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Abstract

Abstract

Doping in sports is defined as the use of substances, both foreign and physiological, in an
unnatural manner or in abnormal quantities to enhance an athlete’s performance in
competitions. The current doping control mechanisms involve randomized testing of
samples from athletes using laboratory techniques, which are typically cumbersome with
extremely long turnaround times and are not cost effective. This reduces the efficiency of
the screening process as a large number of athletes are not tested for doping. Point of care
tests (POCTS) such as lateral flow assays (LFAS) can be a viable solution to increase the
testing frequency and make this screening more effective by allowing large scale testing
with a much smaller cost compared to laboratory tests. LFAs have several advantages over
laboratory tests; they are versatile, highly mobile, require minimal sample volume, can
correlate to laboratory tests without expensive instrumentation and have a rapid turnaround
time, making them perfectly suited to be utilized for on-site screening tests. However,
LFAs face challenges such as sensitivity, especially for visual analysis of results, which
inhibits their widespread commercial usage. Thus, there is a need to develop strategies to
address these challenges and improve LFA performance, especially for reliable on-site

testing without involving complicated instrumentation or sophisticated testing protocols.

This thesis aims at exploring strategies to improve LFA sensitivity for analysis of complex
matrices. In the first study, a novel LFA layout was developed to reduce the interference
from matrix components on LFA responses. By incorporation of a magnetic bead (MB)
based sample preconcentration step in the LFA, a sensitive colorimetric assay, with a visual
limit of detection (LOD) of 10 ng/ml in plasma was demonstrated within a 15 min assay
time. In order to improve the sensitivity, a novel nucleation-based signal amplification
technique utilizing a composite signal reporter was developed in the second study. A
colorimetric gold nanoparticle conjugated magnetic bead (GMB) reporter was synthesized
to be used as a precursor for nucleation of gold on its surface, which enabled formation of
large clusters at the test line, improving the visual sensitivity of the assay. This strategy
resulted in a highly sensitive assay with a visual LOD of 0.1 ng/ml in plasma within a total

assay time of 20 min. In both of these studies, a Troponin model system, involving

XiX



Abstract

Troponin ICT analyte and anti-Troponin | and anti-Troponin C antibodies, was utilized to
validate the results. Troponin is an important marker for skeletal and cardiac muscle
regulation and is a well-studied system for LFA studies. The LFA strategies developed
were then translated to detect Insulin like Growth Factor-1 (IGF-1) using anti-IGF-1
antibodies. IGF-1 is a prohibited substance in competitive sports and also a biomarker for
Growth Hormone (GH) doping. IGF-1 assay, incorporating MB based sample pretreatment
into the LFA, resulted in a visual LOD of 1 pg/ml in plasma, whereas the assay involving
signal amplification via GMB reporters resulted in a promising visual LOD of 100 ng/ml
in plasma, which was well below the allowable limit for IGF-1 in competitive sports. The
third and final study is on improving the robustness of the LFA by replacing traditional
antibodies with affimers, which have similar affinities towards the analytes, but a much
better stability as compared to antibodies. Using an Interlukin-8 (IL-8) model system,
consisting of anti-1L-8 affimer conjugated magnetic beads for colorimetric detection, a
visual LOD of 1 ng/ml was obtained in PBS, which is near the physiological range of IL-

8 in injured athletes.

This thesis serves as a template for future studies in LFA technologies in three main
directions: development of alternative LFA layouts, innovative use of reporters and
utilization of novel recognition molecules. The strategies adopted in this thesis resulted in
highly sensitive assays, with LODs well within the clinically relevant ranges of the analytes
in human plasma. The validation of these assays in a complex matrix such as plasma
provides opportunities for on-site application of LFAs. Moreover, the generic approach of
these proposed strategies allows for translation of these LFAs to detect several other

biomolecules.
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Figure Captions

Fig 1.1:

Fig 2.1:

Fig 2.2:

Fig 2.3:

Fig 2.4:

Fig 2.5:

Fig 2.6:

Fig 2.7:

Schematic of a typical LFA strip

Typical work-flow of anti-doping testing procedure

Schematic of a typical GC-MS system. The red part on the left shows how a
sample is injected through the inlet and the transported through a column by a
carrier gas. The blue part shows the functioning of the ionizer before the sample
enters the detection chamber. The spectrum obtained using the mas to charge
ratio shows characteristic peaks of the compounds.

Schematic of a typical LC-MS system The left part of the schematic shows the
functioning of the liquid chromatograph. Here the sample is carried by a liquid
phase under high pressure through a functionalized column where separation
of components takes places. The right part shows the functioning of the mass
spectrometer, which is same as GC-MS.
Schematic of a typical IRMS system. An ion source provides enough energy to
separate the input gaseous sample into its ionic fragments, which are then
separated by a magnetic field based on the m/q ratio.

(a) Schematic of a typical IEF system (Reprinted with permission.) Sample
proteins A, B and C in the schematic move through a pH gradient from one
electrode end to the other and eventually stop when they reach their pl. (b)
Illustration of an IEF test result for EPO
(a) Schematic of a typical SDS-PAGE system (Reprinted with permission.) (b)
An illustrative SDS-PAGE result showing bands corresponding to several EPO
analogues

Schematic of direct, indirect and sandwich assays. Primary antibodies are
required in all three formats, however secondary antibodies are needed in
indirect assays for signal generation. A sandwich assay would require a
secondary antibody for signal generation if none of the primary antibodies are
labelled.
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Fig 2.8:

Fig 2.9:

Fig 2.10:
Fig 2.11:
Fig 2.12:

Fig 2.13:

Fig 2.14:
Fig 2.15:

Fig 2.16:
Fig 2.17:

(@) A typical paper based LFA, (b) Schematic of a paper based dipstick
immunoassay, (c) An electrochemical glucose meter, (d) A flexible substrate
wearable electrochemical sensor

(@) A paper based uPAD for colorimetric detection of Cu?*ions in water
(Reprinted with permission.), (b)) A PDMS based microfluidic lab-on-chip
system

Applications of LFA devices

Competitive LFA vs Sandwich LFA

A schematic of: (a) an antibody showing the different functional regions. [114],
(b) sandwich LFIA using AuNP reporter. The analyte deposited on the test strip
binds to Ab conjugated AuNPs and is captured by anti-analyte antibodies at the
test line. The control line antibodies capture the free AUNP-Ab conjugates
Examples of structural conformations of nucleic acid aptamers: (a) thrombin
binding aptamer folded as G-quadruplex complex; (b) sequence of biotin
aptamer complex sequence folded as a pseudoknot; (c) Aptamer based
sandwich LFIA for thrombin detection. The analyte molecules bind to AuNP
conjugated aptamers at the conjugate pad and are captured by immobilized
capture aptamers at the test line. A complementary DNA sequence identifies
the free AuNP-aptamer conjugate and captures them at the test line. (a-c are
reprinted with permission.)

A 3D rendition of an affimer molecule, listing few of its advantages

LFA for detection of (a) furazolidone in milk using MB (reprinted with
permission), (b) citrinin in cereals using AuNP, (c) antigens for diagnosis of
Schistosomiasis using carbon particles, (d) hydrogen peroxide using HRP
enzyme (reprinted with permission) (e) markers causing Acute Febrile Ilinesses
using coloured latex beads

Schematic showing regulation of muscles by Troponin

Schematic showing (a) IGF-1 release mechanism, (b) protein structure of IGF-
1
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Fig 2.18:

Fig 3.1:

Fig 3.2:

Fig 3.3:

Fig 3.4:

Fig 3.5:

Fig 3.6:
Fig 3.7:
Fig 3.8:

(@) A 3D structure of 1L-8 as obtained by NMR spectroscopy (b) Functioning
pathway of IL-8. As stress is induced, more chemokines such as IL-8 are

released which lead to transport of neutrophils to the site of inflammation.

Schematic of MB-ADb synthesis protocol involving EDC/NHS activation of
carboxylated MBs followed by immobilization of antibodies

Schematic of GMB-Ab synthesis protocol. The carboxylated MBs were
activated by EDC/NHS followed by exposure to cysteamine to yield MBs
exposing free SH and COOH groups. The SH were reacted with gold NPs and
the remaining COOH was activated via EDC/NHS for antibody immobilization
(a) Magnetic beads conjugated with antibodies are added to the sample matrix
containing the analyte. (b) Use of magnetic field for isolation of analyte from
the sample matrix and a hydrophilic passivation layer (glass fibre) to protect
the test line from being exposed to the matrix. (c) Removal of passivation layer
and magnetic field followed by release and capture of beads along the test line
immobilized with anti-TnC antibodies.

() GMB-Ab are added to the sample matrix containing the analyte and
incubated for 15 min. The yellow coloration seen in the vial is due to the color
of the bead solution. The sample matrix is then replaced with PBS buffer by
magnetic separation of beads. (b) The sample solution containing GMB-Ab-
Analyte is introduced on the NC strip to initiate flow on the LFA strip. (c)
Capture of GMB-ADb-Analyte at the test line produces a brown band. (d)
Nucleation of gold nanoclusters on top of GMB for improving the contrast of
the test band upon addition of nucleation reagent on the test line

(a) Schematic of an SEM (Reprinted with permission); (b) Types of signals
generated in an SEM

Schematic representation of DLS technique

Schematic representation of a UV-Vis setup

Schematic representation of protein quantification by BCA
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Fig 4.1:

Fig 4.2:
Fig 4.3:
Fig 4.4:

Fig 4.5:

Fig 4.6:

Fig 5.1:

Fig 5.2:

Fig 5.3:

Fig 5.4:

(a) Flow rate of different membranes under various blocking conditions (b)
Flow rate of different NC membrane grades with 1% BSA blocking. Flow rate
here refers to the time required for sample buffer to cross a length of 2 cm on
the membranes (represented by the Y-axis).

SEM images of (a) NC 135, (b) cellulose and (¢c) GF membranes

Magnetic separation of MBs from a PBS solution using a magnetic rack

DLS plot for MBs. Inset shows the morphology of an MB as observed under
SEM

Photographs of NC strips showing effect of dispensing varying concentration
of MB solutions and subsequent wash off with PBS

ELISA plots showing concentration dependent response of (a) cTnICT and (b)
IGF-1

(a) Schematic NC strip before flowing MB-Ab complexes and the approach
adopted for controlling the magnetic field strength. (b)-(e) Photographs of NC
strips showing effect of varying magnetic field strength on the flow of MB-Ab
complexes

(a) BCA standard plot for calculation of antibody concentration; and (b) Bar
graph showing pre- incubation antibody concentration in reaction vial and post-
incubation antibody concentration left in supernatant after MB extraction.
Photographs of NC membranes showing the test bands for assay without
passivation layer in buffer (a) and 10x diluted plasma (b); and with passivation
layer in buffer (c) and 10x diluted plasma (d), respectively. Quantification of
color intensities via measurement of normalized relative luminance of test
bands for assay in buffer (e) and 10x diluted plasma (f). Here, “Control” refers
to absence of cTnICT in sample matrix. Relative luminance has been calculated
with respect to the control.

(a) Comparison of strips before and after signal enhancement, in PBS and 10x

plasma. (b) Normalized relative luminance plot before and after signal
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Figure Captions

Fig 6.1:

Fig 6.2:

Fig 6.3:

Fig 6.4:
Fig 6.5:

Fig 6.6:

Fig 7.1:

enhancement. Here, “Control” corresponds to absence of ¢TnICT in sample

matrix.

Absorption spectra of supernatant solutions upon magnetic separation of
AuUNPs-MB complexes for; (a) different tween 20 concentrations and (b)
varying cysteamine concentrations.

(a) BCA standard plot for calculation of antibody concentration; and (b) Bar
graph showing pre- incubation antibody concentration in reaction vial and post-
incubation antibody concentration left in supernatant after GMB extraction,
corresponding to various cysteamine concentrations.

(a) Bar graph showing luminance values corresponding to vials in (b)-(c).
Lower luminance implies darker colour in the vial. Inset images: (b) GMB with
varying cysteamine concentrations. (c) GMB, 5 minutes after addition of
nucleation reagents. From left to right (concentration of cysteamine in puM):
MB, 0, 1, 5, 15, 30, 50, 100.

DLS plots of MB, GMB and nucleated GMB

SEM images of (a) MB, (b) GMB and (c) Nucleated GMB. Inset images (red
boxes) show individual construct of the particles. (d) EDX scan of GMB
Quantification of colour intensities via measurement of normalized relative
luminance of test bands for assay in (a) buffer and (b) plasma. Normalized
relative luminance was measured with respect to reference LFA strip. Inset
images: photographs of LFA strips showing the test bands (within solid box)
and the control patches (within dashed box) for assay before nucleation (left)
and after nucleation (right). From left to right: 0 ng/ml, 0.01 ng/ml, 0.1 ng/ml,
1 ng/ml, 10 ng/ml, 100 ng/ml, 1000 ng/ml, reference LFA strip without GMB

flow.

Quantification of colour intensities via measurement of normalized luminance
of test bands for IGF-1 assay with (a) MB (Strategy 1) and (b) GMB (Strategy
2). Inset images: photographs of LFA strips showing the test bands after assay.
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Figure Captions

Fig 7.2:

Fig 7.3:

Fig 7.4:

Fig 8.1:

From left to right: 0 ng/ml, 1 ng/ml, 10 ng/ml, 100 ng/ml, 1000 ng/ml, 2500
ng/ml. Normalized relative luminance was measured with respect to control
LFA strip, which corresponded to 0 ng/ml.

ELISA plot showing concentration dependent response of IL-8. Inset shows the
linear fit for plot between 0 and 50 ng/ml.

(a) Bradford standard plot for calculation of affimer concentration; and (b) Bar
graph showing pre-incubation affimer concentration in reaction vial and post-
incubation affimer concentration left in supernatant after MB extraction. The
supernatants after the first 3 washes have also been analyzed to ensure no non-
specifically attached affimers were present in the reaction vial.

Quantification of colour intensities via measurement of normalized luminance
of test bands for IL-8 assay with an affimer based system. Inset images:
photographs of LFA strips showing the test bands after assay. From left to right
(IL-8 concentration in ng/ml): 0, 0.1, 1, 10, 100 and 1000. Normalized relative
luminance was measured with respect to control LFA strip, which

corresponded to 0 ng/ml.

Channeling MBs on NC membranes using magnetic tape. (a) Represents a
control strip without any magnetic tape underneath; (b) and (c) represent strips
with magnetic tape under the left arm (left arm activated) and right arm (right
arm activated), respectively. The top row shows schematic of each layout, the
bottom row shows images of NC strips upon flowing of MB solution.
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Chapter 1

Introduction

Even with the advancement in technology, screening of athletes for doping is
performed only at a few accredited laboratories worldwide. A robust
screening regimen, which includes widespread on-site testing outside
competitions, is therefore required for efficient doping control. LFA, being one
of the most popular point-of-care assays with several advantages over typical
laboratory techniques, perfectly fits as a screening test for doping control.
This thesis aims at devising strategies to improve LFA performance, especially
for testing with complex samples, thereby making them suitable for on-site
screening. This chapter provides a short overview of the thesis including
hypotheses/problem statements, objectives and scope of this study and a brief

description of each chapter of this thesis.
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1.1 Background and Significance

Substance abuse or ‘doping’ has been a menacing phenomenon in the world of sports. It
has plagued almost all disciplines of sports, where physical strength and endurance of
athletes are of utmost importance for their performances. As athletes are rewarded almost
in all levels of the competitions with lucrative deals and immeasurable fame afterwards,

some of them are attracted to the folds of doping to enhance their performance.|[1]

Doping can be explained as using substances, both foreign and physiological, in an
unnatural manner or in abnormal quantities to enhance the performance in a competition.
It is a concept that goes back centuries and is almost as old as the idea of competitive sports.
There are several literatures suggesting that the ancient Greeks and Romans used plants,
seeds, mushrooms and several mixtures of wine and herbs for stimulating effects in speed
and endurance, and, to speed up recovery.[2-4] However, modern day substance abuse
started in the late 19" century.[1, 4] Since then, several sporting agencies have played a
role in banning the use of performance enhancing substances. The International
Association of Athletics Federation (IAAF) was the first organization that banned doping
in 1928, but with little or no technology to conduct effective screening tests. This rising
menace garnered widespread attention post the 1998 Tour De France doping scandal. In
the following year, the International Olympic Committee (IOC) along with a few more
agencies constituted the World Anti-Doping Agency (WADA).[1] The primary role of
WADA is to function as an independent body to lead in monitoring doping. Its primary
interest is to help nations come up with effective anti-doping programmes and help with
the research in this field. Ever since its inception, WADA has maintained a list of banned
substances, which is updated annually. The WADA-banned substances could be broadly
classified into androgenic agents, stimulants, diuretics, narcotics, peptide hormones and
glucocorticoids. These drugs have various effects like muscle growth, increasing alertness,
faster recovery from injuries and easy burning of fats, and hence, are used depending on
the discipline or need.[5] The detection of these substances can be either direct, through
analytical testing of the substance’s presence, or indirect, through analytical testing of any

of their biomarkers which correlate to the substance’s presence.
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During the early days of WADA, lack of adequate resources hindered effective detection
of these substances. However, with the advent of technology, detection techniques for
banned substances have been substantially improved. Mass spectroscopic techniques,
coupled with Gas Chromatography (GC) or High-Performance Liquid Chromatography
(HPLC), are still considered the gold standard methods of detection.[6] Apart from them,
other methods such as Immunoassays, Matrix-Assisted Laser Desorption lonization-Time-
Of-Flight analysis (MALDI-TOF) and Surface Plasmon Resonance (SPR) also have been
deployed for detection of doping markers.[7-9] However, these methods required skilled
personnel and involve sophisticated, expensive laboratory instrumentation. Currently, such
tests are carried out only in about 35 WADA-accredited laboratories worldwide.[10] To
complicate things further, newer drugs and the sophistication in doping process to avoid
their detection, increase the challenges in doping control. In light of such a scenario, it has
become extremely important to increase testing frequency by developing rapid, cost-
effective and more reliable techniques for detection of substance abuse. One such viable
option is a Point-of-Care Test (POCT), which could be performed on-site.[11, 12] POCTs
can yield quantitative, semi-quantitative and qualitative responses, depending on the assay
principle. Most of the POCTs reported yield either optical (colorimetric, luminescence,
fluorescence etc.) or electrochemical responses, which are easier to be read and analyzed
on-site. In the last decade, interest in these devices have increased manifolds, which has

resulted in significant advanced of POCTs with improved robustness and reliability.

One of the most popular POCTs currently available is the Lateral Flow assay (LFA) strip.
Pregnancy strip, a well-known LFA, constitutes a multi-billion-dollar industry,
demonstrating the immense potential of LFAs. LFAs are basically pre-fabricated strips of
carrier membranes, containing dried reagents that are activated by application of fluid
sample containing the analyte.[13-15] As shown in Fig 1.1, a typical LFA consists of a
sample pad for application of sample solution, a conjugate pad for analyte binding to
recognition molecules, test pad for detection of analyte, absorbent pad to control capillary
flow of fluid and a backing pad for structural support. Each pad is made of a different
membrane material to suit the respective function it provides. Although, most LFAs use
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antibodies for recognition of target analytes, increasing number of studies have utilized
alternative recognition biomolecules such as nucleic acids and peptides.[16, 17] The
detection signal provided by LFAs is due to the reporter labels, which may include enzymes
such as HRP, nanoparticles such as colloidal gold (AuNP) and carbon, latex beads,
fluorescent tags such as Europium and quantum dots (QDs) or even magnetic beads
(MBs).[15, 18-20] Sensitivities for LFAs can vary from a few pg/ml to a few mg/ml,
depending on the application and type of biomolecules to be detected. LFA devices are;
easy to fabricate which makes them cost effective, portable making them perfect fit for on-
site studies, need minimal or no use of instrumentation and are robust. Furthermore, LFAS
yield visual response and does not require skilled personnel for performing the assay or for
data analysis. Amongst the various formats of LFAS, the colorimetric LFAs are the easiest
for on-site analysis because of facile and intuitive signal readability by the users. Although,
traditional colorimetric LFAs yield qualitative “yes/no” responses, quantitative readout of
LFAs responses has been gaining popularity.[19, 21, 22] Hence, focusing on colorimetric
LFAs allows for their widespread implementation for several POC applications including

doping control.

Flow direction Control line
¢  — Test line

Membrane Adsorbent pad

Sample pad
Backing card

Conjugate release pad

Fig 1.1: Schematic of a typical LFA strip [23]

LFAs, although useful in many ways, possess inherent challenges. The most notable
amongst them being the limited sensitivity, which often hinders their commercial
applications. Sensitivity may be affected by a myriad of factors, such as interferences from
matrix solution that mask low analyte concentrations, low sample volumes that limit the
amount of analyte available for viable detection or even environmental conditions, such as

heat and humidity, which can degrade the integrity of the device.[13, 15, 24] These

4



Introduction Chapter 1

challenges become even more prominent in the context of detection of doping markers
because such an application would require testing complicated matrices such as blood,
plasma, urine or sweat. Moreover, the samples obtained from athletes during a testing
window are limited in quantity. In order to improve LFA sensitivity, sample pretreatment
steps have been utilized to concentrate the analytes or reduce matrix interference before
analysis.[25-27] Furthermore, use of more sensitive signal reporters is another strategy

adopted for detection of trace amounts of analytes.[25, 28]

However, addition of complicated steps to the testing protocol may not be feasible in
resource limited settings. Moreover, even the best colorimetric reporters, such as AuNPs,
have limitations. On the other hand, use of other forms of signals such as
chemiluminescence and fluorescence limits on-site usage as signal readability becomes an
issue. This thesis aims to address existing LFA challenges and devise alternative strategies
to improve the sensitivity and robustness of LFAs so that they can be successfully

implemented for practical applications such as doping control.

1.2 Hypotheses

1. A highly sensitive colorimetric LFA can be developed to detect biomarkers at
concentrations below the physiological range, if a magnetic bead-based analyte

preconcentration step to remove matrix interferents is incorporated with the LFA.

Interferents present in complex matrices such as plasma and blood affect the sensitivity of
an assay, because of which typical assays require an additional sample pretreatment step.
Extraction of analyte capturing functionalized magnetic beads using an external magnetic
field for analyte preconcentration is one of the most common ways of sample
pretreatment.[29, 30] However, the use of external magnetic field require additional
instrumentation, which increases the overall complexity of the assay for on-site analysis.
Therefore, this pretreatment process should be merged with the assay in a single LFA strip.
This thesis tests the hypothesis that incorporating such a magnetic field assisted analyte

preconcentration with the LFA strip provides an effective sample pretreatment for a highly
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sensitive colorimetric assay, utilizing magnetic beads as optical reporters.

2. If a gold nanoparticle conjugated magnetic bead reporter is used in a colorimetric LFA,
its sensitivity can be improved by a facile nucleation-based signal amplification

approach.

Magnetic beads can be easily extracted using an external magnetic field, however they
have limitations when used as optical reporters. On the other hand, gold nanoparticles are
the most well-known optical reporters, but not suitable for extraction.[31] Thus, a
composite reporter involving a gold nanoparticle conjugated magnetic bead would serve
as an ideal candidate for facile sample preconcentration and for yielding sensitive
colorimetric signals. This thesis tests the hypothesis that the sensitivity of assays utilizing
such a composite reporter could be improved even further by a nucleation-based signal

amplification approach.

1.3 Objectives and Scope

Although the characteristics of LFAs make them a promising POCT candidate for various
applications, their sensitivity limitations have often hindered widespread commercial
usage. One of the main reasons for this is the interferences arising from complex matrices
such as blood, urine, sweat and saliva. In such assays, sample pre-treatment involving
magnetic bead-based extraction of analytes using an external magnetic field has been
widely reported. The primary objective of this thesis is to devise strategies involving
functionalised magnetic beads and explore their feasibility for improving LFA sensitivity

in complex matrices and its robustness.

The specific objectives of this thesis are:

1. To investigate a modified LFA design, which uses magnetic beads as reporters and

incorporated with a magnetic field assisted sample pretreatment step.

2. To investigate a nucleation-based signal amplification technique on an LFA using a
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novel gold nanoparticle conjugated magnetic bead reporter.
3. To investigate the feasibility of an LFA layout, replacing traditional antibodies with

an affimer-based system, for enhancing its robustness.

The overarching aim of this work is to make LFAs more reliable, especially for on-site
testing in resource limited settings. The LFA layouts should also have a generic approach
and can easily be translated for detection of other biomolecules, which also enables
implementation of the proposed LFAs for detection of doping markers in athletes. The
current anti-doping programme is highly expensive and tedious. It involves random testing
of only a few athletes, where the samples are collected on-site and transported to
specialised labs for testing. Use of the proposed LFAs as an efficient and cost effective
screening method could allow organisers and officials to carry out mass testing and flag
doubtful samples, both during and outside competitions, thus making the anti-doping
programme much more efficient and effective in curbing out the menace of substance

abuse.

1.4 Dissertation Overview

This thesis comprises of 8 chapters, brief descriptions of which are provided in the

following paragraphs:

Chapter 1 is an introduction to the thesis describing the background of research. It also

contains the hypothesis, objectives and scope of this work.

Chapter 2 is a literature review of the topics associated to the thesis work. It provides a
review of literature on POCTs and LFAs, discussing their different aspects such as reporter
signals, sensing mechanism, current status and associated challenges. This chapter also
sheds light on the various doping markers and discusses the different analytical techniques

currently used for detection.

Chapter 3 describes the experimental methodology and the characterisation methods used.
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It also discusses the rationale behind using the various materials involved in the LFA

fabrication.

Chapter 4 consists of the first set of results involving basic optimisation experiments that
have been performed to fabricate the LFA layouts used in this work. It addresses various
aspects of an LFA: the membranes, the reporter molecules and the sample deposition

volumes.

Chapter 5 is a detailed study of a novel LFA layout, which uses magnetic bead as
colorimetric reporters and incorporates a magnetic field assisted analyte preconcentration
step with the LFA strip. Troponin has been used as a model system for the study and the
layout has been validated in PBS buffer and plasma.

Chapter 6 describes the use of a novel gold nanoparticle conjugated magnetic bead reporter
for a facile nucleation-based signal amplification. The LFA layout was tested for detection

of Troponin in PBS and plasma.

Chapter 7 demonstrates proof-of-concept assays for two well-known sports markers:
Insulin like Growth Factor-1 (IGF-1) and Interlukin-8 (IL-8). The IGF-1 model system was
assayed in plasma using the layouts developed in chapter 5 and 6, whereas a novel affimer-

based LFA layout was demonstrated for assaying IL-8 model system in PBS.

Chapter 8 presents a summary of the findings of this thesis and discusses the future

outlook.

1.5 Findings and Outcomes/Originality

The work in this thesis led to several novel outcomes:
1. A novel LFA layout, which enabled a facile on-site analysis of complex sample
matrices was successfully developed and validated in both buffer and plasma.

2. A facile nucleation-based signal amplification protocol utilising a novel gold
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nanoparticle conjugated magnetic bead reporter was successfully demonstrated for
assaying biomarkers in both buffer and plasma.
3. The feasibility of an affimer-based novel LFA layout, utilising functionalised

magnetic bead reporters, was successfully demonstrated for assaying biomarkers.
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Chapter 2

Literature Review

This chapter sheds light on the background of sports doping and the
current anti-doping programme. The analytical techniques used for
detection of doping and the associated challenges will be elaborated with
an emphasis on the significance of a POC screening device for
monitoring prohibited substances. Although, various POC platforms will
be briefly discussed, the focus is on LFAs because of the inherent
advantages they provide. The various aspects of LFAs, including device
fabrication, reaction mechanisms and signal generation will be
discussed. This chapter also elaborates the importance of sample pre-
treatment for any on-site assay and discusses the various methods which
are currently in use. Finally, the research models utilized in this thesis

are briefly discussed.
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2.1 Overview of Doping

Sports have always served as the ultimate display of a person’s physical abilities ever since
the ancient times. The pride and resulting rewards associated with victory have intrigued
sportsmen. Although sports are the ultimate test of an athlete’s training and diet regimen,
there are individual physical limitations on how much athletes can extract out of their body.
Therefore, external substances that can aid their usual training regimen and push their
physical limits have been evaluated. This moot concept eventually developed into a full-
scale menace known as doping. With modern day sporting events becoming cash-rich
spectacles, the stakes and rewards are higher than even before, alluring several athletes

across various disciplines around the world into the folds of doping.

2.1.1 History of Doping

The concept of doping is as old as competitive sports itself. It is believed that the term
“doping”, which officially found its first mention in an English dictionary in 1889, has
been derived from the term “dop”, which was an alcoholic drink used as a stimulant in
Southern Africa during the early 18" century.[1] One of the earliest instances of using
external substances for performance enhancement was recorded in Greece in 668 BC,
where a diet of dried figs was used by athletes for racing.[1, 2] Ancient Greeks were also
known for using stimulants such as concoctions of mushrooms and plant seeds, and potions
containing brandy and wine during training. Such practices were prevalent in ancient

Rome, where athletes drank herbal infusions to strengthen them before chariot races.[2]

Modern day substance abuse started in the early 19" century, arising mainly due to
advancements in medicine and pharmacology. Substances such as caffeine and alcohol
were widely used by athletes during competitions. However, towards the end of the
century, ‘novel’ recipes containing mixtures of stimulants such as strychnine and cocaine
became prevalent and were frequently consumed along with caffeine or even alcoholic

drinks. The first major report of doping came out in 1886 when an English cyclist, Arthur
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Linton, died after overdosing on “tri-methyl”, a stimulant, during a long distance race.[1,
2]

The doping scenario in 20" century became even more rampant with several artificial
substances becoming rapidly available. The IAAF banned use of stimulants in 1928,
however lack of human testing implied that the doping may have persisted. By 1960s, the
number of athletes overdosing on substances increased significantly, which led the
International Olympic Committee (IOC) to constitute a commission to compile the first
ever List of Prohibited Substances in 1967. In the following year, the first human tests
were conducted in the Mexico Summer Olympics. However, awareness about the menace
of doping started mainly after the 1998 Tour De France scandal, where one of the
participating teams was found to possess large number of performance enhancing drugs
and later admitted to regular usage.[1] This event received widespread media coverage
and led to public outrage. By the end of the 20" century, use of anabolic steroids such as
testosterone and several hormones such as Erythropoietin (EPO) and growth hormone
(GH) had become common.[1-3]

In the recent years, athletes from several disciplines like sprinting, wrestling, boxing,
tennis, etc., have been tested positive for banned substances. Marion Jones, Lance
Armstrong, Martina Hingis etc. are some of the high-profile sportsmen of this century.
Several reports of decades long state-sponsored doping programmes have also come to
light recently. For instance, the entire Russian sporting federation was banned by WADA
in late 2019 from competing in all international sporting events after the Russian Anti-
Doping Agency was found to have been manipulating test results to protect their
athletes.[4] Therefore, the performance enhancing substances in conjunction with modern

doping techniques remains as the biggest threat to the sports community.

Knowing about the exact extent of doping today is almost impossible due to the extreme
secrecy surrounding the entire phenomenon. According to WADA, around 1% of the tests
conducted in their accredited laboratories are positive.[2, 5] However, the lack of frequent

tests and modern masking agents indicates that 1% is only an underestimate. In a report by

15



Literature Review Chapter 2

the US Office of National Drug Control Policy in 2000, it was reported that doping is a
widely variable practice and can affect up to 90% of the professional athletes.[2] According
to a WADA commissioned study, almost 44% of the athletes admitted to using banned
substances during the 2011 World Championships in Athletics, however less than 0.5% of

those tested were tested positive.[6]

2.1.2 Classes of Banned Substances

WADA has been maintaining a list of banned substances since 2002 and reviews it every
year.[7, 8] According to the WADA code, the banned compounds should satisfy at least

two of the following three criteria:

1. The substance can potentially enhance or enhances performance of an athlete.
2. The substance can have a long-term and/or short-term health risk for the athlete.
3. The substance, when used, violates the spirit of sports.

Additionally, any substance or method that can potentially mask the use of other banned
substances can also be added to the list. The list is reviewed by a committee of international
experts, circulated to stakeholders for commentary, and approved by the WADA Health,

Medicine, and Research Committee as well as the Foundation Board.[9]

The banned substances can be broadly divided into three main categories: substances
prohibited at all times (anabolic steroids, peptide hormones, masking agents etc.),
substances prohibited in-competitions (stimulants, narcotics, glucocorticoids and
cannabinoids) and substances prohibited in particular sports (B-blockers). The summarized

list of WADA categorized list of prohibited substances is given in Table 2.1.
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Table 2.1: Summarized list of prohibited substance by WADA [2, 9-15]
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2.1.3 Current Anti-Doping Programme

The main governing agency for all anti-doping programmes across the world is the WADA.
After the 1998 Tour De France scandal, the I0C along with several public agencies across
the world commissioned WADA in 1999.[2] WADA approved and implemented the World
Anti-Doping code in 2002. This served as the basis for development of anti-doping test
protocols across the world. The current doping control and analysis protocol includes
collection of biological samples from an athlete, identification and in some cases
quantification of banned substances. Urine and blood are considered to be the ideal
matrices for detection of banned substances and hence WADA has developed protocols for
collection and sample preparation of same.[16] Urine assay has been very popular as it is

a non-invasive approach compared to assaying blood with inherent limitations.

In a typical urine based testing protocol, an athlete’s urine sample is collected and divided
into two parts: A and B, with each part preserved within sealed and labelled containers.[1,
17] These samples are then transferred to a WADA accredited laboratories and stored
separately. Upon testing, if the A sample is positive, the athlete is given an option of getting
the B sample tested as well. If the second sample tests positive as well, violation of
WADA'’s anti-doping rule is confirmed, and legal proceedings are initiated against the
athlete. However, with an ever-increasing number of dietary supplements and
sophistication of doping techniques adopted by the trainers and physicians of athletes, it
has become very important to change strategies involving collection and testing of samples.
A combination of ‘no notice’ out-of-competition tests, as well as, real-time competition
tests, with proper analytical approach is performed currently to serve as a deterrent for
athletes from using banned substances.[17] Nonetheless, out of competition doping control
is still not very popular as the high logistical and economic issues hinder facile testing.
WADA'’s International Standard for Testing and Investigations (ISTT) has a “Whereabouts
rule” under which athletes need to be available for at least one hour every day for out of
competition testing and share their locations for that hour with their national anti-doping

agencies.[18] However, this rule is only limited to a few handpicked top-level athletes,
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who are part of a Registered Testing Pool (RTP). The general schematic followed for

testing samples is shown in Fig 2.1.

Urine/Blood collection Sample collection by Dopin
according to WADA P by Doping
Lo Caontraol Officer

guidelines

Y

Sample distribution into A and B
vials, labelling and sealing

v

Sample transport to a WADA
accredited lab

A 4

Negative .
Sample A testing Athlete is cleared

Positive
v
_ Positive | Adverse analytical
Sample B testing report
Negative

A J

[ Athlete is cleared ]

Fig 2.1: Typical workflow of anti-doping testing procedure

2.2 Current Analytical Techniques

Various laboratory analytical techniques have been reported for detection of banned
substances. WADA has accredited 35 labs worldwide to carry out these tests.[19] To
maintain the homogeneity in results between these laboratories, WADA has set Minimum
Required Performance Levels (MRPL) for the analytical tests.[16] The technique used
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depends on the class of substance to be tested. The most common techniques currently used
are listed in the following section.

2.2.1 Mass Spectroscopic Techniques

1. Gas Chromatography-Mass Spectrometry: It is an instrumental technique, where a Gas
Chromatograph (GC) is coupled to a Mass Spectrometer (MS). The sample is injected into
the GC through an inlet, where it vaporizes and carried to a chromatographic column by a
mobile phase (mostly Helium). In the chromatographic column, the molecules in the
mixture of interest move at different speeds due to the varying affinity of the molecules to
the stationary phase (the wall of the column and the solid constituents supported by it).
This leads to separation of the mixture as it travels along the column. The separated
molecules then pass through a heated transfer line and are ionized before entering the
spectroscopic mass analyzer. The mass analyzer sorts the ions based on their mass-to-
charge ratio and creates a mass spectrum. The separated ions then enter a detector, which
collects data and translates it to readable format about the amount and concentration of the
molecules. The obtained mass spectrum is compared with that of the reference spectrum of
the banned substances of interest.[20, 21]

GC-MS remains the gold standard for detection of several classes of banned substances,
most notably anabolic steroids.[16, 22] Anabolic steroids can have several isomers or
metabolites and may widely vary in concentrations, making its detection particularly
challenging. GC-MS is especially useful in such scenarios because of the wide availability
of mass-spectral libraries and low instrument variability across labs. This technique has
also been successfully used for detection of other prohibited substances such as 3-blockers,

diuretics and even xenon from urine.[16, 23, 24]
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Fig 2.2: Schematic of a typical GC-MS system. [25] The red part on the left shows how a sample is injected
through the inlet and the transported through a column by a carrier gas. The blue part shows the functioning
of the ionizer before the sample enters the detection chamber. The spectrum obtained using the mas to charge

ratio shows characteristic peaks of the compounds.

2. Liquid Chromatography-Mass Spectrometry: This technique combines the physical
separation process of liquid chromatography (LC), where the moving phase is a liquid
medium carrying the analyte solution, with the analytics of an MS. LC-MS became popular
mainly because of its shorter turnaround time and higher sensitivity than GC-MS.
Moreover, the sample preparation before LC-MS is much easier when compared to GC-
MS. There are 5 types of LC-MS systems typically used in analytical laboratories for
sample assessment: adsorption chromatography, partition chromatography, ion-exchange
chromatography, size exclusion chromatography and affinity chromatography. Amongst
them, Reverse Phase (RP) mode of partition chromatography is the most popular. In RPLC-
MS, the components of a liquid mixture are distributed between two immiscible phases,
i.e., stationary and mobile. The mobile phase is generally a mixture of water and other polar
solvents like methanol, isopropanol and acetonitrile. On the other hand, the stationary
phase is a non-polar matrix, prepared by attaching long-chain alkyl groups (e.g., n-
octadecyl or C18) to the surface of irregularly or spherically shaped porous silica particles.
The basis of RPLC separation is the hydrophobic interaction between the analyte and the
nonpolar matrix of the stationary phase. Another approach, which is used widely to
improve resolving power and throughput of RPLC is to limit the size of the porous silica

particles between 2-50 um and increase the operating pressure of liquid phase to ~400
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bar.[20, 26] This is known as High Performance Liquid Chromatography (HPLC). The
typical dimensions of the separation columns in HPLC-MS are 20-30 mm long with a
diameter of 2.1-4.6 mm.[20, 27] For multiple analytes, often LC-MS/MS or LC-tandem
mass spectroscopy, is used. It is a technique where two MS analyser instruments are used
in conjunction. The first MS filters for the precursor ion followed by a fragmentation of
the precursor ion with high energy. The second MS filters for the product ions, generated
by the fragmentation. LC-MS is most useful for detection of small peptides such as Growth
Hormone Releasing Hormone (GHRH) and is also used to detect stimulants, anabolic
steroids and several hormones like GH and IGF-1.[16, 27]
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Fig 2.3: Schematic of a typical LC-MS system [28] The left part of the schematic shows the functioning of

the liquid chromatograph. Here the sample is carried by a liquid phase under high pressure through a
functionalized column where separation of components takes places. The right part shows the functioning of

the mass spectrometer, which is same as GC-MS.

3. Isotope Radio Mass Spectrometry (IRMS): This is a technique where mass spectroscopy
is used to detect and measure relative amounts of isotopes in a given sample. The basic
principle behind IRMS is the acceleration of ionized gaseous molecules through a magnetic
field, which causes a separation of molecules according to their mass-to-charge (m/q) ratio.
This causes beams of isotopically lighter ions to bend more than beams of
isotopically heavier ions. The ion beams are focused into Faraday collectors that

continuously record the electronic current generated by each beam.[29]
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It is most commonly used in detection of Testosterone and other androgenic steroids from
urine samples. Testosterone contains a mixture of *C and !2C, but it is known that
endogenous Testosterone has higher *C than the synthetic forms. IRMS is used to measure
the amounts of each isotope and thus give an indication of Testosterone abuse. In this
technique, samples must be introduced as pure gases. This can be achieved by pyrolysis in
a combustion chamber before the spectral analysis. The analytes are separated from urine
by GC and then taken to a combustion chamber. Here, every carbon atom is converted to
either 2CO; or *CO,. The IRMS measures the amount of isotopic variants of COz in the
sample and calculates a value known as ‘5'3C’ (delta), which is expressed in percentage.
This value represents the difference between 3C/*2C ratio measured from the sample and
that of an international standard value.[30, 31] This technique has been found to be quite
accurate and hence now WADA allows anti-doping agencies to sanction athletes caught

using testosterone or its derivatives solely based on IRMS results.[32]
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Fig 2.4: Schematic of a typical IRMS system [33] An ion source provides enough energy to separate the
input gaseous sample into its ionic fragments, which are then separated by a magnetic field based on the m/q

ratio.
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2.2.2 Electrophoretic Techniques

1. Isoelectric Focussing (IEF): This technique is based on the principle of separating
proteins according to their isoelectric point (pl), which is the pH at which net charge on
the molecule is 0. It is an electrophoretic process, where proteins move through an
acrylamide gel, under an electric field. This method is especially used for detection of
Recombinant Erythropoietin (rEPO), a protein hormone, which can help in production of
red blood cells and increase endurance of an athlete. An EPO containing sample is applied
at one end of the polyacrylamide gel having a pH gradient. If the proteins are present in a
pH region below their pl, they will have a net positive charge, and thus move towards the
cathode, which is negatively charged. On the other hand, if the proteins are present in a pH
region above their pl, they will move towards the anode, which is positively charged. As
EPO moves in the pH gradient, it starts losing its charge and eventually stop migrating
when the net charge is 0, which is the pl. The principle behind using this technique is that
rEPO and endogenous EPO have different pl. Therefore, they form separate bands in the
gel, which are eventually visualised by chemiluminescence.[34] However, IEF requires
preconcentration of analytes by methods such as ultrafiltration and immunopurification
prior analysis.[35-37]

Band
(@ (b) cathode id.
DC voltage ’
Loadl 1t s [
Z 1"/ sample of a protein mixture & ] | 4 | -
= o (I
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Fig 2.5: (a) Schematic of a typical IEF system (Reprinted with permission.) [38] Sample proteins A, B and
C in the schematic move through a pH gradient from one electrode end to the other and eventually stop when
they reach their pl. (b) Illustration of an IEF test result for EPO [34]
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2. Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE):
Recently WADA approved SDS PAGE as a confirmatory test for rEPO and its analogues
such as Peginesatide.[34] It is an electrophoretic technique where proteins move in a
polyacrylamide gel under an electric field. Here, the molecules do not separate because of
charge but because of size difference. The protein mixture to be tested is first treated with
SDS, an anionic surfactant, to solubilize the proteins and linearize the molecules of interest
and give them a negative charge, proportional to size.[39] The mixture then moves in the
sieving gel, which allows smaller molecules to move faster. In this technique, a standard
endogenous EPO channel is run in parallel to the samples in the testing channels. rEPO
and its analogues can be easily distinguished from endogenous EPO due to the difference
in the migration behaviour between the two forms, owing to their different molecular

weights. This results in a characteristic band shape and position for each type of molecule.
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Fig 2.6: (a) Schematic of a typical SDS-PAGE system (Reprinted with permission.) [40] (b) An illustrative

Buffer

SDS-PAGE result showing bands corresponding to several EPO analogues. [34]

2.2.3 Immunoassays

Immunoassays are analytical tests involving the use of antibodies, which selectively bind
to analyte of interest to yield a quantifiable signal that correlates to the analyte
concentration. The emanated signals are a result of “labels” or reporter molecules
conjugated to the antibodies such as enzymes and nanoparticles. The three main types of

immunoassays used are direct (labelled antibody binds directly to analyte molecules),
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indirect (primary antibody binds to analyte molecule and a labelled secondary antibody
binds to the primary antibody) and sandwich (analyte is sandwiched between a primary
antibody and a labelled secondary antibody). Immunoassays can also be classified into
several categories depending on the type of signal they generate, the common ones being
enzyme immunoassay (EIA), radioimmunoassay (RIA), fluoroimmunoassay (FIA),
chemiluminescent immunoassay (CLIA) and counting immunoassay (CIA).[41]
Immunoassays are useful as they provide rapid responses without requiring heavy
instrumentation. Enzyme-linked immunosorbent assay (ELISA) is one of the most
commonly used immunoassay technique.[42, 43] It uses Horseradish Peroxidase (HRP)
labelled antibodies to bind specifically to analyte molecules in a well plate. Upon formation
of antibody-antigen conjugate, substrates such as 3,3',5,5'-Tetramethylbenzidine (TMB)
are used to generate an optical signal, which is quantified using a UV-Visible

Spectrophotometer.

Immunoassays are mostly used for testing prohibited hormones such as GH, IGF-1 and
their isoforms.[44, 45] The WADA approved immunoassay for GH involves detection of
the 22 kDa isoform of GH.[45] Although GH is present as a mixture of isoforms in the
body, recombinant GH is known to be similar to the 22 kDa isoform. Intake of exogenous
GH not only increases 22 kDa isoform concentration, but also suppresses secretion of all
other isoforms. The GH test involves a sandwich immunoassay, consisting of a pair of
antibodies. A GH-specific capture monoclonal antibody is pre-coated on the surface of the
well plate. Subsequently, the captured GH molecules is bound in a sandwich consisting of
a detection antibody, which is labelled with acridinium ester, a chemical that gives a
luminescent signal when excited at a specific wavelength. Typically, a luminometer is used

for quantification.
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Fig 2.7: Schematic of direct, indirect and sandwich assays. [46] Primary antibodies are required in all three
formats, however secondary antibodies are needed in indirect assays for signal generation. A sandwich assay

would require a secondary antibody for signal generation if none of the primary antibodies are labelled.

2.2.4 Analytical Challenges

The WADA approved testing methods are governed by specific guidelines and standard
operating procedures. However, there are still several analytical challenges associated to
these tests.

The first challenge is the requirement of extensive sample preparation for most of these
tests. For instance, most GC-MS systems would require a solid phase extraction in which
sample is passed through a solid column containing sorbent materials. This helps remove
the biological matrix interferents and concentrate the analyte in the injected solution,
resulting in a improvement in peak resolution.[47] Similarly, sample dilution is also a
common practice before MS analysis. The dilution factors can vary anywhere between 1:1
to 1:25.[16] IEF systems require preconcentration of analytes by methods such as
centrifugal ultrafiltration through membranes and immunopurification prior to
analysis.[36, 37] These sample pre-treatment strategies are not only time consuming and
tedious but are also error prone. Furthermore, non-uniformity in the procedures across labs
can be detrimental to accurate analysis and in extreme cases, may also lead to false

positives.
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The second challenge is the lack of standardization of equipment across the WADA
accredited labs, which may lead to lot of variability in results. For example, mass
spectrometer instruments often differ in a various aspects across labs. The detectors used
maybe single quadrupole or triple quadrupole, which may affect the resolution of the
spectrum.[16] GC-MS systems use both types of detectors, however LC-MS mostly use
triple quadrupole detectors. Similarly, the luminometers used for immunoassays may use
different sets of filters with varying qualities, which may cause variation in the internal
calibration. Filter issues can also affect sensitivity of the assay.[48] Thus, standardization
across labs in terms of instrument specification, calibration procedures and handling steps

IS very important.

The third challenge is the non-homogenous physiological profiles of biomarkers across
athletes. For example GH levels can be affected by age, sex, stress levels and even by time
of the day.[49] Similar effect is observed for several other doping markers such as EPO,
testosterone etc. It is well known that several endogenous and exogenous factors influence
steroid profiles.[50] Recently, there have been several high profile cases, such as that of
Caster Semenya (South Africa) and Dutee Chand (India), where the athletes were banned
due to presence of prohibited substances beyond permissible limits. However, it was
confirmed later that the athletes were not using prohibited substances, but their biological
conditions had led to excessive production of several hormones. Although, use of a
“biological passport” of an athlete is gaining popularity, it’s implementation is still
challenging.[51] Creating an accurate baseline for a particular marker in an athlete would
require frequent testing, both during and beyond training seasons. This is difficult to
achieve using the current tests approved by WADA, which are typically complicated,

expensive and time consuming.

2.3 Point-of-Care Tests

The analytical techniques discussed in section 2.2 are carried out in accredited laboratories
with sophisticated facilities. These tests entail high logistical costs (sample collection,

transportation and storing), rely on heavy instrumentation and cannot be conducted on-site.
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Moreover, operating these instruments and subsequent data analysis require highly skilled
professionals. These issues also mean that such tests are always performed sporadically.
Thus, the screening process for athletes, although effective up to some extent, is still not
efficient and fool proof due to the lack of frequent testing. Therefore, there is a significant

need for reliable and cost-effective Point-of-Care Tests (POCTS).

POCTs are portable analytical devices which can be used for testing analytes on-site.[52,
53] They have a rapid turnaround time of a few minutes, are easy to fabricate and operate
and therefore cost effective, require small sample volumes and can be versatile. These
devices can be multiplexed easily, thus allowing for detection of multiple analytes. POCTs

can be quantitative, semi-quantitative or qualitative in nature.

Table 2.2: Assessment details of a few prohibited substances [54-56]

Prohibited Analytical Technique Matrix WADA

Substance Used Decision Limit
19- GC-MS 2.5 ng/mL
Norandrosterone
Carboxy-THC LC-MS 180 ng/mL
Salbutamol LC-MS 1.2 pg/mL
Formoterol LC-MS _ 50 ng/mL
Morphine LC-MS Urine 1.3 pg/mL
Cathine LC-MS 6.0 pg/mL
Ephedrine LC-MS 11 pg/mL
Methylephedrine LC-MS 11 pg/mL
Pseudoephedrine LC-MS 170 pg/mL
rEPO IEF or SDS-PAGE Comparison with
Aranesp IEF or SDS-PAGE Blood standard gel
Peginesatide SDS-PAGE bands
IGF-1 (GH Immunoassay or LC-MS Based on GH
Biomarker) with LOQ < 50ng/ml score*
P-111-NP (GH Immunoassay with LOQ Blood Based on GH
Biomarker) < Ing/ml score*
GHisoform | Ly soform ratio™

* GH Score: Weighted score factoring biomarker concentrations, gender and age of athlete

** |soform ration: the ratio of monomeric 22k GH to pituitary GH
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2.3.1 Regulations and Guidelines

There are several types of tests that can be classified as point-of-care. The World Health
Organisation (WHO) defined the characteristics of an ideal POCT device in 2003. These
characteristic guidelines can be summarised by the acronym ‘ASSURED’.[53]

A: Affordable. Low cost.

S: Sensitive. Low false negatives.

S: Specific. Low false positives.

U: User friendly.

R: Rapid and Robust. Low turnaround time and easy handling and storage.

E: Equipment free. No complex instrumentation.

D: Delivered. Availability to end users

It has been deemed that any POCT meeting the ASSURED parameters would be an ideal
choice for commercialization. Although regulatory control over most POCT platforms are
minimal, the requirements vary between countries. Most developed nations have strict
regulations that monitor POCTs whereas regulations in developing nations are often
relaxed to keep the overall costs low.[57] In the US, diagnostic tests are governed by the
Clinical Laboratory Improvement Amendment (CLIA) of 1988, which defines the
complexity of any testing procedures and classifies them into three categories: highly
complex, moderately complex and CLIA waived.[57-59] All POCT programmes in the US
have to apply for a CLIA waiver before accreditation by any of the regulatory agencies
such as FDA. However, there can also be on-site tests, which may not have CLIA waiver,
but such tests have to meet other lab testing regulations. Currently there is no WADA
approved POCT for doping control. However, they have recently invested in

research ,which could lead to a viable “lab-on-chip” or POC technology.[60]

2.3.2 Types of POCTs

POCT devices can be categorized according to the sensing mechanism, type of signal being
emanated or the application they are used for. However, generally, there are two main types
of POCTs, which engulf all other classifications: small hand-held POCT devices and larger
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bench top POCT devices.[61-63] Amongst the two types, small hand-held devices are the
most popular forms of POCTs due to their advantages over the latter. They are easily
portable, have much simpler functioning mechanisms and are far more cost effective.[61]

Some of the most commonly used hand held POCTs are briefly described in this section.

1. Paper based bio-affinity sensors: Paper based sensors involve pre-fabricated strips
consisting of polymeric carrier membranes, which are modified and assembled for
selective capture of analyte molecules at specific sites for detection. The analyte solutions,
once introduced on the sensor, are allowed to flow through homogenously by capillary
forces, which are often enhanced by a wicking material such as cellulose. The analytes are
captured at the test zones using recognition molecules, most commonly antibodies, which
selectively bind to analyte molecules of interest.[64, 65] In the recent years, several other
recognition molecules, such as nucleic acid aptamers [66-68] and small peptide affimers
[69, 70], also have been extensively researched upon because of the higher stability,
extended shelf life and lower cost as compared to antibodies. The various recognition
molecules have been described in detail in section 2.4. The most common paper based
sensors are lateral flow assays (LFAS) [64] and dipsticks [71]. These assays use different
labels conjugated to recognition molecules to yield detection signals, for instance, colour,
fluorescence, chemiluminescence and magnetic field. The interpretation of these signals
can make the assays either qualitative where no external instrumentation is used [72] or
quantitative where the assays are coupled with technologies to precisely determine signal
strength and correlate it to analyte concentration.[73, 74] A few commonly used labels are
gold nanoparticles (AuNP) [73], enzymes like HRP [75], latex beads [76], carbon
nanoparticles [77], upconverting phosphors [78] etc. The typical testing times for such

assays may vary between 5-30 minutes.[64, 74, 79, 80]

2. Electrochemical sensors: Electrochemical sensors consist of electrode transducers,
which are coupled to bio-recognition elements for ultra-sensitive detection of analytes.
These sensors generate electrical signals upon binding of the analytes to the recognition
molecules by means of the transducer they use. The transducers are generally substrates
made of either metals (like gold, platinum etc.) [81], semiconductors (like indium-tin oxide,
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iridium oxide etc.) [82] or carbon based materials (like graphite, carbon paste, glassy
carbon etc.) [83]. Two types of signals are generated by these sensors, depending on the
type of transducer used: change in current or change in potential. Amperometric
transducers apply a constant voltage and detect the change in current signal upon binding
of analyte, whereas, potentiometric transducers use ion-selective electrodes (ISE) to
provide a change in voltage upon analyte binding.[84] The detection mechanism may vary
depending on the recognition element such as active enzymes (glycolate oxidase, glucose
oxidase, etc.) [85], protein based antibodies [86], nucleic acid aptamers [87] and
composites [88]. These types of sensors are ultrasensitive, highly specific and easy to
miniaturize. This miniaturization allows inclusion of arrays of transducers in a single
device, enabling easy multiplexing. Turnaround time for electrochemical sensors is much
faster than paper-based sensors (generally a few seconds). The commonly used glucose

meter is a well-known example of an electrochemical biosensor.

Wicking pad

Nitrocellulose
Control line

Test line

Fig 2.8: (a) A typical paper based LFA [89], (b) Schematic of a paper based dipstick immunoassay [90], (c)
An electrochemical glucose meter [91], (d) A flexible substrate wearable electrochemical sensor [92]
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3. Microfluidics based sensors: Microfluidics allows precise flow control of small
volumes of analyte solutions through fabricated or ‘printed” microchannels for controlled,
sensitive and multiplexed detection. Several types of sensors use microfluidics for ‘lab-on-
chip’ applications. Incorporating microfluidics into the sensing mechanism has helped
researchers and manufacturers to miniaturize sensors for efficient POC applications. Such
sensors can utilize several detection mechanisms such as electrochemical sensing [93],
affinity based optical and magnetic sensing [94, 95] and even change in surface plasmon
resonance (SPR) [96]. Different type of substrates are used to fabricate such sensors. Use
of glass, paper, polymers (such as PDMS) and semiconductor substrates (such as silicon)
are common. These sensors are fabricated by printing microchannels onto the substrates.
The fabrication technique depends on the substrate being used and the application. In the
early days, paraffin and wax dipping was used to create hydrophobic coatings for
separating the lanes to channelize the flow.[97, 98] However, technological advancements
have allowed development of much more sophisticated techniques such as
photolithography [99], PDMS printing [100], laser treatment [101] and high resolution wax

printing [102] for precise control of the fabrication process.

@ (b)

Fig 2.9: (a) A paper based PPAD for colorimetric detection of Cu?*ions in water [103] (Reprinted with
permission.), (b) A PDMS based microfluidic lab-on-chip system [104]
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2.4 Lateral Flow Assays

An ideal choice of a POCT would be the one which not just has an intuitive simplicity on
a user’s end but also has a low cost, which could attract mass appeal even in low income
countries. As a result, amongst the several types of POCTs listed in section 2.3, lateral flow
assay (LFA) strips have become the frontrunner POCT devices for commercialisation. The
versatility of such devices in terms of fabrication techniques, as well as the associated low
costs and high portability, make them suitable for a myriad of applications; one of the
potential application being screening of prohibited substances for doping control.
However, the most prominent application of LFAS is in the form of pregnancy strips, which
is a multi-billion dollar industry and a highly saturated area of research.[105, 106] LFA
strips have several other advantages as well. They are easy to operate and hence require no
skilled personnel, require very low sample volumes (< 100 pl) and can yield quantitative

signal readouts with ubiquitous devices such as smart phones.[107, 108]

2.4.1 LFA Layout

LFAs are basically pre-fabricated strips of some carrier membrane, containing dried
reagents that are activated by application of a fluid sample containing the analyte. The
sensitivity and specificity of typical LFA layouts are dependent on mainly three
parameters: use of miniaturised thin-layer chromatography membranes such as
nitrocellulose, capture of analytes by analyte-specific recognition molecules such as
antibodies or DNA/RNA sequences, and signal generation by reporter molecules such as
AUNP. A typical LFA schematic, as shown in Fig 1.1 of chapter 1, consists of a sample
pad, conjugate pad, test pad consisting of a test line and control line, absorbent pad and a
backing pad for supporting the assembly.[106] Each pad is made of a specific membrane
to suit the respective function it provides. They are placed adjacent to each other, in such
a way that a small portion of one membrane overlaps the other membranes adjacent to it.
The entire assembly is placed in a plastic housing/cassette. The function, material used and
problem associated with each component pad is summarised in Table 2.3. When an assay
is performed, a small volume of a sample is applied onto the sample pad, which migrates
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along the conjugate pad, and then carries conjugated particles to the test pad. The capillary
flow is assisted by a wicking absorption pad at the end of the assay layout. Analytes in the
sample interact specifically with recognition molecules (antibodies, peptides, aptamers
etc.), which are immobilized at the test line and control line and release a signal.[106, 109]
The signals generated in LFAs are due to reporter molecules which are conjugated to

biomolecules in the conjugate pad, details of which have been explained in section 2.4.4.

| VV:A':%»,i

L'li’.i!’f.ﬂ"; . LFA Military/Bio-defense

Applications

Fig 2.10: Applications of LFA devices
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Table 2.3: Summary of different membranes used in LFA [61]

Component Function Material Potential Problems
Convert the anal)./tlcal Cotton linter, glass Flooding with excess
Sample Pad sample to one suitable for sample, cannot always

analysis

fibre, rayon

filter out contaminants

Conjugate Pad

Couples the sample analyte
to the measurement
conjugate

Glass fibre,
polyesters

Variation in uptake,
inconsistent binding and
release of conjugate

Reaction
Membrane (test
and control zone)

Acts as capturing
mechanism and forms a
readable test line when
analyte present or absent.
Capturing molecules (e.g.,
antibodies) can be
deposited on the
membrane to form a test
zone and a control zone by

Nitrocellulose,
nylon

Inconsistent flow
characteristics, protein
incompatibility to bind with
nitrocellulose

Backing Layer

Provide rigidity and enable
easy handling

Polystyrene

Can cause variations in run
time and appearance of

Device Housing or
Cassette

Protect the properties and
features of the device

Plastic

Overflow of sample into
cassette

2.4.2 Assay Mechanisms

Mainly two assay formats are used in LFA: sandwich and competitive.[64, 109] In the
sandwich format, a labelled recognition molecule binds to the target analyte and forms a
conjugate. This conjugate moves downstream to the test line, where target analyte bind
specifically to immobilized recognition molecules to form a recognition molecule-analyte-
capture molecule complex, which stops migrating. The excess of the labelled recognition
molecules from the conjugate pad, which are unbound to the analyte, move beyond the test
zone and are eventually captured at the control line by another type of capture molecule.
On the other hand, in the competitive format, labelled recognition molecule reacts with
capturing molecules deposited in the test zone. The analyte, which is mixed with labelled
recognition molecules, competes for the binding sites with the capturing molecules on the
test zone. If the analytes are already captured by recognition molecules in the solution
during the mixing stage, they are not captured at the test zone, thus no signal is generated.
A similar control line is used in the competitive format as well. It is to be noted that the

capture molecule in the control line is specific to the recognition molecule rather than the
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analyte. The main purpose of the control line is to serve an indicator that ensures that the
test is working properly. The sandwich assay is preferred when there are multiple epitopes
in the analyte of interest, while the competitive assay is preferred in case of small molecules

or in case of single specific antigen epitope.

SANDWICH COMPETITION

" ) S—— ¢
AT Esedd ? \( T T

Fig 2.11: Competitive LFA vs Sandwich LFA [110]

2.4.3 Recognition Molecules

1. Antibodies: The most popular biomolecules used for detection and capture of analytes
in LFAs are antibodies (Ab) or immunoglobulins (Ig). LFAs involving antibodies are also
known as Lateral Flow Immunoassays (LFIA). Antibodies are “Y”” shaped proteins having
amolecular weight of ~150 kDa, produced by plasma cells, so-called B lymphocytes .[111]
Each antibody consists of a binding site known as a paratope at the tip of the “Y”. The
paratope specifically identifies binding sites known as epitopes on an antigen or analyte
molecule. Each analyte molecule can bind to multiple antibodies depending on the number
of epitopes present. There are two types of antibodies: monoclonal antibodies, which can
bind to only one type of epitope and polyclonal antibodies, which can bind to multiple
epitopes on the same analyte molecule.[112, 113] The binding is similar to a lock and key
mechanism, which is precise at a site and specific for a system. The interaction is non-
covalent and can be a resultant of electrostatic interactions, hydrogen bonds, van der Waals
forces and hydrophobic interactions. Typically, LFIA test lines are immobilized with
analyte specific primary antibodies, whereas the control line consists of primary antibody

specific secondary antibodies. A wide range of antibodies are commercially available
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against the common analytes, making them a popular choice for LFIA studies. Moreover,
specific antibodies can also be raised against relatively less common analyte molecules.
However, antibody production is a tedious and expensive process involving immunizing
animals with target molecules, followed by sub-cloning and purification. Several sensitive
LFIAs with LODs in the range of a few pg/ml to a few ng/ml have been reported using
antibodies as recognition elements.[73, 79]

(€] (b) Ab conjugla;ed -| Tediline
{e:5:to goldnanopasticies) (anti-analyte Ab) ControlLine

Analyti¢ \f (e.g. anti-IgG Ab)
variable ’\‘\3"3 i —

binding

light ./~
chain

heavy region
chain

Testline  Controlline
(Positive) (Testvalidation)

Fig 2.12: A schematic of: (a) an antibody showing the different functional regions. [114], (b) sandwich LFIA
using AuNP reporter. [106] The analyte deposited on the test strip binds to Ab conjugated AuNPs and is
captured by anti-analyte antibodies at the test line. The control line antibodies capture the free AuNP-Ab

conjugates.

2. Aptamers: Nucleic acid aptamers are short, single-stranded oligonucleotides that can
form 3-dimensional conformations upon binding specifically with target analytes. The
target can be proteins, nucleic acids, cells and even tissues.[115] The analyte-aptamer bond
is relatively strong and is a result of hydrogen bonds and electrostatic interactions between
the aptamer and analyte. A lot of other factors such as the structure of target and aptamer,

stacking interactions between aromatic compounds and the nucleobases of aptamers also
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induce aptamer-analyte binding.[115, 116] These short chain oligonucleotides can be both
DNA and RNA chains and typically consist of 25-75 nucleotide bases. Aptamers are
produced via chemical synthesis route, by a process called ‘SELEX’ (Systematic Evolution
of Ligands by Exponential enrichment).[117] It involves oligonucleotide library selection,
attaching binding molecules to the oligonucleotides, eluting the binding DNAs, amplifying
them and finally repeating these steps 7-8 times to achieve satisfactory yield. This process
ensures that a homogenous batch of highly specific molecules with high binding affinity is
obtained. Sensitivity and specificity of aptamers is similar to that of antibodies. However,
production of aptamers is easier making them cheaper than antibodies. Using aptamers for
LFAs is a relatively new concept as compared to antibodies which have been used for over
six decades. Therefore, there is still a limited commercial availability of aptamers, even for

the commonly studied target molecules.

3. Affimers: Affimers (Aff) constitute a class of small proteins which specifically bind to
target molecules just like antibodies. Affimers are engineered proteins which are generally
12-14 kDa in size, i.e. almost 10 folds smaller than antibodies, and have similar sensitivity
and specificity as them.[118] Affimer proteins have a large binding surface provided by
two peptide loops and an N-terminal sequence that can be randomised to bind to desired
target proteins with high affinity and specificity.[118-120] The high degree of control over
their production process allows modifications to provide high stability and robustness, even
at varying temperature (stable up to ~80°C) and pH conditions (stable in the range of 2-
13).[121] The binding mechanism of affimers is similar to that of antibodies and involve
non-covalent interactions between affimer and analyte, resulting from electrostatic
interactions, hydrogen bonds, van der Waals forces and hydrophobic interactions. The
production cycle of affimers for a target molecule can take between 12-14 weeks, which is
much faster than antibodies.[118] The production process involves high yield expression
in simple bacterial expression systems, which provides homogeneity amongst batches and
makes affimers cost effective. Use of affimers is a relatively new concept, first reported
only in 2005.[122] However, the widespread advantages of these small proteins have
gained a lot of attention amongst researchers around the world, especially in the field of

sensing.
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Fig 2.13: Examples of structural conformations of nucleic acid aptamers: (a) thrombin binding aptamer

folded as G-quadruplex complex [123]; (b) sequence of biotin aptamer complex sequence folded as a
pseudoknot [124]; (c) Aptamer based sandwich LFIA for thrombin detection [125] The analyte molecules
bind to AuNP conjugated aptamers at the conjugate pad and are captured by immobilized capture aptamers
at the test line. A complementary DNA sequence identifies the free AuUNP-aptamer conjugate and captures

them at the test line. (a-c are reprinted with permission)
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Suitable for a wide range
of target classes

* Insert sequences can be highly
randomised, makes very diverse
selection library

+ Suitable for ALL targets
+ Applicable to proteins & peptides

* Can select binder to 3D
) N structural epitope e.g. groove etc.
Small size, no modifications :
+ Can readily be selected by phage
display
* High expression levels in E. coli
* Potential enhanced tissue
penetration in therapeutic use

+ Can be multimerised for bispecificity

Can be formatted to multimers

Bestows huge advantage in enhanced
function of primary target interaction,
or addition of a second specificity, for
example to enhance in vivo half life

N terminus free

Allows for direct conjugation to
reporter tag OR drug for targeted
delivery

Fig 2.14: A 3D rendition of an affimer molecule, listing few of its advantages.[126]

2.4.4 Reporter Labels

The signals generated in an LFA are due to the reporter label molecules. The labels are
conjugated to the recognition molecules detection biomolecules, for instance, antibodies or
aptamers, via various chemical routes. They concentrate on the test/control line upon
completion of an assay, which serves as an indication of presence or absence of the analyte
and its concentration. An ideal label molecule would be stable under test conditions and
have a wide dynamic range for detection. Moreover, it should have the ability to be
conjugated easily with the detection biomolecules, without a loss in chemical property or
biological integrity.[106] There are a wide range of reporter labels available commercially,
ex., colloidal particles (AuNP, carbon black etc.), fluorescent materials (Europium beads,

quantum dots etc.) and enzymes (HRP etc.).

Amongst the several types of reporter signals, the most intuitive and easily recognizable
signal is the colorimetric signal and hence it is the most preferred option for POC
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applications.[127] A few of the most popular colorimetric reporters have been listed in this

section.

1. Nanoparticles: Several nanoparticles have been used as colorimetric labels. AuNP is the
most widely preferred label for LFAs.[64, 106, 128] They have an intense pink/red
coloration when dispersed, are easy to conjugate, have high bio-affinity, have easily
tunable chemical properties, and are of low cost. AUNPs have also been used for signal
amplification in LFAs.[129] The most common way of synthesizing AuNPs is via
chemical reduction of chloroauric acid. AuUNPs in the size range of 20-40 nm are considered
best for visual applications.[130] Below 20 nm, the AuNPs do not have a bright hue and
above 40 nm they become prone to flocculation. However, colloidal stability of AuNP is
prone to several external factors, such as pH and salt concentration. Hence, they are usually
stored in a citrate stabilized buffer. AUNPs have been used to detect a wide range of

analytes, a summary of which has been provided in Table 2.4.

Magnetic nanoparticles (MNP) or magnetic beads (MB) have gained a lot of popularity in
the recent years.[64, 128] MBs are superparamagnetic in nature, highly homogenous and
can easily be functionalized. They release magnetic signals, which are stable over a long
period of time. The use of MBs as colorimetric reporters have also gained popularity in the
recent years.[131] MBs have a molar absorption coefficient comparable to AuNPs in the
visible range and they can produce a dark brown band upon accumulation at the test/control
line, which makes them suitable for visual detection in LFAs.[132] Another advantage of
MBs is that they can be controlled using external magnetic fields, which enables facile

analyte extraction from a complex sample solution.

Carbon nanoparticles in the form of colloidal carbon, carbon nanotubes, carbon nanostrings
etc. are a set of inexpensive colorimetric labels, which can be easily functionalized to
conjugate a wide range of biomolecules.[64, 128] The intense black coloration generated
by these particles enable detection of analytes with high sensitivity. The production of
carbon nanoparticles is easy and scalable, and the stability of conjugates ensure that the

signals generated remain stable with respect to time.
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Latex beads are spherical polymeric particles, which are usually made of amorphous
polymers such as polystyrene.[76, 133, 134] They are available in a wide range of colours
and are often a favoured choice for multiplex detection of analytes. The size ranges can be
from 100 nm to ~2 pum, making them versatile for detecting several types of analytes.
Generally, electrostatic coupling methods are preferred for attachment of latex beads to

detection biomolecules as covalent conjugation process leads to aggregation of beads.

2. Enzymes: Enzyme based LFAs yield a colorimetric response upon addition of a suitable
substrate.[128] The most widely used enzyme for LFAs is HRP, which can be easily
labelled for detection biomolecules. In the presence of H.O2, TMB substrate reacts with
HRP to yield a blue coloration, which is easily detectable with naked eye. Apart from HRP,
other enzymes such as glucose oxidase, alkaline phosphatase etc., also have been utilized
in LFA. However, the addition of an extra step in substrate addition and the long-term
stability of substrates and enzymes are some of the main challenges affecting use of

enzymes as reporters in LFAS.
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Table 2.4: Summary of a few colorimetric LFASs

Type of Enhancement . Assay
Label Strategy Analyte Matrix LOD Time
Duql AUNP Troponin | [73] Serum 0.01 ng/ml 10 min
conjugation
AuNP . .
clustering at Cronobacter sakazakii Sk.'m 103 cfu/ml 15 min
. [135] Milk
Test Line
Diluted
Multiplexed maize 2.0 ng/mL for 10 min
Ag staining of pie flour fumonisin B1, LFA +6
fumonisin B1 and . .
AUNP deoxynivalenol [136] extract in | 40 ng/mL for min Ag
AuNP y methanol | deoxynivalenol | staining
/water
Naked eye :
Assa detection of 2 I_lFS Amlns
Pt coating of Prostate-specific \SSay ng/ml without .
; diluent min
AuNP antigen [137] substrates,
buffer . enhance-
20 pg/ml with
ment
substrates
Prostate-specific .
None antigen [138] Serum 1 pg/l 20 min
Naked eye
Troponin ICT Plasma detectl_o nof 10 .
None complex [79] and PBS ng/ml in 15 min
Plasma, 1 ng/ml
in PBS
: 69.7 ng/ml with
Aggregation .
MB of Fe304 Paraoxon Methyl FesO particles, .
PBS 1.7 ng/ml with 15 min
clusters at test | [132]
li Fes04
ine
aggregates
Use of dual Furazolidone
magnetic metabolite of 3- :
nanoparticle amino-2- PBS 0.044 ng/ml 20 min
probes oxazolidinone [139]
Carbon None Protein A [140] PBS NA 15 min
nanotubes
Circulating cathodic . .
Carbon None antigen [141] Urine 0.3 ng/ml 30 min
Nanoparticles None Human cho_rlonlc Urine 10 miu/ml 5 min
gonadotropin [142]
None Synthesized DNA Human 3.75 fmol 15 min
[143] plasma
Latex beads Multiplexed IgG/IgM
None against dengue and Plasma 300 pg/ml 10 min
chikungunya [144]
Use of TMB . .
HRP Enzyme substrate Troponin | [145] Serum 0.027 ng/ml 20 min
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Fig 2.15: LFA for detection of (a) furazolidone in milk using MB (reprinted with permission) [139], (b)
citrinin in cereals using AuNP [146], (c) antigens for diagnosis of Schistosomiasis using carbon particles
[141], (d) hydrogen peroxide using HRP enzyme (reprinted with permission) [75] (e) markers causing Acute

Febrile Ilinesses using coloured latex beads [144]

2.4.5 Challenges Associated with LFAs for Anti-Doping

Although, LFAs are extremely promising, there are a few challenges that need to be
surpassed to make this technology more reliable, popular and widely adapted for

commercialization, especially for anti-doping purposes.

The first challenge concerns improving the sensitivity and specificity of the LFA platforms
to match lab-based systems. There have been several developments in the past few years,
which have allowed researchers to report sensitive detection limits without any sample pre-
treatment.[54, 73, 147] However, most of these reports demonstrate high sensitivity levels
in lab based controlled settings. On-field validation still remains a challenge for almost all
such LFA platforms. On-site application implies limited availability of laboratory
resources, because of which use of external equipment for pre-treatment, assay activation,
signal detection and data analysis may not be possible. Therefore, strategies need to be

devised to improve their sensitivity so that LFAs can compete with lab-based tests.
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The next challenge is associated with the regulations governing LFAs. Currently there are
limited regulations that commercial LFAs are mandated with and hence widespread
variability in quality and performance of tests is observed.[58] This creates a sense of
mistrust in potential users, as a result of which, LFAs have not seen widespread acceptance
barring a few areas of application. Doping control is a fairly conservative area, whereby
reliance on rapid detection is always sceptical. Although, an LFA cannot completely
replace lab based analytical techniques, a proper set of guidelines detailing the usage and
storage of LFAs; and regulatory approvals requiring stringent quality control checks can
definitely improve the confidence on this technology, which can eventually lead to the
acceptance of LFAs as reliable screening devices.

2.5 Sample Pre-treatment

Pre-treatment is mainly necessary when a sample has interfering matrix components that
might result in false positives or negatives or the analyte concentration is too low for
reliable detection. For instance, blood is a complex matrix consisting of cells, proteins,
electrolytes etc., which can potentially interfere with the assay results. Hence, a lot of
analytical tests are performed on serum or plasma, which are extracted from the whole
blood samples. Although, serum and plasma, which do not contain cells and several
proteins as compared to blood, are easier to analyse than blood itself, they still have several
interferents such as salts, clotting factors, few proteins such as albumin etc.[148, 149] Other
matrices like sweat and urine also contain interferents that can influence the LFA

responses.

Most of WADA approved analytical methods are preceded by sample pre-treatment in
order to improve sensitivity. For example, liquid-liquid extraction (LLE) is a conventional
sample pre-concentration step, which is used in techniques such as GC-MS.[16, 150] It
uses two immiscible solvents, usually a polar aqueous and a non-polar organic solvent, so
that the analytes can migrate into a chemically more stable configuration. The solvent
which becomes rich in the analyte is called the extraction phase, which is further
concentrated by evaporating the solvents. Similarly, solid-phase extraction (SPE) is
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another method which is used in several MS methods.[151] Here, a liquid sample is passed
through a solid phase where the interfering compounds are separated as a result of their
affinity towards the adsorbing solid. Various adsorbents like ethyl (C2), octyl (C8),
octadecyl (C18), cyclohexyl (CH), phenyl (PH) cyanopropyl (CN), diol (20H),
aminopropyl (NH2) etc., have been used for SPE.[151-153] However, extensive
instrumentation, high costs and long turnaround times imply that these techniques are not

implemented at POC.

WADA has also approved membrane based sample purification techniques such as
ultrafiltration (UF), which is a hydrostatic pressure induced filtration method.[56] Here,
the sample is forced through a semi-permeable membrane to retain solids and solutes of
high molecular weight, while allowing water and low molecular weight solutes to pass
through. This is especially useful for blood samples, where filtering out cells and proteins
is of paramount importance.[36] However, UF is a low efficiency separation method,
which requires a long time. Moreover, use of a pressure pump is not too feasible in a
resource-limited setting. Selective protein precipitation (SPP) is also used for purification
of blood samples, especially before WADA approved techniques like IEF.[34] SPP is a
method of protein recovery from a complex lysate to separate out one or more proteins
through a purification step.[154] SPP can be specific or generic. Specific SPP uses an
antibody-mediated precipitation, whereas a generic SPP depends on the physical and/or
chemical interaction between a precipitating agent and the proteins that possess certain
specific characteristics. In case of analyte extraction from a solution containing multiple
proteins, a combination of different SPP protocols may be utilized to isolate at desired
yields. However, this method is prone to yield variations across batches, consists of
multiple tedious steps and is time consuming, all of which make it difficult to apply such
techniques on-site. The limitations of all of these techniques have led researchers to look
for simpler sample pre-treatment protocols, which have the potential to yield desired

analytical results even in remote settings.

Two of the most promising techniques for on-site application are sample dilution and

magnetic extraction. Sample dilution is a non-selective pre-treatment technique, which
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involves dilution of sample solution in an appropriate solvent which does not affect the
bioactivity of the analyte and has a relatively simpler composition as compared to the
original matrix. The dilution factor can be as low as 1:1 or even as high as 1:100 or even
more, depending on the concentration of analyte and the type of matrix.[16, 155] On the
other hand, magnetic extraction is a selective sample pre-treatment method, which utilizes
superparamagnetic beads of various sizes. These MBs can be composed of co-precipitated
Fe30s particles (< 20nm) or spherical polymeric beads with embedded Fe3Os (such as
polystyrene beads, ~50 nm - 2.8 um).[156, 157] MBs are homogenous, can be easily
functionalized for attachment of different biomolecules and possess excellent magnetic
properties. Therefore, they can be used to specifically bind analytes of interest by a simple
incubation in a sample solution, following which, the conjugate formed can be easily
extracted using an external magnetic field. The superparamagnetic nature ensures no
remnant magnetic field remains upon removal of the field.[158] Sample extraction using
MBs is quick and efficient and does not require any sophisticated instruments, except a
magnet. Such extraction has been implemented for a wide range of assays used for
detecting different analytes such as proteins [79], nucleic acids [159], bacterial cells [160]

etc.

2.6 Research Model

2.6.1 Troponin

Troponin is a group of proteins, which is responsible for regulation and contraction of
skeletal and cardiac muscles. There are three types of troponin proteins: Troponin I (Tnl),
Troponin C (TnC) and Troponin T (TnT). Usually a complex of Troponin consists of all
the three forms and is present as Troponin ICT (TnICT). Tnl is a 209 amino acid protein
with a molecular weight of ~24 kDa, whereas, molecular weights of TnC and TnT are ~18
kDa and ~35 kDa respectively.[161, 162] High concentrations of Troponin in the body can
be a direct indication of cardiac or skeletal muscle damage. TnC initiates contraction in
muscles by binding calcium ions, which causes a conformational change and leads to

movement of Tnl. This causes the two proteins to pull the muscle fiber shorter and interact.
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On the other hand, TnT anchors the troponin complex to the muscle fiber structure and
together with the other troponins, regulates its contraction. Tnl is the most important
diagnostic marker for acute myocardial infarction (AMI). Cardiac Tnl is produced in the
cardiac muscle tissue and is specific to cardiac injury, making it important for detection
during the onset of AMI. Troponin levels in blood for a healthy human are in the range of
20-30 pg/ml, whereas it increases rapidly after a heart attack, reaching a peak of ~50 ng/ml
within 3-6 hours and 190-200 ng/ml after 11 h.[163-165] These levels stay elevated in the
human body for around 6-8 days after which it starts lowering.[165] A different isoform of
Tnl is produced in skeletal muscles, which makes it possible to develop specific tests for
cardiac and skeletal muscle injury. In sports, this is especially important to diagnose muscle

damage and monitor recovery of athletes accurately.[166]
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Fig 2.16: Schematic showing regulation of muscles by Troponin. TnC binds to Calcium ions to initiate

muscle contraction and causes Tnl to move. [166]

2.6.2 Insulin like Growth Factor-1

Insulin like Growth Factor-1 (IGF-1) is a 70-amino acid peptide hormone, secreted by the

liver. It is a biomarker of Growth Hormone (GH), and is secreted as a response to pituitary
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release or exogenous administration of GH. IGF-1, just like GH, is a prohibited substance
as it provides unnatural performance enhancement to athletes. It has a molecular weight of
7.6 KDa. It has anabolic as well as insulin like metabolic activities and functions through
the IGF-1 receptors. It can also bind with limited affinity to insulin receptors due to its
structural and functional similarities to insulin. IGF-1 and GH work in conjunction to grow
cartilage and build muscles. Additionally, IGF-1 signals regeneration of cells, helps
increase bone density and helps in recovery of tissues. Most of the IGF-1 present in blood
is bound to IGF binding protein (IGF-BP). This makes it more stable than GH and hence
it has a longer half-life inside the body upon exogenous intake. Endogenous IGF-1 is
generally dependent on age, with levels as high as 150-260 ng/ml in serum for an age group
of 21-30 and less than 90 ng/ml beyond 80 years of age.[167, 168] The endogenous half-
life of IGF-1 in plasma is 14-18 hours but can increase to around 4-5 days upon GH
administration, thus increasing the window of detection for detection of GH doping.[49,
169]
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Fig 2.17: Schematic showing (a) IGF-1 release mechanism [170], (b) protein structure of IGF-1 [171]
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2.6.3 Interlukin-8

Interlukin-8 (IL-8) is a chemokine, serving as an important mediator for inflammation in
muscles and often serves as a biomarker for state of inflammation in athletes. It is produced
by a variety of tissues and cell types within the body such as macrophages, epithelial cells
and smooth muscle tissue. Structurally, IL-8 is a 72 amino acid protein, weighing ~8.4
kDa. Amongst the various pro-inflammatory cytokines, IL-8 has one of the longest half-
life, implying that it can be detected in blood for a longer time period.[172] IL-8 can
mediate inflammatory responses via neutrophils, activating them upon injury and causing
them to migrate towards the site of inflammation.[173] Furthermore, studies have shown
that urinary IL-8 levels can also be used to determine state of stress or fatigue.[174] As IL-
8 is mostly released as an immune response, its baseline physiological levels are generally
in trace quantities (~10 pg/ml).[175] However, upon intense fatigue, these levels can go up
almost 10 folds.[175, 176]
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Fig 2.18: (a) A 3D structure of IL-8 as obtained by NMR spectroscopy [177] (b) Functioning pathway of IL-
8. As stress is induced, more chemokines such as IL-8 are released which lead to transport of neutrophils to

the site of inflammation.
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2.7 Addressing Gaps in Literature Review

The phenomenon of doping in sports has existed since ages and is an evolving concept.
The current day techniques to identify instances of doping have been found to be grossly
inefficient due to the low frequency of testing, mostly due to a combination of factors such
as high logistical costs involved in current testing mechanism, use of sophisticated and
heavy instrumentation, and inability to conduct on-site tests. Therefore, POCT
technologies such as LFAs need to developed and made more efficient for effective on site
screening of athletes and a better doping control regime. However, the utilisation of LFAs
in the field of sport science is still relatively nascent and there is a scope for extensive research
to develop reliable LFA kits, especially for anti-doping markers. This thesis is an attempt to
fill this gap in literature about the use of POCTs such as LFAs for reliable detection of anti-

doping markers.
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Appendix:

Formula to calculate GH score as specified by WADA [55-56]:
GH-2000 score for males:
-6.586 + 2.905-In(P-111-NP) + 2.100-In(IGF-I) - 101.737/ age
GH-2000 score for females:
-8.459 + 2.454-In(P-111-NP) + 2.195-In(IGF-I) — 73.666/ age
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Chapter 3

Experimental Methodology

This chapter contains description of the rationale behind selection of
materials for the experiments, developed assay layouts and their
protocols. The assay layouts have been explained using schematics and
the LFA fabrication process has also been described in detail. The
protocol related to colorimetric signal analysis and LOD calculation
have then been elaborated. This section also describes the principles
behind the characterization techniques used and the methodology used
to perform them for the studies contained in it. Techniques such as SEM,
EDX, DLS and UV-Vis have been utilized. Furthermore, the principles
and protocols associated with protein quantification techniques such as

BCA and ELISA have also been described.

*Materials and protocols were taken from: Sharma, A., et al., Magnetic field assisted preconcentration of
biomolecules for lateral flow assaying. Sensors and Actuators B: Chemical, 2019. 285: p. 431-437.; Sharma,
A., et al., Gold nanoparticle conjugated magnetic beads for extraction and nucleation based signal

amplification in lateral flow assaying. Sensors and Actuators B: Chemical, 2020: p. 127959.
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3.1 Rationale for Selection of Materials

3.1.1 Membranes for LFA Fabrication

As mentioned in Section 2.4.1, an LFA strip consists of different membranes assembled
together to perform analysis on a dispensed sample. Since each membrane constitutes a
different functional zone, the properties required for each membrane also vary. Table 2.3
outlines the various types of membranes used in a typical LFA strip. The LFA layouts
adopted in this thesis consist of two zones: the reaction zone containing the test line and

the absorption pad.

The reaction zone is made up of nitrocellulose (NC) membranes. Nitrocellulose is a
polymer prepared by nitrating cellulose through exposing it to a mixture of nitric acid and
either hydrochloric or sulphuric acid. NC membranes are prepared through phase inversion
of nitrocellulose solution.[1] In phase inversion technique, a highly concentrated liquid
phase polymer solution inverts into a swollen solid 3-D macromolecular network by
solvent evaporation.[2] It allows high degree of control over the morphology of the
membrane, its internal structure and the overall porosity, all of which eventually define
performance of the membrane and thus, the LFA strip. The control over the wicking time
of a solution through the membrane defines the sensitivity of the LFA. Furthermore,
nitrocellulose membranes have high protein binding ability, typically in the range of 80-
100 pg/cm?, which allows several immunological reactions to take place on its surface.[1,
3] This property, which is a resultant of hydrophobic interactions between protein and
membrane surface, is important for having a test line composed of biomolecules in an LFA.
The control over the properties of NC membranes have made them the most popular choice
for LFAs. This has also led to widespread commercial availability of various types of NC

membranes, providing flexibility in terms of LFA fabrication and its applications.

The absorption pad is composed of cellulose membrane. The main function of the
absorption pad is to provide a wicking effect to direct capillary flow of reactant, sample

and rinsing buffer solutions. Cellulose is a polysaccharide made up of a large number of
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glucose molecules. It is synthesized by plants and it is one of the most abundantly present
bio-macromolecules in the world. Cellulose chains are arranged in parallel arrays via
Hydrogen (H) bonding to form structures known as microfibrils. These microfibrils, which
are tough and inflexible, are bundled together to form larger structures called macrofibrils.
Synthetic cellulose membranes, which are generally made of cellulose acetate blends, have
a porous structure (pore size ~0.5 um).[4, 5] The sugar molecules they contain can form
H-bonds with water present in the sample, thus, allowing them to absorb substantial
amounts. This property is highly desirable in a wicking membrane as a large absorbing

capacity enable handling of large volumes of test samples.

3.1.2 Antibodies for Sensing

As mentioned in section 2.4.3, antibodies are the most widely used recognition molecules
for detection and capturing of analytes in LFAs. The technology of antibodies dates back
to more than six decades and has been studied extensively.[6, 7] It is one of the facile
recognition systems utilized in biosensing applications. The widespread commercial
availability and the abundance of literature makes it easy to test new LFA strategies on
known model systems (such as Troponin or IGF-1 studied in this thesis) using high affinity
antibodies. Furthermore advancement in technology such as use of recombinant forms, has
enabled production of antibodies with better specificity, at a higher throughput, and with

improved robustness and at manageable costs.[8, 9]

3.1.3 Signal Reporters

3.1.3.1 Magnetic Beads

Magnetic beads (MBs) have been extensively used in molecular biology for purposes such
as sample purification [10, 11] and synthesis of nucleic acid aptamers via SELEX [12].
However, use of such MBs as colorimetric reporters has also been explored in the recent
years. Commercially available magnetic beads, especially polymer beads with embedded

superparamagnetic particles, ranging from a few nanometres to a few micrometres, have

71



Experimental Methodology Chapter 3

several advantages. Such beads are biocompatible, possess low toxicity, are easy to
prepare, and can be customized easily in terms of size, morphology, composition and
surface chemistry to enable selective immobilization of biomolecules. Moreover, these
magnetic beads (MBs) can be easily controlled in a solution by simply applying an external
magnetic field. The superparamagnetic behaviour ensures that the remnant magnetic field
completely dissipate when the external field is removed, thus ensuring that the particles are
not flocculated.[13] MBs are especially favourable for sensing applications due to their
properties such as high surface to volume ratio, which allows binding with a large number
of functional groups on each bead, their colloidal stability in a wide range of media such
as buffers, solvents etc., and the insusceptibility of their properties to reagent chemistries
used for conjugation of biomolecules. Several different functionalisation strategies are
possible on MBs using carboxyl, amine, maleimide or thiol anchors. Larger micron sized
beads are typically used for extraction and amplification; whereas, smaller nanometre sized
beads have been found to be more suitable for LFA applications, as smaller beads migrate
efficiently and accumulate at the test line/control line as compared to micron sized beads
[14-17]. MBs have been used for detection of several analytes such as proteins, enzymes,
bacteria, toxins, viruses, etc.[17] The availability of a wide range of literature also helps to
study newer LFA systems using well established model systems. Commercially available

200 nm polystyrene MBs are utilized in this thesis.

3.1.3.2 Gold Nanoparticle Conjugated Magnetic Beads

Although MBs are most useful for extraction and amplification, their use as optical
reporters has not been investigated in detail. On the other hand, AuNPs are the most popular
colorimetric reporters evaluated for applications in LFAs. The advantages of using AuUNPs
as optical reporters have already been discussed in section 2.4.4. However, concerns such
as colloidal stability, and physisorption of biomolecules have limited their applications to
assay complex matrices. Therefore, significant effort have been devoted to develop
alternative reporters for optical detection in LFAs. Recently composite reporters
comprising of magnetic particles and AuNP have been proposed for detection of

biomolecules.[18-20] Such composites, with combined properties of AuNPs and MBs,
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possess dual functionality in assaying. They not only enable analyte preconcentration, but
also allow use of such particles as optical reporters for visual detection. These composite
reporters offer high mechanical stability and excellent magnetic properties for efficient
target analyte isolation in homogeneous assays.[20, 21] Co-precipitation is the commonly
adopted approach for synthesis of these composites.[21] However, alternative synthesis
protocols such as chemical bonding [20] and use of an intermediate layer [22] also have
been explored. Therefore, this thesis explores the feasibility of using gold nanoparticle
conjugated MBs (GMBs) for lateral flow assaying.

3.2 Synthesis of Reporter Conjugate

3.2.1 Synthesis of MB-Ab

EDC/NHS protocol [23] was adopted and optimized to conjugate antibodies to
carboxylated magnetic beads. A 200 pl solution of magnetic beads (concentration 2.5
mg/ml) was prepared in 100 mM MES buffer (pH 5). The beads were washed twice with
MES buffer prior to activation with EDC (400 mM) and NHS (300 mM) for 30 min. The
excess of EDC and NHS was then removed by separating the beads using a magnetic
separator followed by washing them twice with PBS. The beads were then re-suspended in
250 pl of antibody solution (100 pg/ml) and incubated for 2 h under gentle shaking. They
were then separated and washed twice with PBS to remove the unbound antibodies
followed by incubation in 1% BSA in PBS for 30 min in order to block any free and active
carboxyl groups on the bead surface. The modified beads were eventually stored in a
storage buffer consisting of PBS, 0.05% tween-20, 0.1% sodium azide and 1% BSA until

use. Fig 3.1 represents a schematic of the conjugation process.
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Fig 3.1: Schematic of MB-Ab synthesis protocol involving EDC/NHS activation of carboxylated MBs

followed by immobilization of antibodies.

3.2.2 Synthesis of Ab-GMB complexes

The synthesis of Ab-GMB complexes consisted of two parts: synthesis of GMB reporter
and conjugation of antibodies to GMB.

To synthesize GMB reporter, 500 pl solution of carboxylated magnetic beads
(concentration 250 pg/ml) was prepared in 100 mM MES buffer (pH 5). The beads were
washed thrice by magnetic separation with buffer replacement. EDC/NHS carbodiimide
linkage protocol was utilized to conjugate cysteamine linker to MB. MBs were activated
by a reaction in EDC (400 mM) and NHS (300 mM) for 30 min. The excess of EDC and
NHS was then removed by separating the beads using a magnetic separator followed by
washing them twice with PBS. The beads were then re-suspended in 500 pl of cysteamine
solution and incubated for 1 h under gentle shaking, followed by washing five times with
DI water to remove the unbound cysteamine. Tween 20 solution in DI water was then
added to the vial containing the MB. AuNP solution (Sigma, OD 1) was introduced into
the vial and incubated with the MB for 1 h under gentle shaking. The prepared GMB was
stored in PBS-0.05% tween 20 (PBST).

EDC/NHS protocol used in section 3.2.1 was again adopted to conjugate the antibodies to
the synthesized GMB. 500 ul solution of the synthesized GMB was prepared in 100 mM
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MES buffer (pH 5). GMBs were washed thrice with MES and activated by a reaction in
EDC (400 mM) and NHS (300 mM) for 30 min. The excess of EDC and NHS was then
removed by separating the GMBs using a magnetic separator followed by washing them
twice with PBS. The GMBs were then re-suspended in 250 pl of antibody solution (80
pg/ml) and incubated for 2 h under gentle shaking. The beads were then separated and
washed twice with PBS to remove the unbound antibodies. These GMB-Ab conjugates
were eventually stored in a storage buffer consisting of PBS, 0.05% tween-20, 0.1%
sodium azide and 1% BSA until use. Fig 3.2 represents schematic of the GMB synthesis

and Ab conjugation process.
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Fig 3.2: Schematic of GMB-Ab synthesis protocol. The carboxylated MBs were activated by EDC/NHS
followed by exposure to cysteamine to yield MBs exposing free SH and COOH groups. The SH were reacted
with gold NPs and the remaining COOH was activated via EDC/NHS for antibody immobilization.

3.3 Sample Preparation

Analyte solution was assayed in a concentration ranging from 0 to 1 pg/ml. The samples
were prepared in two different matrices: PBS and plasma. Highest concentration of analyte
was added to these matrices, followed by serial dilution to obtain test samples with varying
concentrations of analyte. In case of plasma matrix, the samples were serially diluted in
plasma to obtain lower test concentrations. 10 ul of these samples were diluted using 90 pl
of PBS buffer followed by an incubation with 100 pl of antibody conjugated reporters
(MB/GMB) for 15 min.
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3.4 Assay Layout

The LFA strips were prepared by assembling a NC membrane (2.5 cm x 3 mm) and a
cellulose absorbent pad (2 cm x 1 cm) with an overlap of 2 mm. The test line was manually
deposited with 3 pl of capture antibody (1 mg/ml) over a width of 3 mm. The proposed
layout does not require a control line because the bulk of GMB/MB reporter accumulates
at cellulose absorbent pad forming a visible patch. Thus, the appearance of a visible patch
at the absorbent pad is a clear indication that the reporters are migrating properly over the
test band. In order to prevent non-specific adsorption of proteins, NC membranes were
incubated with 1% BSA in PBS for 1 h at 37 °C. Post BSA incubation, the strips were
washed with PBS and dried. The strips were stored in dry conditions at 4°C before use.
Two main strategies, which have been explained in the subsections below, were explored

using this layout.

3.4.1 Strategy 1: Incorporation of Sample Pretreatment with LFA

As illustrated in Fig 3.3, the assay layout consists of an LFA strip, a detachable magnet and
a passivation layer. Typically, 100 ul of sample and anti-Tnl conjugated magnetic beads
(MB-ADb) mixture (1:1 ratio, prepared according to protocol in section 3.3) is dropped on
to the strip for assaying. The magnetic field induced by the detachable magnet retains the
MB-Ab-analyte complexes, if any, on the LFA membrane. The sample matrix components
are subsequently channelized via a hydrophilic passivation layer to reach the absorbent
pad. The channelling through the passivation layer allows the immobilized capture
antibodies on the test line to be protected from the matrix solution. The magnet and
passivation layer are then removed, followed by addition of 100 pl of PBS as the assay
buffer. The captured MB-Ab then flows downstream, along the NC membrane and are
specifically captured by the capture antibodies immobilized on the test line in the presence
of analyte, yielding a visible brown band due to accumulation of magnetic beads on the

test line. Images of the bands were then captured after 15 min for analysis.

76



Experimental Methodology Chapter 3

(a)
I -
°
, (b) Flow Direction
{, L A)

Passivation Layer

AES 7 )7

e — =
Test Line Absorbent

Pad

Passivation Layer

V—

Y A 74 / 7
@ Test Line Ab.r;,oar:em

i &

Test Line
4 ® 4
Recognition Antibody MB-Ab Capture Antibody

Fig 3.3: (a) Magnetic beads conjugated with antibodies are added to the sample matrix containing the analyte.
(b) Use of magnetic field for isolation of analyte from the sample matrix and a hydrophilic passivation layer
(glass fibre) to protect the test line from being exposed to the matrix. (c) Removal of passivation layer and
magnetic field followed by release and capture of beads along the test line immobilized with anti-TnC

antibodies.
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3.4.1.1 Signal Enhancement

Since protein-A is known to bind to antibodies, a signal enhancement strategy utilizing
protein-A conjugated magnetic bead (PMB) was explored. A 50 fold diluted stock solution
of PMB was used for signal enhancement. Once the assay was complete, as described in
Section 3.4.1, 5 ul of diluted PMB solution was dropped on the test line. After an
incubation period of 10 min, 50 pl of PBS was used to rinse off the excess of PMB solution.
Tests were carried out using strips corresponding to 1 ng/ml and 0.1 ng/ml analyte

concentrations, with the use of passivation layer, in both PBS and plasma.

3.4.2 Strategy 2: Nucleation based signal amplification using GMB reporters

Analyte-antibody-GMB conjugates prepared according to section 3.3 was extracted from
the solution using an external magnet. These conjugates were then introduced to a vial
containing PBS buffer and subsequently 100 pl of this mixture was dispensed on the LFA
strips to perform the assay, as shown in Fig 3.4 (a). As illustrated in Fig 3.4 (b-c), the
sample solution is allowed to flow downstream till it reaches the absorbent pad. The
analyte-Ab-GMB conjugates in the sample solution are specifically captured on the test
line by the immobilized capture antibody, producing a brown band. Absence of analyte in
the sample solution did not result in formation of the band. Images of the test zone were

then captured after 15 min for analysis.

3.4.2.2 Signal Enhancement

The nucleation agent used for signal enhancement on the test line consists of a 10 mM
citrate buffer solution (pH 4) containing 25 mM HAuUCIs and 5 mM NH2OH.HCI. 5 pl of
this nucleation reagent was introduced on top of the test line and allowed to react with the
captured GMB for 5 min, followed by rinsing with PBS, Fig 3.4 (c-d). This resulted in

formation of larger gold clusters at the test line with enhanced visual contrast.
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Fig 3.4: (a) GMB-AD are added to the sample matrix containing the analyte and incubated for 15 min. The
yellow coloration seen in the vial is due to the colour of the bead solution. The sample matrix is then replaced
with PBS buffer by magnetic separation of beads. (b) The sample solution containing GMB-Ab-Analyte is
introduced on the NC strip to initiate flow on the LFA strip. (c) Capture of GMB-Ab-Analyte at the test line
produces a brown band. (d) Nucleation of gold nanoclusters on top of GMB for improving the contrast of the

test band upon addition of nucleation reagent on the test line.

3.6 Analysis of Signal Readout

The visual detection limit (\VDL) in this thesis has been defined as the concentration below
which responses could not be observed visually at the test band. For quantitative analysis
of the test bands, luminance values were considered. Luminance value is a weighted
average of the red, blue and green (RBG) components of an image and it is inversely
proportional to intensity.[24] A darker colour would result in a lower luminance while a
higher luminance indicates a colour of lighter intensity. The entire region of test bands on
the test strip was selected and analyzed by ImageJ software to acquire the luminance

values. These luminance values were then normalized by calculating the relative
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luminance, which refers to the change in luminance of the images that correspond to the
analyte concentration from that of a reference luminance value, which is typically the
control. These normalized values were then plotted to obtain the calibration curves. The

limit of detection (LOD) was calculated using the 30/S approach.

3.7 Characterization Methods

3.7.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is an imaging technique that uses a focused electron
beam to scan object surfaces to produce various signals, which are then used to gather
information about the topography and composition of the material.[25] The electron beams
interact with the atoms of the scanned object and produce the following products:
secondary electrons (SE) which are a resultant of ionization of primary electrons near the
metal surface; back scattered electrons (BSE) which are released due to elastic scattering
of incident electrons from lower sub-surface levels; and characteristic X-rays, which are
released as a result of ionization of sub-surface electrons. These signals are captured using
different detectors and converted to readable outputs either in the form of digital images or
scan plots. The amount of information gathered depends on several factors such as incident
electron beam strength, scanning speed of the incident beam and even the scan area on the
surface. SE and BSE are the most commonly used imaging modes in SEM for obtaining
topographical information. Fig 3.5 shows a schematic of a typical SEM and the type of

signals generated during imaging.

To image the synthesized GMB/MB particles, 5 pl of bead solution prepared was dropped
on a quartz substrate and allowed to dry in air for 10 min, before desiccating the substrate
overnight. SEM requires a conducting surface for imaging. A conducting surface prevents
charge build-up and hence allows proper interaction of the incident beam with the surface
electron. Since the samples imaged in this thesis are not conducting in nature, they have
been coated with gold or platinum using a plasma sputter coater. Similarly, for imaging the

membranes studied in this thesis, they were first cut into 0.5 cm x 0.5 cm pieces and then
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sputter coated. Following this, the samples were imaged using a Field Emission SEM
(FESEM). An FESEM is a type of high resolution SEM, which generates the electron beam
using a field emission gun. The beam generated in an FESEM is of low energy, highly

focused and requires a low potential for generation (<5kV).[25]

3.7.2 Energy Dispersive X-Ray Photospectroscopy (EDX)

EDX is an analytical technique that uses the characteristic X-rays generated from a sample
for chemical/elemental analysis. EDX may use a focused X-ray or electron beam to release
and capture the characteristic x-rays from a sample.[26] When an incident beam interacts
with electrons, some energy is transferred, which may lead to the electron to excite from
its ground state and move to a nearby higher energy shell. The resulting vacancy in the
lower energy shell is then filled up by a nearby electron from an outer higher energy shell.
This movement from a higher energy shell to a lower energy shell produces X-rays, which
are discrete and characteristic to the type of element. The energy of generated X-rays is
detected externally to form a characteristic spectrum, which enables elemental analysis.
Generally, an EDX detector can be attached to an SEM and the incident electron beam can
be used as the source. Fig 3.5 (b) represents how an incident electron beam in an SEM can
be used to perform an EDX analysis. For EDX analysis in this thesis, sample preparation
was the same as described in section 3.7.1. However, the samples were not sputter coated

before analysis to exclude undesired elemental peaks in the resultant spectrum.
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Fig 3.5: (a) Schematic of an SEM [25] (Reprinted with permission); (b) Types of signals generated in an
SEM [27]
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3.7.3 Dynamic Light Scattering (DLS)

DLS is an analytical technique used to analyze size distribution of particles in a solution.
It measures the Brownian motion of particles in a suspension and uses the information to
determine the hydrodynamic size of the particles. A monochromatic light source is
illuminated at the sample, which leads to scattering of light in all directions by the
component particles. The scattered light passes through a polarizer and is collected by a
detector, and the resulting intensity is then used to plot the size profile of the particles.
Since, the particles in a dispersion are constantly moving, the scattering caused is dynamic
in nature, resulting in a dynamic intensity profile of the resultant light. Smaller particles
show more rapid fluctuations due to faster diffusion in a solution, whereas larger particles
show slower fluctuations.[28] This principle is used to determine the “correlation
coefficient” for the intensity spectrum, which is then used to calculate the hydrodynamic
size of the particles. DLS is useful for determining nanoparticle sizes in a wide range, from

sub-nm to a few um.[29] Fig 3.6 represents a schematic of the DLS process.

The nanoparticles used in this thesis were characterized using DLS for size measurement.
The beads were washed thrice upon magnetic separation and resuspension in DI water. 1

ml of this solution was then used for analysis, which was stored at 4°C before

characterization.
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Fig 3.6: Schematic representation of DLS technique [30]
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3.7.4 Ultraviolet-Visible Spectroscopy (UV-Vis)

UV-Vis is an absorption spectroscopic technique which utilizes wavelengths in part UV,
full visible and the adjacent spectral regions (generally in the range of 200 nm-1100
nm).[31, 32] It uses the principle that when materials interact with light, they can absorb
energy, provided that the incident light has sufficient energy to cause a possible electronic
transition within the molecules of that material. The energy absorbed by the material is
used by the electrons to transfer from a lower energy ground state to a higher energy excited
state. A UV-Vis spectrophotometer measures that the amount of absorbed light in a sample
at particular wavelengths. The result obtained is generally plotted as an absorbance vs
wavelength graph. The amount of light absorbed is a function of the concentration of a
sample and the path length through which light has to travel, whereas the characteristic
absorbance peak is dependent on material properties, such as excitation state, size etc.[31,
32] For instance smaller AuNPs, when dispersed in a solution, absorb light near 520 nm,
but as their size increases the characteristic absorption shifts towards higher wavelengths
and the absorption peak becomes broader.[33] On the other hand, for the same path length,
AuUNPs of the same size would absorb at a particular wavelength irrespective of the
concentration. UV-Vis is particularly useful for determining the concentrations of
transition metal ions (such as copper, zinc iron etc.) in solutions and organic compounds
(either in water for water soluble or ethanol for organic soluble).[34, 35] UV-Vis can be
performed at a particular wavelength or as a scan over a wavelength range. The work in
this thesis extensively uses UV-Vis for determination of protein binding on the reporters,

monitoring analyte-antibody binding characteristics and for optimizing GMB synthesis
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Fig 3.7: Schematic representation of a UV-Vis setup [36]
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3.7.5 Bicinchoninic Acid Assay (BCA)

BCA is the one of the most commonly used colorimetric assay for determination of total
protein amount in a sample.[37] The underlying principle of BCA is the reduction of Cu®*
to Cu® by proteins via chelation in an alkaline solution. Cu* subsequently forms a purple
coloured complex with BCA reagent, which consists of an alkaline solution of
bicinchoninic acid, sodium carbonate, sodium bicarbonate, sodium tartrate and copper (1)
sulfate pentahydrate. The purple complex formed shows a characteristic absorption at 562
nm and the absorption intensity is directly proportional to the concentration of Cu*, which
in turn is proportional to the protein concentration. Generally, a BCA is performed on a
standard protein such as BSA to obtain a calibration curve, using which absorption readouts
from unknown samples can be converted to concentration readings. BCA is a sensitive,
simple and a rapid method for total protein quantification. The linear range for BCA
depends on the way it is performed.[37, 38] It may have a detection range of 0.1-1.0 mg/ml

for a standard protocol or a range of 0.5-10 pg/ml for a micro-assay protocol.[37]

Protein
) Bt —
Protein/Cu*
Cuz Complex —
BCA Reagent BCA/Cu*Complex

(Absorption at 562nm)

Fig 3.8: Schematic representation of protein quantification by BCA [39]

In this thesis, the antibody-reporter binding efficiency has been characterized using BCA.
In the antibody conjugation protocol described in section 3.2, the supernatant post Ab
incubation with activated carboxylated reporter beads was used as sample for BCA

analysis. A commercial BCA kit was used for this purpose.[38] To prepare the working
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reagent (WR), BCA reagent A and BCA reagent B, which were present in the kit, were
mixed in 50:1 ratio. 9 BSA standard solutions were prepared according to instructions
provided in the kit. 25 pl of each of these standard solutions were pipetted into different
wells of a 96 well plate. 25 pl aliquots of the sample to be tested was pipetted into 3 wells
for a triplicate measurement. 200 ul of WR was added to each of these wells. The well
plate was covered and incubated at 37°C for 30 min. The plate was then cooled to room
temperature and absorbance was measured at 562 nm using a plate reader. The calibration
curve was obtained using the absorbance readings of the BSA standards and the protein
concentration of the samples was calculated using this curve. Since the total amount of
antibodies incubated was known and the amount of antibodies in the supernatant post
incubation was obtained by BCA, the amount of antibodies conjugated to the beads could
be calculated using this information.

3.7.6 Enzyme Linked Immunosorbent Assay (ELISA)

ELISA is one of the most common type of immunoassay and an important technique for
analytical measurements on samples. The functioning of ELISA has already been discussed
in section 2.2.3. In this thesis, ELISA was used to study the model systems involved and
to characterise the analyte-antibody binding. 100 pl of capture antibody solution at a
concentration of 2ug/ml was added to individual wells of a transparent base 96 well plate.
The plate was incubated overnight at 4°C. The coating solution was removed the following
day and the wells were washed three times with 100 pl of PBST (PBS + 0.05% v/v tween-
20). The remaining protein binding sites in the coated wells were blocked by incubating
them in a blocking solution of 1% BSA in PBS for 1 h. The incubation was done at room
temperature and with gentle shaking. This was followed by washing the wells three times
with 100 ul PBST. 100 pl of analyte solution at different dilutions were then added to the
antibody coated-BSA blocked wells. The plate was then incubated for 2 h at 37°C, followed
by washing thrice with 100 pl of PBST. 100 pl of detection antibody solution at a
concentration of 2 ng/ml was then added to each well and incubated at room temperature
for 2 h. In case of IGF-1, biotinylated antibodies were used for this step, whereas in case

of Troponin, HRP conjugated antibodies were used. The incubation was followed by
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washing of each well thrice with 100 ul of PBST. In case of biotinylated antibodies, an
additional step of room temperature incubation of each well with 100 ul HRP-Streptavidin
solution (500 times diluted from stock solution) in 1% BSA-PBS was performed. After
washing the wells again with 100 pl of PBST, 50ul of TMB substrate was added to each
well and incubated for 30 min for sufficient colour development. This was followed by
addition of 50 pl of a stop solution of 1IN H2SOs. Absorbance was then measured at a

wavelength of 450 nm.
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Chapter 4

Characterization and Optimization of LFA Components

This chapter lays the foundation of the LFA layouts studied in the
subsequent chapters. The various parameters associated with the
functioning of the proposed layouts, such as membranes for the different
functional zones, reporters for signal generation and the model systems
used have been studied and characterized. Moreover, optimization of
these parameters has also been carried out to maximise the efficiency of
the assay. The first set of optimization experiments are related to the
membranes used and to underline the importance of using a blocking
agent in an LFA. Furthermore, the next set of optimizations is to
determine the concentration of the MB reporters for an optimal signal
readout. Finally, characterization of the analyte-antibody model systems

is performed to test the viability of these systems.
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4.1 Introduction

LFAs are composed of different functional zones. Each functional zone is modified to carry
out a designated function. For instance, Nitrocellulose (NC) membranes are modified to
immobilize capture biomolecules at the test line and blocked with BSA to prevent non-
specific adsorption of proteins. On the other hand, absorption pads are made up of
cellulose, which generally do not require any functionalisation but are mounted on the
backing pads to increase the robustness of LFA device. These membranes are then
assembled to fabricate the overall LFA device. Several parameters of these functional
zones should be optimized to improve the LFA performance.[1, 2] For instance, there are
several pore size variants of commercial NC membranes.[3, 4] Pore size is an important
feature in determining the sensitivity of an LFA device.[5, 6] This is because a large pore
size implies a faster flow rate of sample on the device and therefore less time for the capture
biomolecules to interact with it, whereas a smaller pore size leads to a slower flow rate and
allows for a longer interaction time between the sample solution and the capture

biomolecules.

Hydrophobic membranes such as PVDF and Fusion-5 have been tested over the years for
use in test zones in LFASs.[7, 8] For use as absorbent pads, mostly hydrophilic membranes
such as glass fibre and cellulose have been tested.[9] Absorption pads are responsible for
wicking the sample solution and thus should possess a good absorption capability, which
is another important parameter to be optimized. Other parameters such as degree of
blocking required to prevent non-specific adsorption and the type of blocking agent used
also influence the sensitivity of LFAs. Blocking agents also help control the porosity of the
membranes and thus regulate flow. The compatibility of a blocking agent with the model

system being studied is very important for proper functionality of an LFA.

Apart from the properties of the membranes, the other important aspects affecting
sensitivity of the LFAs are the reporter properties and the biomolecules used, which in this
work implies antibody-analyte binding characteristics. The colour intensity of the magnetic

beads at the test line is an essential parameter, which directly affects the sensitivity of the
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assay.[10] Hence, the concentration of magnetic beads used for signal generation needs to
be optimized for a viable naked eye readout, especially at low concentrations of analytes.
Similarly, the antibodies used in the assay should be able to bind to low analyte
concentrations for an optimal signal readout, implying that characterisation of the

interactions between the antibodies and analyte is an essential part of an LFA study.

This chapter contains results pertaining to the various optimization experiments for
fabrication of the LFA devices to be studied in this thesis. The first set of experiments are
on the various potential membrane types for the different functional zones in the LFA
layout. The flow characteristics and the microstructure of the membranes have been studied
to explain the rationale behind choosing the membranes. Secondly, the optimizations
regarding MBs have also been performed to have sufficient beads on the strip for obtaining
a naked eye observable band even at low concentrations of analytes. Thirdly, the antibody-
analyte model systems have been characterized using ELISA to ensure their

immunoreactivity, which would be eventually utilized in the proposed LFA systems.

4.2 Reagents, Membranes and Apparatus

PBS, BSA (Lyophilized) and tween 20 were purchased from Sigma-Aldrich. Troponin I-
C-T complex (cTnICT, 100 pg/ml), anti-Tnl and anti-TnC antibodies were purchased from
Hytest Inc. Recombinant human IGF-1 protein, biotinylated anti-IGF-1 antibody (anti-
IGF-1(b)) and anti-IGF-1 antibody (anti-IGF-1) were purchased from Abcam Inc.
Commercially available superparamagnetic carboxylated polystyrene beads (200 nm)
purchased from Chemicell were used in this study. NC membrane cards (Hi-Flow Plus 75,
135 and 180 variants), glass fibre membranes and cellulose pads were obtained from
Merck-Millipore, whereas Fusion-5 and CF-4 were purchased from GE. Images of strips
were captured by Sony Alpha a7R 11l and processed in Sony Imaging Edge Edit RAW
software. SEM was performed using a JEOL 6340 FESEM.
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4.3 Results and Discussions

4.3.1 Membrane Characterization

4.3.1.1 Flow Behaviour

The flow behaviour on different membranes was studied using 2 cm x 0.3 cm membrane
strips by flowing 100 ul of PBS buffer through them. The sample deposition (in this case
a buffer solution) and strip blocking was done according to the protocol described in
Section 3.4 of the previous chapter. The time taken for the buffer solution to flow through
the entire length of the strips was noted and compared. Nitrocellulose, cellulose, glass fibre,
Fusion 5 and CF4 membranes were tested. Nitrocellulose membranes are protein binding,
hydrophobic membranes, which are synthesized by phase inversion of nitrocellulose
polymer solution.[11] Cellulose (C) membranes, on the other hand, are water wicking and
hydrophilic in nature.[12] Similarly, glass fibre (GF) membranes are hydrophilic in nature
as well and are made up of aluminosilicates, mostly using phase inversion technique.[13]
On the other hand, the recently developed Fusion 5 (F5) and CF4 are proprietary
membranes from GE Healthcare. F5 is a single layer matrix membrane consisting of glass
fibre and organic binders, whereas CF4 is made of medium weight, cotton liner material.[8,
14] The time taken to flow PBS buffer solution across these membranes under various

blocking conditions has been shown in Fig 4.1.
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(b)
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Fig 4.1: (a) Flow rate of different membranes under various blocking conditions (b) Flow rate of different
NC membrane grades with 1% BSA blocking. Flow rate here refers to the time required for sample buffer to

cross a length of 2 cm on the membranes (represented by the Y-axis).

The flow rate is a key factor which determines the sensitivity of an assay. Higher flow rate
would mean less time for interactions between analyte molecules in the sample and the
capture biomolecules on the strip, whereas low flow rate would lose the advantage of a
rapid turnaround time. Therefore, an optimal flow rate is necessary for a successful assay.
One way of achieving this is by blocking of membranes. Blocking proteins such as BSA
not just prevent non-specific binding of analyte proteins on membranes but also tend to fill
up the pores of these membranes, which leads to a slower flow of solutions through them,
thus providing a better control over the flow properties. This behaviour can be seen in Fig

4.1, which shows that the flow rate through the membranes decrease after BSA blocking.

The biggest effect of BSA blocking can be seen in case of the NC membranes, which when
unblocked, let the entire buffer volume flow through in ~5 sec (Fig 4.1(a)). In case the
membranes are blocked, the flow rate becomes slower as the amount of blocking agent
used increases. This can be clearly seen in Fig 4.1(a), where the buffer volume flows
through in ~20 sec when 0.1% BSA is used, whereas almost 60 sec is needed for it to flow
through when 1% BSA is used.
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The Hi-Flow Plus 75 grade of NC membranes, with the largest pore size amongst the three
grades tested, was used initially for comparing with other membranes. Since NC is known
to bind to protein molecules via hydrophobic interactions, the binding efficiency of a
blocking protein to such membranes is high. This leads to further narrowing of the pores,
which eventually lowers the flow rate of solutions through a membrane. This behaviour
makes NC membranes highly suited for protein immobilisation, making them the ideal
choice for a reaction zone which requires immobilization of capture antibodies at the test
line and a controlled flow rate for an efficient immunoreaction between capture antibodies
and incoming analyte molecules. The decrease in flow rate post blocking in other
membranes is not significant as compared to NC, indicating that the flow characteristics of

other membranes tested are influenced by only by their pore sizes.

On the other hand, GF has the highest flow rate amongst the tested membranes, and it
remained almost unchanged even after blocking. The flow through time was typically ~5
sec regardless of blocking. The large pore size of ~0.7 um and minimal interaction with
proteins due to a hydrophilic surface, helps the flow through of solutions. Thus, glass fibre
membranes are ideal for use as passivation layers pertaining to layout for strategy 1
(Chapter 3, Section 3.4).

In case of cellulose, the dispensed buffer solution immediately dissipated into the
membrane upon application. Cellulose membranes have a porous structure (pore size ~0.5
pum) and contain sugar building block, which can form H bonds with water present in the
sample.[12, 15] Thus, they can absorb substantial amounts of aqueous solutions. This
property is highly desirable in a wicking membrane as a large absorbing capacity can direct
capillary flow better. Fusion 5 and CF4 also showed a similar behaviour but were not as
efficient as cellulose. However, these membranes have been used in LFA studies as sample
pads, conjugate pads or even blood separators for their excellent hydrophilicity, wicking
characteristics and non-aging behaviour.[8, 14] However, protein immobilisation is a
challenging task on these membranes, because of which NC membranes are still the most
widely preferred choice for test zones in LFAs. Table 4.1 provides a summary of the tested

membranes.
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Table 4.1: Summary of the tested membranes

Membrane Wetting Protein
Manufacturer . Binding | Pore size Use in LFA
Tested Behaviour -
Ability
. . . 0.2-05
Nitrocellulose Hydrophobic High um Test Zone
Merck- Sample
Glass Fibre Millipore Hydrophilic Low |~50pum Pad/Passivation
Layer
Cellulose Hydrophilic Low |~05um Absorption Pad
CF4 Hydrophilic Low Absorpt;):lrclj/Sample
GE Healthcare AD oS I
Fusion 5 Hydrophilic Low ~2.5um Sorptll:g; ample

Fig 4.1(b) shows a comparison between the different pore sizes of the NC membranes used.
NC 180 has the smallest porosity and hence the slowest flow rate (~100 sec for buffer to
flow through), whereas NC 75 has the largest porosity and the highest flow rate (~60 sec
for buffer to flow through). However, NC 135, because of an intermediate flow rate (~80
sec for buffer to flow through) and its ability to flow through 200 nm MBs with ease, was

eventually used for all subsequent studies of the proposed LFA layouts in this thesis.

4.3.1.2 Topography in SEM

SEM imaging was performed according to the protocol described in section 3.7.1, to
observe the topography of the membranes used for the proposed LFA layouts. NC, GF and
cellulose membranes were imaged. Since these membranes were non-conducting, sputter
coating of gold was needed to obtain high resolution images. The results are shown in Fig
4.2. From the SEM micrographs, it can be clearly seen that NC membrane is the least
porous amongst the three. The glass fibres are random in nature and much thinner than the
cellulose fibres, which are flat shaped and large. The cellulose membrane has a high

porosity because of the low fibre density.
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(b)

Fig 4.2: SEM images of (a) NC 135, (b) cellulose and (¢) GF membranes

4.3.2 Magnetic Bead Characterization

4.3.2.1 Magnetic Separation and Resuspension

Superparamagnetic polystyrene beads were used as reporters for the proposed LFAs. The
MBs used were highly homogenous and well distributed in solution form. The beads
separated with a high degree of efficiency upon application of external magnetic field,
which was provided using a magnetic rack. The superparamagnetic nature of the beads
ensured they were quickly recovered into a dispersed phase after removal of the external
magnetic field. However, mild shaking was required to re-achieve homogeneity. Fig 4.3
shows the magnetic separation of 5 pl of stock bead solution (~10** beads/ml) in 1 ml PBS

buffer solution.

With slight shaking

Fig 4.3: Magnetic separation of MBs from a PBS solution using a magnetic rack
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4.3.2.2 Size Characterization

DLS was performed according to the protocol described in section 3.7.3 to obtain the
hydrodynamic radius of the MBs. A DLS peak at ~200 nm (Fig. 4.4) is an indication of the
hydrodynamic radius of the MBs. The homogeneity of the bead solution was evident from
the poly dispersity index (PDI) of 0.1. PDI is an indicator of the size distribution of particles
and a measure to describe the non-uniformity of any solution. Mathematically, PDI is
described as square of the standard deviation divided by the square of the mean of a
particular peak. It can have a value between 0 and 1. A low PDI (0-0.1) indicates that a
solution is highly homogenous or monodisperse. On the other hand, a PDI above 0.5

indicates a solution is polydisperse and has particles of varying size distributions.

The findings of DLS was also verified using SEM imaging (Fig 4.4 inset). The beads, when
dried on a quartz surface tend to aggregate into a solid mass. However, upon observing a
few isolated particles, the MB diameters could be estimated to be around 200 nm, which
was in agreement with the DLS data.
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Fig 4.4: DLS plot for MBs. Inset shows the morphology of an MB as observed under SEM

4.3.3 Optimization of Magnetic Bead Flow

The main objective in optimizing the concentration of MB solution, to be used in the
proposed LFA layouts, is to ensure that MBs do not physically adsorb on the NC membrane
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surface, while providing a sufficiently strong signal when captured at the test line. To
achieve a strong colorimetric signal, the number of MBs need to be maximised, albeit the
number needs to be small enough to avoid physisorption. Thus, various dilutions of MB
stock solution was dispensed on an LFA strip to estimate their optimal concentration. The
proposed strip assembly layout, as described in section 3.5, was tested with 100 ul MB
solution. 100 pl of PBS rinsing buffer was dispensed to wash off the beads after 10 min,

once the MB solution flowed through, followed by capturing of images after 5 minutes.

Post MB Post PBS
Dispensation Rinsing

200 T
~4x10°
Bead ~2%109

Concentration o
(beads/ml) ~4x108
~2x108
A\ 4
0

Fig 4.5: Photographs of NC strips showing effect of dispensing varying concentration of MB solutions and
subsequent wash off with PBS

Figure 4.5 clearly shows that at high concentration of beads i.e. > ~2x10° beads/ml,
physisorption is high, which can be easily visualised from the brown colouration seen on
the NC membranes. This brown colouration seems to disappear upon rinsing with PBS
buffer. However, at concentrations levels > ~4x10° beads/ml, the reduction in colour after
rinsing is insignificant. Under optimized conditions, the NC membranes should release
almost all of the captured beads upon rinsing with buffer. This behaviour was observed at
concentration levels of ~2x10° beads/ml or lower. Upon rinsing, the strips corresponding
to these concentration levels appear identical to the control strip, where no MBs were
dispensed (0 beads/ml), but only rinsed with PBS buffer. Therefore, for all subsequent LFA

experiments, an MB concentration of not more than ~2x10° beads/ml was used.
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4.3.4 Antibody-Analyte Binding Characteristics

ELISA was performed on both model systems, cTnICT and IGF-1, according to the
protocol described in section 3.7.6. ELISA uses HRP labelled antibodies to bind to antigens
in a well plate and the subsequent colour change upon substrate addition to identify and/or
determine the concentration of an antigen. The capture antibody and recognition antibody
concentrations were kept constant, while varying the analyte concentrations to obtain a
concentration dependent response plot by acquiring absorbance at 450 nm upon completion

of the ELISA protocol. The absorbance values were then normalized prior to plotting.
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Fig 4.6: ELISA plots showing concentration dependent response of (a) cTnICT and (b) IGF-1

The plots in Fig 4.6 show an increasing trend, which means that as the analyte
concentration increases, the signal readout increases. The cTnICT system shows a sharp
rise in signal output beyond 200 ng/ml, whereas in case of IGF-1 the signal output starts
increasing at much lower concentrations (> 10 ng/ml). The trends seen in both the cases
validate the antibody-antigen binding and the viability of these model systems for use in
LFA. The obtained varying concentration dependent response is an indication of the

difference in antibody-analyte affinity of the two systems.
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4.4 Conclusion

This chapter lays the foundation of the LFA studies to be conducted in the subsequent
chapters. Various parameters associated with the proposed LFA device and their influence
on the assay performance have been investigated and optimized to maximise the overall
performance of the LFA device. Different potential membranes which can constitute the
functional zones of the proposed layouts: the test zone, the absorbent pad and the
passivation layer, have been studied. NC membranes with a high degree of protein binding
was the most suitable for use in the test zone, cellulose with a very good absorption and
wicking behaviour for solutions was the ideal choice for an absorbent pad and the highly
porous and hydrophilic GF membranes, which could easily let sample solutions to flow
through was the ideal choice for the passivation layer. The functioning of these membranes
will be explained in the next chapter. The effect of a blocking agent, BSA, was
systematically investigated. The sensitivity of the device is highly dependent on the MB
reporters and hence, knowing its physical characteristics such as size and microstructure is
essential. This was achieved through DLS and SEM characterisation of the beads. These
beads showed an excellent magnetic behaviour, separating from a solution in less than a
minute and completely dispersing back with just mild shaking. The optimal concentration
of beads was obtained by flowing through different concentrations of MB solution on the
LFA strip. Finally, the working and viability of the proposed model systems: cTnICT and
IGF-1, were validated by ELISA. The difference in signal readouts, especially at low
concentration ranges, implied a difference in the antibody-analyte affinity of the two

systems.
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Chapter 5

Incorporation of Magnetic Field Assisted Sample Pre-

treatment with LFA Device

Typically, LFA responses are influenced by the complexity of sample
matrices containing analogues or molecules that may potentially yield
non-specific responses, for instance, when assaying of biomarkers in
blood, serum and plasma. Therefore, isolation of analytes of interest
from sample matrices would significantly improve the LFA responses. In
this chapter, a magnetic field assisted preconcentration approach for
extraction and assaying of cardiac Troponin-I-C-T (cTnICT) complex in
an LFA format is discussed. The proposed approach yields pM level limit
of detection within 15 min using very low sample volumes (<100 pL),
and with possibilities for signal enhancement, therefore offering a
promising avenue for sensitive detection of troponin and similar targets
in complex matrices at clinically relevant concentration levels without

requiring tedious sample pre-treatment protocols.

*This section published substantially as: Sharma, A., et al., Magnetic field assisted
preconcentration of biomolecules for lateral flow assaying. Sensors and Actuators
B: Chemical, 2019. 285: p. 431-437.
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5.1 Introduction

Point-of-care (POC) assaying of biomolecules in complex matrices has attracted significant
research interest over the past few decades. LFAs being one of the most promising POC
assay formats, has been widely explored for this purpose. However, in clinical applications,
LFAs have been limited by two main challenges; sensitivity and specificity, owing to the
interferences associated with the complexity of sample matrices such as whole blood [1-
3], serum [4, 5] and plasma [6]. Therefore, efforts have been devoted to exploring
methodologies such as sample extraction/preconcentration, antifouling surface treatment,
use of reporter molecules with improved optical properties and efficient read out strategies

in order to overcome the limitations of LFA.

Typical LFA utilizes gold nanoparticles (AuNP) as optical reporters.[7-9] Although
AUNPs possess advantages such as good biocompatibility, high surface-to-volume ratio
and high intensity signal readouts [9, 10], their colloidal stability in complex matrices often
causes an inhibitory effect on the performance of LFAs.[11, 12] Therefore, alternative
reporters including composites such as gold-silver [13], gold-iron [14] and gold-graphene
oxide [15] have been investigated for sensitive detection of analytes. However, synthesis
of these composite materials is cumbersome and often yield a broad distribution of particles
with non-homogenous surface areas for conjugation, which significantly influences the
performance of the assay. Polystyrene-magnetic beads have been reported for detection of
several biomolecules such as proteins and nucleic acids.[16-18] As explained in section
3.1.3.1, these beads are homogenous, stable and bear functional groups that can be
modified and effectively conjugated to recognition molecules, such as antibodies and
aptamers. Magnetic beads provide an additional advantage of spatial control with
application of an external magnetic field, enabling efficient biomolecule extraction from a
complex matrix.[18] Studies involving magnetic separation of analyte molecules have
shown significant enhancement in sensitivity and specificity of such assays.[19, 20] Most
of these assays follow a layout wherein the antibody conjugated magnetic beads are added
to a matrix consisting of the analyte and incubated for a certain period of time for antigen-

antibody binding, followed by extraction using an external magnetic field. The separated
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beads are then re-suspended in a buffer solution (PBS, DI water, etc.) for assaying. This
approach, although effective, involves external instrumentation and tedious extraction
protocols such as several intermediate centrifugation or vortexing and pipette-based
transfers of reagents, which may result in artefacts influencing the assay reproducibility.

This chapter aims to study a facile extraction and assaying approach using polystyrene
magnetic beads (MB) under a magnetic field for preconcentration of biomolecule and for
subsequent concentration-dependent visual detection of biomolecules. The proposed LFA
consists of a backing pad incorporated with a nitrocellulose (NC) membrane and a
detachable magnet for preconcentration of target biomolecules. The sample containing the
target analyte is added to a vial containing the target specific antibody-conjugated magnetic
beads. The assay layout has been represented through a schematic in Fig 3.3 of chapter 3.
The magnetic field of the detachable magnet is utilized to retain the magnetic beads on the
LFA, enabling preconcentration of the bound analytes. The magnet is then detached from
LFA to release the captured magnetic beads once the matrix solution has flown across the
test zone on the NC membrane into the absorbent pad. A hydrophilic passivation layer has
been evaluated for channelizing the sample matrix solution, and for protecting the test zone

from non-specific adsorption of molecules present in complex sample matrices.

Cardiac Troponin I-C-T complex (cTnICT), a biomarker for contractile regulation of
cardiac and skeletal muscles, has been used as a model system for validation of the
proposed approach.[21] In healthy humans, cTnl levels in blood are in the range of 20-30
pa/ml, whereas it increases rapidly after a heart attack [22, 23], reaching a peak of 190-200
ng/ml after 11 h [23, 24], thus serving as an important marker for diagnosis of acute
myocardial infarction (AMI). Currently most LFA devices for colorimetric detection of
Troponin mainly rely on tedious sample pre-treatment protocols to achieve the required
detection limits, resulting in a long turnaround time for assaying, thereby preventing early
diagnosis of AMI. The proposed assay strategy demonstrates a facile approach to isolate
target proteins on an LFA membrane for sensitive and specific evaluation of cTnICT
concentrations within a short time span and with a clinically relevant visual detection limit

(VDL). Moreover, an approach involving protein-A conjugated magnetic beads has been
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evaluated for further enhancing the VDL. The simplicity of the proposed approach
facilitates point of care assaying of analytes in complex matrices. Another advantage
offered by the proposed methodology is the generic approach of the assay, which could be

translated for detection of other biomarkers in complex matrices.

5.2 Reagents, Membranes and Apparatus

PBS, BSA (Lyophilized), sodium azide and tween 20 were purchased from Sigma-Aldrich.
Troponin I-C-T complex (cTnICT, 100 pg/ml), recognition anti-Tnl and capture anti-TnC
antibodies were purchased from Hytest Inc. Commercially available superparamagnetic
carboxylated polystyrene be (b) 00nm) purchased from Chemicell were used in this study.
EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride) and sulfo-NHS (N-
Hydroxysuccinimide) were purchased from Sigma-Aldrich. PMB of size 1 um was
procured from Thermo Scientific. NC membrane cards (Hi-Flow Plus 75), glass fibre
membranes and cellulose absorbent pads were obtained from Merck-Millipore. Images of
strips were captured by Sony Alpha a7R 11l and processed in Sony Imaging Edge Edit
RAW software. A permanent neodymium-iron-boron magnet (LifeSep 96F) purchased
from Sigma Aldrich was used for the assay. The magnetic strength was measured using an
ESCO Tesla/Gauss meter (EA703G-11).

5.3 Results and Discussion

5.3.1 Principle of Assay

An LFA layout incorporating a magnetic field assisted sample preconcentration step has
been proposed here to isolate analyte molecules from complex matrices. Carboxylated
polystyrene magnetic beads conjugated with anti-Tnl monoclonal antibodies were utilized
to specifically capture cTnICT. These MB-Ab complexes were used to capture cTnICT
from the matrix solution in a vial (Fig 3.3(a)). An incubation time of 10 min was provided
to ensure efficient binding between cTnICT and anti-Tnl Ab to form MB-Ab-cTnICT

complexes. It should be emphasized that the number of conjugated antibodies available for
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binding were maintained in excess to the typical cTnICT levels in clinical samples, in order

to ensure that no free cTnICT remains in the sample solution.

The solution containing the MB-Ab-cTnICT complexes, when transferred to the LFA strip,
starts flowing along the NC membrane. However, the magnetic field in the sample injection
area induced by a magnet retains the MB-Ab-cTnICT complex, enabling isolation of the
bound cTnICT from the matrix on the LFA membrane. A glass fiber membrane was
evaluated as a passivation layer to channelize the matrix solution and to protect the test line
comprising of pre-immobilized anti-TnC antibodies from non-specific adsorption of the
sample matrix components. The passivation layer shown in Fig 3.3(b and c), channelizes
the flow of matrix solution, owing to it superior hydrophilicity as compared to that of the
NC membrane, thereby minimizing exposure of the sample matrix to the test line. To
release the MB-Ab-cTnICT complexes, the magnet was detached, and an assay buffer was
added on the strip to facilitate the flow. The passivation layer was simultaneously peeled
off to reveal the test line for capturing the MB-Ab-cTnICT complexes using the
immobilized anti-TnC antibodies. A characteristic brownish band was observed on the test
line for samples containing cTnICT and the intensity of the band correlated with cTnICT
concentrations. Qualitative analysis was then carried out by visual observation of the band
intensity, followed by a quantitative analysis using ImageJ for ascertaining the visual
estimation of cTnICT concentrations.

5.3.2 Effect of Magnetic Field on the Flow of Magnetic Beads

Magnetic fields of different strengths were applied on the LFA strip to evaluate the
retaining efficiency of the magnetic beads. The strength of the applied magnetic field was
controlled by adjusting the distance between the strip and the magnet (Fig 5.1(a)) and the
magnetic field strength was measured using a Gauss meter. As illustrated in Fig 5.1(b), a
dark brownish coloration of NC membrane was observed near the sample injection area in
the presence of a magnetic field, which is due to capture and accumulation of magnetic
beads. However, the beads could not be released upon removal of magnet, which is

attributed to extensive penetration of the beads into the NC membrane owing to the
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magnetic attraction. For instance, magnetic field with strengths of 200 mT (strip placed
directly on the magnet) (Fig 5.1(b)) and 100 mT (corresponding to 3 mm distance between
magnet and the strip) (Fig 5.1(c)) lead to significant adhesion of beads to the NC
membrane. In this case, a lesser number of beads flow through to reach the test line leading
to formation of band with low intensity. On the other hand, if the magnetic field is too
weak, almost all the beads flow through due to insufficient retaining of magnetic beads in
sample injection area, inhibiting isolation of the analyte from the sample matrix. This was
visualized on the strip where a 20 mT field strength was applied, that corresponded to a
distance of 9 mm between the strip and magnet (Fig 5.1(e)). A distance of 6 mm between
the strip and the magnet yielded an optimized magnetic field of ~ 40 mT (Fig 5.1(d)) for
retaining and release of beads in the presence and absence of magnetic field, respectively.
At this optimized magnetic field, the magnetic beads are retained near the surface and when
assisted by a liquid medium they flow through towards the test line, without significant

adhesion onto the NC membrane, upon removal of magnetic field.

110



Results

Chapter 5

a
@
Magnetic Bead
\ Injection
= (b)
A SRR | i
: ‘: Variable
@ Distance 200mT
\\\\ ~ o= j’ (C)
J 100 mT
b 'g (d)
€\ Rinsing Buffer
Injection 40 mT
(e)
| I
> 20mT

Flow Direction

Fig 5.1: (a) Schematic NC strip before flowing MB-Ab complexes and the approach adopted for controlling
the magnetic field strength. (b)-(e) Photographs of NC strips showing effect of varying magnetic field

strength on the flow of MB-Ab complexes

5.3.3 Antibody-Magnetic Bead Conjugation

The MB-Ab conjugation efficiency was studied by a BCA analysis of the Ab supernatant
post its incubation with carboxyl activated MBs and its extraction from the reaction vial
(MB-Ab binding protocol described in section 3.2.1 of Chapter 3). Fig 5.2(b) shows the
antibody concentration in the reaction vial before and after the incubation with MBs, which
has been calculated using the equation of standard BCA plot obtained in Fig 5.2(a). The
amount of antibodies conjugated to the MB is predominantly controlled by the availability
of free carboxyl groups on the surface and is inversely proportional to the amount of
antibodies left in the supernatant. Upon subtracting the number of antibodies in the
supernatant post-incubation from the pre-incubation solution of antibodies, it is observed
that ~25.2 g of antibodies could be conjugated per 125 ug of MB (~5 ul of stock solution).
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Fig 5.2: (a) BCA standard plot for calculation of antibody concentration; and (b) Bar graph showing pre-
incubation antibody concentration in reaction vial and post-incubation antibody concentration left in

supernatant after MB extraction.

5.3.4 Assay Performance

5.3.4.1 Assay in Buffer and Plasma without Passivation Layer

Figure 5.4(a-b) show the test bands obtained for different concentration of cTnICT in
buffer and in 10x diluted plasma, without the use of the passivation layer, respectively. A
sample volume of 100 pl was necessary for obtaining a distinct band. Once the sample
matrix solution reaches the absorbent pad, another 100 pl of PBS was added as a rinsing
buffer to release the MB complexes from the sample injection area (magnet removed). The
signal read out was observed at a fixed time frame of 15 min after adding PBS. A test band
was visually observed for assay in PBS, at a concentration > 1 ng/ml, which was considered
as the VDL, without involving any instrumentation for analysis. In the absence of cTnICT,
no band was observed at the test line, showing minimal non-specific adsorption of the MB-

Ab complexes (without bound cTnICT) on the test line.
For the assay in 10x diluted plasma, experimental parameters such as the sample and
rinsing volumes were the same as that of assay in buffer. Visual observation for bands at

cTnICT concentrations between 0 and 1000 ng/ml illustrates that the LFA responses in 10x
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diluted plasma correlate with that of responses obtained using the buffer solution. Fig
5.3(b) shows a dark band for 10x diluted plasma spiked with 1000 ng/ml of cTnICT. As
the cTnICT concentration decreases, the bands become less observable and below 100
ng/ml, the band could not be observed by naked eye, indicating a VDL of 100 ng/ml for

assay in 10x diluted plasma samples.

5.3.4.2 Influence of Passivation Layer

The 100 ng/ml VDL obtained in plasma is significantly higher than the 1 ng/ml VDL
obtained in PBS and could be attributed to interferences present in the matrix solution.
Interferences such as dissolved proteins, clotting factors, electrolytes, etc., in plasma could
inhibit the binding of MB-Ab-cTnICT complexes to the anti-TnC antibodies deposited on
test line. This inhibitory effect can be reduced significantly if the interaction of the matrix
solution with the test line antibodies is minimized. Thus, a hydrophilic passivation layer
was incorporated with the proposed assay to channelize the flow of matrix solution over
the test line. Glass fiber membrane was used as a passivation layer in this study. The
hydrophilic nature of the membrane enables channelization of flow of sample matrix, thus
protecting the capturing antibodies in the test line. Figure 5.3(c-d) illustrate the LFA
responses in buffer and 10x plasma, respectively, with the passivation layer. It is evident
that the band for 1 ng/ml cTnICT in buffer is more distinct in the presence of a passivation
layer compared to the band obtained without the passivation layer (Fig 5.3(a)). The
influence of passivation layer is best visualized for the assay in 10x diluted plasma (Fig
5.3(d)). A band is visually observed for 10 ng/ml, unlike the responses without the
passivation layer (Fig 5.3(b)), where a band was visually observed only up to 100 ng/ml.
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Fig 5.3: Photographs of NC membranes showing the test bands for assay without passivation layer in buffer
(@) and 10x diluted plasma (b); and with passivation layer in buffer (c) and 10x diluted plasma (d),
respectively. Quantification of colour intensities via measurement of normalized relative luminance of test
bands for assay in buffer (¢) and 10x diluted plasma (f). Here, “Control” refers to absence of cTnICT in
sample matrix. Relative luminance has been calculated with respect to the control.

5.3.4.3 Calibration Curves in Buffer and 10x Plasma

Calibration curves between 0 and 1000 ng/ml (Fig. 5.4 (e-f)) were plotted for all the assay
configurations (Fig 5.3(a-d)) using the normalized relative luminance values obtained via
image analysis using ImageJ software. The luminance value is a weighted average of the
red, blue and green components of an image and it is inversely proportional to the intensity
of the band.[25] Thus, the band at 1000 ng/ml being the darkest in coloration, yield the
lowest luminance and highest relative luminance, whereas, band that are difficult to

visualize with naked eye (for instance, 1 ng/ml), yield a higher luminance value and a lower
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relative luminance. As observed from Fig 5.3(e) and 5.4(f), concentration dependent
normalized relative luminance responses are obtained for cTnICT, which correlate well
with the visual observations for all the assay configurations, illustrating that quantification
of ¢cTnICT concentrations is feasible by the proposed methodology. The effect of the
passivation layer in buffer and 10x plasma also can be seen in the normalized relative
luminance read outs. For all test concentrations, the normalized relative luminance value
increases upon incorporation of passivation layer as compared to the read outs without the
passivation layer (Fig 5.3(e-f). This observation suggests that interferences from plasma,
that affect the binding ability of MB-Ab-cTnICT complexes to the antibodies deposited on

the test line, are significantly reduced by employing a glass fiber passivation layer.

5.3.4.4 Signal Enhancement Approach

A signal enhancement approach based on PMB was explored to enhance the sensitivity of
the assay. Protein-A can bind to the recognition antibodies (anti-Tnl) attached to the MBs
captured on the test line, thus, allowing localization of PMBs at the test line. The aggregate
of beads (PMBs and MBs) at the test line would be helpful to visualize low concentrations,
whereby lesser amount of MBs are captured at the test line. As observed from Fig 5.4(a),
the bands obtained upon assaying appear darker after treatment with PMB complexes. In
case of assay in PBS, a band is observed at a cTnICT concentration of 0.1 ng/ml, implying
that the VDL could be improved up to 10-fold. In case of assay in plasma, the band
corresponding to 1 ng/ml is visible upon PMB treatment, thus improving the VDL to 1
ng/ml in plasma. These results correlate with the normalized relative luminance plot, which
shows an increase in normalized relative luminance values at all concentrations of cTnICT.
(Fig. 5.5(b)) However, the relative luminance at 0.1 ng/ml of plasma concentration is still
quite low to be visually identifiable in the form of a band. The absence of any band at low
plasma concentrations and the control strip indicates that PMB complexes do not adsorb
on test line nor bind to the anti-TnC antibodies immobilized along the test line.
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Fig 5.4. (a) Comparison of strips before and after signal enhancement, in PBS and 10x plasma. (b)
Normalized relative luminance plot before and after signal enhancement. Here, “Control” corresponds to
absence of cTnICT in sample matrix.

5.3.4.5 Benchmarking against Reported ¢TnICT Colorimetric LFA

As illustrated in Table 5.1, other colorimetric LFA assays have been reported with better
sensitivities by employing optical and enzymatic signal enhancement protocols. For
example, signal enhancement approaches using a secondary Au nanoparticle have been
reported to yield good sensitivities.[26, 27] Apart from nanoparticles, enzymatic assays
using HRP have also been reported to be sensitive.[28] Although these methods are
sensitive, they require either cumbersome particle synthesis or tedious LFA fabrication

protocols [36, 38] with elaborate signal enhancement approaches.[26]

Taken together, the proposed methodology of using magnetic beads as optical reporters is
facile and cost effective as it requires neither signal enhancement nor sample pre-treatment
to reach clinically relevant concentration ranges in complex matrices such as plasma. In
addition, it should be noted that the proposed methodology demonstrates assaying in
plasma (Table 5.1), which is a more complicated matrix than serum that is utilized in most

of the existing approaches with better LODs.
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Table 5.1: Performance characteristics of colorimetric LFAs for Cardiac Troponin

Matrix Label A§say LOD Pros Cons
Time
Elaborate synthesis and
0.01 Sensitive LFA fabrication
Dual 10 min n' mi Demonstrated protocols
AuUNP 9 efficacy in Requirement of
[26] L .
clinical samples additional reagents for
signal amplification
Sensitive Elaborate synthesis and
Serum Dual 15 min 1 ng/l Multiplexed LFA fabrication
AuNP [27] X
detection protocols
0.24 Complex device
AUNP | 20 min | ng/ml Sensitive 1ple:
fabrication
[29]
0.027 Sensitive Requirement of
HRP | 20 min | ng/ml reagents for signal
[28] amplification
10 ng/ml Facile fabr[catlon Further optimisations
. . Cost effective, :
Plasma 15 min | [This inimal needed to improve
work] minimal reagents sensitivity
MB required
Plasma (with 1 ng/ml Sensiti Requirement of
. . ! ensitive o,
signal 25 min | [This Eacile fabrication additional reagents for
enhancement) work] signal amplification

5.3.4.6 Limitations and Scope for Improvement

Although the proposed approach enables assaying at clinically relevant levels, further
optimizations are required to achieve a lower VDL in plasma samples, given than 10x
diluted plasma has been utilized as a proof of concept in this study. The addition of a signal
enhancement step is feasible, but this approach influences the complexity, leading to an
increased overall cost and turnaround time for assaying. This may also limit its
applicability for point of care (POC) assaying. Hence, there is a need for making the assay
more competitive, without compromising the assay performance. Exploration of composite
materials as reporters is a feasible approach for sensitivity enhancement, which constitutes
the work in the next chapter of this thesis. Moreover, the uniformity and intensity of bands
can be improved by immobilization of the test line antibodies using an LFA dispenser.

Uniformity in test line, optimization of the MB complex-protein concentrations and
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binding protocols as well as novel composite materials can provide an avenue for further

improving the detection limits of the proposed LFA strategy.

5.4 Conclusions

In this chapter, an approach to incorporate extraction and assaying of a model target protein
(cTnICT) on an LFA strip has been studied. The LFA layout comprised of an external
magnet that assisted in capturing of anti-Tnl antibody conjugated magnetic bead
complexes. The effect of varying magnetic fields on the capture and release of these bead
complexes on the strip was studied and optimized. The binding capacity of the capturing
antibodies in the test zone was preserved by the use of a hydrophilic passivation layer that
protected the test zone by channelizing the flow of sample matrix. The layout was tested
against cTnlICT spiked in PBS as well as 10x diluted plasma. The VDLs achieved were 1
ng/ml and 10 ng/ml in buffer and 10x plasma, respectively before signal enhancement,
which meets the requirement for clinical assaying of cTnICT. A 10-fold improvement of
VDL to 0.1 ng/ml and 1 ng/ml in buffer and 10x plasma, respectively, after signal
enhancement by subsequent exposure of Protein A modified magnetic beads to the test line
was demonstrated. The proposed methodology could serve as a facile and appealing
alternative to the current LFA schemes and as an approach towards the development of an
LFA device that does not require tedious sample pre-treatment protocols. Furthermore, the
generic approach of the proposed methodology allows translation to detect several other

relevant biomolecules of interest.
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Chapter 6

Sample Extraction and Nucleation Based Signal
Amplification in Lateral Flow Assaying Using Gold

Nanoparticle Conjugated Magnetic Bead Reporters

In this chapter, an approach utilising a gold nanoparticle conjugated
magnetic beads (GMB) in LFAs for extraction and sensitive visual
assaying of proteins has been studied. To validate this approach GMB,
conjugated with anti-Troponin | antibodies, is used to capture cardiac
marker Troponin I-C-T (cTnICT) in plasma that subsequently flows
through on LFA membrane via a test zone containing anti-Troponin C
antibodies. The capture of cTnICT-GMB complexes at the test zone
produces a characteristic brownish band, enabling concentration
dependent visual detection of cTnICT. Subsequently, contrast of these
bands is enhanced by a nucleation approach that utilizes the gold
nanoparticles on GMB in the test bands as seed materials for growth of
more visible gold clusters, improving visual detection limit of the assay.
This assay offers a promising avenue for sensitive detection of analytes
in complex matrices at clinically relevant concentrations without

requiring tedious sample pre-treatment protocols.

*This section published substantially as: Sharma, A., et al., Gold nanoparticle
conjugated magnetic beads for extraction and nucleation based signal amplification

in lateral flow assaying. Sensors and Actuators B: Chemical, 2020: p. 127959.
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6.1. Introduction

Over the past few decades, various lateral flow assays (LFA) have been reported for POC
assaying. Sample solutions, when flown over LFAs, activate the dried reagents contained
within the LFA membranes and emanate qualitative signals that can be subsequently
quantified.[1, 2] Typical LFAs that make use of visual readouts as signals are widely
reported for POC applications.[3, 4] Additionally, LFAs are easy to fabricate and do not
require sophisticated instrumentation, which make such devices cost effective and facile to
use.[5, 6] However, the use of LFA for clinical applications has been limited by two main
challenges; sensitivity and specificity [7], mainly owing to the interferences associated
with the complexity of sample matrices such as whole blood [8, 9], serum [10] or plasma
[8]. Therefore, efforts have been devoted to improve performance of such assays by
adopting sample extraction or preconcentration protocols for removal of analogues and

interferents present in complex matrices that may yield false positives.[6, 11, 12]

Polystyrene magnetic beads (MB) have been utilized for extraction of target biomolecules
such as proteins or nucleic acids from complex matrices.[13-15] These MBs are
homogeneous, stable in suspension and have been utilized as reporters for detection of
several biomolecules.[13, 16, 17] However, most of the existing reports monitor the
magnetic flux variations of MBs for sensitive detection of analytes, which involve the use
of sophisticated instrumentation, thereby inhibiting their applicability for POC assays. On
the other hand, a sensitive optical reporter for naked eye detection, widely used in LFAs,
is colloidal gold nanoparticles (AuNPs).[18-20] Although AuNPs have several advantages
such as good biocompatibility and high surface-to-volume ratio, they do not possess
extraction capabilities as compared to MBs for analyte preconcentration. Moreover, at low
concentrations, the optical signal strengths emanated by AuNPs are weak and hence they
are often engineered to provide signal amplification in LFAs. Amplification strategies
such as silver amplification [21, 22], dual gold conjugation [23] and use of gold aggregates
[24] have been explored. However, most of these approaches involve complicated
synthesis protocols and are prone to aggregation and formation of large clusters, thereby

compromising the assay performance.
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Recently composite reporters comprising of magnetic particles and AuNPs have been
reported for detection of biomolecules.[25-27] Such composites, with combined properties
of AuNPs and magnetic particles, possess dual functionality in assaying that enable analyte
preconcentration and also serve as optical reporters for visual detection. These composite
reporters have been shown to possess high mechanical stability and excellent magnetic
properties for efficient target analyte isolation in homogeneous assays.[27, 28] Co-
precipitation [28] is the commonly adopted approach for synthesis of these composites,
however, their heterogeneous size distribution and lack of long term stability limit their
applicability for on-site assaying. Therefore, alternative synthesis protocols such as
chemical bonding [27] and use of an intermediate layer [29] have been explored. The
applications of these composites in LFA is limited mainly by the weak optical signal
strengths that does not yield visual responses, especially at low analyte concentrations.
Furthermore, most of the existing reports rely on qualitative responses and require
instrumentation for achieving competitive limits of detection (LODs). Hence, there is a
need to evaluate strategies to improve the performance of composite reporters for

application in LFAs.

In this chapter, an LFA approach based on sample extraction, assaying and signal
amplification using gold nanoparticle conjugated MB (GMB) composites as reporters for
visual detection of cTnICT has been studied. cTnICT, as explained in the previous
chapters, is an important biomarker for contractile regulation of cardiac and skeletal
muscles; and serves as an important biomarker for early diagnosis of acute myocardial
infarction (AMI).[30] cTnl levels in a healthy human blood is in the range of 20-30 pg/ml,
whereas it increases rapidly after a heart attack [31, 32], peaking to the range of 190-200
ng/ml after ~11 h [32, 33]. MBs are conjugated with AuNPs via linker molecules, for
subsequent conjugation with anti-Tnl antibodies (anti-Tnl). These anti-Tnl antibody
conjugated GMBs are then used to capture target analyte (cTnICT) in a sample matrix,
followed by extraction from the matrix, prior assay using a LFA strip. The proposed
approach further emphasizes on a signal amplification protocol, wherein the gold
nanoparticles of the GMB reporters are utilized as seed materials. The growth of gold

clusters on AuUNPs improves the contrast of the test band, yielding a significant
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improvement in the visual read-out and thereby improving the visual detection limit (VDL)
by approximately 10-fold. The proposed nucleation-based signal amplification
methodology is facile and an effective approach for achieving competitive LODs. Unlike
typical nanoparticle based signal amplification approaches that may compromise assay
performance due to uncontrolled migration of large complexes on LFA membranes,[23,
24] the proposed strategy utilizes the nanoparticles that are already captured on the test
line, yielding a reproducible 10 fold signal amplification within 5 min. Optimization of
parameters such as the volume of the nucleation reagent resulted in a VDL of 0.1 ng/ml of
cTnICT in both buffer and plasma, post signal amplification. The proposed assay serves to
provide a sensitive and specific detection of cTnICT in a complex matrix such as plasma,
with a total assay time of ~20 min, inclusive of nucleation-based amplification.
Furthermore, the proposed assay is facile and has a generic approach for POC assaying of

other biomolecules in complex matrices.

6.2 Reagents, Membranes and Apparatus

10 nm AuNPs colloidal solution, cysteamine, Tris (2-carboxyethyl) phosphine (TCEP),
chloroauric acid (HAuCls.xH20), hydroxylamine hydrochloride (NH2OH.HCI), PBS (pH
7.4), BSA (Lyophilized), sodium azide and tween 20 were purchased from Sigma-Aldrich.
Troponin I-C-T (cTnICT, 100 pg/ml), recognition antibody: anti-Troponin | (anti-Tnl), and
capture antibody: anti-Troponin C (anti-TnC), were purchased from Hytest Inc.
Commercially available superparamagnetic carboxylated polystyrene beads (200 nm)
purchased from Chemicell were wused in this study. EDC (1-ethyl-3-[3-
dimethylaminopropyl] ~ carbodiimide  hydrochloride) and  sulfo-NHS  (N-
Hydroxysuccinimide) were purchased from Sigma-Aldrich. NC membrane cards (Hi-Flow
Plus 135), glass fibre membranes and cellulose absorbent pads were obtained from Merck-
Millipore. Images of strips were captured using a Sony Alpha a7R 11l digital camera and
were processed by Sony Imaging Edge Edit RAW software.
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6.3 Results and Discussion

6.3.1 Principle of Assay

The proposed assay comprises of a facile sample pre-treatment protocol and a novel
nucleation-based approach for signal amplification using a composite GMB reporter. The
GMB is prepared by conjugating commercially available MB with AuNPs using
cysteamine linker molecules. The sample preconcentration is based on efficient analyte
extraction owing to the specific binding between c¢TnICT and monoclonal anti-Tnl
antibodies conjugated with the synthesized GMB. Upon addition of sample to Ab-GMB
solution, an incubation time of 15 min was provided to ensure efficient binding between
cTnICT and Ab-GMB. The concentration of GMB conjugated capture antibodies were
maintained in excess of typical cTnICT analytical concentrations in order to maximize the
capturing of cTnICT in the sample solution. After binding, the cTnICT-Ab-GMB
complexes were separated from the sample matrix using a magnetic rack followed by
rinsing and resuspension in PBS, Fig 3.4(a) of chapter 3. The prepared sample solution

would then be free of the interferents associated with the plasma matrix.

The sample, when introduced on the NC membrane, starts flowing downstream to reach
the absorbent pad. [1, 7]. NC membrane of a low porosity (Merck 135NC) was utilized in
this study to ensure a controlled flow of the sample solution over the test band, thereby
providing sufficient time for cTnICT-Ab-GMB complexes to react at the test line. In order
to prevent non-specific binding of proteins on the membrane surface, the strips were
blocked with 1% BSA in PBS [1, 15, 20].The capture of cTnICT-Ab-GMB by anti-TnC
antibody at test line led to formation of a dark brown band, with an intensity that could be
correlated to the concentration of cTnICT in the sample matrix. The control experiments
without cTnICT did not yield a band at the test line. Qualitative analysis was then carried
out by visual observation of the band intensity, followed by a quantitative analysis using

ImageJ for ascertaining the cTnICT concentrations estimated visually.
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6.3.2 Optimization of GMB Synthesis Protocol

6.3.2.1 Optimization of Gold Nanoparticle and Linker Concentration

The GMB was synthesized by linking carboxylated polystyrene magnetic beads (200 nm)
with gold nanoparticles (10 nm) using cysteamine linkers. Cysteamine solution was
incubated with 5 mM TCEP solution for 10 min to inhibit the formation of cysteamine
disulfide bonds. The carboxyl group on the MB could be activated by EDC-NHS treatment
for conjugation with the amine group of the cysteamine linkers. Subsequently, thiolated
MBs could be easily conjugated with AuNPs via Au-thiol linkage.[34] The number of
AUNPs used in the synthesis is maintained 100 times in excess of the MB to ensure
sufficient access of AuNPs for an optimal binding to the MBs. In order to minimize the
physisorption of AuUNPs on MB surface, a surfactant (tween-20) was introduced into the
reaction vial. The amount of tween-20 was optimized by checking physisorption of AUNPs
on non-activated MB. An increased binding of AuNPs on MB surface would imply a lower
concentration of AuNPs in the supernatant with a lower optical density (OD). The
supernatant was obtained by extracting the AUNPs-MB complexes from the reaction vial.
As illustrated in the absorption spectra (Fig 6.1(a)), a tween-20 concentration of 0.1%
yielded an overlapping absorption spectrum with that of AuNPSs solution prior incubation
with MBs. Therefore, 0.1% tween-20 was chosen as the optimal concentration for the

synthesis process as no physisorption was observed at or above this concentration.

The absorption spectra of post incubation supernatants, shown in Fig 6.1(b), further
revealed that that an increasing linker concentration led to an increased amount of AuNPS
conjugation with the MBs. However, this increment of AuUNP conjugation onto the MBs
approached a saturation beyond a threshold cysteamine concentration, indicating that no
more activated carboxyl groups were available for binding with cysteamine. A high amount
of cysteamine, for instance, 100 uM (Fig 6.1(b)), would imply that an increasing amount
of the activated carboxyl groups on MB surface is replaced with thiols. This would allow
for more AuNPs to bind to MB, thus lowering the concentration of free AuNPs in the

supernatant, yielding a lower (OD). Conversely, lesser amount of cysteamine, for instance,
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1 uM (Fig 6.1(b)), revealed limited binding of AuNPs on MB surface and a higher AUNPs
concentration in the supernatant with a higher OD. This hypothesis is in agreement with
the obtained absorption spectra, where conjugation between AuNPs and MBs at 1 pM
cysteamine concentration yielded a supernatant solution with an OD of 0.3, whereas an OD
of 0.24 is observed for 100 uM cysteamine linker concentration. Based on these
observations, an intermediate concentration of 30 UM cysteamine, showing an OD of 0.27,
was used for the conjugation of AuNPs with MBs. This intermediate concertation would
ensure that there are optimal number of thiol groups on the surface to provide an efficient
AuNPs conjugation with MBs and at the same time, a sufficient number of activated
carboxyl groups are available for subsequent conjugation with anti-Tnl-antibody via
EDC/NHS linkage.
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Fig 6.1: Absorption spectra of supernatant solutions upon magnetic separation of AUNPs-MB complexes for;

(a) different tween 20 concentrations and (b) varying cysteamine concentrations.

Subsequently, the synthesized GMB was conjugated to anti-Tnl antibody by using free
carboxyl groups on the GMB surface after the MB-AuNPs conjugation. Antibody
conjugation efficiency of the GMBs was then evaluated for varying cysteamine linker
concentrations by a BCA analysis. It could be observed that the amount of antibodies
conjugated to the GMB is predominantly controlled by the availability of free carboxyl

groups after MB conjugation with AuNPs via cysteamine linker molecules. A lower
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amount of cysteamine would imply lesser AUNPs conjugation and a higher availability of
carboxyl groups for antibody binding, whereas high cysteamine linker concentration
implies lower availability of carboxyl groups and hence lower Ab binding. A cysteamine
linker concentration of 30 UM yielded ~9 pg of antibodies per 125 ug of beads, whereas 5
MM cysteamine yielded ~15 pg of antibodies per 125 pg of beads (Fig 6.2(b)). Although,
the amount of antibody conjugated was lower for 30 uM cysteamine linker, the higher
amount of conjugated AuNPs could yield improved contrast upon signal amplification via
nucleation. Therefore, cysteamine concentration has been optimized to accommodate both
gold nanoparticles and antibodies in appropriate stoichiometric ratios so that: 1. there are
enough AuNPs on MB surface to provide effective signal enhancement post nucleation
and, 2. there are sufficient conjugated antibodies to effectively bind even trace amounts of

analytes from sample solution.
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Fig 6.2: (a) BCA standard plot for calculation of antibody concentration; and (b) Bar graph showing pre-
incubation antibody concentration in reaction vial and post-incubation antibody concentration left in

supernatant after GMB extraction, corresponding to various cysteamine concentrations.

6.3.2.2 Nucleation in Solution State

The phenomenon of nucleation is first evaluated in solution state by adding 10 pL of
nucleation reagent to 500 uL of the synthesized GMB (5x diluted in PBS). The AuNPs
present on the surface of GMB acts as seed material on which gold salt reduces in the

presence of a reducing agent.[35, 36] This leads to the formation of gold clusters on the
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GMB and thereby to an increase in overall size of the composite, Fig 3.4(d) of chapter 3.
This effect offers an increase in contrast due to a higher optical signal strength emanated
by the gold clusters on the surface of the GMB. Figure 6.4(b) shows that the colour
intensities of the vials marginally increase before addition of the nucleation reagents.
However, upon addition of the nucleation reagents, the vials corresponding to higher
cysteamine amounts appear darker, as observed from Fig 6.3(c). This observation could be
attributed to the presence of higher amounts of gold in the GMB, which facilitates growth
of gold clusters, as the cysteamine amount increases. It should be noted that post
nucleation, no noticeable difference occurs in the vials with only MB and without
cysteamine (Fig 6.3(b-c)). In the absence of AuNPs, the nucleation behaviour of the
composite is not observed as the nucleation process is suppressed without a seed material.
Thus, within the observed time frame, gold clusters are not formed on MB surface and
hence no significant variation in the colour intensity of the vial without cysteamine was
observed. This observation is further verified by plotting luminance values of the different
vials, obtained using ImageJ. It could be observed from Fig 6.3(a) that there are no
significant variations in the luminance values (below 10 units of luminance values) of MBs
and 0 uM vials, indicating almost no gold cluster formation on MBs without AuNPs post
nucleation, whereas, larger changes in luminance values (25 and above) are noticed for all
the other vials with varying concentration of cysteamine linkers. The decrease in luminance
post nucleation implies darkening of the solution due to formation of gold clusters on the
seed AuNPs. As the concentration of cysteamine increases, a larger decrease in luminance
is observed further indicating that gold clusters formation is proportional to concentration
of AuNPs on the MBs. Since this nucleation behaviour requires the presence of AuNPs and
MBs, it could be envisioned to amplify LFA responses upon capturing GMB on the test
band. The darkening of GMB would enable visual differentiation of the colour of the test

bands, especially at low analyte concentrations.
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Fig 6.3: (a) Bar graph showing luminance values corresponding to vials in (b)-(c). Lower luminance implies
darker colour in the vial. Inset images: (b) GMB with varying cysteamine concentrations. (¢) GMB, 5 minutes
after addition of nucleation reagents. From left to right (concentration of cysteamine in uM): MB, 0, 1, 5, 15,
30, 50, 100.

6.3.2.3 Study of GMB Construct

The synthesized GMB using 30 pM cysteamine linker concentration was characterized
using DLS, SEM and EDX to observe its topographical properties and size distribution.
Naked eye observation suggested that the GMBs were homogenous in distribution. DLS
data, shown in Fig 6.4, revealed that the peak corresponding to 200 nm of MB shifts to
around 240 nm after conjugation with AuNPs. A marginal increase from 0.1 to 0.3, in the

PDI is observed as AuNPs is conjugated to MB, indicating a change in the size distribution.
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Post-nucleation, upon formation of clusters of AuNPs, the hydrodynamic radius increases
further to around 440 nm. The presence of multiple peaks in the solution containing
nucleated GMB illustrates the formation of gold clusters of varying sizes with a PDI of
~0.8.
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Fig 6.4: DLS plots of MB, GMB and nucleated GMB

SEM was performed as described in section 3.7.1 of chapter 3. The beads (MB, GMB and
nucleated GMB), when dried on a quartz surface tend to aggregate. However, in order to
show the morphology and approximate size of the beads, isolated particles were selected
for imaging. Fig 6.5 (a) shows the MBs dried on quartz surface. The MB diameters could
be estimated to be around 200 nm, in agreement with the DLS data shown in Fig 6.4. Upon
conjugation with AuNPs, no significant variations on particle diameters were observed (Fig
6.5 (b)), however clustering of AuNPs around the MB core could be seen. Post-nucleation
on GMB, the size increases significantly, as evident from Fig 6.5 (c). The successful
formation of GMB was also confirmed using EDX analysis, whereby Au characteristic

peaks were observed as shown in Fig 6.5 (d).
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Fig 6.5: SEM images of (a) MB, (b) GMB and (c) Nucleated GMB. Inset images (red boxes) show individual
construct of the particles; (d) EDX scan of GMB

6.3.3 Assay Performance

6.3.3.1 Assay Performance in Buffer and Plasma

The test bands obtained, before nucleation, for different concentrations of cTnICT are
shown in insets of Fig 6.6 (a) and (b) for buffer and plasma, respectively. A sample volume
of 100 pL was used to achieve a sufficiently distinct band. The images were recorded after
15 min upon sample introduction. Test bands were visually observed at cTnICT
concentrations > 0.1ng/ml in case of assay in PBS (Fig 6(a) left inset), whereas in case of
plasma, test bands were observed at cTnICT concentrations >1 ng/ml (Fig 6(b) left inset).
These concentration levels were considered as the VDLs in respective matrices below
which no distinct test band could be observed without using any instrumentation for
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analysis. No band was observed in case of the control experiment without cTnICT. The
response for the control strip further indicated minimal non-specific adsorption of the Ab-
GMB complexes on the test line. Although, the concentration dependent responses of the
test strips could be observed visually, the contrast of the test bands can be improved with

further optimizations, such as in capture antibody immobilization, GMB synthesis etc.

6.3.3.2 Effect of Nucleation based Signal Amplification

Upon recording assay responses, signal amplification was performed to improve the
contrast of the test bands. 5 puL of the nucleation reagent was found to be sufficient to
provide significant nucleation of gold on Au containing GMB that are captured on the test
line. The responses were recorded for analysis after 5 min from the addition of nucleation
reagent. Formation of gold clusters enhances the size of GMB (refer go Fig. 6.5 and 6.6),
yielding a composite that appear darker in colour, thus significantly improving the visual
contrast of the test band. This phenomenon, as observed in right insets of Fig 6.6 (a-b),
yielded test bands that are more distinct for visual assaying, especially at lower
concentrations, where the bands are not visible prior amplification. It can be observed from
Fig 6.6 (a) that post the amplification step, the band corresponding to a concentration >0.1
ng/ml in the PBS became more intense, indicating that the contrast of the test bands were

significantly improved.

In case of plasma, the experimental parameters were the same as that of assay in PBS.
Similar to responses in PBS, amplification was observed where the test bands appeared
darker in colour and showed a correlation between 0 and 1000 ng/ml (right inset of Fig 6.6
(b)). However, a test band appeared at a ¢cTnICT concentration >0.1 ng/ml, illustrating a
10-fold improvement of the VDL with respect to pre-nucleation. It is evident from Fig 6.6
(b) that below 0.1 ng/ml, the test bands were not visually observable. The higher VDL in
case of plasma prior signal amplification, when compared to PBS, could be due to the
residual interferences present in plasma such as electrolytes, clotting factors, dissolved
proteins etc., even after magnetic separation, which could inhibit the binding of cTnICT-
Ab-GMB onto the test line anti-TnC antibodies. It is to be emphasized that this additional
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nucleation step for signal amplification, with an addition of 5 min to the overall assay time,
did not involve migration of any larger complexes, a concern that compromises the assay
performance in typical nanoparticle based amplification approaches. Although the NC
strips are blocked with BSA, some inevitable residual physisorption of GMB during the
assay lead to marginal variations in coloration of the strips, especially after nucleation.
Furthermore, the nucleation-based amplification is a remarkably facile approach consisting
of only two steps; introduction of the nucleation reagent on the test band followed by

rinsing with the buffer solution.

The proposed layout does not require a control line because the bulk of GMB accumulates
at the interface between NC test strip and absorbent pad forming a brownish band as well
as a light brownish patch over the absorbent pad (see dashed box in Fig 6.6 inset), thus
indicating that the magnetic beads are successfully migrating over the test band and that
the assay is working. Furthermore, the obtained concentration dependent responses at the

test line ascertains proper functionalisation of the GMB.
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Fig 6.6: Quantification of colour intensities via measurement of normalized relative luminance of test bands
for assay in (a) buffer and (b) plasma. Normalized relative luminance was measured with respect to reference
LFA strip. Inset images: photographs of LFA strips showing the test bands (within solid box) and the control
patches (within dashed box) for assay before nucleation (left) and after nucleation (right). From left to right:
0 ng/ml, 0.01 ng/ml, 0.1 ng/ml, 1 ng/ml, 10 ng/ml, 100 ng/ml, 1000 ng/ml, reference LFA strip without GMB

flow.
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6.3.3.3 Calibration Curves

Figure 6.6 (a-b) show the calibration curves for cTnICT concentrations between 0 and 1000
ng/ml, plotted for both assay matrices. These curves were plotted using the normalized
relative luminance values obtained via image analysis using Imagel software. The
luminance readouts for various cTnICT concentrations correlate well with the visual
observations. The concentration dependent responses illustrated in the calibration curves
indicate that the proposed approach can be used for quantification of analyte
concentrations. The relative luminance values increase after nucleation of gold (Fig 6.6 (a-
b)), indicating that the bands are of higher visual contrasts. Furthermore, the improvement
of the VDL as quantified by the calibration curves, supports the efficacy of the proposed

assay and signal amplification approach.

6.3.3.4 Benchmarking against Reported ¢cTnICT Colorimetric LFA

Most of the colorimetric assays reported for Troponin have utilized signal amplification
protocols. Dual gold amplification, making use of two different sizes of gold nanoparticles
was first reported by Choi et.al.[20] with an LOD of 0.01 ng/ml. Similar efforts have been
undertaken in several follow up studies.[37] Although good LODs have been obtained,
these approaches involve complicated synthesis protocol and tedious LFA fabrication
processes. More importantly, since only AuNPs have been used as reporters in these
studies, facile sample preconcentration is not possible. Kim et.al reported an LOD of 0.24
ng/ml using silver amplification of AuNPs reporters.[22] However, the fabrication and use
of electrospun fibres in their LFA strip increases the complexity of LFA fabrication and
the overall cost of the assay. Other strategies such as enzyme based amplification using
HRP was reported by Cho et.al with an LOD of 0.027 ng/ml.[38] All of these studies have
reported LODs in serum. In this work, we have reported a VDL of 0.1 ng/ml in plasma,
which is a more complicated matrix as compared to serum (due to the presence of
additional components such as fibrinogen etc.). However, the proposed approach ensures
facile extraction and preconcentration of analytes from matrices even at extremely low

amounts of target analytes. Furthermore, the LFA device fabrication is facile and cost
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effective. Moreover, the proposed signal amplification protocol does not involve migration
of large complexes as it utilizes the captured GMB on the test line, thereby yielding

reproducible responses.

6.3.3.5 Limitations and Scope for Improvement

The proposed approach is an illustration of a possibility for the development of sensitive
and specific LFAs. The achieved VDL in a complex matrix such as plasma is not just
clinically relevant but also competitive. Although the use of a dual functional reporter can
aid sample pre-treatment as well as signal amplification, additional steps of nucleation may
increase overall cost of the assay. Therefore, exploring approach for incorporating signal
amplification step within the current assay platform could be a possible solution. One
possible direction could involve incorporation of a pad that elutes the nucleation reagent
into the LFA membrane. Moreover, the bands obtained could be made more uniform and
intense by use of a lateral flow dispenser to deposit the test line antibodies, rather than
manual deposition. Additionally, optimization of the Ab-GMB synthesis protocols to
provide a better size control without compromising the antibody binding efficiency, could
provide an avenue for further improving the detection limits of the proposed assay. Size
control also could ensure that the beads flow uniformly and the physical adsorption on the

membrane surface is minimized.

6.4 Conclusion

In this chapter, a GMB reporter-based approach has been studied for extraction and
assaying of Troponin in complex matrix. A facile nucleation-based signal amplification
strategy for applications in LFA is further demonstrated. cTnICT was used as a model
target analyte and the assay was carried out in both PBS and plasma. The approach captures
cTnICT from a sample matrix using anti-Tnl antibody conjugated GMB, followed by its
extraction and assaying on an LFA strip consisting of anti-TnC antibody for capturing the
analyte-antibody-GMB complexes. The signal amplification was carried out using a

nucleation reagent consisting of a gold salt and a reducing agent. The effect of this
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nucleation reagent on the synthesized GMP was studied in solution state, before optimizing
the process parameters for the LFA. A VDL of 0.1 ng/ml was achieved in plasma, post
signal amplification, which is a 10-fold improvement as compared to LFA results without
signal amplification (Chapter 5). The achieved VDL easily meets the requirement for
clinically relevant assaying of cTnICT and at least 10 times better than the reported visual
LODs of assays involving magnetic beads for assaying in complex matrices.[15, 39] The
proposed methodology provides a signal amplification strategy using a dual-functional
composite reporter molecule, thus providing an appealing alternative to the existing LFA
strategies. The signal amplification is easy to perform, does not involve migration of large
complexes and yields reproducible responses. Moreover, facile device fabrication makes
this LFA cost effective. The proposed assay possesses the potential to enable sensitive and
specific detection of cTnICT with a total assay time of ~20 min. Furthermore, the assay
has a generic approach enabling facile translation of the proposed methodology to detect

several other relevant biomolecules of interest in complex matrices such as whole blood.
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Chapter 7

Proof-of-Concept LFAs for Detection of Sports Markers:
IGF-1 and IL-8

In this chapter, proof of concept LFAs have been demonstrated for
assaying of sports markers using two model systems: Insulin like Growth
Factor-1 (IGF-1) and Interlukin-8 (IL-8). IGF-1 is a prohibited
substance for athletes and serves as a biomarker for GH, whereas IL-8
is a well-known inflammation mediator and stress marker in athletes.
The LFA strategies developed in Chapter 5 and 6 have been adapted for
assaying IGF-1 using anti-IGF-1 antibodies. The feasibility of utilizing
affimers as recognition molecules also has been investigated to assay IL-
8 on an LFA strip, with an intention of replacing antibodies for
development of a more robust assay. The preliminary results are
promising for both systems and therefore lay the foundation for a robust

and sensitive LFA for on-site detection of various sports markers.
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7.1 Introduction

As explained in the earlier chapters, one of the biggest challenges in POC testing of
physiological markers is the interference from the components of a complex matrix. For
example, blood is a relatively viscous liquid containing various cells, proteins such as
albumins and clotting factors. Plasma and serum also have a similar composition as blood
but are devoid of the cells. Sweat and urine consist of various salts and enzymes, which
can easily mask trace levels of analytes. The problems associated with these complex
matrices become even more prominent while detecting the various sports related
biomarkers, which includes the prohibited substances as well. Most physiological markers
associated to doping are present in trace quantities and even a slight change in their levels
can make a difference between testing positive or negative for doping.[1-3] As a result,
sample pre-treatment becomes extremely important for testing any such substances.
Therefore, the LFA layouts developed in chapter 5 and 6 become even more relevant in
this context, demonstrating an efficient detection strategy for trace levels of analytes

without complicated sample pre-treatment protocols.

IGF-1 has been classified as a prohibited substance by WADA due to its anabolic
effects.[4] IGF-1 also serves as a biomarker for GH doping, as its physiological levels in
the blood stream elevates upon GH intake.[5] The first set of results in this chapter deals
with translating the developed LFA strategies to detect IGF-1. IGF-1 antibodies have been
used to fabricate a sandwich LFA in the same manner as described in the previous chapters.
Preliminary results show a promising concentration dependent response, yielding a VDL
of 1 pg/ml using strategy 1, which utilizes MB reporters and a VDL of 0.1 pg /ml post

signal amplification using strategy 2, which utilizes GMB reporters.

As already mentioned, these strategies incorporate antibodies as capture and recognition
biomolecules. However, antibodies have several limitations, the most important being long
term stability.[6, 7] A robust LFA requires a mechanism, which does not deteriorate with
time. In resource limited settings, proper storage facilities may not be available, which may

affect the performance of an LFA in the long run. Therefore, researchers have studied
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various alternative recognition molecules to replace antibodies in LFAs.[8-10] Affimer,
which is a small protein similar to antibodies but with several advantages over them, is one
such viable alternative. Affimers have come to light very recently and have not yet been
fully explored for incorporation into LFAs. The next set of results in this chapter showcase
an attempt to fabricate one such robust LFA by replacing antibodies with affimers. 1L-8,
which is another well-known sports biomarker for inflammation and fatigue, has been used
as a model system for this study. The preliminary results have been achieved using an MB
reporter based LFA in a buffer solution and show a concentration dependent response for
IL-8 with a VDL of 1 ng/ml, however further optimizations are still needed to make this

system more sensitive and reliable.

7.2 Materials and Methods

7.2.1 Reagents, Membranes and Apparatus

10 nm AuNPs colloidal solution, cysteamine, Tris (2-carboxyethyl) phosphine (TCEP),
chloroauric acid (HAuCls.xH20), hydroxylamine hydrochloride (NH2OH.HCI), PBS (pH
7.4), BSA (Lyophilized), sodium azide and tween 20 were purchased from Sigma-Aldrich.
IGF-1 (product 9573), recognition antibody: anti-IGF-1 Ab (product 9572), and capture
antibody: biotinylated anti-IGF-1 Ab (product 83137), were purchased from Abcam Ltd.
IL-8, recognition affimer: anti-1L-8 aff and capture affimer: biotinylated anti-1L8 aff were
purchased from Avacta Life Sciences Ltd. Commercially available superparamagnetic
carboxylated polystyrene beads (200 nm) purchased from Chemicell were used in this
study.  Neutravidin, EDC  (1-ethyl-3-[3-dimethylaminopropyl]  carbodiimide
hydrochloride) and sulfo-NHS (N-Hydroxysuccinimide) were purchased from Sigma-
Aldrich. NC membrane cards (Hi-Flow Plus 135), glass fibre membranes and cellulose
absorbent pads were obtained from Merck-Millipore. Images of strips were captured using
a Sony Alpha a7R Il digital camera and were processed by Sony Imaging Edge Edit RAW

software. ImageJ software was used to analyse the images.
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7.2.2 Conjugation of Biomolecules with MB/GMB

The conjugation protocols described in section 3.2 with slight modifications were followed
for conjugating IGF-1 and IL-8 to the reporter molecules. Upon activation of 1 ml bead
solution (100x diluted in MES) using EDC/NHS protocol and subsequent washing, a 500
pl solution (concentration 10 pg /ml) of recognition anti-IGF-1 Ab was incubated with
activated MB/GMB. On the other hand, for IL-8 affimer conjugation, the same volumes
were used but the concentration of incubated affimer solution was adjusted to 50 pg/ml

before incubation with activated MB.

7.2.3 Affimer-Streptavidin Conjugation

The capture biotinylated anti-IL-8 affirmer was conjugated onto a larger molecule,
Neutravidin, before immobilising on the LFA strip using Biotin-Neutravidin conjugation
chemistry.[11] 250 pl (0.9 mg/ml) of biotinylated anti-IL-8 solution was incubated with
250 pl (1 mg/ml) of Neutravidin solution in PBS. The volumes were chosen such that the
Neutravidin to biotin molar ratio was maintained at ~1:4 during conjugation. Post
incubation, the solution was dialysed twice in PBS at 5000 g using a centrifugal filter (30
kDa) to obtain a final concentration of ~500 pg /ml of biotinylated anti-1L-8-Neutravidin

solution.

7.3 Results and Discussion

7.3.1 IGF-1 LFA Performance

IGF-1 assay was performed using the layouts described in chapter 5 and 6, utilising MBs
and GMBs as reporter molecules respectively. Capture anti-IGF-1 Ab was immobilised on
each strip using 100 pg/ml (~3 pl/strip). The assay results in plasma are shown in Fig 7.1(a-
b). A sample volume of 100 ul was used to achieve a sufficiently distinct band. In case of
strategy 1 (Fig 7.1(a)), whereby a passivation layer was used, the images were recorded

after 15 min upon sample introduction. Test bands could be visually observed for IGF-1
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concentrations > 1 ug /ml (Fig 7.1(a) inset), which was considered as the VDL. No band
was observed in case of the control experiment without IGF-1, which further indicated

minimal non-specific adsorption of the Ab-MB complexes on the test line.

In case of strategy 2, wherein GMB reporters are used for signal amplification, the images
were recorded after 25 min upon sample introduction. The longer time is to incorporate the
nucleation step. The responses for this assay were better than the first strategy and the test
bands could be visually observed at IGF-1 concentrations > 100 ng/ml (Fig 7.1(b) inset),
which was considered as the VDL. The use of GMB reporter, which has a higher contrast
than MB and the subsequent nucleation step allowed for the 10-fold improvement in VDL
for this strategy. However, the test bands for both assays appear to be of lower contrast
than the bands obtained for Troponin assay (as shown in chapter 5, Fig 5.4 and chapter 6,
Fig 6.7). These results imply that the assay still requires improvement via further
optimisations using a higher concentration of recognition Ab during MB conjugation or

immobilising capture Ab on the test lines at a higher concentration.
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Fig 7.1: Quantification of colour intensities via measurement of normalized luminance of test bands for IGF-
1 assay with (a) MB (Strategy 1) and (b) GMB (Strategy 2). Inset images: photographs of LFA strips showing
the test bands after assay. From left to right: 0 ng/ml, 1 ng/ml, 10 ng/ml, 100 ng/ml, 2000 ng/ml, 2500 ng/ml.
Normalized relative luminance was measured with respect to control LFA strip, which corresponded to 0

ng/ml.
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Fig 7.1(a-b) show the calibration curves for IGF-1 concentrations between 0 and 2500
ng/ml, plotted for both assays. These curves were plotted using the normalized relative
luminance values obtained via image analysis using ImageJ software. The luminance
readouts for various IGF-1 concentrations correlate well with the visual observations. The
concentration dependent responses illustrated in the calibration curves indicate that the
proposed approach can be used for quantification of analyte concentrations. The relative
luminance values are higher in case of strategy 2 (Fig 7.1(b)), indicating that the bands are
of higher visual contrasts. Furthermore, the trend seen in the calibration curves supports
the efficacy of the proposed assay. Since currently the VDL obtained in the proposed assays
are higher than the WADA requirement for a viable IGF-1 assay (LOQ < 50 ng/ml), further
optimizations are needed. It is also important to note that the correlation curve in Fig 7.1(b)
shows that even 10 ng/ml IGF-1 concentration has a readable normalized luminance signal,
signifying that the LOQ values suggested by WADA can still be achieved by the proposed

assay by using instruments such as smartphones for image analysis.

7.3.2 IL-8 LFA Performance

7.3.2.1 Affimer-Analyte Binding Characteristics

ELISA was performed on the IL-8 model system according to the protocol described in
section 3.7.6. The capture biotinylated anti-IL-8 affirmer and recognition anti-1L-8 affirmer
concentrations were kept constant, while varying the IL-8 concentrations to obtain a
concentration dependent response plot by acquiring absorbance at 450 nm upon completion
of the ELISA protocol. The absorbance values were then normalized prior plotting.

The plot in Fig 7.2 shows a linear trend till a concentration of 50 ng/ml, which means that
as the analyte concentration increases, the signal readout increases. Beyond this, the curve
starts saturating, implying no more IL-8 is captured by the affimers coated on the well
plate. The trend seen in the ELISA result validates the affimer-antigen binding and the

viability of this model system for use in LFA.
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Fig 7.2: ELISA plot showing concentration dependent response of IL-8. Inset shows the linear fit for plot

between 0 and 50 ng/ml.

7.3.2.2 Bradford Characterization of Affimer-MB Conjugation

The MB-affirmer conjugation efficiency was studied by Bradford analysis of the affirmer
supernatant post its incubation with carboxyl activated MBs and its extraction from the
reaction vial, Fig 7.3(a-b). Figure 7.3(b) shows the affimer concentration in the reaction
vial before and after the incubation with MBs, which has been calculated using the equation
of standard Bradford plot obtained in Fig 7.3(a). Similar to antibody conjugation, the
amount of affimers conjugated to MB is predominantly controlled by the availability of
free carboxyl groups on the surface and is inversely proportional to the amount of affimers
left in the supernatant. Upon subtracting the number of affimers in the supernatant post-
incubation from the pre-incubation solution of antibodies, it is observed that ~16 ug of
affimers could be conjugated per 125 pg of MB (~5 pul of stock solution). The supernatants
collected after the first three washes, post resuspension of storage buffer in the reaction
vial, were also analysed. The negligible absorbance values obtained in this case showed

that no non-specifically attached affimers were present in the vial.
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Fig 7.3: (a) Bradford standard plot for calculation of affimer concentration; and (b) Bar graph showing pre-
incubation affimer concentration in reaction vial and post-incubation affimer concentration left in supernatant
after MB extraction. The supernatants after the first 3 washes have also been analyzed to ensure no non-

specifically attached affimers were present in the reaction vial.

7.3.2.3 Preliminary Results for IL-8 Assay

The IL-8 assay was performed using the layout described in Fig 3.4 of chapter 3, using MB
reporters. As seen in Fig 7.4, six concentrations of IL-8 were assayed to test the validity of
the LFA. It can be observed that the test band intensity improved as the concentration
increased, with visible bands appearing at concentration >1 ng/ml, which was considered
to be the VDL (inset images in Fig 7.4). At the control strip, corresponding to 0 ng/ml, no
band appears, implying no non-specific binding of analyte on the test line. The test line
was composed of Neutravidin-biotinylated anti-I1L-8 affirmer complex. Immobilising small
molecules such as affimers on LFA is challenging as they can seep into the NC membrane
and thus have low accessibility to the target analyte. [12] This results in limited interaction
between the affirmer and IL-8 and thus, yielding a low sensitivity. Therefore, IL-8 affimer
molecules (~14 kDa) were conjugated to a Neutravidin (~60 kDa) to increase the size of
the complex being immobilized on the test line. The larger size facilitate the retainment of
IL-8 affirmers on LFA surface, which provides better accessibility for the affirmer to
interact with IL-8. The appearance of test bands proves that this strategy works, however
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to improve the band intensity, the immobilisation process needs further optimizations,
predominantly with respect to the Neutravidin-biotinylated Affimer capture complex

synthesis and the protocol for immobilization of this complex onto the test line.

The visual signals have been quantified using relative normalized luminance values
obtained by ImageJ software. The visual observation is correlated with the calibration
curve, which shows an increasing trend with increasing IL-8 concentration levels. Using
the correlation curve, a readable signal readout at 0.1 ng/ml could also be achieved,
showing that the sensitivity of this assay is comparable to the physiological concentrations
in athletes with inflammations post muscle damage or excessive stress. [13, 14]
Furthermore, the trend seen visually as well as in the calibration curves supports the
efficacy of a proposed affimer based LFA system for assaying sports markers.
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Fig 7.4: Quantification of colour intensities via measurement of normalized luminance of test bands for IL-
8 assay with an affimer based system. Inset images: photographs of LFA strips showing the test bands after
assay. From left to right (IL-8 concentration in ng/ml): 0, 0.1, 1, 10, 100 and 1000. Normalized relative

luminance was measured with respect to control LFA strip, which corresponded to 0 ng/ml.
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7.4 Conclusion

In this chapter, two sports markers have been successfully assayed using the LFA layouts
proposed in chapter 5 and 6. IGF-1, a prohibited performance enhancing substance, was
assayed using an antibody-based approach, using both MB and GMB reporter systems. The
LFA fabrication and sample preparation was similar to that of Troponin LFAs, described
in the previous chapters. The proposed layouts (strategy 1 and 2) yielded sensitive VDLs
of 1 pg/ml with MBs and 0.1 pg /ml with GMBs respectively. The GMB approach
incorporated a signal amplification step utilizing a nucleation agent, which helps formation
of large Au clusters at the test line. This additional step added an extra 10 min to the overall
assay time, yet provided a 10 fold VDL improvement. The proposed layout provides a
VDL, which is comparable to the WADA specified LOQ of a viable IGF-1 assay. The VDL
can be further improved by optimising the assay parameters such as Ab-MB conjugation,

Ab immobilisation on the test line, etc.

The second set of results pertain to a novel affimer based LFA system for detection of IL-
8, which is an inflammatory marker. Affimers are small proteins, which can specifically
bind to target analyte molecules with affinity comparable to antibodies. However, the
stability of affimers outperforms antibodies and therefore has the potential to replace
antibodies completely in LFAs. The proposed layout consisted of an MB-affirmer based
sandwich LFA. The MB-affirmer conjugation characteristics were comparable to antibody
systems tested in the previous chapters. The affirmer-analyte binding characteristics were
studied using ELISA. The test line on the LFA strip was composed using a capture complex
comprising Neutravidin-biotinylated anti-1L-8 affirmer to improve the accessibility of the
affimers to analyte molecules. The assay resulted in a VDL of 1 ng/ml which is comparable
to physiological concentrations of injured athletes, thus establishing the validity of an
affimer based LFA system, which, to the best of our knowledge, would be the first of its
kind. However, to increase the sensitivity of the assay, further optimizations are required

to improve the contrast of the test bands.
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Chapter 8

Conclusion and Future Outlook

In this chapter, a brief summary of the thesis has been presented,
including the major outcomes. Hypotheses raised for this research are
clarified based on the results presented in this thesis. At the end of the
chapter, the future work/directions to improve performance of the
proposed assays and the possible modifications that could be
incorporated for their commercial adaptability have also been

discussed.
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8.1 Research Summary

This thesis focusses on developing and optimising strategies to make LFAs more reliable
for on-site testing of biomarkers related to sports doping. LFA technology possesses
tremendous potential due to a myriad of benefits it can provide over traditional lab-based
tests. Their low cost, limited sample volume requirement and user friendliness, allow for
LFAs to be used as efficient screening devices, augmenting the existing sophisticated lab
tests. This can help the governing bodies such as WADA make the current anti-doping
programmes more efficient and robust by introducing a widespread testing regime.
However, challenges associated with testing in complex matrices such as blood, urine etc.,
have limited the widespread adoption of LFAs. The interferences from the components of
these matrices such as proteins, salts, cells, etc., can affect the sensitivity of LFAS. Since
elaborate sample pre-treatment or signal amplification steps increase the complexity of any
assay and may not be possible to perform on-site, there is an immediate need to explore
alternative ways to simplify these methods for improving LFA sensitivity. In this thesis a
few such strategies have been explored to improve the sensitivity and robustness of LFA

devices.

Chapter 4 laid the foundation of the LFA studies conducted in this thesis. In this chapter,
the rationale for choosing different membranes for the various functional zones was
experimentally proven using their flow behaviour pre- and post- blocking with BSA. Good
protein binding ability and the high degree of flow control provided by NC membranes
(NC 135 grade) implied that they were the best choice for the test zone, whereas, good
water absorption provided by cellulose membranes allowed for better wicking and hence
was the best choice for an absorption pad. Glass fibre with a high hydrophilicity and
porosity enabled efficient channelization of sample solution. This chapter also
characterized the MB reporters, which were used as colorimetric labels for naked eye
visualization of analytes. Apart from serving as reporters, MBs could be spatially
controlled using an external magnetic field for extracting target analytes from a solution.
Finally, the antibody-antigen binding characteristics of the proposed model systems:
cTnICT and IGF-1, were validated by ELISA.
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Chapter 5 discussed an approach to incorporate extraction and assaying of a model target
protein (cTnICT) on an LFA strip. The LFA layout comprised of an external magnet that
assisted in capturing of anti-Tnl antibody conjugated magnetic bead complexes. Upon
optimization of magnetic strength applied to capture these complexes at the sample
deposition area, VDLs of 1 ng/ml and 10 ng/ml in buffer and 10x plasma, respectively,
were obtained prior signal enhancement, which meets the requirement for clinical assaying
of cTnICT. A Protein-A modified MB based approach for signal amplification was also
demonstrated, which provided at least 10-fold improvement to the test line intensity. The
proposed methodology did not require tedious sample pre-treatment protocols and hence

possesses the potential for on-site applications.

Chapter 6 discussed another strategy to improve LFA sensitivity by studying a GMB
reporter based approach for extraction and assaying of cTnICT in complex matrices. The
GMB reporter was synthesised by conjugating MB and AuNP via a linker molecule. This
synthesis protocol was found to be more facile than any of the typically reported protocols
such as co-precipitation. The GMB reporters enabled a facile nucleation based signal
amplification strategy, whereby a nucleation solution could trigger formation of gold
clusters on the test line, thus improving its contrast. The assay was demonstrated in both
PBS and plasma, with a VDL of 0.1 ng/ml for both matrices with an assay time of 20 min,
upon signal amplification. This signal amplification approach was effective, facile, and

rapid and did not involve any sophisticated steps.

In Chapter 7, two main sets of results, related to two important sports markers IGF-1 and
IL-8, have been discussed. IGF-1, a WADA prohibited substance, was successfully assayed
in plasma using the LFA layouts proposed in chapter 5 and 6. The proposed layouts yielded
sensitive VDLs of 1 pg/ml, with the layout described in chapter 5 using MBs, and 100
ng/ml, with the layout described in chapter 6 using GMBs. Although the proposed layout
provides a VDL comparable to the WADA specified LOQ of a viable IGF-1 assay (< 50
ng/ml), further optimisations, such as those related to Ab-MB conjugation, Ab
immobilisation on the test line etc., are needed to improve the LODs. The second set of

results involves a novel affimer based LFA system for the detection of inflammatory
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marker, IL-8. The comparable sensitivity and selectivity and much higher stability of
affimers as compared to antibodies provides an alternative recognition unit for LFA
fabrication. The proposed layout consisted of an MB-affirmer based sandwich LFA and
the parameters such as MB-affirmer conjugation was found comparable to antibody-based
assays. Since direct immobilisation of small molecules such as affimers onto NC
membranes is challenging, the test line in the proposed layout was composed of a capture
complex comprising Neutravidin-biotinylated anti-IL-8 affirmer. This improved
accessibility of the immobilised affimers to the incoming analyte molecules during an
assay. The preliminary results showed a concentration dependent response of the test line
intensity, thus establishing the validity of an affimer based LFA system. Test bands could
be observed at IL-8 concentrations > 1 ng/ml, which was the VDL of the assay. However,
further optimizations are required to improve the LFA responses and enhance the

sensitivity of the assay further.

In conclusion, the proposed LFA layouts showed several promising results, with VDLs that
are clinically relevant and competitive to existing colorimetric assays for similar model
systems. Thus, both the hypotheses stated in section 1.2 of this thesis have been
successfully proved. Furthermore, the generic approach of the proposed methodologies
could allow translation to detect several other relevant biomolecules of interest, in a wide
range of sample matrices. The proposed LFA layouts allowed for facile sample pre-
treatment, were cost effective, user friendly and rapid, allowing convenient usage on-site,
even without trained personnel or expensive instrumentation. However, there is still scope
for improvement of the VDLs achieved by optimising parameters such as test line
immobilisation, improving efficiency of MB-biomolecule conjugation etc. The LFA

studies in this thesis have been summarized in Table 8.1.
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Table 8.1: Summarized list of proposed strategies in this thesis

Strategy Analyte | Reporter VDL Assay Time Ease of Use
Incorporation of 1 ng/ml in PBS;
Sample Pre- TnICT MB 10 ng/mlin 15 min oo
treatment Plasma
Nucleation based 0.1 ng/ml in PBS .
Signal Amplification nicT GMB and Plasma 20 min oo

Incorporation of

Sample Pre- IGF-1 MB 1 pg/ml in Plasma 15 min oo
treatment

N.ucleatlon b_as_ed _ IGE-1 GMB 100 ng/ml in 25 min oo
Signal Amplification Plasma

Affimer based LFA IL-8 MB 1 ng/ml in PBS 15 min oo

To summarize, this thesis explored a few strategies to improve LFA performance:
incorporation of sample pretreatment into LFA strip, using a composite reporter for analyte
extraction, assaying and signal amplification, and using affimers instead of antibodies for
amore robust assay. The novelty of the first two strategies are associated to the new layouts
which were studied and reported for the first time, whereas the third strategy used a novel
and robust biomolecule for capturing and detecting analytes. The efficacy of these
strategies was demonstrated by assaying three different model systems: TnICT, IGF-1 and
IL-8. These strategies not only allowed for detection of physiological ranges of analytes
from complex matrices in a short time span, but also highlighted the tremendous potential
of LFAs for future studies.

8.2 Future Outlook

Although the proposed LFA layouts are promising and can yield clinically relevant levels
of detection, they still need improvement to compete with some of the commercially
available LFAs.[1, 2] One of the most effective ways to improve sensitivity is by improving
the test band intensity. Currently, in all the proposed LFA layouts in this thesis, the test
line is deposited manually. However, automating this process by using an LFA dispenser
can allow for uniform deposition of recognition molecules and therefore resulting in a

sharper band. In the recent years, there has been significant advent in automation of LFA
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fabrication. For example, commercially available LFA fabrication units, such as that from
Ginolis, can dispense solutions, cut uniform strips and even perform quality checks.[3]
Such sophisticated fabrication processes not only improve LFA responses but also ensure
high throughput production.

The next important step in the research presented in this thesis is clinical validation of the
devices. The sample preparation for all the studies in this thesis involve manual spiking of
buffer and plasma solutions. However, a blind cohort study including samples from
patients/athletes need to be conducted to validate the overall performance of the devices.
There are several challenges associated with “real” samples, the most important being the
limited sample volumes. Hence, a robust sample preparation protocol needs to be
developed so that there is minimal sample wastage. The LFA dimensions may also be
altered to optimize parameters such as sample volume requirement for an assay. However,

the latter strategy would require different set of optimisation experiments.

Multiplexing of LFA devices is another aspect that can be explored. As explained in section
2.1.2 of chapter 2, the banned substances are categorized into classes. The substances in
each class have similar functioning and may even have structural similarity at molecular
level. Therefore, identifying one molecule may not be sufficient for doping control. Even
in the current anti-doping strategy, tests are conducted to look for multiple substances
across classes, which may also include some form of unidentified analogues. Therefore,
there is a need for multiplex detection of analytes on LFA devices for effective screening
of athletes on-site. Multiplexed detection on LFAS has been reported widely but it is still
challenging.[4-6] The main challenges involving multiplexed LFAs are cross reactivity of
analytes on different test lines and a limitation in the number of test lines that can be
fabricated on one strip. Recently, there have been studies on multi-channel or array type
assemblies, which involve several LFA strips combined with a single sample deposition
area.[6, 7] This strategy provides a promising multiplexed LFA platform. However, further

studies are needed to implement such a system for sports related biomarkers.
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Another direction that LFA research can pursue is by studying novel layouts for efficient
sample pre-treatment. For instance, in one of the on-going studies in our group, the
concepts of magnetophoresis are being implemented on paper for channelizing matrix
components away from test bands. Fig 8.1 shows one such layout tested. In this study, a
magnetic tape was utilized to activate the arms of the NC membranes. The arm with
magnetic tape below allowed the magnetic beads with captured target analytes to flow into
them, whereas the other arm without the tape allowed the matrix components to flow
through. This could minimise the matrix components interacting with the test line deposited
on the activated arm. However, further studies are needed to make the channelling more

efficient and minimise the physical adsorption of magnetic beads onto the NC membrane.

(a) (b) (©)

YIVIY

Fig 8.1: Channeling MBs on NC membranes using magnetic tape. (a) Represents a control strip without any

magnetic tape underneath; (b) and (c) represent strips with magnetic tape under the left arm (left arm activated)
and right arm (right arm activated), respectively. The top row shows schematic of each layout, the bottom

row shows images of NC strips upon flowing of MB solution.

Apart from improving the existing LFA layouts for more sensitive detection, use of smart
phone technology for more sensitive signal readout is another direction that can help LFASs
to be more reliable and user friendly. Recently there have been reports of using smart
phones to read various types of signals such as fluorescence [8], luminescence [9],
colorimetric [10], SPR, [11] etc. LFA signal readouts have also been studied using this

technology. For example, Lee et al. detected micronutrient vitamin D, a nutrition marker,
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using an AuNP based colorimetric competitive immunoassay performed on a test strip
consisting of a 25-hydroxyvitamin D coated detection zone.[12] The colorimetric signal,
amplified using a silver solution, was captured and analysed using a smart phone
application, yielding an LOD of 10 nM, which was comparable to commercial ELISA Kits.
Smart phones have become ubiquitous and an important part of our lives. Hence, they can

be utilized for fabrication of sensitive LFAS, especially for on-site applications.
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