sky Blue dyed epoxide functionalised
microspheres was determined using light microscope analysis of microsphere preparations
(Olympus BX53, fitted with Olympus DP72 eyepiece, 100X magnification) with CellSens

software measuring tools and histogram plotted using SigmaPIlot (Systat Software). Briefly, the
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diameters of each of the 2192 microspheres were measured using CellSens software and the

values were incorporated into SigmaPlot for plotting as a histogram for PSD determination.

2.3. RESULTS AND DISCUSSION

2.3.1. Synthesis of functional polymer microspheres

Considering the possible adverse flow properties of microsphere aggregates, the polymer
microspheres were visualised using light microscopy at each step of the preparation and
dyeing (Figure 2.3).

Aldehyde microspheres Amine microspheres Epoxide microspheres

Figure 2.3: Light microscope image of initial polymer microsphere suspensions.

The initial aldehyde microspheres appeared to have a high degree of aggregation which
appeared to reduce through functionalisation to amine and epoxide microspheres. Sodium
borohydride is a mild reducing agent which reduces potentially unstable Schiff bases to stable

secondary amines, in the preparation of amine microspheres (Hermanson, 2008).

2.3.2. Protein binding capacity of microspheres

The protein binding capacity of the aldehyde, amine and epoxide functional microspheres were
determined using BSA as the model protein. Aldehyde, amine and epoxide functionalised
microspheres had protein binding capacities of 1.8 £ 0.08, 2.1 £ 0.03 and 2.3 £ 0.12 mg BSA
per mg microspheres respectively (Figure 2.4). The dry weight of the microspheres (1 ml) were
3.06 + 0.16, 2.51 £ 0.10 and 2.70 + 0.11 for aldehyde, amine and epoxide microspheres
respectively.
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Figure 2.4: BSA binding capacity of polymer microspheres. Error bars represent standard deviation of

triplicate experimental sets.

It was observed in Figure 2.3 that aldehyde microspheres have a higher degree of aggregation
when compared to the amine and epoxide microspheres, which may have resulted in the

slightly reduced protein binding capacity.

2.3.3. Dye binding to epoxide microsphere

The synthesised polymer microspheres remain translucent under light microscopy indicating
the dye was indeed binding and not aggregating. The comparative visual intensities of the

dyes are illustrated in Figure 2.5.

1 2 3 4 5 6 7 8
Chicago Sky Blue Direct Blue Acid Violet Congo Red  Reactive black Acid orange New Coccine Allura Red

\LAALARL)

Figure 2.5: Macro view of dyed microsphere suspensions.

Microscopic images of the dyed microsphere preparations are illustrated in Figure 2.6. The
reactive dyes resulted in varying degrees of aggregation of the microspheres, and were further

considered when selecting the dyes for further development.
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Figure 2.6: Light microscope image of dyed microsphere suspensions.

Of the eight dyes evaluated, Chicago Sky Blue, Direct Blue and Congo Red resulted in the

least amount of microsphere aggregation. It was later determined that aggregation may

partially be overcome experimentally by buffer formulation (varying pH, detergent and salt

concentrations), and the dyes may be revisited as necessary.

The maximum absorbance wavelength of each dye was determined with a spectrum scan of a

standard concentration of each dye (Figure 2.7), and the optimal wavelength was

subsequently used for preparation of a standard curve for each dye for determination of the

extinction coefficient.
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Figure 2.7: Spectrum scan between 420 — 700 nm to determine maximum absorbance wavelength of
azo dyes.

The maximum absorbance wavelengths of the dyes were 610 nm (Chicago Sky Blue), 600 nm
(Direct Blue and Reactive Black), 520 nm (Acid Violet), 500 nm (Congo Red and Allura Red),
490 nm (Acid Orange) and 510 nm (New Coccine).

Possible leaching of dyes from the microspheres was determined using two washing agents,
EtOH (for potential non-specific hydrophobic interaction) and NaCl (elution of non-specific ionic
interaction). The results are indicated in Figure 2.8 below. NaCl appeared to cause leaching of

the dyes from several of the microsphere preparations, indicating a high degree of ionic
binding of the dyes to the microspheres.
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Figure 2.8: Percentage of dye bound to epoxide microspheres before and after removal of non-specific

binding. Error bars represent standard deviation of triplicate experimental sets using a single batch of
microspheres.

Of the eight dyes analysed, three dyes (Chicago Sky Blue, Congo Red and Acid Orange)

performed well regarding binding efficiency and resistance to leaching. Congo Red performed
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the best followed by Acid Orange and Chicago Sky Blue. Acid Violet showed the highest
degree of ionic interaction. Due to the similarity in colour and appearance of Acid Orange and
Congo Red, Congo Red was selected for further evaluation due to is lower cost (reducing
eventual cost of the microspheres for diagnostic application), and reduced particle

aggregation. Chicago Sky Blue was superior in all aspects under consideration and was
selected for further experimentation.

To determine the maximum dye load, increasing amounts of each dye was added to a
constant volume of the microspheres (400 ul, 1.08 mg) with suitable elution procedures to
evaluate non-specific binding (Figure 2.9).
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Figure 2.9: Percentage of Chicago Sky Blue and Congo Red dye bound to epoxide functional polymer
microspheres with varying dye loads. Error bars represent standard deviation of triplicate experimental
sets on a single batch of microspheres.

The preliminary experiments indicate that the particles are not to be saturated at 800 ug of dye

(2 mg.ml™"). Dye content is further evaluated in Chapter 4 in relation to lateral flow assay
sensitivity.

2.3.4. Particle size distribution (PSD) of epoxide microspheres

Particle size determinations were performed using microscopic examination of the epoxide
microspheres. Diameter measurements of 2192 individual Chicago Sky Blue dyed
microspheres were plotted as a histogram (SigmaPlot). The subsequent size distribution graph
(SigmaPlot) illustrated that 46.9% of the microspheres in the suspension are below 1.0 ym in
size with 34.4% of the microsphere suspension being in the range of 0.5 — 0.7 ym in size
(Figure 2.10). There are also a few larger microspheres (1.5 — 4 pm) present in the
suspension, with 35.1% of the suspension being larger than 1.5 ym.
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Figure 2.10: Particle size distribution of the synthesised polymer microspheres.

The results suggest the microsphere distribution is not uniform in size, however 46.9% of the

suspension are potentially suitable as lateral flow detection agents (<1 pym).

2.4. CONCLUSIONS

Epoxide functionalised microspheres of suitable PSD and colour have been synthesised for
evaluation as lateral flow detection agents. Due to the preferred requirement of small particles
for lateral flow, a high degree of energy was used for emulsion preparation, while the detergent
was varied (since detergent had a more pronounced effect on particle size). The microsphere
suspension resulted in a PSD with 46.9% of the particles having a size below 1 ym in

diameter, and therefore suitable for lateral flow on a nitrocellulose membrane (Meza, 2000).

The protein binding capacity of the epoxide functionalised polymer microspheres was
considered sufficient for their application in a lateral flow diagnostic device considering the
capacity is higher than that of colloidal gold and latex, and further that only a surface coating of
the microspheres is required for lateral flow application. The microspheres readily adsorbed
and bound the reactive azo dyes and it was determined that 1 mg dye per ml (2.7 mg) epoxide
microsphere would be sufficient to produce an intensely coloured and visually detectable
microsphere, although further dye load optimisation may be required as the particles were not
yet saturated under these experimental conditions. Of the eight dyes evaluated, Chicago Sky
Blue and Congo Red performed the best for the criteria and possible application in lateral flow
devices and were selected for further evaluation and development.
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CHAPTER 3
EVALUATION OF ANTIBODY CONJUGATION

3.1. INTRODUCTION

Immunoglobulins (IgG’s), or antibodies, are glycoproteins with molecular weight of
approximately 150 000 Da (Subramanian et al., 1996). There are five isotypes of
immunoglobulins in placental mammals, namely IgM, IgE, 1gG, IgD and IgA, each with a
distinct functionality and 1gG being the most commonly used for the plurality of applications of
antibodies (Arruebo et al., 2009). IgG class is further classified into four isotypes (IgG1, 1gG2,
IgG3 and IgG4), with IgG3 isotype the least favourable therapeutic candidate due its shorter
half-life and susceptibility to proteolysis (Correia, 2010). The basic structure of an antibody is
illustrated in Figure 3.1 (adapted from Lu et al.,, 1996). The Fc fragment of the antibody
contains a carbohydrate moiety and has no antigen binding activity while the F(ab’), domain
consists of two identical Fab’ fragments with antigen binding sites, at the amino terminal of
each fragment and are held together by disulphide bridges which provides stability to the

molecule (Lu et al., 1996).
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Figure 3.1: Structure of an antibody (adapted from Lu et al., 1996) .

The strategy used to immobilise antibodies to a surface is dependent on the nature of the
assay, as some assays require maximum sensitivity while others require maximum stability
(Jung et al., 2008). Immobilisation of proteins inevitably results in loss of biological activity and
it has been shown that soluble antibodies have up to 1000 fold stronger binding affinities to
antigens than when immobilised, with immobilised and soluble antibodies having dissociation

constants (Kq) in the range of 107 — 10 ® mol.L”" and 107° — 10 mol.L™" respectively (Lu et al.,
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1996; Tajima et al., 2011). The loss of activity is assumed to be as a result of either protein
denaturation, random orientation or steric hindrance of the antigen binding sites (Lu et al.,
1996; Tajima et al., 2011). Antibody immobilisation strategies have gained much interest as
several studies suggest that oriented antibodies are more stable, and further retain more
functionality than randomly immobilised antibodies, resulting in enhanced immunoassay
sensitivity (Jung et al., 2008; Puertas et al., 2010; Rejeb et al., 1998; Tajima et al., 2011; Yuan
et al., 2008).

It is important that the antibody immobilisation technique maintain the conformation and
structural integrity of the protein in order to allow for antigen binding and detection (Tajima et
al., 2011). The simplest method for antibody immobilisation is physical adsorption, which is the
non-specific interaction of an antibody with a solid support via ionic, hydrogen, hydrophobic
and Van Der Waals interactions, and results in randomly orientated antibodies (Jung et al.,
2008; Nisnevitch et al., 2001; Peluso et al., 2003). The extent of these interactions are
dependent on the chemical properties and surface characteristics of the antibody and

immobilisation surface, which may in turn be affected by the solvent (Nisnevitch et al., 2001).

Covalent immobilisation is a common method of antibody immobilisation and involves coupling
through the side chains of amino-acid residues on antibodies to various reactive groups such
as aldehyde, epoxide, and thiol functional groups on a chemically activated solid surface (Jung
et al., 2008). This chemical immobilisation results in very stable covalent linkages but usually

results in random orientation (Mateo et al., 2002).

Several strategies for site-specific (also known as directed) immobilisation suggest the use of
the carbohydrate chain or disulfide bridges of the antibodies (Guzov et al., 1988; Nisnevitch et
al., 2001). This however requires chemical treatments and antibody modification, such as
carbohydrate oxidation or disulfide bond reduction of the antibody prior to immobilisation,
which are more expensive and can result in antibody denaturation (Kang et al., 2007).
Alternate site-specific oriented attachment can be achieved using bacterial antibody binding
proteins, Protein A and Protein G, or linkers such as polyethylene glycol (PEG) (Lu et al.,
1996). Protein A and G are proteins extracted from the membrane of Staphylococcus aureus
and have extremely high affinities for the Fc portion of the antibody and attach via electrostatic
and hydrophobic interactions, allowing orientation of the immobilised antibody, without
chemical modification (Jung et al., 2008; Turkova, 1999). Although the use of Fc binding
proteins (such as Protein A or G) results in a potentially higher quantity of active antibodies, as
a result of two immobilisation steps the surface density is potentially reduced (Peluso et al.,
2003). This antibody-Protein A interaction can further be stabilised using crosslinkers such as

carbodiimide and glutaraldehyde after the coupling of the two proteins resulting in a more
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stable antibody interaction (Turkova, 1999). Previous studies utilising flexible linkers such as
PEG have demonstrated that target antigens are captured more efficiently (2 fold) than

antibodies linked directly to the solid surface (Jung et al., 2008).

An alternate strategy for directed immobilisation utilises biotinylated antibodies for
immobilisation on streptavidin-functional surfaces (Jung et al., 2008). Biotin is a water-soluble
vitamin which has a strong binding affinity for the bacterial protein streptavidin, in a near
irreversible interaction with a dissociation constant of 10" M (Jung et al., 2008). Each
streptavidin can bind up to four biotin molecules (Nisnevitch et al., 2001). The amino groups of
the antibodies can also be used as possible biotinylation sites, but this has been shown to
result in random immobilisation (Jung et al., 2008). Site-specific biotinylation of the antibodies
through modification of the thiol groups of the cysteine residues results in directed
immobilisation (Jung et al., 2008). Antibody orientation studies comparing passive adsorption,
covalent immobilisation and affinity binding (streptavidin-biotin) suggest that all three antibody
immobilisation methods have comparable sensitivities; however affinity binding resulted in the
highest specificity (Thiramanas et al., 2013). The enhanced sensitivity that may be provided
through biotinylated antibodies have led to the development of various assay designs
(Hermanson, 2008). Although streptavidin-biotin immobilisation is not considered strictly
“oriented”, it may present the antibodies in a more favourable orientation and provide improved

antigen detection (sensitivity) (Hermanson, 2008).

An ELISA is a powerful, sensitive and rapid tool for quantifying proteins (antibodies and
antigens) in complex biological samples and is widely used for a variety of research and
diagnostic applications since it does not require sophisticated equipment and both magnetic
and non-magnetic microspheres can be used (Kuang et al., 2013; Osmekhina et al., 2010;
Steinitz, 2000; Vogt et al., 1987). The highly quantitative and reproducible nature of ELISA’s
allow for them to accurately measure inflammatory biomarkers (Cox et al., 2012; Leng et al.,
2008). A limitation of ELISA is the narrow dynamic range of the assay, which is defined as the
range over the linear relationship between the antigen concentration and the absorbance at a
certain wavelength (Leng et al., 2008). The dynamic range of the assay indicates the
quantification limits of the assay, while the lowest limit of detection determines the sensitivity of
the assay (Cox et al., 2012).

The principle is based on detecting hybridisation events between a capture antibody, a

detector antibody and the target protein, as illustrated in a bead-based ELISA Figure 3.2
(adapted from Osmekhina et al., 2010).
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Substrate

Enzyme 1

Figure 3.2: lllustration of a bead-based sandwich ELISA (adapted from Osmekhina et al., 2010).

In potentially the simplest form of bead-based ELISA, the capture antibody is immobilised onto
a microsphere surface, and the detection antibody (secondary antibody) is linked to an
enzyme, often horseradish peroxidase (HRP; refer Figure 3.2). The enzyme catalyses the
conversion of a substrate to a chromophoric product, resulting in an easily detectable signal
(such as colour formation) which can be measured using a suitable reader, such as a
spectrophotometer (Osmekhina et al., 2010; Steinitz, 2000). The magnitude of the signal which
is a direct result of the enzyme activity is directly proportional to the quantity of the antigen.
The use of an enzyme allows for signal amplification, enabling detection of low antigen

concentrations (Steinitz, 2000).

Peroxidases are preferred for applications such as diagnostics since they are heat stable, and
catalyse a variety of substrates producing a stable chromophoric product, and are optimally
active at pH’s that do not disrupt antibody-antigen interactions (Chaurasia et al., 2013; Fahmy
et al., 2012; Jeyachandran et al., 2010; Mohamed et al., 2011; Veitch, 2004). Horseradish
(Armoracia rusticana) is a perennial herb found in temperate regions and are often used in
ELISA diagnostics (Hamilton et al., 1999; Veitch, 2004).

A variety of substrates have been used for HRP based ELISA including Guaiacol, ABTS (2,2’-
azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid), and OPD (o-phenylenediamine). Guaiacol (2-
methoxyphenol) is a methoxy-substituted monophenol which in the presence of peroxidase is
oxidised from the colourless Guaiacol to a phenoxy radical, which subsequently undergoes
polymerisation to form the Guaiacol-derived chromophore tetraguaiacol (orange to brown
colouration) and may be measured at 470 nm (Bonini et al., 2007; Chaurasia et al., 2013;
Johannes et al., 2006; Li et al., 2008). ABTS is a non-phenolic heterocyclic colourless
compound which is oxidised by peroxidase to a di-cation (ABTS*") and cation radicals
(ABTS-") which are blue-green in appearance and absorbs in the visible spectrum at 420 nm
(Li et al., 2008). OPD is a colourless, non-fluorescent chemical, that may be oxidised by
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peroxidase to form DAP (2,3-diaminophenazine) which can be measured
spectrophotometrically at 450 nm (Fornera et al., 2010; Tarcha et al., 1987; Zhang et al.,
2000). The ability of peroxidase to catalyse the range of substrates is known to vary, as
different types and subclasses of peroxidases have different affinities for the substrates
(Chaurasia et al., 2013; Mika et al., 2013). The suitability of OPD, Guaiacol and ABTS as

substrates with horseradish peroxidase was thus evaluated for ELISA development.

The biggest challenge to the development of quantitative ELISA is considered non-specific
binding, as the microwell plates, or microspheres used in the process can exhibit nhon-specific
binding for proteins and other molecules, resulting in undesirable interactions between the
reagents in the assay (Steinitz, 2000). Several blocking agents and detergents have been
proposed to assist in blocking the available binding sites of both the microwell and the
unoccupied binding sites on the microspheres after immobilisation of the primary antibody
(refer figure 3.2). Proteins such as BSA, casein, gelatin or fish serum may be used to saturate
the microwells and beads while detergents such as Tween20 are common additives in the
wash buffer to reduce non-specific binding during the assay procedure (Jeyachandran et al.,
2010; Kuang et al., 2013; Mika et al., 2013; Ramos-Vara, 2005; Steinitz, 2000). Non-specific
binding and off-target interactions may also be reduced with higher salt concentrations in the
wash buffers (Glven et al., 2014).

Blocking proteins can be categorised according to the mechanism by which the proteins inhibit
non-specific binding (Vogt et al., 1987). BSA, the most commonly used blocking protein, may
adopt different conformations on hydrophilic and hydrophobic surfaces, resulting in different
blocking capabilities, with a higher blocking capacity on hydrophobic surfaces such as
polystyrene (Jeyachandran et al., 2010). BSA and Tween20 concentrations as low as 5 ug.ml™
and 0.0002% respectively, have been sufficient to completely block microwell surfaces
(Steinitz, 2000). Recent studies have shown that BSA at high concentrations (10 mg.ml™), with
up to 12 hours incubation time, results in a conformational adsorption more favourable to
blocking non-specific binding than that obtained with low concentrations and shorter incubation
times (Jeyachandran et al., 2010). Casein is an amphipathic protein and has been shown to be
effective in preventing non-specific binding at low concentrations, and may in some cases be

more effective at blocking certain sites than BSA (Esser, 2010; Vogt et al., 1987).

Many factors may affect the sensitivity and reproducibility of an ELISA and these include:
buffer composition, hybridisation time, blocking agent, pH and temperature (Osmekhina et al.,
2010; Vogt et al., 1987). Due to the proprietary and comparatively new polymer technology
being developed as lateral flow agents, a bead-based ELISA system was established to

evaluate the composition of the buffer systems and ingredients on non-specific interactions of
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the microspheres, which may result in non-specific binding in lateral flow. The use of magnetic
beads, allowed for rapid evaluation of the multitude of parameters compared to lateral flow
evaluation using non-magnetic beads. MagReSyn magnetic microspheres are highly porous
polymer particles with diameters in the range of 7 — 10 um. The high binding capacity and
functional group density of the microspheres make these ideal for use in bead-based ELISA
where various protein (antibody) immobilisation chemistries may be evaluated. The magnetic
core of the microspheres potentially allow for reduced assay time and simpler reagent handling
during the numerous wash steps, as the microspheres can be easily collected/pelleted by a
magnet and time consuming centrifugation steps are avoided. The magnetic microspheres are
prepared from the same polymer material and are therefore chemically similar to the non-
magnetic microspheres discussed for lateral flow assays (Chapter 4 and 5), and was thus

considered the ideal platform for evaluation of immobilisation chemistries.

3.2. MATERIALS AND METHODS

3.2.1. Materials

MagReSyn® Epoxide microspheres, and MagReSyn® Streptavidin microspheres were supplied
by ReSyn Biosciences (South Africa). The binding capacity for MagReSyn® Epoxide and
MagReSyn® Streptavidin were claimed as >0.8 and >1.0 mg protein per mg microsphere
respectively. The microspheres were supplied as a 10 mg.ml" suspension in acetone
(epoxide) and phosphate storage buffer (streptavidin, 80 mM NaH,PO, pH 7.5, 150 mM NacCl,
1.5 mM EDTA, 0.05% Tween20, 0.02% NaN3). The antibodies (rabbit anti-mouse IgG, rabbit
biotinylated anti-mouse 1gG, rabbit horseradish peroxidase conjugated anti-mouse IgG and
mouse anti-NF2 1gG) were purchased from Sigma Aldrich. Ultra-pure water was purified using
a MilliQ system (Millipore — autoclaved) and used for all experimentation. The end-over-end
incubation steps were performed at room temperature (25°C) using an ELMI Intelli-mixer set
on full rotational mixing at 15 rpm, unless otherwise stated. Incubations on the vortex platform
mixer were performed at room temperature (25°C) on an IKA Vortex Genius 3, setting 1, to
ensure the beads remained in suspension during the experimentation. The composition of the
phosphate buffered saline (PBS) buffer was 0.1 M sodium phosphate, 150 mM NaCl, pH 7.2,
and that of the Tris buffered saline (TBS) was 0.05 M Tris-Cl, 150 mM NaCl, pH 8.
Bicinchoninic acid (BCA) assay reagent was purchased from Pierce (USA). Absorbance
readings were obtained with a spectrophotometer (Powerwave HT, Biotek Instruments). A
magnetic separator was used to collect/pellet the magnetic microspheres throughout the

ELISA experimental steps.
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3.2.2. Antibody conjugation to magnetic microspheres

In a Lo-Bind Eppendorf tube, 1 ml (10 mg) MagReSyn® Epoxide microspheres were washed
three times with water, followed by two equilibrations in conjugation buffer (0.1 M NaHCO3, pH
9). The pellet was resuspended in 500 ul of conjugation buffer, to which 500 ul rabbit anti-
mouse IgG solution (0.2 pg.ul™ in 0.1 M NaHCOs, pH 9) was added to the suspension and
vortexed immediately for 10 seconds. The immobilisation reaction was allowed to incubate with
end-over-end mixing for 48 hours. The reaction was placed on a magnetic separator and the
supernatant transferred to a clean Eppendorf tube. The pellet was washed once with 1 ml of
water, the supernatants pooled (final volume 2 ml) and kept aside for protein quantification

using the BCA assay (section 3.2.3).

The antibody conjugated MagReSyn® Epoxide pellet was washed an additional three times
with 1 ml of water after which it was blocked with 1 ml of casein solution (10 mg.ml™ in 50 mM
NaHCO;, pH 9) with end-over-end mixing for 12 hours. The microspheres were recovered
using a magnetic separator, the supernatant discarded, and the magnetic bead pellet washed
three times with 1 ml of water with resuspension of the pellet between each wash. The blocked
microsphere pellet, containing covalently immobilised IgG was resuspended in 1 ml water and
stored at 4°C for a maximum of 5 days, for subsequent experimentation. The MagReSyn®
Epoxide-lgG conjugated microsphere suspension was subsequently shown to be stable over a

5 day period under these conditions (ELISA quantification).

Antibody conjugation using streptavidin-biotin affinity was evaluated to determine the potential
benefit of providing oriented immobilisation of the antibody. The microsphere suspension (1 ml
of MagReSyn® Streptavidin), was washed three times with water and equilibrated twice with
streptavidin-biotin conjugation buffer (PBS, 0.05% Tween20). The pellet (recovered by a
magnetic separator) was subsequently resuspended in 500 ul conjugation buffer, to which 500
ul of biotinylated rabbit anti-mouse 1gG solution (0.2 pg.ul™ in PBS, 0.05% Tween20) was
added to the suspension with immediate vortex mixing for 10 seconds. This immobilisation
reaction was incubated with end-over-end mixing for 1 hour at room temperature (25°C). The
reaction was placed on a magnetic separator and the supernatant transferred to a new Lo-Bind
Eppendorf tube. The pellet was washed once with 1 ml of conjugation buffer, the supernatants
pooled together (final volume 2 ml) and kept aside for quantification of binding capacity using a
BCA assay. The antibody conjugated MagReSyn® Streptavidin pellet was washed an additional
three times with 1 ml wash buffer (PBS, 0.05% Tween20, 0.35 M NaCl), and equilibrated once
in storage buffer (PBS, 0.05% Tween20). The conjugated microspheres were resuspended in

the storage buffer and kept at 4°C for up to 5 days for subsequent experimentation. The
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suitability of the buffer for storage of the MagReSyn® Streptavidin-lgG conjugate was
evaluated using bead-based ELISA (section 3.2.4).

Negative control reactions (500 ul, 5 mg) for MagReSyn® Epoxide and MagReSyn®
Streptavidin were prepared using the steps described above, excluding the addition of primary

antibody to either reaction.

3.2.3. Protein quantification: BCA assay

The unbound antibodies in the supernatants were quantified using a BCA quantification kit
(Pierce) following the protocol as described by the manufacturer. Briefly, BCA reagents were
prepared fresh by mixing calculated volumes of kit reagent A, B and C in a 15 ml tube. In a
polystyrene (PS)-96 well flat bottomed microwell plate, 150 pl of the pooled antibody
supernatant was alliquoted in triplicate, followed by the addition of 150 pl freshly prepared BCA
reagent. The plate was sealed, wrapped in foil and incubated at 37°C for 2 hours. Water was
used in the reagent blank and was treated in parallel to the antibody samples. Absorbance was
read at 562 nm using a spectrophotometer. A standard curve for each antibody was prepared
using a dilution series of the antibodies and the BCA assay. The linear regression equation
from each standard curve was used to quantity the protein concentrations in the supernatants.
The quantity of bound protein was calculated as the difference between the original protein

concentration and the quantity left in the supernatant after antibody conjugation.

3.2.4. Bead-based sandwich ELISA

A bead-based sandwich ELISA was set up with all relevant controls, including reactions with
no microspheres, negative controls without primary antibody, negative controls without the
addition of antigen, or secondary antibody. The experimental reactions are illustrated in Figure
3.3. The same experimental procedure was used for evaluating the various components of
ELISA including buffer composition and blocking agents. For the experimental set, incubation
time was set at 2 hours for antibody-antigen binding steps, and conducted at 25°C in 50 pl
reaction volumes. The wells were blocked with 300 ul of BSA (10 mg.ml™") containing buffer.
Two buffers were evaluated for ELISA, namely PBS (pH 7.4) and TBS (pH 8,0), with and
without the addition of Tween20 (0.05%). The inclusion of casein in the buffers was further
evaluated. The bead-based sandwich ELISA as illustrated below was further used to evaluate
the effectiveness of the blotting agents BSA and Casein on non-specific binding on the plate

and microsphere surface respectively.
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Figure 3.3: lllustration of a bead-based sandwich ELISA experimentation. Controls included antibody
conjugated beads excluding antigen and secondary antibody (not illustrated). Rabbit anti-mouse 1gG
(green) and biotinylated rabbit anti-mouse IgG (purple) were used for random and orientated

immobilisation respectively, as illustrated.
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Figure 3.4: Experimental outline of bead-based sandwich ELISA. Resuspension buffer (PBS, pH 7.4),
antigen (1 ng.ul'1 mouse anti-human NF2 IgG), wash buffer (PBS, pH 7.4, 0.05% Tween20) secondary
antibody (1 ng.ul'1 HRP conjugated rabbit anti-mouse IgG).
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The experimental set up as depicted in Figure 3.4 was the standard bead-based ELISA
protocol used, unless otherwise stated. Antibody controls, antigen controls and bead controls
were included to ascertain any non-specific interaction of the ELISA reagents with the

microspheres.

3.2.5. Sandwich ELISA substrate selection

Three common ELISA substrates, having varying reaction kinetics with horseradish
peroxidase, were evaluated for suitability to quantify the antigen. The substrates selected for
evaluation were OPD (0.4 mg.ml”', SIGMAFAST™ OPD, Sigma-Aldrich), Guaiacol (5 mM,
Fluka, (Morawski et al., 2001)), and ABTS (0.5 mM, Roche, (Gunne et al., 2012)) all prepared
in SIGMAFAST™ buffer (0.4 mg.ml™" urea-hydrogen peroxide, 0.05 M phosphate-citrate pH5)
and evaluated in a bead-based sandwich ELISA as described in Figure 3.4 in triplicate with
PBS, 0.05% Tween20 as wash buffer and using OPD, Guaiacol or ABTS as substrates
respectively. As the reaction rates of the substrates with peroxidase differed, the incubation
time of the substrates in the ELISA varied and a time-course study was performed to

determine the ideal incubation times based spectrophotometric tracking of stopped reactions.

3.2.6. Sandwich ELISA dynamic range

The dynamic range for ELISA quantification was explored with ABTS as a substrate. A bead-
based sandwich ELISA as described in Figure 3.4 was set up with the exception that the

antigen concentration was varied from 0.05 ng.pl'1 -2.25 ng.pl‘1 in the experimental reactions.

3.3. RESULTS AND DISCUSSION

3.3.1. Quantification of antibody conjugation

Quantification of bound antibody to MagReSyn® Epoxide and MagReSyn® Streptavidin
microspheres was determined by quantifying the antibody containing solutions before and after
addition of the microspheres. Standard curves of the antibodies were used to transform the
absorbance values to protein quantities, resulting in an R? value of 0.9962 for the anti-mouse
IgG antibody (equation: y = 0.0285x + 0.0037) and an R? value of 0.9972 for the biotinylated
anti-mouse IgG antibody (equation: y = 0.0279x + 0.0175).

It was shown that MagReSyn® Epoxide and MagReSyn® Streptavidin microspheres bound

almost all antibody in solution with binding efficiencies of 86.4% * 7.3 and 91.2% + 7.2
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respectively (Figure 3.5). This may potentially be improved by increasing the incubation time

for coupling, or by improving the microsphere antibody interaction through mixing.

100 -

{“ I MagReSyn® Epoxide
MagReSyn® Streptavidin

75 4

50 -

Binding capacity (%)

Percentage antibody conjugated to microspheres

Figure 3.5: Antibody conjugation efficiency to different batches of MagReSyn® Epoxide and
MagReSyn® Streptavidin microspheres. Error bars represent standard deviation of conjugation efficiency

among 4 microsphere batches.

Low background signal in ELISA is often best achieved with low concentrations of primary
antibody, since increased primary antibody concentrations often result in background signal

and noise, potentially reducing assay sensitivity (Osmekhina et al., 2010).
3.3.2. Sandwich ELISA buffer screening

The aim of these experiments was to determine potential non-specific and off-target
interactions of the reagents used in the ELISA with the microspheres. Negative control
MagReSyn® microspheres (MagReSyn® Epoxide and MagReSyn® Streptavidin) were finished
with casein due to the preferred compatibility of casein as a finishing agent for lateral flow
(refer Chapter 4), and initially evaluated with OPD as a substrate to determine the effect of
various buffer components on non-specific interaction with the microspheres. Two common
ELISA buffers, namely PBS and TBS were evaluated (Figure 3.6) as well as the inclusion of
blocking protein in the assay buffer (Figure 3.7). Primary antibodies were initially excluded in
the negative control MagReSyn® microspheres to determine any non-specific interaction with
the microspheres alone. Any non-specific interaction from this control reaction was therefore
as a direct result of interaction between the microspheres and antigen or secondary antibody
in the reaction. Controls, without microspheres, were further included to determine the extent

of non-specific protein interaction with the microwell plate.

50



0.257 == MagReSyn® Epoxide
MagReSyn® Streptavidin
0.20 +
—
o 0.15 1
e 1
3
< 0.10 1
0.05 +
0.00
PBS, Tween TBS, Tween

Figure 3.6: Bead-based ELISA of microsphere negative controls (MagReSyn® Epoxide and MagReSyn®
Streptavidin) without primary antibody in PBS, Tween20 (pH 7.4, 0.05% Tween20) and TBS, Tween20

(pH 8, 0.05% Tween20). Error bars represent standard deviation of triplicate experimental sets.

A comparatively high degree of non-specific interaction was observed with MagReSyn®
microspheres, in both PBS and TBS (Figure 3.6) as compared to the no-bead control which
resulted in an average signal of 0.05 Abs. For plate blocking, the previously reported ideal BSA
concentration of 10 mg.ml™" for polystyrene was used (Jeyachandran et al., 2010). Polystyrene
is hydrophobic and BSA layer was shown to have a 95% blocking efficiency against non-
specific IgG binding (Jeyachandran et al., 2010). The non-specific signals observed with both
microsphere preparations was lower in PBS than TBS, and PBS was therefore selected for
further evaluation. Inclusion of a blocking protein has been shown to prevent non-specific
interaction in ELISA, and the inclusion of casein was selected for evaluation with control
microspheres (no antibody) due to its compatibility with lateral flow buffer formulation (refer
Chapter 4) (Esser, 2010; Vogt et al., 1987).
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Figure 3.7: Bead-based ELISA of microsphere negative controls (MagReSyn® Epoxide and MagReSyn®
Streptavidin) without primary antibody in PBS, Tween20 (pH 7.4, 0.05% Tween20), and PBS, Tween20,
Casein (pH 7.4, 0.05% Tween20, 1% casein). Error bars represent standard deviation of triplicate

experimental sets.
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The inclusion of casein as a blocking agent had a minimal effect on reducing non-specific
binding. This control experiment was repeated with microsphere controls containing
immobilised primary antibodies to determine the possible non-specific interaction between the

primary and secondary antibodies (figure 3.8).
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Figure 3.8: Bead-based ELISA of control MagReSyn® Epoxide and MagReSyn® Streptavidin in PBS,
Tween20 (pH 7.4, 0.05% Tween20) and PBS, Tween20, Casein (pH 7.4, 0.05% Tween20, 1% casein)
with primary antibody conjugated microspheres, and only HRP-conjugated secondary antibody, with no
antigen present in the assay reaction. Error bars represent standard deviation of triplicate experimental

sets.

MagReSyn® Epoxide-lgG-conjugated and MagReSyn® Streptavidin-lgG  conjugated
microspheres were finished with casein after antibody immobilisation, followed by wash steps
with water (no detergent). Previous studies have suggested that this may allow some loosely
bound antibodies to remain on the surface of the microsphere, resulting in non-specific
interaction, and further causing the subsequent blocking agent (casein) to not be able to
access and block certain areas of the microsphere (Esser, 2010). Incorporating detergent (e.g.
Tween20) in the subsequent ELISA wash steps, after microsphere finishing, has been shown
to remove loosely attached antibodies, exposing binding sites for non-specific attachment
(Esser, 2010). This may explain the reduction in binding with casein in the buffer (which may

subsequently fill the exposed binding pockets). This principle is illustrated in Figure 3.9.

Wash (no detergent) Wash (no detergent) Wash (with detergent)
Add primary antibody Add blocking agent Add antigen Add secondary antibody

Figure 3.9: lllustration of possible challenges for using detergent to remove non-specific binding during
ELISA (adapted from Esser et al., 2010).
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Studies have shown that detergent in the wash buffer could remove loosely attached antibody,
and/or cause labile blocking to be removed resulting in some non-specific attachment of the
conjugate to the microspheres (Esser, 2010). This principle could potentially have resulted in

the increase in background between experimental sets illustrated in Figure 3.7 and 3.8.

From the results obtained above, the buffers were compared in positive control ELISA for
Streptavidin-antibody and epoxide antibody using standard antigen concentration to determine

any possible effect on antibody-antigen interaction (Figure 3.10)
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Figure 3.10: Bead-based sandwich ELISA of antibody conjugated microspheres, MagReSyn® Epoxide-
IgG-conjugated and MagReSyn® Streptavidin-lgG-conjugated, with PBS, Tween20 (PBS, pH 7.4, 0.05%
Tween20) and PBS, Tween20, Casein (PBS, pH 7.4, 0.05% Tween20, 1% casein). Error bars represent

standard deviation of triplicate experimental sets.

The inclusion of casein in the standard ELISA buffer appeared to reduce the observed
enzymatic signal suggesting that it may inhibit the enzymatic reaction of OPD with the HRP-
conjugated secondary antibody, possibly due to increased viscosity of the solution containing
the protein (casein), thus potentially preventing efficient mixing and reducing the sensitivity of
the assay, or direct inhibition of the enzymatic reaction due to interaction between HRP and

casein. Casein was therefore not included in further experimentation.

3.3.3. Sandwich ELISA substrate evaluation

OPD, Guaiacol and ABTS are common enzyme substrates for horseradish peroxidase and
were explored for their use in the development of the bead-based sandwich ELISA and to
ultimately aid in confirming the effect of antibody orientation on assay sensitivity by comparing
random vs oriented antibodies. Relative absorbance of the various substrates over a set time

interval is illustrated in Figure 3.11. As was expected, the reaction kinetics for the substrates
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varied and their suitability in the ELISA using MagReSyn® microspheres is illustrated in Figure
3.11.
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Figure 3.11: Relative absorbance of OPD, Guaiacol and ABTS in a bead-based sandwich ELISA of
MagReSyn® Epoxide-lgG-conjugated and MagReSyn® Streptavidin-IgG-conjugated microspheres over a
set time interval. Error bars represent standard deviation of triplicate experimental sets.

For assays using Guaiacol as a substrate, a slight visual colour change was observed after 10
minutes incubation, with an increased colour change in the streptavidin microsphere ELISA
(MagReSyn® Streptavidin-lgG-conjugated), with a streptavidin to epoxide (oriented versus
random) antibody ratio for this substrate of 21.4 : 1. The low enzymatic reaction with the

sample may be due to interaction of the polymeric enzyme product with the microspheres.

OPD and ABTS resulted in visible colour changes after 5 and 15 minutes incubation
respectively with a similar oriented to random antibody ratios of 3.13 : 1 and 3.27 : 1 for these
substrates respectively. The reaction rates for the three substrates differed significantly with

OPD resulting in a very high background signal compared to ABTS and Guaiacol.

The ideal pH for horseradish peroxidase with OPD as chromogenic substrate is considered pH
5 (Bovaird et al., 1982). Previous studies have shown that horseradish peroxidase is 1.5 fold
more active with OPD as the substrate in low (20 mM) phosphate concentrations than at high
(100 mM) phosphate concentrations (Bovaird et al., 1982). In this ELISA, the buffer pH was
therefore selected as pH 5, and the wash buffer consisted of PBS which had a low (10 mM)
phosphate concentration. According to Fornera et al, 2010, these parameters favour high
enzyme activity for OPD as a substrate, thus resulting in increased rate of the 2, 3-
diaminophenazine (DAP) product formation. The high background absorbance observed with
OPD could also be as a result of the non-enzymatic oxidation in the presence of H,O, (Fornera
et al., 2010).
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ABTS has previously been reported to be more sensitive in certain assay procedures. This has
been attributed to the formation of the stable ABTS radical cation which is directly related to

the oxidation of ABTS by horseradish peroxidase (Fornera et al., 2010).

The difference in the oxidation rates of the various substrates by horseradish peroxidase could
be due to the different redox potential between the substrate and the enzyme as well as
different enzyme affinities (Li et al., 2008; Mohamed et al., 2011). The activity against various
substrates can be affected by manipulating the pH, temperature, incubation time and
concentration of phosphate and H,O0,. For reliable, reproducible and simple
spectrophotometric quantification of horseradish peroxidase with OPD, it has been suggested
that the reaction conditions be such that only DAP is formed as the oxidation product and that
non-enzymatic oxidation of OPD be kept to a minimum. OPD showed a high background for
the ELISA while ABTS provided a wide dynamic range for the evaluation of enzyme

orientation. ABTS was therefore selected as the preferred substrate.

3.3.4. ELISA dynamic range

The quantification capability of the microspheres in the ELISA is determined by the dynamic
range of the assay which gives an indication of the quantification limits, while the lower limit of
detection indicates the sensitivity of the assay. The dynamic range of the assay was
investigated to determine any effect of the antibody orientation on diagnostic limitations of the
antigen binding capability of the oriented versus random enzyme immobilization. This was
determined by varying the antigen concentrations with ABTS as the preferred substrate (Figure
3.12). The curves were constructed and only the linear portion of each curve was included to

construct the trend line equation and linear regression fit.
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Figure 3.12: Dynamic curve with ABTS as the substrate and varying amounts of antigen. A:
MagReSyn® Epoxide-lgG-conjugated microspheres and B: MagReSyn® Streptavidin-lgG-conjugated

microspheres. Error bars represent standard deviation of triplicate experimental sets.

The dynamic range for MagReSyn® Epoxide-lgG-conjugated and MagReSyn® Streptavidin-
IlgG-conjugated microspheres were obtained with ABTS as the substrate. Due to the difference
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in orientation of the antibodies on the microspheres, different maximal reaction kinetics was
observed with the ABTS substrate. The antibodies that were immobilised in a random
orientation had slower reaction kinetics to ABTS than the oriented antibodies with
consequently lower kinetic readings. The streptavidin immobilised antibodies provided for a

higher dynamic range likely due to the orientation of the antibodies.

The results in Figure 3.12 suggest the maximum limit of detection of randomly immobilised
antibodies, at the current primary antibody content on MagReSyn® Epoxide microspheres,
using ABTS as the substrate, was in the range of 100 ng. The maximum limit of detection of
oriented immobilised antibodies on MagReSyn® Streptavidin microspheres, using ABTS, was
in excess of 200 ng. The use of orientated antibodies therefore provides for a more efficient
utilisation of primary antibody for ELISA development, and clearly illustrates that oriented

immobilisation results in improved antibody accessibility.

3.3.5. Random versus oriented antibody immobilisation

To illustrate the availability of the random and oriented immobilised antibodies, a bead-based
ELISA was set up using two different substrate concentrations of both ABTS and OPD as

substrates for comparative purposes and to confirm the oriented to random antibody efficiency
(Figure 3.13).
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Figure 3.13: Bead-based sandwich ELISA of random (MagReSyn® Epoxide-lgG-conjugated) and
oriented (MagReSyn® Streptavidin-lgG-conjugated) immobilised antibodies with A: ABTS and B: OPD

as substrate. Error bars represent standard deviation of triplicate experimental sets.

The reaction containing 100 ng antigen and secondary antibody respectively resulted in a
random to oriented ratio of near 3 (2.91 and 3.02 with ABTS and OPD respectively) while the
reaction with 150 ng antigen and secondary antibody respectively, resulted in a similar random
to oriented ratio of 3 (3.03 and 2.90 for ABTS and OPD respectively). This indicates that 2/3 of
the antibody function is lost through random immobilisation of antibodies, as previously

reported in literature (Jung et al., 2008; Kausaite-Minkstimiene et al., 2010).

3.4. CONCLUSIONS

Antibody immobilisation strategies such as covalent attachment through epoxide functional
group modification or the use of biotin-streptavidin techniques remain challenging in ELISA’s
due to non-specific binding. Although various blocking agents exist, their use in the ELISA
system should be carefully considered. BSA was an ideal blocking agent of the microwell plate
used in these experiments, while the presence of casein in the wash buffer appeared to have

minimal effect on the reduction of non-specific binding on the microspheres. The results
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presented here confirm that oriented antibody immobilisation results in a 3 fold increase in
antigen detection when compared to random immobilised antibody while the application of

oriented immobilisation however remains challenging for lateral flow application.

Increased sensitivity, and availability of antibodies, is ideal for certain applications such as for
inclusion in diagnostic devices (Wong et al., 2009). The increased orientation of antibodies in
lateral flow diagnostic devices could therefore potentially result in improved detection of
antigens at lower concentrations and present them in a format suitable for capture at the
detection zone, and possibly improve assay sensitivity where antigens are present in low
abundance in samples such as urine. The sensitivity of lateral flow diagnostic devices are
greatly affected by non-specificity and thus strategies to reduce non-specific interactions are
critical in improving overall lateral flow sensitivity (Jung et al., 2008). Important factors to
consider when reducing non-specificity are the surface chemistries of the immobilisation
surface, as well as the blocking methods used (Wong et al., 2009). The proper selection of the
linker molecule and the coupling chemistry to be used are also important factors to consider for

avoiding non-specific interactions during immobilisation (Jung et al., 2008).

The ideal antibody immobilisation strategy results in uniform antibody orientation, and requires
minimal surface modification and gentle incubation conditions to prevent denaturation of the
antibody (Jung et al., 2008). Consistent immobilisation of proteins is considered to be one of
the key elements to ensure the production of reproducible and sensitive diagnostic assays
(Wong et al., 2009). Although several mechanisms of antibody immobilisation exist and have

been explored, the immobilisations on microspheres for lateral flow are more challenging.

Adsorption of antibodies on immobilised Protein A/G surfaces may be a favourable solution for
directed immobilisation, however this may not always be suitable for all lateral flow assay
formats, potentially depending on whether the antigen or the antibody is to be detected in the
assay, as well as the source of the immobilised antibody, since this may result in non-specific
interaction due to the affinity of Protein A/G for antibodies. The lateral flow assay under
development involved the immobilisation of antibodies on the nitrocellulose membrane and
aimed to detect antigen in the sample, using standard commercially available antibodies used
in lateral flow assays. For this reason, having Protein A/G immobilisation on the detector
particle is not ideal, due to the difficulty in blocking the unbound Protein A sites, which would
inevitably recognise and bind to the antibodies immobilised on the nitrocellulose strip at the
test and control lines, potentially resulting in false positives. Protein A/G however are often
used in lateral flow assays where the antigen is immobilised onto the membrane and the
antibody is detected in the sample (E.g. HIV 1/2 rapid tests) (Setty et al., 2014; WHO, 2004).
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Most IgG’s have a carbohydrate moiety (glycan), oxidation of this oligosaccharide domain
would result in aldehyde groups that can be covalently coupled to aminated surfaces (Kang et
al., 2007). However, this immobilisation would not be ideal for lateral flow assays as antigen
binding sites of the antibody contain amine (NH.,) residues which would potentially also be
affected by any blocking strategy of the microsphere. Although reversible protection of the
antibody Fab site is an option to overcome this, the procedure is complex and potentially

expensive for lateral flow development.

Biotinylation reagents may contain either aliphatic spacers (e.g. NHS-LC-Biotin) or hydrophilic
spacers (e.g. PEG, also known as polyethylene oxide or PEO), with the greatest potential for
assay sensitivity being achieved with the use of long spacer arms (Hermanson, 2008).
Biotinylation of proteins using aliphatic spacers often result in protein aggregation, non-specific
binding and precipitation, due to the increased hydrophobicity of the reaction and it is therefore
suggested that aliphatic biotinylation be kept to a minimum to prevent these adverse effects
(Hermanson, 2008). However, biotinylation using hydrophilic PEG-based spacers result in
water-soluble complexes that do not aggregate or precipitate (Hermanson, 2008). Biotinylation
of antibodies may provide a solution for lateral flow assay development. However, an aliphatic
NHS-spacer is the most common biotinylation agent for antibody modification and therefore
may potentially adversely affect the lateral flow assay. Of further consideration for this
application is potentially the increased cost of biotinylation compared to alternative orientation
methods, the potential loss in activity of the antibody due to biotinylation and the potential

decreased stability of the antibody due to the attachment with fewer binding sites.

Of the immobilisation strategies explored, oriented immobilisation was therefore considered
potentially less feasible for lateral flow development and initial proof-of-concept for lateral flow
was performed using random immobilisation. The oriented immobilisation on microspheres
should however be evaluated due to the potential for improved sensitivity. Various factors
affecting the binding of antibody to polymer microspheres have been explored and their
compatibility with a lateral flow assay has been determined. The compatibility of blotting
agents, e.g. BSA and Casein, and detergent concentrations (Tween20) in lateral flow assays is

the topic of the next chapter.

The results provide a viable system for evaluating mechanisms of immobilisation and
orientations of antibodies as well as the potential of various agents for reducing non-specific
binding in lateral flow and ELISA applications. Although potentially a mechanism of enhancing
sensitivity, the presentation of antibodies was not evaluated in this study, but will be the

subject of future work on expanding the diagnostic sensitivity of the lateral flow agents.
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CHAPTER 4

LATERAL FLOW IMMUNOASSAY DEVELOPMENT: PROOF-OF-
CONCEPT ON HUMAN CHORIONIC GONADOTROPIN (hCG)

4.1. INTRODUCTION

Immunochromatographic strip tests, also referred to as lateral flow assays, may either be
competitive or non-competitive (sandwich assay) and the type of assay used often depends on
the type of analyte being detected, as non-competitive assays are suitable for high molecular
mass analytes with more than one epitope (e.g. protein) while competitive assays are
preferred for small molecular mass analytes (e.g. hapten) (Posthuma-Trumpie et al., 2009;
Verheijen et al, 1998, Wang et al, 2009a). The format of a competitive
immunochromatographic assay involves antibodies conjugated to a detector particle while the
capture line consists of analytes conjugated to an immobilised protein on the membrane
(Verheijen et al., 1998; Wang et al., 2009a). Higher concentration of analytes present in the
sample will more efficiently block the capture of the detector particle, resulting in a decreased
signal and thus the signal at the readout zone is indirectly proportional to the amount of analyte
in the sample (Verheijen et al., 1998, Wang et al.,, 2009a). In a non-competitive
immunochromatographic assay the antibody conjugated detector particle binds to the analyte
present in the sample and the complex then uses the free epitope of the analyte to bind to the
immobilised antibody on the membrane, forming an antibody-antigen-antibody sandwich
(Posthuma-Trumpie et al.,, 2009). In this assay, the signal is directly proportional to the

concentration of analyte in the sample (Posthuma-Trumpie et al., 2009).

Lateral flow immunochromatographic assays embody an amalgamation of technologies that
provide a relatively low cost and accurate means of diagnosing diseases at the true point-of-
care (Bell et al.,, 2006). Lateral flow diagnostic devices are thus the preferred method of
disease detection in resource poor settings. For the purpose of this study; a non-competitive
(sandwich) lateral flow immunoassay was considered the ideal format since it is suitable for
detection of antigens. The principle of lateral flow is based on the migration of a liquid along

the surface of a membrane as illustrated in (Figure 4.1)
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Figure 4.1: Lateral flow diagnostic assay (adapted from Posthuma-Trumpie et al., 2009).

The general methodology of a lateral flow immunoassay requires a sample (blood/urine/saliva)
to be applied to the sample pad of the test strip. The liquid sample then migrates by capillary
action through the various assay components as follows: first the sample comes into contact
with the conjugate pad containing a multitude of antibody-conjugated detector particles. Any
biomarker antigens present in the sample bind to the antibodies on the detector particles and
these antigen-bound detector particles migrate along the nitrocellulose membrane under
capillary action. The exposed surface of the antigen (if present) is captured by pre-immobilised
antibody on the test line of the nitrocellulose membrane, resulting in a detectable signal (visible
colour change) while antigen-free detector particles accumulate at a control line with pre-
immobilised antibody against the antibody immobilised on the detector particles, revealing the
reliability of the test/assay (Kakkilaya, 2003). To maintain the flow, an absorbent pad is placed
at the distal side of the strip to which the sample is applied, drawing the liquid through the strip
(Posthuma-Trumpie et al., 2009).

The ideal material to be used for the membrane depends on the ease of immobilising proteins
as well as the capillary forces, and size of the pores, which determines the ease and speed at
which the sample and the antibody complexes travel through the membrane (Henderson et al.,
2002; Posthuma-Trumpie et al., 2009). The most common membrane material used is
nitrocellulose, with pore sizes ranging between 0.05 — 15 ym (Bandla et al., 2011; Wong et al.,
2009). However, other polymeric materials such as nylon, polyethersulfone, polyethylene and
fused silica have also been used (Leung et al., 2003; Posthuma-Trumpie et al., 2009). The
membrane is thin and fragile and is therefore often supplied attached to a thin plastic backing
to allow easy handling and cutting (Posthuma-Trumpie et al., 2009). The pores of the
membrane are not evenly distributed and thus the capillary flow rate (seconds.cm™) of the

membrane is a more valuable criterion in the selection process for a particular lateral flow
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application. The sensitivity of the assay is inversely proportional to the speed at which the

assay develops (Wong et al., 2009).

Once the capture antibodies have been immobilised on the membrane, the remaining
membrane needs to be blocked to avoid non-specific protein binding (Verheijen et al., 1998).
There are two options for blocking; one requires blocking the membrane in a blocking buffer,
rinsing the excess buffer off and drying the membrane in a convection oven at 37°C (Fribe et
al., 2009). The second option is known as “blocking-on-the-fly” where the membrane is not
blocked, instead the release buffer and sample buffers are specially formulated with blocking
agent to block the membrane as the assay develops (“on-the-fly”) (Fribe et al., 2009). Pre-
blocking of membrane, although occasionally used, is not advisable since it may affect the
hydrophobicity and wetting properties of the membrane, while blocking-on-the-fly is often
preferred as it has less risk of incorporating air bubbles or artefacts in the membrane which
could obstruct the flow of the liquid (Fribe et al., 2009; Posthuma-Trumpie et al., 2009).

The sample pad is usually made of either cellulose, cross-linked silica or glass fibre and its
function is to ensure an even distribution of the sample to the conjugate pad (Leung et al.,
2003; Sajid et al., 2014). The distribution of the sample pad pores can be readily manipulated
during manufacturing to be symmetrical or asymmetrical, which could allow the sample pad to
act as a filter to remove coarse/large materials if required as a potential sample processing
step (Fribe et al., 2009; Posthuma-Trumpie et al., 2009).

The ideal conjugate pad should wet with ease, readily absorb fluid, should evenly distribute
the antibody-detector particle upon addition to the pad and should easily release the detector
particle upon sample addition (Verheijen et al., 1998). The conjugate pad is preferably first
treated with a release buffer containing blocking agent (BSA), detergent (e.g. Triton) and
additives (e.g. PVP), after which the membrane is dried in a convection oven at 37°C for 1
hour (Kestrel, 2013). The antibody conjugated detector particles are then applied to the pre-
treated conjugate pad and dried at 37°C for a further 2 hours (Verheijen et al., 1998).

The absorbent pad consists of cellulose fibres and its function is to wick the fluid of the assay
through the membrane (Leung et al., 2003; Posthuma-Trumpie et al., 2009). The volumetric
capacity of the absorbent pad allows for large volumes of fluid (sample) to be applied to the
sample pad which in turn can improve the sensitivity of the assay (Leung et al., 2003;

Posthuma-Trumpie et al., 2009).

The principle of a lateral flow diagnostic device relies on the detection (visual or reader

assisted) of a signal at the control and test line, with the signal being directly proportional to the
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concentration of analyte in the sample (Posthuma-Trumpie et al., 2009; Sajid et al., 2014).
Electronic readers provide the advantage for more sensitive analysis and quantification of the
response, with significant enhancements having been made to reduce the cost of these
devices (Wong et al., 2009). The main limitation of current lateral flow diagnostic devices is
their lack of sensitivity and thus various avenues to improve assay sensitivity have been
explored (WHO, 2009), and are discussed in Chapter 1.

The detector particles used in the current diagnostic devices (colloidal gold and latex) have
limitations which include leaching and aggregation (Chenggang et al., 2008; Wong et al.,
2009). Although not currently a lateral flow detection agent, the ReSyn polymer microsphere
technology used in this study were considered a potentially viable alternative to existing lateral
flow detection agents, and could potentially alleviate several of the stated drawbacks of current
lateral flow detection agents. The previously demonstrated high binding capacity,
chromophoric properties, increased stability of antibodies (through multipoint covalent
attachment) and low cost technology base, potentially make this technology suitable for
enhanced lateral flow. It is the aim of this chapter to evaluate the suitability of the microspheres
for inclusion in lateral flow tests. To increase throughput this was evaluated using a lateral flow

assay in microwell format .

The human pregnancy test, detecting human chorionic gonadotropin (hCG) as the biomarker,
was selected as a model system due to the availability of reagents, and the various other
studies that have used hCG as a model analyte providing for potential comparison of results
(Fu et al., 2011).

4.2. MATERIALS AND METHODS

4.2.1. Materials

All chemicals and reagents were supplied by Sigma Aldrich (Germany) unless otherwise
stated, and were of analytical grade or better. Antibodies, including those for the control line
(polyclonal goat anti-mouse 1gG) and test line (polyclonal goat anti-hCG alpha) as well as the
monoclonal mouse anti-hCG beta clone 7 IgG, and anti-hCG-conjugated colloidal gold (anti-
hCG beta clone 7 standard) were purchased from Arista Biologicals (United States). Colloidal
gold (40 nm) was purchased from British BioCell International (BBI - UK). The hCG antigen
was kindly supplied by Kestrel Biosciences. Plastic backed nitrocellulose membranes were
purchased from the following suppliers: HF-75 (Millipore), FF-60 (GE Healthcare), FF-85 (GE
Healthcare), CN-95 (Unisart) and CN-145 (Unisart) as well as an unbacked membrane AE-100

(GE healthcare). BSA was purchased from Roth and ultra-pure MilliQ water (Millipore) was
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autoclaved and used for all experiments. Centrifugation was performed using a Beckman-
Coulter microfuge 18 at room temperature (25°C) at 2000 x g for 5 minutes. The end-over-end
mixing/incubation steps were performed at 4°C on an ELMI Intelli-mixer set on program F1 and
15 rpm (180° rotation). Unless otherwise stated, the running buffer for microsphere lateral flow
contained PBS, 0.1% Tween20, 1% casein, while sample buffer contained the same
components but was supplemented with hCG antigen as described below. The colloidal gold
lateral flow buffers were similarly defined as running buffer (0.1 M Tris, pH 8, 0.1% TweenZ20,
0.1% BSA) or sample buffer (colloidal gold running buffer supplemented with hCG antigen). All
lateral flow assay experiments were set-up in a microwell format, where buffer (100 ul) and
detector reagent (10 ul) were pre-mixed in a well of a microwell plate, and the membrane
subsequently placed within the solution (Figure 4.3). The standard protocols for colloidal gold
conjugation, as stipulated by the Diagnostics Consulting Network, were followed where

colloidal gold was used as a label.

4.2.2. Epoxide microsphere preparation and antibody conjugation

Epoxide functional polymer microspheres of ~1 um in diameter were prepared as described in
Chapter 2 (2.2.2). For initial experimentation two separate preparations of polymer
microspheres were dyed with Chicago Sky Blue and Congo Red dye using 1 mg dye.ml”
microsphere suspension, as described in Chapter 2 (2.2.5.1). The final dyed microsphere

pellet was resuspended in water and stored at 4°C for a maximum of 5 days.

The dyed microsphere suspension was vortexed for 30 seconds after which 500 ul (1.35 mg)
was alliquoted into a LoBind Eppendorf tube, centrifuged and the supernatant discarded. The
pellet was equilibrated for antibody conjugation with 2 x 500 ul of conjugation buffer (0.1 M
Borate-Cl, pH 8.2). The microspheres were recovered by centrifugation and the final pellet
resuspended in 500 ul conjugation buffer followed by the addition of 500 ul anti-hCG antibody
(0.2 pg.ul™ in conjugation buffer). The suspension was immediately vortexed for 10 seconds
and incubated with end-over-end mixing for 48 hours with subsequent recovery by
centrifugation. The supernatant was transferred to a clean Eppendorf tube and the pellet
washed once with 1 ml conjugation buffer and the supernatant pooled to a final volume of 2 mi
to quantify unbound antibody using a BCA assay as described in Chapter 3 (3.2.5). The anti-
hCG-conjugated-microsphere pellet was resuspended to 500 pul in conjugation buffer and
divided into two equal 250 pl aliquots followed by the addition of either 1 ml blocking buffer 1
(10 mg.mI" BSA) or blocking buffer 2 (10 mg.ml" casein) to respective microsphere
preparations. The reactions were vortexed for 30 seconds and incubated with end-over-end
mixing overnight at 4°C, after which the anti-hCG-conjugated-microspheres were recovered by

centrifugation, the supernatants discarded, and the pellets subsequently washed twice with
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lateral flow buffer (10 mM Phosphate buffer, pH 8). The final pellet was resuspended in 250 pl
of either storage buffer 1 (10 mM Phosphate buffer, pH 8, 0.1% Tween20, 0.5% BSA) or
storage buffer 2 (10 mM Phosphate buffer, pH 8, 0.1% Tween20, 0.5% Casein) respectively.
The resuspended pellets were sonicated (Bandelin Sonoplus sonicator, SH70G probe, 10
pulses at 0.5 second intervals) to reduce aggregation. Reduction of aggregation was confirmed
with microscope analysis (Olympus BX53, fitted with Olympus DP72 eyepiece, 100X
magnification) of the suspensions before and after sonication. The resuspended pellets were
stored at 4°C for up to 5 days with no adverse effect on antibody stability/reactivity during

storage.

4.2.3. Assembly of lateral flow assay

Preparation of lateral flow devices involved assembly of the nitrocellulose membrane and
absorbent pad. The nitrocellulose membrane was cut to a desired size (~3 cm) and the back of
the membrane fixed onto a backing card making use of the adhesive on the backing card. The
assembly of a typical lateral flow assay is illustrated in Figure 4.2. For proof-of-concept, the
lateral flow assay for the polymer microsphere experiments consisted only of the nitrocellulose
membrane and the absorbent pad, and tested in a microwell assay format, excluding the

variance of the sample and conjugate pads (Figure 4.3).
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Figure 4.2: lllustration for lateral flow component assembly onto a backing card.
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Figure 4.3: lllustration of lateral flow assay in a microwell plate.
65



The lateral flow membrane, fitted with an absorbent pad, was placed in the wells of a microwell
plate, containing the pre-mixed buffer components. Control line and test line antibody solutions
were prepared to a final concentration of 1 mg.ml” in buffer (PBS, 1% sucrose) and
subsequently striped on the membrane using a BioDot Inc. ZX1000 dispenser (operating
parameters: 1 pl.cm™ dispensing rate, non-contact striping). As per standard lateral flow, the
control line was striped at the top and the test line(s) were striped below the control line. The
striped membranes were analysed by visual inspection for striping errors, and errors were
excluded for lateral flow development. The striped membranes were placed on a drying rack

and allowed to dry in a convection oven at 37°C for 1 hour.

424 Lateral flow component optimisation

The performance of several nitrocellulose membranes with different pore sizes, protein binding
capacities and wicking rates were tested for application in lateral flow of the synthesised
polymer microspheres. Of the membranes evaluated, CN-95 provided the most promising
results with respect to wicking rate and flow performance of the polymer microspheres, and

was selected for further development.

The lateral flow assay was optimised using both the blue and red dyed anti-hCG-conjugated-
microspheres and the corresponding negative controls (without conjugated antibody) on pre-
striped nitrocellulose membranes fitted with an absorbent pad. After identification of the ideal
lateral flow buffer formulation, the dye load and antibody load on red conjugated microsphere
preparations were optimised to achieve the lowest possible detection limit for the polymer

microspheres.

The suitability of the two blocking buffers for preventing non-specific interaction in lateral flow
were assessed by using a lateral flow assay in wells of a 96 well round-bottomed microwell
plate containing 100 pl of running buffer (PBS, 0.1% Tween20) supplemented with either BSA
or casein (1%), followed by the addition of 10 ul BSA or casein finished blue anti-hCG-
conjugated-microspheres. The pre-striped nitrocellulose strip was placed in the respective
wells and allowed to develop for 10 minutes after which the strips were removed from the
reaction and visually inspected for colour accumulation at the capture lines in both positive and
negative controls. The colour formation at the capture lines were quantified using a gel
documentation system (Syngene G.Box, using indirect illumination, upper white - without filter).

Positive controls containing 0.5 mIU hCG antigen.ul™ were run to ensure compatibility.
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4.2.5. Microsphere optimisation for lateral flow

Several microsphere parameters that could potentially impact the sensitivity of the lateral flow
assay were identified and further explored using red anti-hCG-conjugated-microspheres in
running buffer excluding the antigen and sample buffer (running buffer supplemented with

antigen), as described in 4.2.4.

The parameters that were identified for optimisation were dye content, primary antibody

content and microsphere content. The experimental layout is illustrated in Figure 4.4.

Lateral flow assay format n Dye content N Antibody content N Ab-microsphere volume
Microspheres:

Dye:2mg 15mg 50 mg Dye: 15 mg
%
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Antibody: 50 ug N
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Figure 4.4: lllustration of the lateral flow parameters explored.
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The dye content of the microspheres was explored to determine the effect of dye load on
visual intensity of the microspheres at the test line. Epoxide functional polymer microspheres
(1 ml, ~1 ym PSD) were dyed with either 2 mg, 15 mg or 50 mg Congo Red dye respectively,
after which 50 pg anti-hCG antibody was conjugated to 250 pl (0.68 mg) dyed microsphere
suspension, the beads finished with casein, washed and equilibrated in running buffer, and
sonicated as described in 4.2.2. The lateral flow reactions/tests were set up with sample buffer

containing 50 mIU hCG antigen per well, per reaction.

The quantity of primary antibody conjugated to the microspheres was explored to determine
the effect of antibody load on sensitivity. A lateral flow assay was set up using epoxide
functional polymer microspheres (15 mg dye.ml™) with varying amounts of anti-hCG antibody
(200 pg, 1000 pg, 2000 pg and 4000 pg) conjugated per 1 ml (2.7 mg) dyed microsphere
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suspension. The beads were finished with casein, sonicated and run in sample buffer

containing either 50 mIU or 500 mIU antigen per reaction.

The volume of anti-hCG-conjugated-microspheres loaded onto the nitrocellulose membrane
was varied to determine the effect of volumetric load on test sensitivity. A lateral flow assay
was set up using epoxide-functional anti-hCG-conjugated-microspheres (15 mg dye.ml™, 200
ug anti-hCG.ml™, casein finished) and varying volumes of the microsphere suspension (20 pl,

10 ul, 5 yl and 1 pl) loaded in the sample buffer containing 50 mlU hCG antigen per reaction.

4.2.6. Anti-hCG-conjugated-colloidal gold: “Gold” Standard

Colloidal gold (BBI) was prepared as a negative control for lateral flow by blocking 1 ml of gold
suspension with 500 pl BSA (10 mg.ml™; (Kestrel, 2013)). The reaction was incubated with
end-over-end mixing for 1 hour at room temperature (25°C) after which the colloidal gold was
recovered by centrifugation at 16 000 x g for 45 minutes, the supernatant discarded and the
pellet resuspended to OD 10 in storage buffer (0.05 mM Na,HPO,4, pH 7.4, 1% BSA, 0.1%
sodium azide) and stored at 4°C. Commercially available anti-hCG-conjugated-colloidal gold

(Arista Biologicals) was used as the positive control.

Colloidal gold running buffer (0.1 M Tris, pH 8, 0.1% Tween20, 0.1% BSA), and sample buffer
(running buffer supplemented with 0.5 mIU hCG antigen.ul™ buffer) were prepared fresh and
100 pl of each were alliquoted into respective wells of a 96 well round bottomed plate followed
by the addition of 10 yl each negative and positive control microspheres. A pre-striped
nitrocellulose membrane was inserted into the wells, incubated and analysed as described in

section 4.2.4.

4.2.7. Microsphere and colloidal gold comparison

The conjugated microspheres were evaluated against standard colloidal gold with respect to

sensitivity and stability.

The optimised conditions for microsphere lateral flow as determined in this chapter (15 mg
dye.ml”, 200 ug anti-hCG.ml", casein finished, and 10 pl microspheres per assay) were used
in this evaluation in a lateral flow assay microwell format. The sensitivity was evaluated by
decreasing the concentration of hCG antigen in sample buffer from 50 mIU to 0.5 mlIU per

reaction.
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The stability was evaluated by analysing the efficiency of antigen detection after incubation of
the anti-hCG-conjugated particle preparations at elevated temperatures (accelerated
denaturation). Briefly, Eppendorf tubes containing either 100 pl of anti-hCG-conjugated-
microspheres or hCG-conjugated-colloidal gold beads were incubated at 50, 60 and 70°C for
1, 3 and 6 hours. After each incubation time interval, 10 ul of each suspension was removed

and run on a lateral flow assay containing 100 ul sample buffer (50 mlU hCG antigen per

reaction).
4.3. RESULTS AND DISCUSSION
4.3.1. Epoxide microsphere preparation and antibody conjugation

The epoxide polymer microspheres were dyed for use in a lateral flow assay to be visible on a
lateral flow device and against the white background of the nitrocellulose membrane. The dyes
were selected based on previous performance and contrast (Chapter 2, 2.2.5). The

microspheres readily took up the dyes without significant aggregation or leaching (Figure 4.5).

Chicago Sky Blue dyed polymer Congo Red dyed polymer
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Figure 4.5: Light microscope images of microspheres suitable for lateral flow. Images are representative

of a microsphere batch dyed with Chicago Sky Blue (left) and Congo Red (right).

Quantification of anti-hCG antibody conjugation to epoxide functional polymer microspheres
was determined using the BCA assay as described previously (refer Chapter 3, section 3.2.3)
and quantified against an anti-hCG antibody standard curve (y = 0.0187x + 0.0129, R? value of
0.9970).

The maximal antibody binding capacity of Chicago Sky Blue dyed microspheres and Congo
Red dyed microspheres were both in the region of 30 ug antibody per 250 ul (0.68 mg) bead
suspension (29.22 + 0.25, and 32.88 + 0.19 respectively) as determined by the antibody

conjugation experiment containing 50 ug anti-hCG antibody.
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4.3.2. Lateral flow component optimisation

4.3.2.1. Flow formulation

BSA and casein are the most utilised proteins used to block non-specific interactions in various
immunoassay formats (Jeyachandran et al., 2010; Steinitz, 2000). This has been achieved
through blocking of the microspheres and inclusion of the proteins in the running buffer. The
effect of these two agents was evaluated on blue microspheres with and without conjugated
anti-hCG antibody, subsequently referred to as “hCG” and “control” respectively. For initial
specificity determination, control microspheres (unconjugated) and anti-hCG-conjugated-
microspheres, were run in buffer excluding the target antigen, hCG. The lateral flow results
were quantified by densitometry (Syngene Gene Tools) (Fernandez-Sanchez et al., 2005). The
results for BSA based running buffer (PBS. 0.1% Tween20, 1% BSA) are presented in Figure
4.6 A and B below, while casein running buffer (PBS, 0.1% Tween20, 1% casein) results are

presented in Figure 4.7 A and B below.
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Figure 4.6: Lateral flow of BSA and casein finished Chicago Sky Blue dyed microspheres without
conjugated antibody (control) and hCG-conjugated-microspheres (hCG) in BSA-based running buffer. A:
Quantified results, B: Representative lateral flow image with control line above the test line. Error bars

represent standard deviation of triplicate lateral flow experimental sets.

It is expected that the negative control microspheres would not result in binding at the test or
control line while the anti-hCG-conjugated-microspheres would only bind to the control line.
However, some non-specific binding is clearly evident at the test line for all buffers and
conditions.
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Figure 4.7: Lateral flow of BSA and casein finished negative control and positive (hCG) Chicago Sky
Blue dyed microspheres in casein-based running buffer. A: Quantified results, B: Representative lateral
flow image with control line above the test line. Error bars represent standard deviation of triplicate

lateral flow experimental sets.

The casein-based running buffer performed well with both BSA and casein finished
microspheres. No binding was observed with the negative controls at either the control or the
test line. Expected binding was observed at the control line with the anti-hCG-conjugated-
microspheres, with the control line of the BSA and casein finished anti-hCG-conjugated-
microspheres having similar intensities (densitometry analysis). The results reveal the
importance of buffer formulation on lateral flow assay development and the presence of casein
appears to not only remove non-specific binding, but also increase the particle density at the
control lines. The suitability of the running buffer containing casein was subsequently

evaluated for both negative and positive controls for blue and red microspheres (Figure 4.8).
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Figure 4.8: Lateral flow of negative control and positive (hCG) microspheres. A: Quantified results and
B, representative lateral flow image of blue microspheres with control line above test line, C: Quantified
results and D, representative lateral flow image of red microspheres with control line above the test line.
Running buffer (R) and sample buffer (S). Error bars represent standard deviation of triplicate lateral

flow experimental sets.

The blue and red dyed microspheres performed as expected in both the running and sample
buffer. The negative control (unconjugated, casein finished) microspheres resulted in no
binding at the test or the control lines, in either the running or sample buffer and was dye
independent. The anti-hCG-conjugated-microspheres in the running buffer resulted in
development of an intense control line with no non-specific binding observed on the test line.
The anti-hCG-conjugated-microspheres in the sample buffer resulted in the development of
both the test and control lines, for both the blue and red microsphere detection agents. These
results confirm the suitability of the buffers for the two coloured lateral flow detection reagents.
4.3.2.2. Dye loading

The dye content of the microspheres was further explored to determine the effect on both bead
performance and detection sensitivity (Figure 4.9). The amount of antibody conjugated to the
microspheres remained constant while the dye content of the microspheres was varied (2 mg,
15 mg, 50 mg).
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Figure 4.9: Lateral flow of anti-hCG-conjugated-microsphere samples containing either 2, 15 or 50 mg
Congo Red dye.ml’1 microsphere suspension. A: Quantified results, B: Representative lateral flow
image with control line above the test line. Error bars represent standard deviation of triplicate lateral

flow experimental sets.

The performance of the anti-hCG-conjugated-microspheres in the running buffer was similar
with regards to time of control line development (it was thought that the increased density may
potentially negatively influence the particle flow and thereby the time required for resolution but
this appeared to have little effect), and absence of non-specific binding at the test line in all
cases. As the dye content increased, there was a quantifiable increase in signal intensity on
the control line.

In the sample buffer (positive for hCG), the test and control line intensity of the microspheres
containing 2 mg dye were comparatively low when compared to the signal intensity observed
with the microspheres containing 15 and 50 mg dye respectively (Figure 4.9). According to the
quantified data analysis, the anti-hCG-conjugated-microspheres dyed with 50 mg dye resulted
in a higher signal on both the test and control lines compared to the anti-hCG-conjugated-
microspheres dyed with 15 mg dye (Figure 4.9 A). However, visually, the test and control lines
of the anti-hCG-conjugated-microspheres dyed with 15 mg and 50 mg dye, appeared similar in
intensity (Figure 4.9 B). During assay development, it was observed that the nitrocellulose
membrane itself became pink-red when 50 mg dye was used, indicating potential dye leaching
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during running. The results suggest that an increased dye load on the microspheres could
result in higher signal intensities, but more than a three-fold increase in dye (from 15 to 50 mg)
only resulted in an increase in intensity between 10 and 30% (which was not discernible by
visual inspection). These results suggest that dye in excess of 15 mg dye.ml” microspheres
would not significantly increase the performance of the lateral flow assay, and could be

problematic for lateral flow application due to dye leaching.

4.3.2.3. Antibody loading

After the suitable dye content for the detection microspheres was determined (15 mg. ml”
microspheres), this was kept constant and the effect of the concentration of conjugated anti-
hCG antibody on the sensitivity for lateral flow was evaluated for two different concentrations
of antigen (50 mlU and 500 mIU hCG per reaction) (Figure 4.10). Two control reactions
(microspheres conjugated with either 200 pg or 4000 ug anti-hCG antibody) in running buffer
only (no hCG antigen), were included in these experiments to ascertain any potential non-

specific binding that may occur at the test line due to variation in antibody loading.
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Figure 4.10: Lateral flow of anti-hCG-conjugated-microspheres with varying amounts of anti-hCG
antibody, in running buffer (control) and sample buffer containing A: 50 mlU and C: 500 mIU hCG
antigen per reaction. B and D are representative lateral flow images of A and B respectively with control
line above the test line. Error bars represent standard deviation of triplicate lateral flow experimental

sets.
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The anti-hCG-conjugated-microspheres in running buffer (control, no antigen) resulted in
strong visible signals at the control line and no non-specific binding was observed at the test
line, with similar results irrespective of the amount of anti-hCG antibody immobilised.
According to densitometry analysis, the anti-hCG-conjugated-microspheres in running buffer
containing the antigen resulted in a gradual increase in the control and test line signal (up to
1000 g anti-hCG) after which the control line signal decreased with more antibody conjugated
to the microspheres while the test line signal remained stable up to 2000 ug of antibody.
Visually, higher concentrations of anti-hCG antibody conjugated to the microspheres resulted
in minimal difference in both the test and control line intensity values. However, the lowest

concentration of 20 yg resulted in weak signals with both visual and densitometry analysis.

Higher antibody concentrations on the microspheres did not necessarily result in increased
signal intensity. There is a range of plausible explanations, including steric hindrance as the
control and test lines can only bind a certain quantity of microspheres (Posthuma-Trumpie et
al., 2009). A further explanation could be that the microspheres are potentially porous and
overloading with antibody could result in the antibody immobilising to the interior of the
microspheres, which could potentially bind the antigen in the sample and not be accessible to
the capture antibody on the test line. In addition, only a fraction of the immobilised antibodies
may remain active (random orientation) and able to capture antigen in solution, whereas
previous studies have found that the fraction of immobilized antibodies able to capture antigen
eventually decreases with higher antibody surface coverage, as a result of monolayer

saturation and crowding (Saha et al., 2014).

4.3.3. Volumetric loading of microspheres

The volume of anti-hCG-conjugated-microspheres (200 upg anti-hCG per 1 ml (2.7 mg)
microsphere suspension) that were loaded in each lateral flow reaction was explored as a
parameter that could affect sensitivity and to determine the ideal microsphere content required
for a lateral flow device. The standard running buffer containing 50 mIU hCG antigen per
reaction was used for evaluation of this parameter. The volume of anti-hCG-conjugated-
microspheres that were loaded into each reaction was varied from 1 to 20 yl and the signal

intensity evaluated. The results are illustrated in Figure 4.11.
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Figure 4.11: Lateral flow with varying volumes of anti-hCG-conjugated-microspheres, in sample buffer.
A: Quantified results, B: Representative lateral flow image with control line above the test line. Error

bars represent standard deviation of triplicate lateral flow experimental sets.

It is evident from the data that the control line increases in intensity with increased microsphere
content; however the intensity of the test line is affected by the increased volume. Perhaps the
simplest explanation for this is ‘boulders in a stream’ as described by Wong et al 2009. As the
concentration of microspheres collects at the control line this impedes capillary flow of the
liquid and microspheres, negatively impacting the colour development at higher microsphere
loadings. This may possibly be overcome by increasing the time of lateral flow development
and the size of the absorbent pad used (to prevent saturation), or decreasing the particle size.
The ideal microsphere load for lateral flow is proposed as 5 to 10 pl since this provides easily

visible positive and negative control lines.

4.3.4. Lateral flow detection sensitivity

For the proof-of-concept study, these preliminary parameters were selected for evaluation of
sensitivity. The lowest limit of detection, i.e. the lowest possible concentration of antigen,
detectable by the lateral flow assay, was explored using the ideal parameters determined in
the aforementioned experiments (15 mg dye, and 200 ug anti-hCG per ml microspheres,
casein finished, and 10 yl microsphere volume) and varying the concentration of the antigen in

the running buffer. The results are presented in Figure 4.12 below.
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Figure 4.12: Lateral flow assay to determine the lowest limit of antigen detection of anti-hCG-
conjugated-microspheres. A: Quantified results, B: signal to noise ratio depicting lower limit of detection,
C: Representative lateral flow image with control line above the test line. Error bars represent standard

deviation of triplicate lateral flow experimental sets.

According to densitometry, the control line intensity remained fairly constant and clearly
visually detectable. The consistency observed with the control line intensity of ~80 000
arbitrary units across the lateral flow strips indicate good experimental reproducibility. There
was a gradual decrease in the test line intensity with a distinct reduction below 20 miU

although capture lines were visible at 5 mlU and this was considered the limit of detection for
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visual detection. However, a concentration of 0.5 mIU could potentially be detectable by

densitometry.

4.3.5. Antibody stability

Stability studies evaluate the effect environmental factors have on the quality of the product
which are then used to compare predictive shelf life and determine storage conditions (Bajaj et
al., 2012; Kommanaboyina et al., 1999; Leung et al., 2003). The accelerated denaturation

results are presented in Figure 4.13 below.
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Figure 4.13: Stability of anti-hCG-conjugated-microspheres incubated from 1 to 6 hours at 50°C, 60°C

and 70°C. A and B: Quantified results, C: Representative lateral flow image with control line above the

test line. Error bars represent standard deviation of triplicate lateral flow experimental sets.
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According to densitometry and visual analysis, the control line at 50°C remained relatively
stable for up to 6 hours of incubation, while the test line signal remained stable for up to 3
hours. Incubation at 60°C resulted in strong control line signals for up to 3 hours incubation
and strong test line signals for 1 hour incubation, while longer incubation (6 hours) resulted in a
reduced control line signal and no detectable test line signal. Incubation of the anti-hCG-
conjugated-microspheres at 70°C for 1 hour resulted in visible control and test lines, while

longer incubation times (3 and 6 hours) were detrimental to control and test line development.

Stability studies at temperature extremes have previously been performed on commercially
available lateral flow assays (pLDH and HRP2 based diagnostic tests) using real world blood
samples and it was found that at certain temperatures and exposure times, a control line
appeared while the assay failed to produce a test line (Chiodini et al., 2007). A similar result
was observed in this study (e.g. 60°C for 6 hours, 70°C for 3 hours), likely due to the
denaturation of the antigen binding site of the hCG antibody conjugated to the microsphere
and thus reduced antigen detection sensitivity, resulting in fewer anti-hCG-conjugated-
microspheres immobilising onto the test line. Heat denatured antibodies will however still
display linear epitopes and will still bind to the control line antibody, even though the antigen
binding domain may be denatured, thereby not binding at the test line, as observed in Figure
4.13. However, the strips were not incubated at elevated temperatures, in real world
applications, the control line antibodies would denature at elevated temperatures potentially
resulting in comparative decreases in signal at the control line. Improved stability at the test
line was not the purpose of this study, however several strategies to improve stability at the
control line have been proposed, including immobilisation on a microsphere matrix (Wong et
al., 2009).

4.3.6. Colloidal gold comparison

Colloidal gold is the most frequently used particle for lateral flow assays (Linares et al., 2012).
The performance of the anti-hCG-conjugated-microspheres was compared to the performance
of standard anti-hCG-conjugated-colloidal gold nanoparticles. A lateral flow assay with
negative control colloidal gold (BSA finished) and anti-hCG-conjugated-colloidal gold was set

up in colloidal gold based running and sample buffers (Figure 4.14).
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Figure 4.14: Lateral flow of negative control and positive (hCG) colloidal gold nanoparticles in running
and sample buffer. A: Quantified results, B: Representative lateral flow image with control line above the
test line. Running buffer (R) and sample buffer (S). Error bars represent standard deviation of triplicate

lateral flow experimental sets.

Densitometry and visual analysis of the nitrocellulose membranes resulted in no signal at
either the test or control line for the negative control colloidal gold nanoparticles, in either the
running or sample buffer. The anti-hCG-conjugated-colloidal gold nanoparticles resulted in a
signal at only the control line in running buffer while the gold nanoparticles in sample buffer
resulted in both a control and a test line signal as expected. The lowest limit of detection of the
lateral flow assay using anti-hCG-conjugated-colloidal gold nanoparticles was explored to

compare to the data generated for the polymer microspheres (Figure 4.15).
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Figure 4.15: Lateral flow assay to determine the lowest limit of antigen detection of anti-hCG-conjugated

colloidal gold nanoparticles. A: Quantified results, B: signal to noise ratio depicting lower limit of
detection, C: Representative lateral flow image with control line above the test line. Error bars represent

standard deviation of triplicate lateral flow experimental sets.

Densitometry and visual analysis revealed that the control line of the anti-hCG-conjugated-
colloidal gold nanoparticles remained relatively constant while the test line intensity gradually

reduced with decreasing antigen concentrations.

The results suggest the limit of antigen detection, for a definitive positive result using anti-hCG-

conjugated-colloidal gold nanoparticles in this lateral flow assay is in the range of 5 mIU per
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reaction, as the test line signal with antigen concentrations below 5 mIU were barely visible on

the membrane and could be considered by the reader as a false negative.

Accelerated decay at elevated temperatures was utilised to determine the stability of the anti-

hCG-conjugated-colloidal gold nanoparticles (Figure 4.16).
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Figure 4.16: Stability of anti-hCG-conjugated-colloidal gold incubated from 1 to 6 hours at 50°C, 60°C
and 70°C. A and B: Quantified results, C: Representative lateral flow image with control line above the

test line. Error bars represent standard deviation of triplicate lateral flow experimental sets.
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The densitometry and visual analysis of the anti-hCG-conjugated-colloidal gold nanoparticles
at 50°C resulted in stable control and test line intensities irrespective of the incubation time (1,
3, 6 hours). Incubation of the nanoparticles at 60°C resulted in a strong control and test line
signal for up to 1 hour incubation while longer incubation (3 hours) resulted in a strong control
line and weak test line with 6 hours incubation being detrimental to both control and test line
development. Incubation at 70°C for 1 hour resulted in a visible and detectable control line
while the test line was weak and barely detectable. Longer incubation times (3 and 6 hours) at

70°C were detrimental to control and test line development.

4.4. CONCLUSIONS

The suitability of the polymer microspheres as detector particles in lateral flow assays were
explored and the preliminary ideal parameters for 1 ml of microsphere suspension was
determined as 15 mg dye and 200 ug antibody loading. Further evaluation of the interplay
between antibody content and dye content however is required to determine the perfect
antibody and dye ratio for this application for future commercial use. The recommended
volume of the microspheres for application to lateral flow assays is 10 ul. The ideal parameters
determined in this study, provides a limit of sensitivity arguably within the same range as the
market leader colloidal gold, at 5 mIU per reaction (or 50 mlU.ml™") for visual detection. For
quantifiable detection with a reader, this is potentially reduced to 0.5 mIU per reaction (5
mlU.mlI™), or potentially even lower, resulting in a similar range of detection as reported in
previous studies by Fu et al. 2011 and Choi et al. 2005, who used hCG as the model protein.
Their studies revealed limits of detection for standard anti-hCG-colloidal gold of 1.5 mIU.ml”
(Choi et al., 2005; Fu et al., 2011).

The covalent conjugation of antibody to microspheres appeared to provide improved stability
as illustrated by incubation at high temperatures. The control line development potentially
indicates the availability and stability of linear epitopes, being captured at the control line. The
development of a test line is indicative of the stability of the antibody Fab region, where the
microspheres produced a positive result after 1 hour at 70°C while the colloidal gold did not
display a signal. Further evidence of increased stability can be seen in the test line at 60°C for
3 hours, where the microspheres provide a strong positive result as compared to that of
colloidal gold. The increase in stability could be a result of the multipoint antibody attachment
within the microsphere; however, additional stability tests (humidity and light) would have to be
explored next to determine the comprehensive improvement in stability of the microspheres for
lateral flow application. The stability benefit of covalent immobilisation of antibodies may be

extended to the antibodies at the test and control line by potentially adsorbing antibody-
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conjugated microspheres to the membranes, rather than just adsorbing detection antibody, but

was not considered within the scope of this study.

What was evident is that the lateral flow assay using the microspheres resulted in many of the
microspheres getting trapped at the bottom of the nitrocellulose membrane. This was less
pronounced with the colloidal gold beads and thus suggests possible aggregation, initial
binding (before the buffer can block the membrane), or particle size with a proportion of the
particles potentially not currently suitable for lateral flow (>3 pm) and possibly hindering the
particle flow of the smaller microspheres. The signal to noise ratio of colloidal gold, as well as
the intensity and sharpness of the test and control lines were visibly better than that observed
with the polymer microspheres. The polymer microspheres themselves did not leach in the
buffer during storage and thus, the reduced contrast observed with the polymer microspheres
may not necessarily be as a result of leaching, but rather be attributed to the larger particles
flowing on the strip. Further microsphere engineering aimed at reducing particle size and
aggregation may overcome the identified limitations. However, further evaluation of alternate
blocking techniques, and the use of alternate membranes may also potentially provide
improvement and will be explored. Particle aggregation could potentially lead to loss of
sensitivity, loss of reproducibility and robustness and remains a definite area for further

investigation.

Of potential interest is the quantifiability provided by the microspheres, which may provide
opportunities in diagnostics where quantification is important, such as monitoring clearance of

disease (companion diagnostics).

The results obtained from this study illustrate the suitability of the polymer microspheres as
detector particles in lateral flow assays. Further microspheres engineering is required to
improve the performance of the assay, however promising results were obtained regarding
stability which could potentially benefit current lateral flow assays. Proof-of-concept has been
established and can potentially be extended to a multitude of lateral flow diagnostics. Lateral
flow immuno-chromatographic assays provide a relatively low cost and accurate means of
diagnosing disease at point-of-care, where the high mortality of malaria and the possible
benefit of improved and multiplex diagnosis can have a positive impact on malaria

management.
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CHAPTER 5

LATERAL FLOW IMMUNOASSAY: MALARIA

5.1. INTRODUCTION

The early symptoms of malaria include headache, fever, weakness, chills, abdominal pain,
diarrhoea, nausea, vomiting and anorexia (Tangpukdee et al., 2009). In tropical and sub-
tropical regions, several diseases exist with symptoms that resemble malaria and this often
leads to incorrect diagnosis, which is a major contributor to malaria mortality (Bell et al., 2006;
Ly et al., 2010; Murray et al., 2008). In addition to late diagnosis of malaria, a major drawback

of incorrect diagnosis is the subsequent rise of drug resistant parasites (Kokwaro, 2009).

The World Health Organisation has provided strict stipulations for rapid diagnostic tests and
include the capability to: 1) detect and distinguish between all Plasmodium species with a
sensitivity of at least 100 parasites.ul™ of blood; 2) to distinguish between viable (active) and
non-viable (previous infection) parasites; 3) provide very few false-positives; 4) provide no
false-negatives; 5) be rapid (<20 minutes), equipment free, portable, robust, simple to operate
and affordable to acquire and maintain (Gascoyne et al., 2004; Moody, 2002; Urdea et al.,
2006; WHO, 2000). Additional ideal diagnostic capabilities include quantitative/semi-
quantitative information measurements to allow drug therapy to be monitored, the identification
and incorporation of target putative markers that can detect complications such as resistance,
and detect multiple diseases, as well as a colour strip on the packaging to monitor heat
exposure and thus indicate the reliability of the test (WHO, 2009).

It is evident from the literature review that, of the numerous diagnostic techniques available,
few are suited for true point-of-care diagnostics for field use in developing countries.
Microscopy is considered the “gold standard” for malaria diagnosis, however this technique is
labour-intensive, time consuming and highly dependent on the interpretation skill and
experience of the staff examining the slide (Bell et al., 2006; Makler et al., 1998; Moody, 2002;
Murray et al., 2008; Wongsrichanalai et al., 2007). In resource-poor areas where financial
constraints may prevent the purchasing of even regular microscopes, the use of more
expensive fluorescent microscopes in these areas is less feasible (Makler et al., 1998).
Although PCR-based molecular diagnostics, microarrays, flow cytometry, mass spectrometry
and enzyme immunoassays have various advantages for diagnostics, including the ability to
process high sample volumes, these techniques are impractical in developing countries given

that they are labour intensive, expensive, involve multiple sample processing steps and require
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a “clean room”, specialised equipment, electricity and trained personnel (Makler et al., 1998;
Tangpukdee et al., 2009).

Antigen-based tests have been developed that allow for the rapid and accurate detection of
various malaria species, including P. falciparum, P. ovale, P. malariae, P. vivax and P.
knowlesi, by capturing parasite specific antigens present in blood (Kakkilaya, 2003; Ly et al.,
2010; Tangpukdee et al., 2009). These rapid diagnostic tests are available in different formats,
from dipsticks and cards to cassettes, pads, wells and strips (Kakkilaya, 2003). Lateral flow
immunochromatographic assays arguably provide the most suitable format for point-of-care
application and embody an amalgamation of different technologies that provide a relatively low
cost and accurate means of diagnosing diseases (Bell et al., 2006). However, this technology
has several limitations including lack of sensitivity and stability which needs to be addressed

(refer to section 1.8.6, table 1.1).

In 2009, the World Health Organisation evaluated the performance of several commercially
available malaria lateral flow diagnostic devices, revealing numerous limitations regarding the
sensitivity and specificity of these lateral flow diagnostic assays (Murray et al., 2008; WHO,
2009; Wongsrichanalai et al., 2007) highlighting the need for more sensitive diagnostic
devices. Malaria lateral flow diagnostic tests currently have a lower detection limit of 100
Plasmodium spp parasites.ul”’ of blood, which translates to a parasitemia of 0.002%,
approximating to 500 million parasites per infected individual (Vigario et al., 2001).
Consequently, lateral flow diagnostic tests for malaria are currently only relevant for febrile
detection, at which point clinical symptoms and illness have already set in, reducing the
productivity of the infected individual as well as the efficacy of anti-malarial treatment (Bahk et
al., 2010).

The development of rapid diagnostic tests for use in areas with little or no infrastructure have
several technical challenges to overcome (highlighted in Chapter 1), including lack of clean
water, electricity and cold storage facilities (Urdea et al., 2006). These challenges make e.g.
lateral flow diagnostic tests, the preferred solution for diagnostics in resource constrained
settings (Makler et al., 1998). The management of malaria in developing countries is set to
improve substantially if the disease can be diagnosed accurately and treated accordingly. For
this to become reality, the point-of-care diagnostic techniques need to be critically reviewed,
improved, and efficiently deployed. The development of improved point-of-care diagnostic
devices, suitable for early malaria detection, while remaining cost effective and simple to use,
is of high priority for disease management in malaria endemic countries. This chapter aims to

evaluate the prototype polymer microspheres for detection of malaria antigens, illustrating
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suitability for multiplex detection and compatibility of the diagnostic detection reagents for the

highly specific detection of a range of antigens.

5.2. MATERIALS AND METHODS

5.2.1. Materials

All reagents were supplied by Sigma Aldrich (Germany) unless otherwise stated. Antibodies for
the control line (polyclonal goat anti-mouse 1gG), test line 1 (monoclonal mouse anti-HRP2
IgM, clone 5) and test line 2 (monoclonal anti-pLDH 1gG2b, clone 21), as well as the
monoclonal antibodies (monoclonal mouse anti-HRP2 1gG, clone 4 and monoclonal mouse
anti-pLDH 1gG, clone 23) required for conjugation to the microspheres were purchased from
Arista Biologicals (United States). Anti-HRP2-conjugated colloidal gold was further purchased
from Arista Biologicals. Colloidal gold (40 nm) was purchased from British BioCell International
(BBI, UK)). HRP2 antigen (0.33 pg.ul™") was supplied by the National Bioproducts Institute
(NBI, South Africa) and pLDH antigen (0.42 pg.ul™") was supplied by the University of Cape
Town. Ultra-pure water from the MilliQ system (Millipore) was autoclaved and used for all
experiments. Centrifugation was performed using a Beckman-Coulter microfuge 18 at room
temperature (25°C) at 2000 x g for 5 minutes. The end-over-end mixing/incubation steps were
performed at 4°C on an ELMI Intellimixer set on program F1 and 15 rpm, 180° rotation. All
lateral flow assay experiments were set-up in a microwell format, where buffer (100 pl) and
detector reagent (10 ul) were pre-mixed in a well of a microwell plate, unless otherwise stated,
and the membrane subsequently placed within the solution (Figure 4.3). The standard
protocols for colloidal gold, as stipulated by the Diagnostics Consulting Network, have been

followed where colloidal gold was used as a label.

5.2.2. Antibody striping to nitrocellulose membrane

Control and test line antibodies (1 mg.ml™ in PBS, 1% sucrose) were striped onto CN-95
nitrocellulose membranes (Unisart) as described in Chapter 4 (4.2.3). Three sets of
nitrocellulose membranes were striped, each containing the anti-mouse IgG antibody at the
control line, and either anti-HRP2 IgM or anti-pLDH IgG at the test line, subsequently referred
to as HRP-striped or pLDH-striped. The multiplex-striped nitrocellulose membranes contained
anti-mouse 1gG at the control line, anti-HRP2 IgM at test line 1 and anti-pLDH IgG at the test
line 2 (Figure 5.1).
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Figure 5.1: Schematic of the multiplex antibody striping on nitrocellulose membrane for lateral flow.

5.2.3. Antibody conjugation to microspheres (HRP2 and pLDH)

Epoxide-functionalised polymer microspheres were synthesised and dyed as described in
Chapter 4 (4.2.2) after which 200 pg anti-HRP2 and anti-pLDH antibodies were conjugated to
1 ml (2.7 mg) red microspheres (anti-HRP2-conjugated-microspheres) and blue microspheres
(anti-pLDH-conjugated-microspheres) respectively, the microspheres were finished with casein
and sonicated as described in Chapter 4 (4.2.2). The quantity of antibodies bound to the

microspheres was determined using the BCA method as described in Chapter 3 (3.2.3).

5.2.4. Lateral flow reagents

The compatibility of the lateral flow running buffer (PBS, 0.1% Tween20, 1% casein) identified
in Chapter 4 was evaluated with red anti-HRP2-conjugated-microspheres and blue anti- pLDH-
conjugated-microspheres respectively. A lateral flow assay was set up using 100 ul running
buffer and 10 pl casein-finished negative control microspheres (no antibody) and experimental
microspheres (anti-HRP2-conjugated and anti-pLDH-conjugated) on HRP2-striped or pLDH-

striped nitrocellulose lateral flow membranes.

The assay specificity was evaluated for the lateral flow using both red anti-HRP2-conjugated-
microspheres and blue anti-pLDH-conjugated-microspheres in running buffer (PBS, 0.1%
Tween20, 1% casein), running buffer supplemented with HRP2 antigen (10 ng.ul”) and pLDH
antigen (10 ng.ul™).

5.2.5. Multiplex lateral flow assay

The preparation of a multiplex lateral flow assay was explored using the multiplex-striped
nitrocellulose membrane and mixing the red anti-HRP2-conjugated-microspheres and the blue
anti-pLDH-conjugated-microspheres in a single lateral flow reaction using buffer (PBS, 0.1%

Tween20, 1% casein) with and without antigens (10 ng.ul™).
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5.2.6. Anti-HRP2-conjugated-colloidal gold: “Gold” standard

BSA-finished colloidal gold (negative control) was prepared as described in Chapter 4 (4.2.6)
and anti-HRP2-conjugated-colloidal gold was used as supplied. The lateral flow assay control
was set up using 10 ul of negative control colloidal gold nanoparticles and anti-HRP2-
conjugated-colloidal gold nanoparticles in colloidal gold running buffer (0.1 M Tris, pH 8, 0.1%
Tween20, 0.1% BSA) and sample buffer (running buffer supplemented with HRP2 antigen, 10
ng.ul”"). The specificity was evaluated by running 10 pl anti-HRP2-conjugated-colloidal gold in
100 pl running buffer supplemented with the correct and incorrect antigen (10 ng.ul™) of HRP2
and pLDH respectively.

5.2.7. Microspheres and colloidal gold comparison

The anti-HRP2-conjugated-microspheres were evaluated against the standard anti-HRP2-
colloidal gold nanoparticles with respect to sensitivity and stability. Anti-pLDH conjugated

microspheres were evaluated alongside the anti-HRP2-conjugated-microspheres.

The sensitivity of the anti-HRP2-conjugated-microspheres, anti-HRP2-conjugated-colloidal
gold nanoparticles and anti-pLDH-conjugated-microspheres was evaluated by decreasing the
concentration of antigen (HRP2 or pLDH) in the sample buffers as described in Chapter 4
(4.2.7).

The stability of the microspheres and nanoparticles was evaluated by analysing the lateral flow
efficiency of detection after incubation of the antibody conjugated particle suspensions at

elevated temperatures from 50 to 70°C for 1, 3 and 6 hours, as described in Chapter 4 (4.2.7).

5.3. RESULTS AND DISCUSSION

5.3.1. Antibody conjugation to microspheres

The quantity of anti-HRP2 and anti-pLDH antibody conjugated to red and blue microspheres
was quantified using the BCA method with standard curves calculated using the equation of
each respective antibody (anti-HRP2: R? value of 0.9992, equation y = 0.0178x — 0.0154; anti-
pLDH: R? value of 0.9985 equation, y = 0.0206x — 0.0056). The red and blue polymer
microspheres bound almost all measurable protein content (95.04 % and 94.43 % for anti-

HRP2 and anti-pLDH antibodies respectively).
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5.3.2. Lateral flow buffers

The compatibility and specificity of the lateral flow running buffer was explored with negative
control (unconjugated, casein finished) and experimental (anti-HRP2-conjugated and anti-

pLDH-conjugated) microspheres (Figure 5.2).
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Figure 5.2: Lateral flow of control and positive (anti-HRP2-conjugated and anti-pLDH-conjugated)
microspheres in running buffer. A: Quantified results and B, representative lateral flow image for HRP-
microspheres with control line above the test line and C: Quantified results and D, lateral flow image for
pLDH-microspheres with control line above the test line. Error bars represent standard deviation of

triplicate lateral flow experimental sets.

No signal was detected at either the test or control line with the negative control microspheres
in running buffer while a visible signal was observed at the control line for both anti-HRP2- and
anti-pLDH conjugated microspheres. The control line signal of ~ 80 000 remains consistent
across lateral flow test strips indicating good experimental reproducibility. No non-specific
binding was observed, indicating compatibility of the running buffer for both antibodies and

microsphere preparations.
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The specificity of the lateral flow assay was determined individually for running buffer (no
antigen) and sample buffer (containing the corresponding antigen) on both the anti-pLDH and
anti-HRP2 striped membranes (Figure 5.3 — HRP2 and Figure 5.4 - pLDH).
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Figure 5.3: Specificity of anti-HRP2-conjugated-microspheres in running buffer (R) and running buffer
supplemented with HRP2 antigen (S1) or pLDH antigen (S2). A: Quantified results and B,
representative lateral flow image on anti-HRP-striped membrane with control line above the test line, C:
Quantified results and D, representative lateral flow image on anti-pLDH striped membrane with control
line above the test line. Error bars represent standard deviation of triplicate lateral flow experimental

sets.

The results indicated no antibody cross-reactivity. Briefly, for the anti-HRP2-striped
membranes a signal was observed at the control line with the antigen free running buffer with
no non-specific binding observed at the test line; whereas in the sample buffer containing the
HRP2 antigen (S1) a signal was observed at both the control and test line indicating a positive
result as anticipated. The controls with sample buffer containing pLDH antigen (S2) on the
anti-pLDH-striped membranes indicated no antibody cross-reactivity. Similar results were
obtained for the anti-pLDH microspheres (Figure 5.4), indicating no non-specific interaction

and alluding to their potential application in a multiplex lateral flow format.
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Figure 5.4: Specificity of anti-pLDH-conjugated-microspheres in running buffer (R), and running buffer
supplemented with HRP2 antigen (S1) or pLDH antigen (S2). A: Quantified results and B,
representative lateral flow image on anti-HRP-striped membrane with control line above the test line, C:
Quantified results and D, representative lateral flow image on anti-pLDH striped membrane with control
line above the test line. Error bars represent standard deviation of triplicate lateral flow experimental

sets.

5.3.3. Lateral flow detection sensitivity

The lowest limit of antigen detection (sensitivity) for anti-HRP2-conjugated-microspheres and
anti-pLDH-conjugated-microspheres was explored using a lateral flow assay in microwell

format with decreasing quantities of antigen in sample buffer (Figure 5.5 — HRP2 and Figure
5.6 - pLDH).
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Figure 5.5: Lateral flow to determine the lowest limit of detection of HRP2 using a lateral flow assay in
microwell format. A: Quantified results, B: signal to noise ratio depicting lower limit of detection, C:
Representative lateral flow image with control line above the test line (HRP2). Error bars represent

standard deviation of triplicate lateral flow experimental sets.

The nitrocellulose membranes were striped in several batches and although batch to batch
variation in signal intensity was not observed, there was variability in the positioning of the
control and test lines, as can be observed in Figure 5.5 and subsequent figures. According to
densitometry and visual analysis, the control line intensities remained constant and clearly

visually detectable across all sample dilutions while the test line intensity gradually decreased
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below 2.5 ng.ul" antigen present in the sample buffer with a distinct reduction in the test line
intensity from 1.2 ng.ul™ (visual limit of detection) downwards. However, lower concentrations

of antigen down to 0.15 ng.ul™" were still detectable by densitometry.
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Figure 5.6: Lateral flow to determine the lowest limit of detection of pLDH using a lateral flow assay in

microwell format. A: Quantified results, B: signal to noise ratio depicting lower limit of detection, C:
Representative lateral flow image with control line above the test line (pLDH). Error bars represent

standard deviation of triplicate lateral flow experimental sets.
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The densitometry analysis and visual analysis reveal stable control line signals that remained
relatively constant across all sample dilutions while the test line intensity gradually reduced
with 1.2 ng.ul”" antigen concentration potentially being the lowest limit of visual detection.
However, similar to that of HRP2, the lowest quantifiable concentration of antigen was
considered to be 0.15 ng.ul”" antigen which was detectable by densitometry. The control line
intensity remained consistent (90 000 — 100 000) across lateral flow strips, irrespective of the

antigen being detected, which suggests good experimental reproducibility.

5.3.4. Antibody stability

The performance of anti-HRP2-conjugated-microspheres and anti-pLDH-conjugated-
microspheres were evaluated after exposure to elevated temperatures. The accelerated

denaturation results are presented in Figure 5.7 (HRP2 antigen) and Figure 5.8 (pLDH

antigen)
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Figure 5.7: Stability of anti-HRP2-conjugated-microspheres incubated from 1 to 6 hours at 50°C, 60°C
and 70°C. A and B: Quantified results, C: is the comparative lateral flow image with control line above

the test line (HRP2). Error bars represent standard deviation of triplicate lateral flow experimental sets.

According to densitometry and visual analysis, the control line and test line intensities
remained relatively constant at 50°C, 6 hour incubation. Incubation at 60°C resulted in stable
control line signals for up to 3 hours incubation after which there was a distinct reduction in
control line signal at 6 hours of incubation, while the test line signal gradually reduced with

increasing incubation time (1, 3 and 6 hours). Incubation at 70°C for 1 hour resulted in visible
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control and test lines, while 3 hours incubation was detrimental to test line development,
resulting in a strong control line signal only. Similar to observations for hCG, longer incubation

(6 hours) was detrimental to both control and test line development.
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Figure 5.8: Stability of anti-pLDH-conjugated-microspheres incubated from 1 to 6 hours at 50°C, 60°C
and 70°C. A and B: Quantified results, C: is the comparative lateral flow image with control line above

the test line (pLDH). Error bars represent standard deviation of triplicate lateral flow experimental sets.

The densitometry and visual analysis of the anti-pLDH-conjugated-microspheres at 50°C
reveal similar control and test line intensities for up to 3 hours incubation with a distinct
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reduction in test line intensity at 6 hours incubation. Incubation at 60°C resulted in relatively
similar control line signals for up to 3 hours incubation after which there was a distinct
reduction with 6 hours incubation. Test line signal was strong with 1 hour incubation at 60°C
but reduced with increasing incubation time (3 hours) to be visually undetectable after 6 hours
incubation. Incubation at 70°C for 1 hour resulted in visible control and test lines (albeit faint),
while longer incubation times (3 and 6 hours) were detrimental to both control and test line
development. Comparative analysis of HRP2 and pLDH indicates that pLDH is slightly less
stable than HRP2 and would be the limiting factor for the development of a stable multiplex

lateral flow assay.

5.3.5. Multiplex lateral flow

A potential advantage of having a variety of coloured detection reagents for lateral flow is
allowing for simple interpretation of multiplex lateral flow devices (Wong et al., 2009). The
advantage of using microspheres labelled with primary colours red and blue is the potential of
creating a third discernible colour at the control line that indicates the test is working for both
antibodies, and the possibility to discern what indeed is potentially wrong with the diagnostic

assay.
The suitability for a multiplex lateral flow assay was evaluated using a combination of the

microspheres on nitrocellulose striped with both test lines (and controls) in sample buffer

containing both HRP2 and pLDH antigens. The results are presented in Figure 5.9.
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Figure 5.9: Multiplex lateral flow with both anti-HRP2-conjugated-microspheres and anti-pLDH-

conjugated-microspheres in running (R) and sample (S) buffer on multiplex-striped nitrocellulose. A:

Quantified results and B, representative lateral flow image of HRP-microspheres with control line above
test line 1 in the middle (HRP2) and test line 2 (pLDH) below test line 1, C: Quantified results and D,

representative lateral flow image of pLDH-microspheres with control line above test line 1 (HRP2) in the

middle and test line 2 (pLDH) below test line 1, E: Quantified results and representative lateral flow

image F, of anti-HRP2-microspheres and anti-pLDH-microspheres with control line above test line 1

(HRP2) in middle and test line 2 (pLDH) below test line 1. Error bars represent standard deviation of

triplicate lateral flow experimental sets.
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Briefly, no non-specificity of the microspheres was observed across antigens, while the results
at the test-lines corresponded to the presence of the antigens in the running buffer as

expected. No cross reactivity of antibodies was observed for HRP2 or pLDH detection.

5.3.6. Colloidal gold comparison

The performance of the anti-HRP2-conjugated-microspheres was compared to the
performance of the standard anti-HRP2-conjugated colloidal gold nanoparticles. A lateral flow
assay with negative control colloidal gold (BSA finished) and anti-HRP2-conjugated-colloidal
gold was set up in colloidal gold based running buffer (no antigen) and sample buffer (inclusive
of antigen; Figure 5.10).
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Figure 5.10: Lateral flow of negative control and positive (HRP2) colloidal gold nanoparticles in running
(R) and sample (S) buffer. A: Quantified results, B: Representative lateral flow image with control line
above the test line (HRP2). Error bars represent standard deviation of triplicate lateral flow experimental

sets.

The densitometry and visual analysis resulted in no signal at either the test or control line for
the negative control colloidal gold nanoparticles, in either buffer while the anti-HRP2-
conjugated-colloidal gold nanoparticles resulted in a control line in the running buffer while

sample buffer resulted in both control and test line development as expected.

The specificity of the lateral flow assay using anti-HRP2-conjugated-colloidal gold
nanoparticles was determined individually for running buffer and sample buffer (containing the
corresponding antigen on both the anti-HRP2-striped and anti-pLDH-striped membranes
(Figure 5.11).
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Figure 5.11: Specificity of anti-HRP2-conjugated-colloidal gold nanoparticles in running buffer (R) and
running buffer supplemented with HRP2 antigen (S1) or pLDH antigen (S2). A: quantified results and B,
representative lateral flow image on HRP-striped membrane with control line above test line, C:
quantified results and D, representative lateral flow image on pLDH-striped membrane with control line

above test line. Error bars represent standard deviation of triplicate lateral flow experimental sets.

According to densitometry and visual results, no antibody cross-reactivity was observed.
Briefly, for the anti-HRP2-striped membranes a signal was observed at the control line with the
antigen free running buffer with no non-specific binding at the test line; whereas in the sample
buffer containing the HRP2 antigen (S1), a signal was observed at both the control and the test
line indicating a positive result as anticipated. No antibody cross-reactivity was observed in
controls with sample buffer containing pLDH as the antigen (S2) or on anti-pLDH-striped

membranes.

The lowest limit of antigen detection of the lateral flow assay using anti-HRP2-conjugated-
colloidal gold nanoparticles was explored using sample buffer containing decreasing
concentrations of HRP2 antigen for direct comparison to the sensitivity data for the polymer

microspheres (Figure 5.12).
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Figure 5.12: Lateral flow to determine the limit of antigen detection of HRP2-colloidal gold nanoparticles

(standard). A: Quantified results, B: signal to noise ratio depicting lower limit of detection, C:
Representative lateral flow image with control line above the test line (HRP2). Error bars represent

standard deviation of triplicate lateral flow experimental sets.

The densitometry and visual analysis revealed that the control line signal intensity remained
relatively constant irrespective of the amount of antigen in the sample buffer while there was a
gradual reduction in test line intensity with increased sample dilution up to 2.5 ng.ul™", with a
distinct reduction from 1.2 ng.ul’ antigen downwards, suggesting this as lower limit of
detection. However, similar to densitometry analysis using the polymer microspheres, the

signal was detectable down to 0.15 ng.ul™”" antigen. The consistency of the control line intensity
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(~450 000 arbitrary units) observed for colloidal gold, across the lateral flow strips, indicate

good experimental reproducibility.

Accelerated decay at elevated temperatures was used to determine the stability of the anti-
HRP2-conjugated-colloidal gold nanoparticles (Figure 5.13) for comparison to immobilised

anti-HRP2 conjugated to the polymer microspheres.
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Figure 5.13: Stability of anti-HRP2-conjugated colloidal gold nanoparticles incubated from 1 to 6 hours
at 50°C, 60°C and 70°C. A and B: quantified results, C: representative lateral flow images of experiment
with control line above the test line (HRP2). Error bars represent standard deviation of triplicate lateral

flow experimental sets.
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According to the densitometry and lateral flow images, the control and test line signals
remained stable and detectable for up to 6 hours incubation at 50°C, while incubation at 60°C
resulted in detectable signals for both the control and test line for up to 1 hour incubation, after
which there was a distinct reduction in both control and test line signal intensity (3 and 6
hours). Incubation at 70°C for 1 hour resulted in a detectable control line but barely visible test
line. Interestingly 3 hours at 70°C resulted in increased binding at the test line (which is likely
non-specific binding) while the control line was barely visible, while 6 hours of incubation
resulted in no detectable signal at either line. Comparison of test and control lines at 60 and
70°C for the anti-HRP2 conjugated microspheres and colloidal gold suggest that the
microsphere immobilised antibodies are more stable (control line at 70°C for 3 hours). It is
worth mentioning the similarity in stability observed with different conjugated antibodies (hCG
and HRP2 — refer Figure 4.16 and Figure 5.13), which may be indicative of instability in the
colloidal gold or similar stabilities of the IgG (goat), and further investigation is required to
identify the root cause of the instability. However, stability at elevated temperature is reduced

for colloidal gold conjugated antibodies in both instances.

5.4. CONCLUSIONS

The performance of anti-HRP2-conjugated-microspheres and anti-pLDH-conjugated-
microspheres were evaluated, and compared to a commercial preparation of anti-HRP2-
conjugated colloidal gold as the standard detector particles for lateral flow assay in a microwell
format. We have successfully demonstrated the suitability of the polymer microspheres for
detection of a further two antigens, showing its suitability as a generic detection agent, and
further sensitivity in the range of colloidal gold for lateral flow assay in a microwell format. The
polymer microspheres have further been shown to be suitable for the development of multiplex
assay formats, allowing for the easily discernible and simple interpretation of lateral flow

results.

The lower limit of visual detection for all antigens was considered similar at 1.2 ng.ul” while
0.15 ng.ul™" was the lower limit of detection using densitometry analysis. This lowest limit of
detection may be as a direct result of the reported Kp of murine antibodies used in this study,
where the Kp value gives a quantitative measurement of antibody affinity, where low affinity
equals high Kp and vice versa (Scheinberg, 2010). For example, the Kp values of commercial
therapeutic antibodies binding to their target antigen, is typically in the nanomolar range (Zhu
et al., 2009). By comparison, a concentration of 0.15 ng.ul”" equates to 4nM for the 37 kDa
HRP2 antigen and it would be expected that the signal, in both the polymer microspheres and
colloidal gold based assays, would drop rapidly once the antigen concentration in solution

drops significantly below the Kp, due to fundamental thermodynamic considerations. To
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potentially achieve lower sensitivities for lateral flow assays, alternate sources of antibodies
with lower Kp values may therefore be of value. Sensitivity of the malaria assay is very
important as patients with low parasitemia may go undetected and act as reservoirs for
parasite transmission. The current limit of sensitivity for malaria lateral flow diagnostics using
colloidal gold is 100 parasites.ul” blood (Tangpukdee et al., 2009), and although the sensitivity
results presented in this study are not directly comparable, the similar sensitivities of the anti-
HRP2-conjugated-microspheres to the anti-HRP2-conjugated-colloidal gold nanoparticles
suggests that the anti-HRP2-conjugated-microspheres could have a similar sensitivity as the
market leader in a fully assembled diagnostic assay cassette. Literature advises that an
average of 5.2 fg HRP2 is secreted per parasite per erythrocytic lifecycle, which suggests that
100 parasites would secrete ~0.0052 ng HRP2 per life cycle (Butterworth et al., 2011). The
claimed limit of detection for the commercial BinaxNOW malaria test is 1001 — 1500
parasites/ul for Plasmodium falciparum and 5001 — 5500 parasites/pl for Plasmodium vivax
(www.alere.com, 2015). The visual and densitometric limit of detection for HRP2 is 1.2 ng and
0.15 ng respectively. Based on the above information, it can be calculated that 0.15 ng antigen
is produced by ~2800 parasites/pl and thus the assay is currently half as sensitive as
commercial BinaxNOW assay. This is a rather preliminary comparison with literature values
with the commercial test, and a direct comparison of the microsphere performance in a fully

assembled device, to commercial devices, would allow for more valuable comparison.

In addition, the sensitivity of coloured latex beads are considered less than that of colloidal
gold, due to the smaller size of colloidal gold (20 — 40 nm) compared to that of latex (100 — 300
pm) resulting in higher packing density of colloidal gold at the control and test line (O' Farrell,
2013). The high colour intensity of gold as compared to latex results in better visual
discrimination at lower antigen concentration. The results presented here suggests that the
coloured polymer microspheres may potentially be more sensitive than coloured latex, but this
remains to be verified in further studies with direct comparison to latex. For the purpose of this
study, and considering it is the standard detection agent for lateral flow assays, colloidal gold

was considered the most suitable detection agent for direct comparison.

Comparative stability indicates that anti-pLDH antibody appears less stable than anti-HRP2

and would be the limiting factor in the stability of a lateral flow device for point-of-care.

A prerequisite for lateral flow assays is their stability at 35 — 45°C for 18 months (Bell et al.,
2006). It has been found that the lateral flow assays for use in the field often are exposed to
temperatures above 50°C during transport while typical shelf storage temperature of the

products in a village clinic is 30 — 45°C (Bell et al., 2006). Preliminary results, indicating
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improved stability of the microspheres, bode well for the development of point-of-care

technologies utilising the microspheres as detection agents.

The antibody-conjugated-microspheres did not exhibit non-specific interaction with the test
lines and were further applied in a multiplex format with three distinguishable colours, red (test
line), blue (test line) and purple (control line — combination of red and blue). This allows for
simple interpretation of tests, and possible troubleshooting of tests at the point-of-care. With a
multiplex assay, as demonstrated here, all species of malaria are potentially detectable using a
single assay and can further potentially allow for the monitoring of parasite clearance during

treatment.

The high specificity of the polymer microspheres indicates that they may have application in
alternate point-of-care diagnostic devices such as agglutination tests, where non-specific
binding to latex beads results in non-specific agglutination, has been identified as a major
problem for this type of test (Polpanich et al., 2007), a problem the polymer microspheres

described in this study could potentially overcome.
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CHAPTER 6
CONCLUSIONS AND FUTURE PERSPECTIVES

The ReSyn microsphere technology was initially engineered for suitability to lateral flow
technology (size) by optimising the emulsion parameters for preparation. Of interest were
parameters including size and lack of aggregation. The optimisation studies resulted in multi-
coloured (blue and red) polymer microspheres with a particle size distribution in the range from
0.1 — 4 ym in size, with a reasonable portion (just under 50%) of microspheres a suitable size
(= 1 um) for lateral flow on nitrocellulose membranes. Further microsphere engineering is
however required to reduce the nominal size, to ensure that all microspheres are suitable for
lateral flow and reduce possible collection of the microspheres at the point of application to the
strip. The aim of this study was to achieve proof-of-concept for lateral flow detection reagents
developed from a new polymer microsphere technology, with the potential benefit of increased

dye binding capacity and improved stability of antibodies through covalent immobilisation.

Initial lateral flow development was performed on pregnancy biomarker hCG, and
subsequently translated onto biomarkers for malaria detection (pLDH and HRPZ2). The
parameters affecting sensitivity and specificity for lateral flow application were evaluated,
resulting in sensitivity within the range of colloidal gold, the ‘gold’ standard for lateral flow
RDT’s. The antibodies on the microspheres displayed improved stability to heat over colloidal
gold conjugated antibody, which was attributed to covalent immobilisation of the antibodies.
The improvement in stability is potentially transferable to the capture line through
immobilisation of microspheres at these capture lines, potentially providing for improved
stability of diagnostic devices incorporating them as detection agents. For initial proof-of-
concept in developing a lateral flow assay using the microspheres, covalent random
immobilisation of the antibodies, (as opposed to the possibility of improved sensitivity that may
be provided by antibody orientation) on the microspheres was selected, due to the simpler
experimental design, reducing potential experimental variability. Partially oriented antibody
immobilisation provided a 3 fold improvement in antibody availability and should be evaluated

for application for lateral flow.

The potential for incorporation of a range of coloured reactive dyes within the microspheres
enable multiplex detection in lateral flow format. The application of multiplex detection, with
high specificity and sensitivity, was demonstrated using malaria biomarkers pLDH and HRP2.
Multiplex detection not only allows for the detection of various analytes in a single sample but

further potentially allows for simpler interpretation of lateral flow assay results.
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This research demonstrates lateral flow detection with sensitivity in the range of the current
detector reagents, but several areas for further optimisation and potential applications for the
diagnostic microspheres were identified. The improved test line colour obtained with colloidal
gold over polymer microspheres is considered as a result of their smaller size, which allows
higher packing density of the nanoparticles at the capture lines (O' Farrell, 2013). We thus
intend to further decrease the size of the polymer microspheres, as this may allow higher
packing density of the microspheres at the capture lines, which could in turn translate to
improved sensitivity, sharper control and test lines, enabling better quantification. Reduced
aggregation may result in the requirement of fewer particles in the assay to obtain the same
signal at the test and control line with reduced background and is an area for further
investigation. In addition, different dyes, resulting in increased contrast against the white
nitrocellulose membrane, could be evaluated as they may enhance visual detection of the
assay. A degree of background staining of the nitrocellulose membrane was observed when
using the microspheres, which may either be due to potential leaching of the dye during the
assay, or the contrast of the microspheres against the membrane while flowing. This
phenomenon needs further evaluation and alternate coupling chemistries can be evaluated to
prevent leaching, if this is found to be the cause of the leaching. The polymer microspheres
are currently suitable for integration in lateral flow and we intend evaluating them in a fully
assembled diagnostic cassette with various sample matrices. The performance of the lateral
flow assay in the presence of multiple proteins (spiked samples) and haemoglobin (real world
blood samples) needs to be assessed. As per application of blood based samples on lateral
flow, the red-blood cells should be filtered by the sample pad in a fully assembled assay, while
hemolysis (rupturing of the erythrocyte membrane) could release free haemoglobin to the
membrane which often results in background staining and may affect the sensitivity of the
assay (Tan, 2008). Hemolysis is not commonly seen with fresh blood and can be avoided by
using blood filter membranes, careful selection of the appropriate sample filter pad and blood
volume added to the strip, (Tan, 2008; Wong et al., 2009). It should also be noted that 100 pl
buffer was used in the development of the lateral flow assays, however clinical samples (field
based) often supplement the volume of blood obtained from a finger-prick sample with
additional buffer to enable efficient flow through the membrane. Literature states that 50 pl
sample fluid is not sufficient in lateral flow based assays as the liquid does not reach the
absorbent pad, while sample volumes of 120 — 150 pl resulted in overflow and therefore 80 —
100 ul sample fluid appeared to be the most ideal volume (Leung et al., 2003). For this reason,
the sample volume applied to the lateral flow assays in these experiments was 100 ul. The

performance of the fully assembled assay remains to be evaluated.

Accelerated decay kinetics, increasing the rate of chemical and physical degradation, is

frequently used to illustrate stability of biomolecules (Bajaj et al., 2012). The amount of heat
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input required to cause product failure is determined and used to predict shelf life or to
compare performance early in development (Bajaj et al.,, 2012). Accelerated decay studies
were used to determine the stability of the microspheres and provided insight into how they
compare to the market leader colloidal gold. The next phase will involve conditions that more
stringently resemble/match the long term storage conditions (40 °C, 3 — 6 months) often found
in point-of-care rural clinics. The performance of the microsphere lateral flow assay after high
temperature exposure will also need to be evaluated using real world samples as pervious
stability studies, on commercially available RDT’s using real world samples, revealed warped
strips along with clear spots on the nitrocellulose membrane where the blood sample could not
flow through (Chiodini et al., 2007).

Several limitations have been identified for the use of latex beads in agglutination diagnostic
assays (E.g. non-specific protein binding, false positives, inability to discriminate between P.
falciparum and P.vivax) (Polpanich et al., 2007). Although not currently evaluated for
agglutination assay, this assay format may potentially utilise the polymer microspheres, due to
the high specificity observed for the microspheres in the lateral flow assays. Furthermore, the
use of microspheres as detection agents potentially provides for antibody orientation
chemistries to be applied to RDT technologies such as lateral flow. Initial evaluation of oriented
antibody immobilisation indicated a 3 fold increase in antibody presentation for antigen
detection. The effect of antibody orientation on the sensitivity in lateral flow devices is a further

aspect of research that requires investigation.

An advantage observed with the microspheres was the quantifiable detection of the control
and test line signal, however the signal intensity requires improvement. The consistent
intensity of the control line (~ 80 000 — 100 000 for microspheres and ~ 450 000 for colloidal
gold) observed with each lateral flow test strip and the variance across experimental sets being
below 10% (9.6% for ReSyn and 7.9% for colloidal gold), suggests good experimental
consistency and reproducibility between strips (inter-strip), even with the batch to batch
variation of antibody striping provided. The variation in antibody striping distance of the capture
lines therefore did not appear to affect the quality of the data generated in the lateral flow
assays, and this may be due to the presence of the absorbent pad “pulling” the liquid through
the membrane. However, better care will be taken to ensure same distance of striping on

future membranes.

The absorbent pad quantification of the signal using a reader has been noted to potentially
reduce human error for interpretation of RDT’s and could further improve the sensitivity of the
assay. The application of microspheres allows for the incorporation of fluorescent labels, and

the high capacity of the technology potentially allows for improved dynamic range and
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sensitivity as compared to e.g. latex. Readers may therefore be advantageous to RDTs and
may potentially reduce the lower limit of detection in the case of e.g. fluorescently labelled

microspheres.

Malaria is considered to be a global epidemic and preventative measures such as the use of
insecticide treated bed nets and indoor spraying, along with improved access to anti-malarial
drugs, are inadequate to managing the disease in populations living in destitute, remote areas
(Kokwaro, 2009; Sachs et al., 2002). In these high transmission areas where adequate
resources and healthcare infrastructure is limited, effective diagnosis, prevention and
treatment of malaria are challenging and P. falciparum malaria could be life threatening if not
managed properly (Pasvol, 2005). One of the major contributing factors for the high morbidity
and mortality rate of malaria is the lack of accurate and sensitive diagnostics which can result
in incorrect treatment, and further leads to the progression of drug resistance, which has
severe implications for future treatment and increased healthcare expenditure (Amexo et al.,
2004; Kokwaro, 2009; Urdea et al., 2006). Lateral flow diagnostic technology is preferred over
alternate methods of diagnosis including microscopy and molecular techniques because of its
rapidity, ease of use and reduced requirement for trained staff and specialised equipment
(Makler et al., 1998). Unfortunately, this is considered the least sensitive diagnostic technology
(Humar et al., 1997; Kilian et al., 1997; Pieroni et al., 1998). The potential impact of improved
rapid diagnostic technologies for malaria point-of-care makes this an active field of research

and was therefore used as model system to evaluate the microspheres in this study.

We proposed the development of a new polymer microsphere technology for application as
diagnostic detection agents in lateral flow, which could potentially alleviate the drawbacks of
existing technology. The incorporation of new detector particles in lateral flow diagnostic
assays could potentially be applied to detection of a variety of diseases, resulting in RDT’s with
increased sensitivity and stability. The proof-of-concept has been achieved suggesting that
these particles may be used for lateral flow assays (with potential advantage of increased
stability) and that the option of various colours may be suitable for multiplexing. However,
several problems identified in this study will need to be addressed before these particles may
be used for lateral flow, including reducing the aggregation, background signal, and signal
intensity. Although this study alludes to the potential benefit of the polymer microsphere
technology as a detection reagent, further research is required to validate the findings,

particularly evaluation in a working lateral flow device and real-world samples.

The goal of this research was achieved, the development of new polymeric detector reagents

suitable for lateral flow diagnostic application. The preliminary results illustrate the use in a
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lateral flow assay format, and suggest that the microspheres may offer a viable alternative to

existing technologies, with potential enhancement to point-of-care application.
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APPENDIX

Table Al: Effect of detergent concentration (volume NP4 per 10 ml batch of
microspheres) on microsphere synthesis and particle size distribution (PSD).
Detergent . .
Picture with measurements (left)
V(O'\I‘Efn)e Particle Size Distribution (PSD) (right) Comment

50 pl

Particle count

45

0.0 1.0

F u

15 20 25

Particle size (um)

30 4.0

PSD =1 ym: 2.97%

Aggregation of
microspheres
Microspheres
readily take up dye

100 pl

Particle count

100

75

50

25

A

00 05 10 15 20 25 30 35 40 45

Particle size (um)

PSD <1 um: 9.7%

Minimal
aggregation of
microspheres
Microspheres
readily take up dye

150 pl

Particle count

100

0.0 10

I

15 20 25 4.0

Particle size (um)

3.0

PSD =1 pum: 12.1%

Minimal
aggregation of
microspheres
Microspheres
readily take up dye

200 pl

Particle count

b

00 05 10 15 20 25 30 35 40 45 50

Particle size (um)

PSD <1 ym: 46.9%

Minimal
aggregation of
microspheres
Microspheres
readily take up dye
however appears
to take up slightly
less than 150 pl
NP4.

Greatest fraction
of microspheres
below 1 pm

129




PSD =1 pm: 19.3%

[0 Lengrn 2.0 ) %
- TR H - Minimal
300 ul . ‘ o oy aggregation of

microspheres
- Microspheres do
0 not take up dye
0.0 05 1.0 15 20 25 3.0 35 4.0 .
Particle size (um) read | | y.

o o PSD £ 1 pm: 21.1%

- Minimal
aggregation of
microspheres

- Microspheres do

] not take up dye

0.0 0.5 1.0 15 20 25 3.0 readlly

. Particle size (um)

600 i

Particle count

Discussion:

During microspheres synthesis, the size of the microspheres was manipulated by introducing
varying concentrations of detergent during the synthesis step. Increasing concentrations of
detergent allowed for smaller microspheres to be formed, with 200 ul NP4 (per 10 ml batch)
having the greatest effect in reducing the size of the microspheres, resulting in PSD < 1 ym of
46.9%. Above this concentration of detergent (300 ul and 600 ul per 10 ml batch), the particle
size remained relatively constant with fewer large (= 3.0 ym) microspheres. However, the
microspheres absorbed less dye with higher concentrations of detergent (= 300 pl), resulting in

semi-transparent light blue microspheres.
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