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Abstract

Tuberculosis (TB) is an immense global problem with 8.8 million new cases, leading to an
estimated 1.45 million deaths from the disease in 2010 alone. Although current serological
tests have been deemed inconsistent and imprecise by the World Health Organisation, they
have stated that a point of care serological test for the detection of TB would be of extreme

value. This work sought to provide such a device.

It was known that ELISA assays using trehalose di-mycolates, trehalose mono-mycolates
and mycolic acids as antigens could be used to detect the presence of anti-TB antibodies in
serum samples. It was hoped that by binding these antigens to a gold surface, the
performance of the assays could be improved. Using information gained from ELISA
assays, work was undertaken to develop a novel, reliable, easy to use point of care sensor

for the detection of TB.

It was decided to use gold nanoparticles as part of the sensor, and thiol modified antigens,
as well as non-thiol modified antigens (via a linker compound) were successfully bound to
their surfaces. It was discovered that addition of a sodium chloride solution to the antigen
coated gold nanoparticles led to their aggregation, in turn, changing the colour of the
solution from red to blue. It was also discovered that this process could be inhibited by the
addition of a TB positive serum sample to the coated gold nanoparticles prior to adding the

sodium chloride solution.

These observations were used to develop a novel assay for the detection of TB, which
could be performed in as little as 15 minutes. Large numbers of serum samples from high
burden TB populations were analysed by the developed assay, and although a number of
false positive samples were detected, largely from patients with a record of infection with
malaria, almost all of the positive samples could be detected with multiple antigens. The
assay developed was then incorporated into a device which is fully portable and easy to
use, and can be read by eye, by observing the colour of the coated gold nanoparticle

solution, and potentially, by measuring its absorbance at two different wavelengths.
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Chapter 1

Introduction



1.1 Tuberculosis

Tuberculosis (TB) is a contagious disease caused by Mycobacterium tuberculosis." Once
an individual has been infected with the mycobacterium, they remain infected for years,
possibly for life,? and can develop clinical disease at any point in time.* TB has an ancient
history both in humans and other mammals, with the earliest detection of M. tuberculosis
being in the remains of bison dating from as far back as 15,000 BC.* Recent discoveries
have also shown that the skeletal remains of prehistoric humans confirm the presence of

TB in humans dating back to around 7000 BC.’

TB started to become recognised as a public health problem during the Industrial
Revolution. Cities were formed rapidly during this period, and living conditions in these
cities were very poor, as was the healthcare service, thus leading to the swift spreading of
TB,® and during the 18" and 19" centuries TB was the cause of 25% of adult deaths in
major European cities.” The death rate from tuberculosis began to decline at the start of the
20™ century and this has been credited to an improvement in living conditions, better
healthcare service and also to an increase in the segregation of people, which in turn leads
to a decrease in exposure to the disease.” Medical developments during the 1940s, in
developed countries, helped to further combat TB, with the production and use of
streptomycin being an important l'Jl‘eakthrough.8 However, despite these medical advances,
the number of people infected with TB began to rise again during the latter part of the
20" century (from approximately 1980) even among developed countries such as the
United States of America and China.” This new increase in the annual incidence rate of
tuberculosis is attributable to a decline in living conditions, but is mostly due to the

spreading of Human Immunodeficiency Virus (HIV) in Africa.'®!!"!?

Figure 1.1.1 shows the estimated number of new cases of TB per 100,000 population in
2010, while Figure 1.1.2 shows the estimated number of TB patients co-infected with HIV.
It can be seen from these Figures that TB is widespread, especially throughout the
continents of Africa and Asia. It can also be observed that the regions with the highest
incidence rate of new cases of TB, such as South Africa, tend to also be the regions with
the highest rate of co-infection with HIV, hence co-infection with both of these diseases is

a major problem in these areas.
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TB and HIV work in conjunction with each other and form a lethal combination, each
increasing the progression rate of the other disease. It has been stated by the World Health
Organisation (WHO) that HIV is the most influential cause of increasing the risk of
developing active TB, with a person suffering from HIV ten times as likely to develop
active TB as a person who is not HIV infected.® It has been established that a person
suffering from HIV while also being co-infected with M. tuberculosis is about 20-40 times
more likely to die from TB than a person who is infected with M. tuberculosis but is

14,15,16

HIV-negative. This leads to a need for a rapid and accurate method to detect TB, that

works with HIV infection, which would be available at a low cost and could be used in

developing counties, such as in Africa where HIV and TB are a large problem.'®

In addition to an increase in the number of people infected with TB since 1980, there has
also been a large increase in the number of drug-resistant tuberculosis cases. This drug
resistance occurs as a result of the improper use of antibiotics in the chemotherapy of drug-
susceptible TB, which includes improper administration of the antibiotics, or due to the

patient failing to complete the whole course of treatment.'”

As a result of the above factors, tuberculosis remains an immense global problem. From a
recent WHO report on Global Tuberculosis Control, it is estimated that in 2010 alone there
were 8.8 million new cases of TB, with an estimated 1.45 million deaths.'® Although these
figures continue the trend of a decrease in the incidence rate of TB per year, which has
been declining since 2006,'® it still remains a major problem and an estimated budget of
approximately $4.4 billion (54 billion of which is used for diagnosis and treatment) was
funded to attempt to address and control the TB problem in 2012, which is an increase

from the budget of $3.5 billion for 2006. %16



1.2 Mycobacterium tuberculosis

TB is mainly caused in humans by M. tuberculosis which can be seen in Figure 1.2.1

below.!

Figure 1.2.1 Scanning Electron Micrograph of M. tuberculosis. '8 Reprinted by permission.

M. tuberculosis is classified as an ‘acid-fast’ gram positive bacterium. It is gram positive
due to the lack of an outer cell membrane, and is ‘acid-fast’ because it does not retain
methyl violet stain well.'® The bacterium does however stain bright red in Ziehl-Neelsen
stain, which is a test for acid-fast bacteria.'’ Since its complete genome sequence was
solved in 1998, much more is now known and understood about the bacterium.?
M. tuberculosis has a complex envelope around its outside, which is of unusually low
permeability to hydrophilic molecules, and which contributes to its resistance to host
defence mechanisms.?"*? Because of these unusual characteristics, knowledge of the cell

envelope is crucial. A simplified representation of the cell envelope of M. tuberculosis can

be seen in Figure 1.2.2.

8-10 nm

4 nim

Figure 1.2.2 A simplified representation of the cell envelope of M. tuberculosis.”’ Reprinted by permission
from Macmillan Publishers Ltd: Nature Reviews Microbiology, copyright 2007,



The cell envelope is made up of three structural components, the plasma (or inner)
membrane, the cell wall and the ‘capsule’, which mainly contains proteins and
polysaccharides as well as a smaller amount of lipids which are not present in most other
types of bacteria.”** In these mycobacteria, it has been discovered that the cell wall is
made up of three different types of macromolecules: peptidoglycan, arabinogalatan and
mycolic acids, all of which are covalently connected as shown in Figure 12228
Mycolic acids are the main constituents of the cell wall, but in addition to this, there are
also a large number of other lipids present, which make up to 40% of the dry weight of the
cell envelope. A lot of research has been carried out on these lipids, in particular to try and
determine their structure, biosynthesis and to understand the capability of the mycobacteria
to cause disease.”**”*® One of the most interesting and potentially useful glycolipids found

in M. tuberculosis is ‘cord factor’, also known as trehalose dimycolate (TDM), which is a

trehalose which has been esterified at both primary alcohol positions with mycolic acids.

1.3 Mycolic Acids

Mycolic acids are long chain a-alkyl, B-hydroxylated fatty acids, and were first isolated
from M. tuberculosis by Anderson et al. in 1938.2 At that time, Anderson defined the
‘mycolic acid’ as the “ether-soluble, unsaponifable, hydroxy acids of the human tubercle
bacillus”.**" Advances in analytic techniques have shown that what was once considered
to be ‘mycolic acid’, a single component of M. tuberculosis, actually consists of a family
of over 500 different mycolic acids, which have closely related chemical structures.”
Mycolic acids are now known to be characteristic of all mycobacteria; however, the
mycolic acids present in the cell envelope of different mycobacteria vary in both the

number of carbon atoms and also the functional groups present in the molecules.*® Figure

1.3.1 below shows the general structure of a mycolic acid:

Meromycolate Moiety Mycolic Motif

If I
OH o

[X] [Y]

1

d

Figure 1.3.1 General Structure of Mycolic Acids.
There are two main moieties in each mycolic acid: the main branch, which is called the

meromycolate moiety, and the mycolic motif. In the meromycolate moiety, the position
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labelled [X] is called the distal position and for mycolic acids from M. tuberculosis, can
contain double bonds, cyclopropane rings, methoxy or carbonyl functional groups, while
the position labelled [Y] is called the proximal position and can be either a double bond or

a cyclopropane 1'ing.3 it

Due to the possible variations in the functional groups that can be present in mycolic acids,
Watanabe et al. proposed a broad classification method.” This method splits the mycolic
acids into three types: Type 1, Type 2 and Type 3. Type 1 mycolic acids have a
cyclopropane ring in the proximal position (which can be either cis or trans); Type 2
mycolic acids have a trans double bond in the proximal position, while a Type 3 mycolic
acid has a cis double bond in the proximal position.”® These three different types can be

seen in Figure 1.3.2 below.

Figure 1.3.2. (top) Type 1 Mycolic Acid (cis version is shown); (middle) Type 2 Mycolic Acid and (bottom)
Type 3 Mycolic Acid.

Although the cyclopropyl groups and the double bonds can be in either the cis or trans
configuration, it has been discovered that whenever they are in the trans configuration,
they always contain a methyl group on the adjacent distal carbon. When they are in a cis
configuration this is not the case, with no methyl group being seen on the adjacent carbon

31,32

atom.” " (See Figure 1.3.3 - Figure 1.3.7 on the following page for examples.)

The identification of different mycolic acids has been possible recently due to advances in

analytic techniques. Techniques such as 2D-TLC, HPLC, GC-MS and LC-MS have been



widely used to determine the structures of some of the mycolic acids present in

. 36,37,38,39,40,41
M. tuberculosis.

It has been discovered that three main types are present in the
bacterium: (i) cyclopropyl mycolic acids, which are called o, and contain two
cyclopropane rings (usually in the cis configuration) (Figure 1.3.3), (ii) keto-mycolic acids

(Figure 1.3.4 and Figure 1.3.5), and, (iii) methoxy-mycolic acids (Figure 1.3.6 and Figure
.3.7). 2434445

0

Figure 1.3.7 Methoxy-mycolic acid with a cyclopropane ring in the trans-configuration.



There are also other minor types of mycolic acids present in M. fuberculosis, such as keto,
methoxy or a-mycolic acids, which have a double bond instead of a cyclopropyl ring in the
proximal position.46 It has been established however that a-mycolic acids are the most
common type in M. tuberculosis.’ Even though the formation of a cyclopropane ring in
the proximal position seems to be energetically unfavourable, it does occur readily in slow
growing mycobacteria such as M. tuberculosis.*® This is believed to occur because the
cyclopropyl mycolic acids are much less susceptible to oxidative environments, and much
less likely to undergo oxidation than their double bond counterparts.*® 1t is also proposed
that these cyclopropyl mycolic acids significantly contribute to the structural integrity of
the cell wall complex in M. tuberculosis. This theory was proposed by Hasegawa ef al.,
and they also proposed that the mycolic acids can exist in either a folded or an unfolded

state, depending on the external pressure.49

Mycolic acids also have various other roles in mycobacteria. For example, they are the
reason that M. tuberculosis and other mycobacteria have such a low permeability to
hydrophilic molecules.”'** It has been discovered, however, that changing the functional
groups in the mycolic acids, and also changing the chain lengths changes the
permeability.”"** Mycolic acids are also crucial for the virulence of mycobacteria.’"
Furthermore, the mycolic acids permit mycobacteria, such as M. tuberculosis, to grow

inside macrophages, preventing them being ‘attacked’ by the host’s immune system.”

A single enantiomer of an a-mycolic acid from M. tuberculosis was first synthesised by
Al Dulayymi ef al. in 2003.>* Since then, the same group have successfully synthesised

. Y ; 5
single enantiomers of various other a-,”> methoxy*® and keto®

mycolic acids, including
an example of a series of three stereoisomers of the major methoxy mycolic acid present in
M. tuberculosis.”” In addition to the synthesis of mycolic acids commonly found in
M. tuberculosis, the first epoxy-mycolic acid, commonly found in Mycobacterium

Sfortuitum, was also successfully synthesised.®

Synthesis of these compounds has for the first time allowed their biological activity to be
studied. Work has been done to try and treat diseases such as asthma, where mycolic acids
have been found to block immune responses which cause the symptoms of disease.”' The
synthesis of a large range of these mycolic acids has allowed study of single analogues,
some of which have shown the ability to block the immune response which causes the

symptoms of asthma.®*



Myecolic acids are also known to be antigenic to anti-TB antibodies, %

therefore the
synthesis of individual mycolic acids will allow the antigenic properties of each

individually synthesised mycolic acid, and any combination thereof, to be investigated.

1.4 Cord Factors

Cord factor, also known as trehalose dimycolate (TDM), is a trehalose which is esterified
at both primary alcohol positions with mycolic acids.® Figure 1.4.1 below shows an

example of a cord factor.

Mycolic Acid Trehalose
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Figure 1.4.1 Cord Factor.

Cord factors were studied as early as 1884, when Robert Koch noticed that certain strains
of tubercle bacilli formed long strands or ‘cords’.*® However, real interest in cord factors
began after Middlebrook et al. discovered that the formation of ‘serpentine cords’ was
characteristic of virulent strains of tubercle bacilli®” *Cord factor’ got its name in 1950
from H. Bloch, who isolated the glycolipid from the ‘sticky’ substance on the surface of
tubercle bacilli cells.®® The first time cord factor was purified was by Noll ef al. in 1956,
who proposed it to be a 6,6’-dimycolate of a,0-D-trehalose.” At that time, the structure of
mycolic acids in mycobacteria was not known, thus the structure by Noll et al. only
contained an approximate structure for cord factor.”® Further work on the structure of
mycolic acids in mycobacteria, in particular by Kato and Asselineau led to the

confirmation of the structure of cord factor.”"

After the discovery of cord factor, its toxic properties were the main reason for its study. It

was first reported in the 1960s that cord factor causes a stimulation in the activity of
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nicotinamide adenine dinuclease (NAD+), which is similar to the effect that tuberculosis
causes.”>>™ Interest in cord factors further intensified after the discovery by Bekierkunst
that by injecting 10 to 20 pg of cord factor directly into the blood of mice, granulomas
were formed in their lungs, which led to local immunity for the mice against airborne

infection by M. tuberculosis.”

This glycolipid also possesses numerous other desirable biological functions which are
being investigated, and could be of extreme importance, such as being anti-tumour.”®"’
Cord factor is also a powerful adjuvant, which enhances the immune system of the host to
generic antigens.”®”” However, possibly the most important reason for current research
into cord factors and mycolic acids is as possible antigens. This is because antibody
responses to mycolic acids and cord factors are conserved in patients who have been tested
HIV-positive.”® This is in contrast to antibodies to proteins, which are depleted in
HIV/AIDS co-infected patients.*’ This is an important attribute as some of the methods
currently being used to detect TB or latent TB, such as the Tuberculin Skin Test (see

section 1.5.3), are ineffective when the patient is co-infected with HIV.

As well as mycolic acids, Al Dulayymi et al. also reported the first synthetic cord factor in
2009, with the method used by the group being modifiable to produce cord factor or
trehalose monomycolates (TMM) from any mycolic acid synthesised.®’ As with mycolic
acids, the synthesis of single isomers of TDM and TMM compounds allows the antigenic

properties of each of these, and any combination thereof, to be investigated.

1.5 Detection of Tuberculosis
Currently, there are five main methods approved by the WHO for detecting active TB or

82,83

latent TB; namely bacterial culture; smear microscopy;83 skin test;84 interferon-y

release assay;"" and nucleic acid amplification test,®

1.5.1 Bacterial Culture

Bacterial culture is considered the ‘gold standard’ for detecting active TB and is the only
method that can definitively diagnose a patient as being TB positive.86 This method
involves growing M. tuberculosis cultures from sputum on media. Traditionally, diagnosis
was done using Lowenstein-Jensen media or Middlebrook media for culturing
M. tuberculosis; however development in the area has led to quicker culture growth using
BACTEC medium, without losing accuracy of results. Even though this method can

identify whether a patient is infected with TB, it can take 3-8 weeks for the cultures to

11



82,87
grow.””

There are three main reasons why cultivating the mycobacteria should be
undertaken. Firstly, this method is much more sensitive than smear microscopy and has a
limit of detection of approximately 10 bacilli/ml of sample.88 Culturing the mycobacteria
allows testing for drug susceptibilit),f,83 and growth of the mycobacteria is required for

specific species classification.”

Even though bacterial culture is considered the ‘gold standard’ for detection of active TB,

189 of approximately 98 %, it is reported to only have a sensitivity"® of

and has a specificity
80-85 %.°"°! In real terms, this means that in 15-20% of the cases where a person does

have active TB, this test diagnoses them as TB negative.

1.5.2 Sputum Smear Microscopy

Sputum smear microscopy is a rapid and inexpensive test for the detection of acid-fast
bacteria (AFB) and is considered the most vital method for diagnosing pulmonary TB in
low-income and middle-income countries.”*” Commonly, samples are stained with
Ziehl-Neelsen stain and the amount of AFB present in the sample is quantified, however,
in higher income regions aruamine-rhodamine staining is more common as it increases
sensitivity.” The staining process itself can be performed in less than 1 hour, leading to

3 One of the main

results being available much quicker than for bacterial culture.!
drawbacks of this method is that it detects all AFBs and not specifically M. tuberculosis, so
a positive result indicates the occurrence of mycobacteria in the sample, but not necessarily
M. tuberculosis.*® Another disadvantage of this method is that for extra-pulmonary
tuberculosis, samples need to be collected from different areas of the body, such as
obtaining cerebrospinal fluid (CSF); however the sensitivity of this test, for this type of

TB, can vary between 10 % and 90 %.%*

Although sputum smear microscopy is a much quicker method than bacterial culture,
another drawback is that its limit of detection is between 5,000 and 10,000 bacilli/ml of
sample, compared to approximately 10 bacilli/ml for bacterial culture.”? Reports claim a

high specificity of 91 — 100 % but sensitivities ranging from 50 — 80 %5393

In select settings, however, higher and lower sensitivity values have been reported. In
setting, such as where the prevalence of TB is low, but that of chronic coughing is high,

values of as low as 22 % have been reported.”” However, in select settings, such as when

! Sensitivity is the proportion of people/samples who have the disease who test positive for it, while
specificity is the proportion of people/samples who do not have the disease who test negative for it.
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each smear sample analysed were from patients who were culture positive and were
confirmed to have pulmonary TB, sensitivities of greater than 80 % have been stated.” It

has also been reported than HIV co-infection reduces the sensitivity of this test.””"®

1.5.3 The Tuberculin Skin Test

There are currently two types of Tuberculin Skin Test (TST) that are used for the detection
of M. tuberculosis infection, the Mantoux test and the Heaf test. The Mantoux test is the
most widely used, especially after the Heaf test was discontinued in countries such as the
UK in 2005.%%  This method involves the injection of tuberculin purified protein
derivative (tuberculin PPD), isolated by protein purification from tubercle bacilli, into the

patient’s skin and reading the ‘lesion’ in 2 to 3 days.*

Unlike bacterial culture, this method is used to detect latent TB (which is defined as a
condition where a person is infected with Mycobacterium tuberculosis, but do not show

any TB symptoms 100

); however it cannot distinguish between latent tuberculosis infection
and active tuberculosis disease.'”’ A major drawback of this method is that it can give both
false positive and false negative results. False positive results can be obtained for patients
who are infected with mycobacteria other than M. tuberculosis, patients who have been
vaccinated with the Bacillus Calmette-Guérin (BCG) vaccination and also from repeat
testing with this method, while false negative results can be obtained for patients with

compromised immune systems, such as those infected with HIV,5!102:103,104.105,106

Another drawback of this method is that the results largely depend on the interpretation by
the person observing the lesion, due to it relying on the lesion size. This can lead to
discrepancies from person to person measuring, which can lead to misdiagnosis of the
patient.loz’loa These combined effects lead to reported sensitivities of between 57 % and
100 %,""7'% with specificities of 93 — 100 % in non-BCG vaccinated countries,'®'% but

specificities ranging from 35 — 79 % in BCG vaccinated countries.''*'"!

These sensitivity
and specificity values are approximate and carry an error due to there being no ‘gold
standard’ for the detection of latent tuberculosis.'”’ As opposed to active tuberculosis,
where bacterial culture is used as the gold standard, and positive and negative samples are
compared against the results of this assay, there is no ‘reference assay’ for detecting latent
TB, therefore no assay to which the results can be compared to determine sensitivity and

1

specificity acc:ur(cltei:l).f.10 This leads to sensitivity and specificity values generally being

quoted as a range, with a set confidence interval.'”!
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1.5.4 Interferon-y Release Assays

Interferon-y release assays (IGRAs) are a relatively new method used for the detection of
M. tuberculosis infection, however they are quickly becoming more popular, with the
QuantiFERON-TB Gold and T-SPOT.TB test kits both being commercially available.'"’
This method works based on the fact that interferon-y will be secreted from white blood
cells in response to them coming into contact with TB antigens, ESAT-6 and CFP-10, if
the patient is infected with M. tuberculosis. The interferon-y can then be quantified by
ELISPOT or ELISA.!"*!"3 Ags with the tuberculin skin test, IGRAs detect both latent and

active TB and cannot distinguish the two.'""'"?

Although this method has some advantages over the tuberculin skin tests, it also has some
drawbacks. The main benefits are that results can be obtained within 24 hours; no false
positive results occur if the patient has been previously vaccinated with the BCG
vaccination, and the method does not depend on the reader’s interpretation, which can lead

to variability with the skin test method.**!'*!13

The disadvantages of this method are, firstly, serum samples must be properly stored and
processed within 12 hours of collection, or the accuracy of the test diminishes. Another
drawback is that although the method is reported to be able to detect latent and active
TB,'""" there is some uncertainty as to the performance of the test in detecting active TB,
as it has also been reported that it is not yet certain if it can detect TB once it has become
active, as it is reported that active TB is known to suppress y-interferon response.'”> Also,
there is only a limited amount of clinical and laboratory experience with this assay, which
leads to the method not being recommended for children under the age of eighteen or
pregnant women due to the lack of information and insufficient data. Further studies are

required in order to determine whether it can be recommended for these people. 34113

The QuantiFERON-TB Gold assay has reported sensitivities of 55 — 93 %,'"!'"® and
specificities of 89 — 100 %,'"" while the T-SPOT.TB assay has reported sensitivities of
80 — 100 %,"'®!"" and specificities of 85 — 100 %.'°'"" As with the tuberculin skin test,
these values for sensitivity and specificity are only approximate and do contain errors, due

to there being no “gold standard’ for the detection of latent tuberculosis.'""

One key drawback for this method, as well as the TST, is that approximately 2 billion
people are infected with latent TB.'® It is therefore impractical to treat all of the patients

who appear positive by these tests for TB.
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1.5.5 Nucleic Acid Amplification Test

Nucleic acid amplification tests (NAATS) are a rapid test for pulmonary tuberculosis, with
one of the most common tests being the Amplified Mycobacterium tuberculosis Direct
Test (MTD)." Briefly, NAATs work by releasing nucleic acids from mycobacteria through
sonication before heat denaturing is carried out to disturb the ribosomal RNA’s (in the case
of MTD) secondary structure. The ribosomal RNA is then amplified and a single-stranded
DNA sequence, modified to contain a chemiluminescence marker, is added which
selectively binds to M. tuberculosis complex-specific sequences.120 One of the main
advantages of this method is that the assay can be run in approximately 2.5 to 3.5 hours
once the process has commenced, which is comparable in time to sputum smear
microscopy.m’lz] Another advantage of NAATs compared to sputum smear microscopy is
that they have a detection limit of less than 100 bacilli/ml of sample which equates to
1 — 10 bacilli per reaction.'” However, these low limits of detection require that great care

must be taken in order to minimise contamination.'**

This method does however also have some drawbacks. Firstly, it detects the presence of
Mycobacterium tuberculosis complex, but cannot distinguish between the different
mycobacteria and it is stated that bacterial culture must be performed alongside the MTD
test.'””® There is also limited knowledge available about this assay when samples other than
sputum are used; therefore samples containing blood may cause false-positive readings.'*’
Another drawback is that the precision of the assay is much worse for sputum
smear-negative patients compared to sputum smear-positive patients.124 NAATs have
consistently been reported with high specificities of greater than 95 %,'” however the
sensitivity of the test has been reported to vary between 63 — 99 %, 3125126127 with the
value of 63 % being reported for smear-negative patients and 99 % for smear positive

pa‘rients.85
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1.5.6 ELISA
Enzyme Linked Immunosorbent Assay (ELISA) is a system to detect the presence of

antibodies in a sample, and has been used in order to try and detect TB antibodies.**'**

Briefly, an ELISA assay to detect antibodies is carried out as follows:

1. A known amount of antigen is coated onto the surface of an ELISA plate.
Any free non-specific binding sites are blocked.

The sample containing the primary antibody is added to the plate.

i B

Any excess antibodies are washed away in a washing step, leaving only the

antibodies that have bound to the antigen on the plate.

5. A secondary antibody, labelled with an enzyme, is added to the well, and binds to
the primary antibody.

6. Any excess unbound secondary antibody is washed away from the plate in another
washing step.

7. A chemical is added which is converted by the enzyme on the secondary antibody
into a detectable form.

8. The signal (absorbance or fluorescence etc.) is measured after a given time, and the

magnitude of the signal is used to infer the relative amount of antibodies in the

sample. 123.130

The ELISA assay can selectively measure the levels of specific antibodies by varying the
antigens and secondary antibody used. It can be used for the detection of IgA,"' IgD,'?
IgE,"*? 1gG"* and IgM'** antibodies.

Commercial Use

The ELISA method is currently commercially used in order to detect diseases such as
Lyme disease.*® Although not recommended by the WHO for the detection of TB,"” a
recent report has stated that in India, which is the country with the largest burden of TB,
with approximately 2 — 2.5 million cases of TB in 2010,'® around 1.5 million ELISA assays
are carried out each year to diagnose the disease.'*® This leads to an estimated spending of
approximately US $15 million each year in India on these tests alone.*® As well as being
used in India, these tests are also extensively used in many countries, including China,

Indonesia, Pakistan and Uganda.'*
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There are many kits available, such as Qualisa TB IgG which claims a sensitivity of 100 %
and a specificity of 99.2 %,'*” and Serocheck-MTB which claims sensitivity and specificity
values of 100 %."*' Indeed most of these tests report sensitivity and specificity values of
greater than 95 % on their packages without any published data to support those claims."’
It has however been estimated in a recent study that the true values for the ELISA tests
being used in the countries mentioned above are 59 % for sensitivity and 87 % for

specificity. Vo

These values for sensitivity and specificity lead to a danger of misdiagnosis of TB, which
is detrimental to both the patients and to the general public, with each failure to diagnose a

13 The routine use of these

patient with TB resulting in added spreading of the disease.
tests in the mentioned countries also inhibits validated tests from being introduced and

being routinely used.'

Along with other investigations into serological tests available for the detection of TB,

these findings led to the WHO releasing a statement declaring:

“Commercial serological tests provide inconsistent and imprecise findings resulting in
highly variable values for sensitivity and specificity. There is no evidence that existing
commercial serological assays improve patient-important outcomes, and high proportions
of false-positive and false-negative results adversely impact patient safety. Overall data
quality was graded as very low and it is strongly recommended that these tests not be used

for the diagnosis of pulmonary and extra-pulmonary TB.”"*’

Even though this statement was made by the WHO, they acknowledge the fact that a point-
of-care serological test would be extremely valuable for the rapid detection of TB, in
particular where access to on-site laboratories is not available. 137 1t has also been reported
in a recent review that significant research into TB biomarkers is urgently required in order
to produce accurate, portable and consistent serological tests to replace the unsuccessful

and inconsistent assays that are currently used."*’

Research using Lipid Antigens for the Detection of Anti-TB Antibodies

Research has been undertaken by Schleicher et al., using ELISA to try and detect anti-
mycolic acid antibodies from M. tuberculosis in serum samples from patients infected with
TB and HIV, and from patients infected with TB alone.”® This group used natural mycolic

acids, isolated from M. tuberculosis, as antigens for their assay and they discovered that
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the antibody levels were significantly higher for TB positive sera than for TB negative sera
and that antibody levels remained largely unchanged between HIV-positive and
HIV-negative samples, suggesting that antibody responses to mycolic acids are also
conserved in patients who have been tested HIV-positive.63 In spite of the fact that a
higher signal was observed for TB positive sera than for TB negative sera, a large number
of false positive and false negative responses were observed with a sensitivity of 51 % and

specificity of 63 % being quoted for the assay.f’3

Continuation of this work was done by Beukes et al., where they compared the antibody
responses to natural mycolic acid extracted from M. tuberculosis with synthetic mycolic
acids produced by Al Dulayymi et al., as well as investigating their corresponding methyl

esters. 5

It has been discovered that antibody recognition is much higher for free mycolic
acids than their corresponding methyl esters suggesting that the carboxylic acid section of
the mycolic acids either has a large contribution to the binding of the mycolic acids to the
antibodies, or that they stabilise a particular antigen conformation."”* It was also
discovered that oxygenated mycolic acids are more antigenic than a- mycolic acids but
none of the synthetically produced mycolic acids could notably and reproducibly
distinguish TB positive sera from TB negative sera.'*? However, the authors believe that
methoxy mycolic acids in particular, could be used to improve the sensitivity of a

142

serological test for the diagnosis of TB when detecting anti-lipid antibodies. ™ There are

no quoted values for sensitivity and specificity for this research because pooled sera was

used.'#?

In addition to the research done on free mycolic acids as antigens, Pan et al. have

undertaken similar investigations with cord factor.*’

Here, the antigenic properties of
natural cord factor, isolated from M. tuberculosis and M. avium as well as separated
sub-classes of cord factor, were analysed. Firstly, it was discovered that cord factor
isolated from M. tuberculosis detected many more antibodies at the end of the ELISA
assays than cord factor isolated from M. avium.*” This suggests that it may be possible to
detect antibodies to specific mycobacterial diseases by varying the cord factor used for
their detection. It was also discovered that the sub-class of mycolic acid present in the
cord factor is recognised by the antibodies, with the largest amount of binding occurring to
cord factors containing methoxy mycolic acids whereas binding to cord factors containing

a- and keto mycolic acids was found to be relatively low.*” For this study, sera were not

pooled; however sensitivity and specificity values for the ELISA assays with various cord
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factors as antigens were not quoted, with only the average optical density value for positive

and negative sera quoted.*’

1.5.7 Other Methods

In addition to the methods mentioned above, there are some other methods for detecting
TB that have been developed, but are not being currently widely used. Three of note are
the IAsys (interaction assay system) affinity biosensor developed by Thanyani et al.,** the
optoelectronic biosensor developed by Sliva e al.,'* and an impedance based sensor

developed by Ozoemena et al.'*

The IAsys Biosensor

An IAsys is a method for looking at the real time interactions between molecules on the
surface of a cuvette, by means of an optical reading. A change in refractive index is
measured, which is directly related to the change in mass on the surface.'*>'**'%7 The
method developed by Thanyani et al. works by preparing liposomes containing mycolic
acids, then immobilising them on the surface of a cuvette before adding the serum sample

under investigation. The refractive index is then measured at different intervals, and the

amount of binding is inferred from the change in the measurement.®*

The main advantage of this method is that real time data is available which directly relates
to the amount of antibodies binding to antigens. This method however does have some
drawbacks. Firstly, there is no information on the type of molecule binding to the mycolic
acid containing liposomes, although the group has inferred from protein-A based affinity
chromatography that IgG antibodies do bind and have an effect on the refractive index.
From the results published, a total of 61 serum samples were analysed from patients who
were infected with TB alone, HIV alone, co-infected with both or were uninfected, and
16 false positive and 4 false negative results were obtained, giving sensitivity and
specificity values of 87 % and 48 % respectively. It must also be noted that the method
requires multiple washing steps which becomes time consuming and limits the number of

samples that can be analysed in a day.®*

An Optoelectronic Biosensor

The second method is the optoelectronic biosensor developed by Sliva et al.'* 1In brief,
oligonucleotides modified to contain a terminal thiol group are mixed with gold
nanoparticles, and binding occurs between them through a gold-sulfur (Au-S) bond. The

resulting coated gold nanoparticles are then mixed with the DNA sample under
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investigation (which has been amplified by PCR), denatured by heat then re-cooled before
MgCl, is added. Measurements are taken 15 minutes after addition of the MgCl,. The
sample acts like a ‘colour filter’, and red (523 nm) and green (628 nm) light is passed
through the sample solution. The ratio of transmittance between that for the red and green

light is then taken, and normalised to give a final responsitivity reading,'*

This method has shown promise in distinguishing between positive and negative samples,
however it is still in its early stages and only a small number of samples have been
analysed so far. The device produced is also reported to be cost effective and is portable,
which is very important if the method for TB diagnosis is to be used in remote areas. The
major drawback of this method is that DNA samples, which need to be amplified by PCR,
are used for the diagnosis. This increases the amount of time required for a successful
diagnosis and also the amount of equipment needed in order to be able to make the
diagnosis. The fact that a PCR amplification step is required prevents this method from
being completely portable, even though the unit for analysis itself is, and therefore doesn’t

answer the problem of being able to give a ‘point of care’ diagnosis.'®?

An Impedance Based Sensor

The final method discussed in this section is the impedance based biosensor developed by
Ozoemena et al.'* This method involves binding mycolic acids to a gold electrode, via a
linker compound, and measuring the difference in impedance when analysing TB positive

and TB negative serum samples.

Using this method, a distinction was reported between one TB positive and one TB
negative serum sample, and it was also reported that this difference in signal was much
greater when using the impedance based method, as compared to when the same samples
were analysed by ELISA.'* The authors also comment that the impedance based sensor
can detect serum samples of low concentrations, i.e. at a dilution of 1 in 2,000, and

comment that this method could be developed into a very sensitive sensor for the detection

of active TB.!*

Further work has been carried out by the group to further characterise the gold electrode
surface and look at the structure of the mycolic acid layer formed on these electrodes,*®

however to date, no further analysis of serum samples by this method have been reported.
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1.5.8 Summary of Tests Available for TB Detection
The following table gives a summary of the tests currently commercially available for the

diagnosis of TB.

Table 1.5.1 Summary of the current test being used for the detection of TB.

e Congsidered the ‘gold standard’ for detecting TB®
Bacterial e 3-8 weeks are required for a result*>*
C . . 80-85 98
Culture e  Can distinguish drug resistant strains from non-drug
resistant strains’
e Quick screening method for mycobacterial disease” "
e Results available much quicker than for bacterial
Spu_tum Smear culture with the ls;‘taining process being performed in 50-80 91-100
Microscopy less than 1 hour
e Cannot distinguish tuberculosis from other
mycobacterial diseases®
e Detects both latent and active TB and cannot
distinguish them'”"
Tobe el ® Results ar.e. obtained in 12 to 3 daysf‘3 ' . 35.79% 1
¢ False positive samples include patient vaccinated with 57-100* m
Skin Test . 82102,103,104,105,106 93-100*
the BCG vaccination
e  False negative samples include patients co-infected
with HTVS2102.103,104,105,106
e Detects both latent and active TB and cannot
distinguish them'*"'4 G111
Inerfron - | 1 (e samplon due t0 BCG Boe s | BEFS
Release Assay L Ra 80-100%* 85-100%*
vaccination
e Limited amount of clinical and laboratory experience
with the assaym‘] M8
» Detects the presence of Mycobacterium tuberculosis
e complex, butlguannot distinguish the individual
; 7 mycobacteria
Amp};ﬁcftmn e Results obtained in 2.5 to 3.5 hours'**'?! % 6327
= e Low limits of detection'”
e Limited data when not using sputum120
e Detects antibodies produced against
ELISA M. tuberculosis®™'** 5Ok o
e  WHO has strongly recommended that these assays are
not to be used "’

* Estimated sensitivity or specificity for either active or latent TB.
** Estimated true sensitivity or specificity for the ELISA assays that are currently commercially available in
countries such as India, China, Indonesia, Pakistan and Uganda.

All of these techniques are used in conjunction with monitoring the patient’s clinical

symptoms in order to fully diagnose the patient. Although there are a number of methods

TBCG vaccinated countries.

' Non-BCG vaccinated countries.
v QuantiFERON-TB Gold

V' T-SPOT.TB
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available for the detection of TB, it can be seen from the above summary that there is a
need for a fast, efficient and cost effective sensor for the detection of TB, which can be

easily operated and is fully portable, for use in developing countries such as in Africa.
1.6 The Use of Coated Gold Nanoparticles as a Potential Sensor

1.6.1 The Gold-Sulfur (Au-S) Bond

The formation of gold-sulfur (Au-S) bonds has been known for a number of years, with the
first self-assembled monolayer (SAM) on a gold surface being reported by Nuzzo et al. in
1983, where monolayers of dialkyl disulfides were produced on a gold surface.'?’
However, in spite of much research, the nature of this bond is still largely unknown, in
both 2D (planar gold) and 3D (gold nanoparticle) systems, and is still a topic of interest for

researchers. '’

Several groups have studied the gold - alkane thiol bond, mainly using X-ray photoelectron
spectroscopy (XPS), however, the results obtained were mostly
inconclusive, !>+13%133.154.155,156,157 Early work concluded that the sulfur bound in the form
of a thiolate,!>!158:!1% However, more recently, studies have analysed the oxidation state of
the gold, and their results suggest otherwise."® Research was done by Bourg et al., where
the binding energy for the Au 4f and S 2p electrons were measured by XPS for planar gold
SAMs, gold nanoparticle SAMs, and for monolayers formed on Au (I) complexes. The
results suggest that for both the 2D and 3D SAMs, the gold only exhibits one oxidation
state, which is the Au (0) state, which corresponds to a peak at 83.9 eV, and in addition,
there are no peaks reported which correspond to Au (I). For the sulfur, the binding energy
for the S 2p3p was 1.6 - 2.2 €V less than the theoretical value for elemental sulfur (Sg)
which may suggest that the sulfur carries a charge of approximately -0.2 ¢.!*® 1t is also
recognized that the Au—S bonds are virtually the same for SAMs on both planar gold and

on colloidal gold.'’

It has also been discovered that the Au-S bonding tends to be the same regardless of
whether the starting material is a thiol or disulfide with both producing the same species on

the gold surface.'”’

A point of contention has been whether or not the carbon-sulfur (C-S) bond cleaves upon
an organothiol binding to gold, with early work suggesting that a cleavage of this bond did

occur."”® This however has been disproved with the immobilisation of biological
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molecules, particularly oligonucleotides modified with thiol groups, onto gold plates and

63,164,165 v 3 . .
160,161,162,163,164165  However it is not only oligonucleotides that have

gold nanoparticles.
been bound to gold by Au-S bonds, simple thiols," disulfides'®® and thioethers'®” have

also been successfully bound.

An important fact to note is that loss of bioactivity often transpires when biological
molecules are adsorbed straight onto a naked bulk metal surface due to denaturation, but
adsorption onto a nanoparticle surface generally preserves bioactivity due to the

biocompatibility of nanoparticles. '

Finally, it has been discovered that the formation of SAMs on larger nanoparticles are

8

more ordered than for smaller nanoparticles,”>® which could be important when attempting

to develop a sensor that provides consistent results.

The synthesis of Thiol Modified Mycolic Acids
In order to bind mycolic acids to gold surfaces via an Au-S bond, work was undertaken in
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both Bangor and Pretoria on the synthesis of thiol modified mycolic acids.
different approaches were taken to incorporate a thiol functional group into the mycolic
acid molecules: the first approach involved modification of the alkyl chain to contain a

thiol group; while the second approach involved modification of the acid functional

group.'®

In brief, the synthesis of the a-chain moiety of the mycolic acid was modified to contain a

thiol group as follows:
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Scheme 1.6.1 Synthesis of thiol modified mycolic acids with a thiol group on the a-chain (18).

Firstly, aldehyde (11) was coupled with a sulfone containing ester functionality to produce
the alkene (12), which was then hydrogenated to form compound 13. This introduced the
correct chain length to the a-chain, while also containing an ethyl ester functional group
that could be selectively modified. This ester was then selectively reduced to the
corresponding alcohol (14) which was then activated by conversion into a tosylate (15).
This tosylate was then treated with potassium thioacetate to produce the thioacetate (16),
which was then hydrolysed to give the disulfide (17). This disulfide could then be treated

with dithiothreitol to cleave the disulfide bond and yield the thiol modified mycolic acid
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The second approach, to modify the acid group of the mycolic acids, were carried out as

follows:

0
0 0 o}

R OH R o R ﬁ/\/
19 20 0 21

Scheme 1.6.2 Synthesis of thiol modified mycolic acids with a thiol group on the acid group (21).

Using this approach, the mycolic acids (19) were firstly activated by reaction with
N-hydroxysuccinimide to give the ester (20). This ester was then reacted with
2-mercaptoethylamine hydrochloride to yield the mycolic acid containing a thiolated linker

on the acid group.'®’

Both of these approaches were successful in forming thiol modified mycolic acids,
therefore making binding mycolic acids directly to gold surfaces, via an Au-S bond,

possible.

1.6.2 Gold Nanoparticles

Gold nanoparticles, which are also referred to as colloidal gold, are thought to have been
around since about the 5" century B.C., where they were mainly used to give glass and
ceramics a ruby colour.'”’ Colloidal gold, or ‘soluble or drinkable gold’ as it was referred
to, was known during the Middle Ages and was used to cure diseases, such as epilepsy as
well as being a diagnostic tool for syphilis.'” The first known synthesis of colloidal gold
was performed by Faraday in 1857, where chlorate anions (AuCly) were reduced by

phosphorus, using carbon disulfide as a solvent.'”!

Interest in colloidal gold intensified towards the middle of the 20" century, during which
time various different methods for its synthesis were developed. The earliest and simplest
method was developed by Turkevitch ef al. in 1951.""%!® This method is used to produce
spherical gold nanoparticles with a diameter of approximately 20 nm, by adding sodium

72 This was later

citrate to a solution of chlorauric acid at 95 °C, with vigorous stirring.
modified by Frens in 1973 to produce spherical gold nanoparticles of various diameters by

changing the ratios of chlorauric acid and sodium citrate used. '™
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Towards the end of the 20™ century, a method for synthesising gold nanoparticles in
organic solvents was developed by Brust et al'™ This involves the addition of chlorauric
acid in water to tetraoctylammonium bromide (TOAB) in toluene and stirring the mixture
until the chlorauric acid is transferred into the organic layer. A solution of aqueous sodium
borohydride is then added to reduce the Au’™ to Au’, after which a thioalkane
(dodecanethiol) is added in order to prevent aggregation of the gold nanoparticles that were
being formed. This method generally produces gold nanoparticles of up to approximately
5 nm diameter, and has allowed new research in this field as it was the first method to
produce air stable and thermally stable gold nanoparticles with such small diameters, while

still allowing control of the particle sizes.'”

In 2009, Perrault et al. synthesised monodispersed gold nanoparticles of controlled sizes
and uniform shape of up to 200 nm in diameter.'”® The method used was an adaptation of
a method used by Brown et al.'” where gold nanoparticles were grown onto gold
nanoparticle seeds. Perrault et al. created the seeds by using the citrate method developed
by Turkevitch ef al., then adding a solution of aqueous gold chloride with hydroquinone
(which has a weak reduction potential of -0.669 V) to the seeds. The method works based
on the fact that reducing gold chloride in the presence of metal clusters has a different
standard potential (+1.002 V) than the standard potential required to reduce isolated gold
chloride (-1.5 V).!”™ The difference in potentials is large enough so that reduction of
isolated gold chloride is not spontaneous with hydroquinone while this reduction does

occur at the surfaces of gold clusters.'”

This method allows the formation of gold
nanoparticles with specific diameters, which can be controlled by the amount of seeds

used.!”®

Metal nanoparticles, and specifically gold nanoparticles, have been studied for many

reasons, including being used to immobilise antibodies to improve their stability,'” as a

sensor for HQOQ,IBO and in conjunction with semiconductors as a DNA sensor. 43181

However, one of the main reasons for studies involving gold nanoparticles is because they

exhibit unique optical properties,m’m

and display different chemical and electronic
properties compared to bulk materials.'® Additional interest has developed in the gold
nanoparticle field due to aqueous gold nanoparticles appearing red in colour; this is due to
the surface plasmon band, which is a broad absorption band at approximately 520 nm.'”" 1t

has been shown that atoms on the nanoparticle surface have an incomplete valence,
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i.e. they contain a free (6s) electron,'® which can move between the vacant orbitals of the
surface atoms upon exposure to electromagnetic radiation of the correct wavelength

causing oscillations of the “free electron gas’ density.'""#1%3

This surface plasmon band is missing for bulk gold and for nanoparticles of less than 2 nm

diameter.'”

The maximum wavelength of this absorption band varies with nanoparticle
diameter, with smaller diameter nanoparticles exhibiting a surface plasmon resonance band
at a lower wavelength than for nanoparticles with a larger diameter.'™ Another important
factor is the charge on the gold nanoparticle core. The addition of electronic charge causes
the position of the surface plasmon resonance band to move to a lower wavelength while

removal of electronic charge shifts the band to a higher wavelength.182’]86"87’188

Recent research has used gold nanoparticles as a means for detecting diseases by binding
oligonucleotides to the particles. A DNA sample (often amplified by PCR) is then added
to the modified nanoparticles, and binding of complementary DNA sequences occurs
between the bound oligonucleotide and the DNA under investigation,'*'8190-19L192.193 e
gold nanoparticles appear red in aqueous solution due to a surface plasmon resonance band
absorption at approximately 520 nm, however, upon addition of salt, the solution becomes
blue due to aggregation of the gold nanoparticles leading to a red shift (a shift to higher

d.""*1% 1t has been observed that

wavelength) of the surface plasmon resonance ban
aggregation can be stopped following salt addition if complementary binding has occurred.
This is due to an increase in steric hindrance from the complementary DNA, which

6

prevents aggregation from occurring.'”®  This means that it is possible to distinguish

between positive and negative samples by looking at the solution’s absorbance at different

143
wavelengths.

1.7 Concluding Remarks and Aims for Sensor Development

TB is currently an immense global problem with approximately 8.8 million new cases per
year. The current methods for the detection of TB have many limitations (Table 1.5.1),
and all serological tests for its detection have been deemed to be unreliable by the World
Health Organisation. They have however acknowledged that a point-of-care serological
test would be extremely valuable for the rapid detection of TB, in particular in regions

where access to on-site laboratories is not available.

Research has shown that mycolic acids and cord factors are antigenic to anti-TB

antibodies. However, to date, complex mixtures of natural compounds have been the most
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widely investigated. In the instance where synthetic analogues have been analysed, pooled
sera has been used, thus no sensitivity and specificity values were quoted, leading to no
indication of whether a sensor detecting these antibodies would have good sensitivity and
specificity. It may however be possible, that by investigating individual TB positive and
TB negative serum samples against individual isomers of synthetic mycolic acids and cord
factors, or any combination thereof, a method with sufficient sensitivity and specificity can

be developed to differentiate TB positive serum samples from TB negative serum samples.

Baird’s research group at Bangor University has reported the synthesis of a range of
mycolic acids in a series of papers starting in 2005. Just before the project began, the first
syntheses of trehalose di- and mono-mycolates were completed. A number of the synthetic
mycolic acids had been examined as antigens by Verschoor’s group at the University of
Pretoria, South Africa, using a rather complex design of sensor to optimise TB positive /
TB negative differences. In order to simplify the sensor design and improve sensitivity and
specificity, work began in both Bangor and Pretoria on the synthesis of thiolated mycolic
acids for binding to gold. In South Africa, the aim was to use an electrochemical approach
based on impedance to achieve this. The priority in Bangor was to develop a method based
on mycolic acid coated gold nanoparticles, although initial studies had also been carried
out using an electrochemical approach. This project was one of several being completed at
the same time to identify the best combination of synthetic mycolic acids or related
trehalose esters to distinguish TB positive and TB negative serum samples and to apply

these in a novel design of sensor.

The central aim of this project was to develop a biosensor by forming a self assembled
monolayer (SAM) of mycolic acids on gold nanoparticles (AuNPs) via Au-S bonds.
Access to synthetic mycolic acids modified to contain a thiol functional group would make
it possible to bind mycolic acids to gold nanoparticles without the loss of bioactivity.'®®

Various configurations of sensor would be examined.

The sensor developed needs to be rapid, portable, reliable and easy to use in remote

regions where access to on-site laboratories is not possible.
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Materials and Methods
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2.1 General Considerations

All chemicals used were purchased from commercial suppliers. All reagents and solvents
used were of analytical grade unless otherwise stated. Pipette tips and Eppendorf tubes
were sterilised prior to use. Assays were carried out on 96-well, flat-bottomed polystyrene
micro-plates, purchased from Fishcher Scientific (product code — FB56416), which were
untreated prior to use to allow for medium binding and were purchased sterile and used
immediately upon opening. Gold nanoparticle solutions were obtained from Aldrich or
BBInternational, with all solutions containing 0.01 % Au and a mean gold nanoparticle
diameter of 20 nm. Gold nanoparticle solutions that were coated with antigens were stored
at 4 °C until used. Human serum samples were obtained from the World Health
Organisation (WHO) and from the School of Environment, Natural Resources and
Geography, Bangor University. All of the serum samples used had been irradiated prior to
use. Washing of the 96-well micro-plates was carried out using a Labtech LT-3500 Plate
Washer and absorbance measurements were obtained on a Labtech LT-4000 Plate Reader.
Centrifugation was carried out in an Eppendorf Centrifuge 5415D. Cyclic voltammetry
was carried out using Autolab PGSTAT30 and analysed using GPES software. UV-visible
measurements were carried out using a JASCO V-550 UV/VIS Spectrophotometer. The
chemical structures, as well as the origins, of all of the antigens used can be found in the

Appendix, Section 9.1.1.

2.2 Solutions

20x Phosphate buffered saline (PBS) stock solution: 20x PBS stock solution was prepared
by dissolving NaCl (160 g), KCI1 (4 g), KH,PO4 (4 g) and Na,HPO4 (23 g) in ultra-pure
double distilled de-ionised water (ddd H,O) (900 ml). The solution was made up to a final
volume of 1 L using dddH,O and filtered through a 0.22 pl membrane filter.

0.5 % Casein/PBS buffer: 20x PBS stock solution (50 ml) was added to ddd H,O (700 ml)
in a litre flask. Casein (5 g, from bovine milk, carbohydrate and fatty acid free) was added
to this solution and dissolved by stirring at 37 °C for 2 hours. The solution was stored
overnight at 4 °C, and the pH adjusted to 7.4 on the following day using 1 M NaOH before
being made up to a final volume of 1 L using ddd H,O.

Secondary antibody conjugate: See Section 2.2.1. All solutions were prepared 5 minutes

prior to use.
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0.1 M Citrate buffer: Citric acid (0.1 M, 450 ml) was added to a tri-sodium citrate solution
(0.1 M, 450 ml) until the pH was 4.5. The volume was then made up to 1 L using ddd
H,O.

o-Phenylenediamine dihydrochloride (OPD) substrate: OPD (10 mg) and crushed pellets
of H,O; urea adducts (35 % H»0,, 8 mg) was added to 0.1 M citrate buffer (10 ml). The

substrate was prepared 5 minutes prior to use.

1 M Phosphate buffer (pH 7.4): KHPO,4 (1 M, 80.2 ml) and KH,PO;4 (1 M, 19.8 ml) were
mixed and the pH was checked to be 7.4.

10 mM Phosphate buffer (pH 7.4): 1 M Phosphate buffer (pH 7.4, 1 ml) was made to a
total volume of 100 ml using dddH,0.

2.2.1 Secondary Antibody Conjugates

Anti-human IgG (whole molecule) secondary antibody conjugate: A 1 in 1000 dilution of
anti-human IgG (whole molecule) secondary antibody conjugate was prepared by
dissolving Anti-human IgG (whole molecule)-peroxidase antibody produced in goat

(Sigma) (10 pl) in 0.5 % Casein/PBS buffer (9.99 ml).

Anti-human 1gG (Fc specific) secondary antibody conjugate: A 1 in 1000 dilution of
anti-human IgG (Fc specific) secondary antibody conjugate was prepared by dissolving
Anti-human IgG (Fc specific)-peroxidase antibody produced in goat (Sigma) (10 pl) in
0.5 % Casein/PBS buffer (19.99 ml).

Anti-human IgG (y-chain specific) secondary antibody conjugate: A 1 in 333 dilution of
anti-human IgG (y-chain specific) secondary antibody conjugate was prepared by
dissolving Anti-human IgG (y-chain specific)-peroxidase antibody produced in goat

(Sigma) (30 pl) in 0.5 % Casein/PBS buffer (9.97 ml).

Anti-human IgA (a-chain specific) secondary antibody conjugate: A 1 in 1667 dilution of
anti-human IgA (a-chain specific) secondary antibody conjugate was prepared by
dissolving Anti-human IgA (o-chain specific)-peroxidase antibody produced in goat

(Sigma) (10 pl) in 0.5 % Casein/PBS buffer (16.66 ml).

Anti-human IgM (u-chain specific) secondary antibody conjugate: A 1 in 333 dilution of

anti-human IgM (p-chain specific) secondary antibody conjugate was prepared by
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dissolving Anti-human IgM (p-chain specific)-peroxidase antibody produced in goat

(Sigma) (30 pl) in 0.5 % Casein/PBS buffer (9.97 ml).

Anti-human IgGl (y-chain) secondary antibody comjugate: A 1 in 1000 dilution of
anti-human IgG1 (y-chain) secondary antibody conjugate was prepared by dissolving
Mouse monoclonal [4E3] secondary antibody to human IgGl — gamma chain (HRP)
conjugate (Abcam) (10 pl) in 0.5 % Casein/PBS buffer (9.99 ml).

2.3 Cyclic Voltammetry'

A saturated calomel electrode was used as a reference electrode and a platinum electrode
as the counter electrode. The working electrode was the gold-coated slides coated with
antigen. Prior to use, the cell was cleaned using a 50:50 mixture of concentrated
H>SO4:HNO; followed by rinsing in dddH,O (nominal resistivity > 18 MQ cm at 25 °C),
cleaning in a steam bath, and drying in the oven. A seal was made between the working
electrode and the electrolyte solution with an o-ring defining a geometric area of 0.6 cm?.
The electrolyte solution in the cell was 0.1 M NaOH unless otherwise stated, and all
electrolyte solutions were de-gassed prior to use. Prior to forming a layer of modified
antigens on the gold-coated slides, the slides were treated to produce a flat surface with
strong Au (111) character.” The slides were flame annealed using a Bunsen burner until
they achieved red heat three times with air cooling between each annealing stage. After
the final annealing stage, the slides were allowed to cool in air for a short time before being

quenched in dddH,O.

The gold-coated slides were modified with antigen by submerging the slides in a solution
of the antigen under investigation dissolved in a suitable solvent, and left for 72 hours.
After formation of the modified antigen layer on the gold-coated slides, they were washed

numerous times with dddH,O prior to use.

The potential difference between the electrodes was swept from 0 V to -1.3 V and back to

0V, and this was repeated twice, at a scan rate of 50 mV/s.
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2.4 Coating of the Gold Nanoparticles

Coating with Thiol Modified Antigen
To a glass bottle, 10 mM phosphate buffer (pH 7.4, 4 ml), gold nanoparticles
(0.01 % Au, 4 ml) and thiol modified antigen (5 uM solution in hexane, 1 ml) were added

and left on a shaker for 16 hours.
The volumes of the above solutions can be varied, provided that the ratio is kept as 4:4:1.

Coating with Non-Thiol Modified Antigen

To a glass bottle, 10 mM phosphate buffer (pH 7.4, 4 ml), gold nanoparticles
(0.01 % Au, 4 ml) and thio-stearic acid (5 uM solution in hexane, 1 ml) were added and
left on a shaker for 24 hours. After this time, antigen (5 uM solution in hexane, 1 ml) was

added and the solution was left on the shaker for a further 16 hours.

In later experiments, it was discovered that octadecanethiol (ODT) could perform the same
function as thio-stearic acid, so this procedure could be modified to contain ODT as a

direct replacement for thio-stearic acid.

2.5 The Rate of Binding of Antibodies to the Coated Gold Nanoparticles

The development of the assay described in this section is described in Chapter 3.

900 pl from the aqueous layer of the solutions described in Section 2.4 was transferred to a
cuvette and serum (100 pl) was added. The absorbance of the solution was then measured

from 200 — 800 nm continuously over 30 minutes (1 scan per 100 s).

In instances where the assay was performed on 96-well plates, 180 pl from the aqueous
layer of the solutions described in Section 2.4 was transferred to a 96-well micro-plate and
serum (20 pl) was added. The absorbance of the solution was then measured at 540 nm at

2 minute intervals for a period of 30 minutes.
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2.6 Gold Nanoparticle Assay with Induction of Colour Change
The development of the assays described in this section are discussed in detail in Chapters
4 and 5, and the following procedures were used to analyse serum samples with these

assays unless otherwise stated.
2.6.1 Protocol when the Assay was Performed in Cuvettes

a. With Centrifugation of the Gold Nanoparticles Prior to Use
1 ml aliquots of the aqueous layer from the solutions described in Section 2.4 were put in
Eppendorf tubes and centrifuged for 12 minutes. In instances where gold nanoparticles
coated with thiol modified antigens were used, centrifugation was performed at
12,000 RCF, however in instances where gold nanoparticles coated with non-thiol
modified antigens were used, centrifugation was performed at 7,000 RCF. The supernatant
was then removed, and the gold nanoparticle ‘pellet’ was re-suspended in 10 mM
phosphate buffer (pH 7.4, 1 ml). 900 pl of this solution was then transferred to a cuvette.
Serum was diluted to a concentration of 1:2,500 in 10 mM phosphate buffer (pH 7.4) and
was then added to the cuvette (100 ul). The absorbance of the solution was then measured
from 200 — 800 nm continuously over 30 minutes (1 scan per 100 s). A saturated aqueous
solution of NaCl (100 pl) was then added to the cuvette and the absorbance of the solution

was again measured from 200 — 800 nm continuously over 15 minutes (1 scan per 100 s).

b. Without Centrifugation of the Gold Nanoparticles Prior to Use
The same method as described above (Section 2.6.1.a) was used, with the exception that
900 pl from the aqueous layer of the solutions described in Section 2.4 was directly

transferred to a cuvette without prior centrifugation.
2.6.2 Protocol when the Assay was Performed on 96-Well Plates

a. With Centrifugation of the Gold Nanoparticles Prior to Use
1 ml aliquots of the aqueous layer from the solutions described in Section 2.4 were put in
Eppendorf tubes and centrifuged for 12 minutes. In instances where gold nanoparticles
coated with thiol modified antigens were used, centrifugation was performed at
12,000 RCF, however in instances where gold nanoparticles coated with non-thiol
modified antigens were used, centrifugation was performed at 7,000 RCF. The supernatant
was then removed, and the gold nanoparticle ‘pellet’ was re-suspended in 10 mM

phosphate buffer (pH 7.4, 1 ml). This solution was then transferred to a 96-well
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micro-plate (180pl/well). Serum was diluted to a concentration of 1:2,500 in 10 mM
phosphate buffer (pH 7.4) and was then added to the plate (20 pl/well) and left for
30 minutes before the absorbance of the solution was measured at 540 nm and 630 nm. A
saturated aqueous solution of NaCl (20 pl/well) was then added to the plate and left for a
further 15 minutes before the absorbance of the solution was again measured at 540 nm

and 630 nm. Four replicates of each sample was measured unless otherwise stated.

b. Without Centrifugation of the Gold Nanoparticles Prior to Use
The same method as described above (Section 2.6.2.a) was used, with the exception that
180 pl from the aqueous layer of the solutions described in Section 2.4 was directly
transferred to a well on a 96-well micro-plate without prior centrifugation (this was

repeated for each well which was going to be used).

2.6.3 The Removal of IgM from the Serum Samples Prior to Use in the Assay
The same procedures as described in Sections 2.6.1 and 2.6.2 are used, with the following

amendment:

Prior to addition of the serum samples to the coated gold nanoparticles, serum was diluted
to a concentration of 1:2,500 in 10 mM phosphate buffer (pH 7.4) which was modified to
contain dithiothreitol (DTT) (20 uM). This solution was then left for 30 minutes before

being used for the assay required.

In instances where the serum concentration was changed from 1:2,500, the concentration
of DTT in the buffer was also amended in order to keep the ratio of serum to DTT the

same.

2.7 ELISA Protocol for Human Samples’

ELISAs were carried out on 96-well micro-plates and each sample was run four times
unless otherwise stated. Antigens were dissolved in hexane to give an antigen solution of
concentration 60 pg/ml. This solution was then added to the micro-plates (50 ul/well), and
the solvent was left to evaporate at room temperature for 2 hours before the plates were
stored at 4 °C overnight in a plastic bag. Control wells were coated with hexane
(50 pl/well) only. Blocking was done by adding 0.5 % casein/PBS buffer (400 pl/well),
and incubating at 25 °C for 2 hours. The buffer was then removed and any excess buffer
was flicked out onto paper towels until the plates were dry. Serum was diluted to a

concentration of 1:20 in 0.5 % casein/PBS buffer and was added to the plates (50 pl/well)
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and incubated at 25 °C for a further 1 hour. The plates were then washed with
0.5 % casein/PBS buffer (400 pl/well) three times using an automatic washer, and any
excess buffer was flicked out onto a paper towel until dry. Secondary antibody conjugate
(50 ul/well) (see Section 2.2.1 for different secondary antibody conjugates) was then added
to the plates, and incubated at 25 °C for 30 minutes. The plates were again washed three
times with 0.5 % casein/PBS buffer (400 pl/well) using an automatic washer, and any
excess buffer was again flicked out onto a paper towel until the plates were dry. OPD
substrate (50 pl/well) was then added, and incubated for a further 30 minutes at 25 °C. The
colour reaction was terminated by adding H,SO4 (2.5 M, 50 ul/well), and the absorbance

was read at 492 nm.
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Chapter 3
Towards the Development of a

Sensor for the Detection of TB
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3.1 Introduction

In order to work towards the development of a novel, rapid and easy to use point of care
sensor for the detection of TB, a number of different approaches were investigated within
the group. One part of the project focused on using ELISA assays as a method for
detecting anti-TB antibodies using mycolic acids, TMMs and TDMs as antigens, to
distinguish between TB positive (TB+) and TB negative (TB-) serum samples. This work
was carried out to give an insight into which mycolic acids, TMMs and TDMs are most
potent as antigens towards anti-TB antibodies, thus giving an indication as to which would
be most suitable for use in a sensor for the detection of TB. The other part of the project
focused on working towards the development of a sensor for the detection of TB, based on
the antigens used in the ELISA and the detection of anti-TB antibodies that bound to them.
This thesis will focus on the work carried out towards the development of a sensor for the

detection of TB based on gold nanoparticles.

It was decided to use gold nanoparticles (AuNPs) as part of the sensor because they exhibit
unique chemical and optical properties and display different chemical and electronic
properties compared to bulk gold."** Also, crucially for the development of a sensor based
on antibody/antigen interactions, molecules bound to gold nanoparticles do not lose their
bioactivity.” Incorporating a sulfur atom into the antigen would allow binding of the
antigen to the gold surface with controlled orientation due to the antigen binding to the
gold surface through a gold-sulfur bond (see Section 1.6). By modifying the location of
the sulfur atom within the antigen molecule, the orientation of the antigen on the surface
could be controlled, allowing investigations into the effect of the antigen’s orientation on

the binding.

For these studies, serum samples were obtained from multiple sources. Human serum
samples were obtained from the WHO, and were divided into three groups: group 1
consisted of 50 samples which were un-blinded prior to performing any experiments on
them; group 2 consisted of 50 samples which were tested blind and were un-blinded at a
later point in the project; while the remaining 249 serum samples were also tested blind
before being un-blinded, essentially at the end of the project. All of the serum samples
obtained from the WHO came from TB endemic populations and they were all designated
as either TB positive or TB negative (by bacterial culture, smear microscopy and clinical

observation) by the WHO. A full list of these samples, as well as some of the key
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information supplied, can be found in the Appendix, Section 9.1.2. The serum samples
were obtained from patients from ten different countries, and in this thesis are identified by
the first two letters in the serum code, and are as follows; BA — Bangladesh, BR — Brazil,
CA — Canada, CO — Colombia, GA — Gambia, KE — Kenya, PE — Peru, SA — South Africa,
SP — Spain and VI — Vietnam.

Serum samples from a non-endemic, UK, population were obtained from Dr. Prysor
Williams, School of Environment, Natural Resources and Geography, Bangor University,
and formal ethical approval was granted for the use of all of the serum samples prior to

their use in this project.

3.2 Confirming that the Thiol Modified Antigens Bound to Gold Surfaces
After the first thiol modified mycolic acid', 22, illustrated in Figure 3.2.1, was produced

within the research group, the first step in developing a sensor, of the nature described
above, was to determine whether such modified mycolic acids would bind to gold surfaces

and onto gold nanoparticle surfaces.

Figure 3.2.1 Structure of the thiol modified mycolic acid, 22.

Three different techniques were used to try and confirm this: stripping voltammetry;
transmission electron microscopy (TEM); and particle size and zeta ({)-potential analysis.
Gold surfaces and gold nanoparticle surfaces were coated with the thiol modified mycolic

acid (22) according to the procedures described in Sections 2.3 and 2.4.

3.2.1 Stripping Voltammetry
In order to determine whether the thiol modified mycolic acid, 22, bound to gold surfaces,
stripping voltammetry was performed. This is a technique that can be used to remove

substrates from an electrode surface.! Reduction of the gold-sulfur bond produces a

' In some instances a thiol group has been incorporated into the antigen molecule, however in some instances,
such as compound 22, a disulfide molecule was synthesised. Both of these types of molecules are referred to
as ‘thiol modified’ in this thesis due to there being no difference between the two types of molecules when
they are bound to gold surfaces and to gold nanoparticles (see Section 1.6.1).
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current, which is observed as a current peak in the current-potential graph, and is related to

the electron transfer from the electrode to the chemisorbed substrate.’

A self-assembled monolayer (SAM) of the thiol modified mycolic acid, 22, and subsequent
stripping voltammetry of the resulting modified gold-coated slides were performed

according to the procedure described in Section 2.3, and the following voltammogram was

obtained:
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Figure 3.2.2 Voltammogram of a gold (111) electrode modified with a thiol modified mycolic acid, 22,
recorded at a sweep rate of 50 mV/s in 0.1 M NaOH.

The reduction peak at -1211 mV is characteristic of thiol desorption.” The small oxidation
peak at -885 mV corresponds to re-adsorption of some of the thiolated species onto the
gold surface and this can be confirmed by the reduction peak at -1178 mV in the second
sweep. This peak again corresponds to thiol desorption from the gold surface, however
this peak is smaller than the thiol desorption peak from the first sweep, suggesting that
only a few of the thiolated species which were desorbed during the first sweep were re-
adsorbed onto the gold surface. The presence of these reduction peaks at -1211 and

-1178 mV confirmed that the thiol modified mycolic acid, 22, bound to the gold surface.
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3.2.2 Transmission Electron Microscopy

Gold nanoparticles which had been coated with 22, as well as gold nanoparticles which
had been un-treated were analysed by Transmission Electron Microscopy (TEM), in order
to see whether the mycolic acid coating could be detected. The micrographs were run by
Dr Chris von Ruhland, School of Medicine, Cardiff University. The following Figure
shows the TEM images obtained for gold nanoparticles which had not been coated with

antigen and for gold nanoparticles which were coated with 22:
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Figure 3.2.3 TEM images of gold nanoparticles which were not coated with antigen (left) and gold
nanoparticles which were coated with 22 (right).

It can be seen from these images that there is no observable difference between gold
nanoparticles which were un-coated, and those which were coated with 22. This may be
due to this method not being able to detect the presence of small organic molecules on the
surface of larger metal particles. An important observation however is that there is no
evidence that any aggregation of the gold nanoparticles had occurred after coating them
with 22, suggesting that the gold nanoparticle solution remains stable after the coating

process was performed.

Since using TEM did not confirm the presence of the modified antigen (22) on the gold

nanoparticle surface, other techniques were used in order to try and confirm their presence.

3.2.3 Particle Size and Zeta ({)-Potential Analysis
Particle size and zeta potential measurements were performed by Mr. Mark Bumiller,
HORIBA Scientific, using a HORIBA SZ-100Z system (Kyoto, Japan). Particle size

analysis measurements were made at a 90 degree scattering angle and standard Dynals

" The terms ‘gold nanoparticle solution’ and ‘gold nanoparticle suspension’ are both commonly used in the
literature, therefore the term ‘solution’ will be used throughout this thesis for consistency.
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analysis algorithm at 25 °C. Results are reported as the z-average from the intensity
distribution. None of the samples required dilution or other sample preparation steps. The
system was first verified using both a 100 nm PSL standard (Duke Scientific cat no.
3100A) and a 10 nm colloidal gold reference material from NIST (NIST reference material
8011). Zeta potential measurements were made on the same system using disposable
measurement cells with carbon coated electrodes in order to minimize sample interaction at
the electrode surface. The samples were also analysed without dilution for the zeta

potential analysis.

The particle size analysis showed a small increase in the average particle size from
23.9 nm for the un-treated gold nanoparticles to 24.0 nm for the mycolic acid coated gold
nanoparticles, however, the zeta potential analysis showed a decrease in the magnitude of
the zeta potential of the particles from -17.6 mV for the un-treated gold nanoparticles to

-11.3 mV for the mycolic acid coated gold nanoparticles.

Zeta potential is a measure of the electric potential across the mobile part of the double
layer, which is responsible for electrokinetic phenomena.® Un-treated gold nanoparticles
are coated with charged citrate ions whereas the mycolic acid coated gold nanoparticles are
expected to be coated with a lipid layer containing less charge. The change in the coating
layer from a charged surface to a more un-charged surface should lead to a reduction in the

magnitude of the zeta potential.

The results obtained suggest that this is the case, with a decrease in the magnitude of the
zeta potential observed for the mycolic acid coated gold nanoparticles, suggesting a
reduction in the surface charge of the coated gold nanoparticles, in turn suggesting that the

mycolic acids have successfully been bound to the surfaces of the gold nanoparticles.

3.3 [Initial Experiments

Having successfully bound thiol modified mycolic acids to gold nanoparticle surfaces,
work was undertaken to develop a sensor for the detection of TB using these coated gold
nanoparticles. The objectives of the project were to develop a sensor for the detection of
TB that would be rapid and easy to use, and would be based on the interaction of antigens

on the surfaces of the modified gold nanoparticles with anti-TB antibodies in serum
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samples.”! This antigen-antibody interaction was investigated in detail by ELISA,” and it
was believed that the patterns observed during those studies would hold true when the

antigens investigated were bound onto gold nanoparticle surfaces.

For these studies it was decided to purchase gold nanoparticles from an external supplier
(Aldrich for initial experiments and BBInternational for future experiments) in order to
ensure gold nanoparticles of consistent sizes were used for the experiments, which would
lead to more consistent and re-producible results in the assay developed. It was decided to
use gold nanoparticles of 20 nm in diameter because they were readily available, and have
a characteristic absorbance peak at approximately 521 nm,’ which would allow analysis of

the gold nanoparticles using UV-visible spectroscopy.

Initial experiments focussed on developing conditions for the coated gold nanoparticles,
under which they would remain stable in solution. Also, any chemicals or reagents used in
the developed assay, could not have absorbance peaks in the region of 500 - 600 nm, as

this would interfere with the absorbance peak of the gold nanoparticles themselves.

For the ELISA assays performed,7 0.5 % casein/PBS buffer had been used in the assay and
for serum dilution. However, it was believed that this buffer would not be compatible with
the coated gold nanoparticles as its salt content would cause them to aggregate.” It was
decided to confirm this by re-suspending gold nanoparticles in 0.5 % casein/PBS buffer.
This was performed by centrifuging gold nanoparticles at 12,000 RCF for 12 minutes
before removing the supernatant and re-suspending them in 0.5 % casein/PBS buftfer and
analysing the solution using UV-visible spectroscopy. Un-treated gold nanoparticles
(i.e. gold nanoparticles purchased from Aldrich) were also analysed for comparison, and

the results of this experiment can be seen in Figure 3.3.1:

' Evidence that it was antibodies that were binding to the coated gold nanoparticles is supplied in Section
6.2.
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Figure 3.3.1 UV-visible spectrum of un-treated gold nanoparticles and gold nanoparticles re-suspended in
0.5 % casein/PBS buffer.

The spectrum depicted in Figure 3.3.1 shows a change in the maximum absorbance peak
when re-suspending the gold nanoparticles in 0.5 % casein/PBS buffer. It can be observed
that there is a significant reduction in the absorbance peak at 523 nm, as well as an increase
in the peak at above 700 nm, suggesting aggregation of the gold nanoparticles when they
are re-suspended in 0.5 % casein/PBS buffer.’” Due to aggregation of the nanoparticles
when using this buffer, another buffer would be needed, therefore a phosphate buffer was
tested. The same experiment was repeated, but, instead of re-suspending the gold
nanoparticles in 0.5 % casein/PBS buffer, they were this time re-suspended in 10 mM

phosphate buffer (pH 7.4). The results are illustrated in Figure 3.3.2:
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Figure 3.3.2 UV-visible spectrum of un-treated gold nanoparticles and gold nanoparticles re-suspended in
10 mM phosphate buffer (pH 7.4).
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It can be seen from this spectrum that there is no shift in this case in the maximum
absorbance peak when re-suspending the gold nanoparticles in 10 mM phosphate buffer
(pH 7.4). The reduction in the absorbance value can be attributed to a loss of some of the
nanoparticles during the centrifugation and re-suspension process. These results suggest
that there is no aggregation in the gold nanoparticles when they are re-suspended in 10 mM
phosphate buffer (pH 7.4), which makes this a suitable buffer to use in an assay or device

based on gold nanoparticles.

It can also be observed that when re-suspending the gold nanoparticles in 10 mM
phosphate buffer (pH 7.4), the small peak at approximately 700 nm is lost. This could be
due to some of the gold nanoparticles purchased from Aldrich forming small amounts of
aggregates in solution, leading to this small peak. The centrifugation and re-suspension
process removed these aggregates from the solution, leading to the loss of this peak in the
above spectrum. Using this buffer would also be advantageous when using serum samples
due to its pH being very similar to that of human serum which is usually in the range of

7.35-7.45.19

In order to check that this trend was also observed when using coated gold nanoparticles,
gold nanoparticles were coated with the thiol modified mycolic acid, 22, and re-suspended
in the same buffers as used above. Upon re-suspension, the same pattern was observed,
with aggregation occurring in 0.5 % Casein/PBS buffer, while no aggregation was
observed when using 10 mM phosphate buffer (pH 7.4) (see Figure 3.3.3). The absorbance
values observed for the different solutions vary due to differing nanoparticle
concentrations being present at various stages of the coating process and some being lost

during the centrifugation and re-suspension process.
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Figure 3.3.3 Comparison of the UV-visible spectra for un-treated gold nanoparticles, gold nanoparticles
coated in mycolic acid (22), gold nanoparticles coated in mycolic acid and re-suspended 10 mM phosphate
buffer (pH 7.4) and gold nanoparticles coated in mycolic acid re-suspended in 0.5 % casein/PBS buffer.

It can be observed from Figure 3.3.3 that coating the gold nanoparticles with the modified
mycolic acid does not cause a significant change in the wavelength at which the maximum
absorbance occurs. It can again be observed, that when re-suspending the coated gold
nanoparticles in 10 mM phosphate buffer (pH 7.4), the small peak at approximately 700
nm is lost. This again suggests that the centrifugation and re-suspension process removes

these aggregates from the solution.

These experiments suggested that 10 mM phosphate buffer (pH 7.4) would be suitable for
use in an assay or sensor based on coated gold nanoparticles, and that the centrifugation
and re-suspension process may remove the presence of any aggregate that is present in the

solution either from the supplier or formed as a result of the coating process.

All of the other materials that would be used in the assay or sensor were also examined to
ensure that they would not give peaks that interfere with those observed for the coated gold
nanoparticles. UV-visible spectra for these materials can be seen in the Appendix,

Section 9.2.1.

The spectrum for the thiol modified mycolic acid showed no significant peaks, while those

for both TB+ and a TB- serum samples showed large peaks in the region of 280 nm, with
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no peaks in the region above 500 nm, where the coated gold nanoparticles absorb.
Therefore when performing experiments on coated gold nanoparticles using these
materials, any change in the spectrum above 500 nm can be attributed to a change in the

coated nanoparticle peak.

3.4 Initial Experiments to Detect Anti-TB Antibodies Using Coated

Nanoparticles

Having successfully coated gold nanoparticles with a thiol modified mycolic acid, and
identifying a suitable buffer in which those coated gold nanoparticles would not aggregate,

work was then carried out towards developing an assay and/or sensor for the detection of
TB.

The first approach taken was to look at the interaction of antibodies in the serum samples
with the antigens coated onto the surface of the gold nanoparticles. This was done by
looking at the change in the absorbance peak for the coated gold nanoparticles with time,

following the addition of a serum sample.

Interactions of species in solutions with those coated onto gold nanoparticles have been
investigated before. Previously, antibodies have been bound to gold nanoparticles which
were then subjected to samples containing antigens specific to those antibodies.'' In this
study, gold nanoparticles were coated with antibodies before samples of various protein
antigens were added, and a change in absorbance at a wavelength above the surface
plasmon resonance (SPR) peak was recorded. Recording the data at a wavelength higher
than the SPR was believed to give a greater sensitivity than recording the data at the SPR
wavelength. The change in absorbance observed is credited to a change in the refractive
index of the individual particles following antigen binding providing a further layer of
coating to the gold nanoparticles.” This principle has also been further investigated in

order to look at real-time biomolecular interactions on gold nanoparticle surfaces. '

It was believed that interactions of antibodies with antigens coated onto the surface of gold
nanoparticles could be investigated in a similar way. It was believed that upon binding of
anti-TB antibodies to the mycolic acids coated onto the surfaces of gold nanoparticles, the
extra layer of coating on the gold nanoparticles would lead to a change in the refractive

index of the individual particles, in turn, leading to a change in the SPR peak. By
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observing the UV-visible spectrum with time, it was expected that information about the

rate of binding of the antibodies to the mycolic acids could also be inferred.

3.4.1 Initial Experiments

Initially, serum (100 pl) diluted to a concentration of 1 in 5 in 10 mM phosphate buffer
(pH 7.4) was added to the coated gold nanoparticles (900 ul) and the absorbance of the
solution was then measured from 200 — 800 nm continuously over 30 minutes (1 scan per
100 s). One TB+ serum sample, KE 3, and one TB- serum sample, BA 13, were initially
used in order to see if any difference would be observed in the SPR peak of the coated gold
nanoparticles. These serum samples were part of a set provided by the WHO defined as
either TB+ to smear and culture and to clinical observation, or negative to the same tests.
The particular samples were chosen due to the TB+ serum sample giving consistently high
absorbance values with all of the antigens investigated by ELISA,” and the TB- serum
sample giving consistently low absorbance values with most of the antigens investigated.”
The UV-visible spectra obtained from these initial experiments can be seen in Figure 3.4.1.
Only the region from 450 to 650 nm is shown in order to clearly see any changes in the
SPR peak. There were no significant changes observed in the spectra at wavelengths

below 450 nm and above 650 nm.
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Figure 3.4.1 (left) UV-visible spectrum for the mycolic acid coated gold nanoparticles at 100 s intervals
after the addition of the TB positive serum sample, KE 3. (right) UV-visible spectrum for the mycolic acid
coated gold nanoparticles at 100 s intervals after the addition of the TB negative serum sample, BA 13.
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A clear difference can be seen between the TB+ and TB- serum samples in Figure 3.4.1.
For the TB+ sample, KE 3, a clear increase in absorbance can be observed with time, while
for the TB- sample, BA 13, very little change in the absorbance is observed with time.
This suggests that for the TB+ serum sample, after addition of the serum, anti-TB
antibodies bind to the mycolic acid coated onto the gold nanoparticles, increasing the layer
of the coating around the gold nanoparticles, in turn, changing the refractive index of the
molecules, leading to an increase in the absorbance of the solution. For the negative serum
sample, after addition of the serum, no antibodies bound to the mycolic acids coated onto
the gold nanoparticles, in turn leading to no change in the refractive index of the solution

with time leading to no change in the absorbance of the solution.

This difference is highlighted in Figure 3.4.2, which shows the change in absorbance at
540 nm with time for both of the above solutions. The SPR peak occurred at 527 nm,
therefore a wavelength slightly higher was selected in order to improve the sensitivity of
the test."!
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Figure 3.4.2 Graph showing the change in absorbance at 540 nm with time for the coated gold
nanoparticle solution after addition of the TB positive serum sample, KE 3 and the TB negative serum
sample, BA 13.

It can be seen from this Figure that for the TB+ serum sample, an increase in absorbance at
540 nm is observed with time, while for the TB- serum sample, very little increase in
absorbance is observed with time. The graph is also consistent with what would be
expected for antibodies binding to antigens on the surface of a gold nanoparticle. The
gradients of the graphs for both samples are greatest immediately after addition of the
serum sample to the coated gold nanoparticle solution, suggesting that binding of the

antibodies to the mycolic acids occurs quickest at this time. As time progresses, the
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gradients of the graphs decrease as fewer antibodies remain un-bound in solution and the

amount of antigens without any antibodies bound to them also decrease.

These Figures strongly suggest that the change in absorbance observed is directly
influenced by antibodies in the serum samples binding to mycolic acids, themselves bound
on the gold nanoparticle surfaces, and that looking at this change in absorbance gives
information about the amount of antibodies that bind to the antigens, as well as the rate of

binding of these antibodies to the antigens.

Being able to investigate this interaction using mycolic acids bound onto gold
nanoparticles is advantageous over using ELISA for a number of reasons. Firstly, the
interaction can be monitored in real-time giving more information about the interaction;
secondly, no washing steps, secondary antibody conjugates or additional colour reagents
are required for this assay; and finally, it is a much quicker assay with results being

obtained within 30 minutes.

3.4.2 Varying the Serum Concentration

One of the drawbacks of this assay is that it required 20 pl of serum sample per test,
compared to only 2.5 pl per test for ELISA. Due to only a limited amount of serum being
available, it was decided to to check whether this amount could be reduced. The above
experiments were repeated at serum concentrations ranging from 1 in 5 to 1 in 640 in
10 mM phosphate buffer (pH 7.4). In order to preserve sera, and since this experiment was
looking at the trend observed when using serum of different concentrations, different TB+
and TB- serum samples were used. Sample BA 3 was used as the TB+ sample while
CO 18 was used as the TB- sample. These serum samples were selected because a large
amount of each was still available at this point in the project and they had given high and
low absorbance values respectively with a number of antigens by ELISA.” The results

obtained from these experiments can be seen in Figure 3.4.3:
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Figure 3.4.3 (left) Graph showing the change in absorbance at 540 nm for the TB positive serum sample,
BA 3, at various concentrations with time. (vight) Graph showing the change in absorbance at 540 nm for
the TB negative serum sample, CO 18, at various concentrations with time.

A similar trend can be observed for both serum samples. The largest change in absorbance
is observed at a 1 in 5 serum concentration and the change in absorbance is significantly
reduced as the serum concentration is reduced. This would suggest that a serum
concentration of 1 in 5 is needed for this assay. The trend observed in these results
suggests that neat serum would give an even greater change in absorbance, in turn resulting
in a better distinction between TB+ and TB- serum samples. However, as 100 ul of serum
would be needed per sample to perform the assay, and due to the limited availability of
most of the serum samples, it was decided, at this point in the project, to continue using

serum at a concentration of 1 in 5 for this assay.

3.4.3 Testing a Larger Number of Serum Samples

Having observed that this method can distinguish a TB+ serum sample from a TB- serum
sample, and also that a serum concentration of 1 in 5 is required to see a significant change
in the absorbance at 540 nm with time, it was decided to analyse more serum samples
using this method. Five different TB+ serum samples and five different TB- serum
samples were analysed, and the change in absorbance at 540 nm with time, following the
addition of the serum sample to the gold nanoparticles coated with 22 was recorded,
Figure 3.4.4. The serum samples chosen for this experiment were chosen at random, with

one of the TB- serum samples being from an individual in the UK. This sample was

63



chosen in order to compare the results from a TB- serum sample from a low burden TB
country with the TB- serum samples obtained from the WHO, from high burden TB
endemic populations: the UK serum sample was expected to give a small change in

absorbance as it was not expected to contain many anti-TB antibodies.
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Figure 3.4.4 Graph showing the change in absorbance at 540 nm for multiple different serum samples
with time, using mycolic acid coated gold nanoparticles for the assay.

It can be seen from this graph that there is an increase in absorbance at 540 nm with time
after addition of all of the TB+ serum samples, while for the TB- serum samples, generally,
there is only a small change in absorbance with time. Even though, in some instances, the
difference between the TB+ and TB- samples is only very small (for example samples
BA 4 and KE 7), a distinction is observed between the TB+ and TB- serum samples, with
all of the coated gold nanoparticle solutions tested with TB+ samples having a greater

change in absorbance than those tested with TB- serum samples.

3.4.4 Using More Concentrated Serum

In order to try and overcome this small difference between some of the TB+ and TB-
serum samples, it was decided to use more concentrated serum samples in the assay.
Previous results (see Figure 3.4.3) suggested that using a more concentrated serum sample

would result in a larger change in absorbance, therefore possibly giving more of a
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distinction between TB+ and TB- serum samples. The assay was therefore run with neat
serum in order to see if a bigger change in absorbance was observed with time after
addition of the serum samples, and whether or not a good distinction would be observed
between TB+ and TB- serum samples. As previously mentioned, the drawback of
performing this test with neat serum was that 100 pl of serum was required per test, and
not enough serum was available to perform this test with many of the serum samples or to
carry out replicates. One TB+ and one TB- serum samples were therefore examined. The
UV-visible spectra obtained from these experiments at 100 s intervals over a period of
30 minutes can be seen in Figure 3.4.5. Again, only the region from 450 nm to 650 nm is

shown in order to clearly see any changes in the SPR peak in this region.
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Figure 3.4.5 (left) UV-visible spectrum for mycolic acid coated gold nanoparticles coated at 100 s intervals
after addition of the TB positive serum sample, GA 1. (right) UV-visible spectrum for mycolic acid coated
gold nanoparticles coated at 100 s intervals after addition of the TB negative serum sample, BA 13,

The first observation from these graphs is that the change in absorbance observed when
using neat serum samples is much greater than that when using more dilute serum. This
would be expected due to a higher concentration of antibodies (and other species) being
present in the samples leading to more interactions with the antigens on the surface of the
gold nanoparticles. This in turn leads to a bigger change in the refractive index of the

individual particles, in turn leading to a larger change in the absorbance observed.
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It can also be seen that, although a change in the SPR peak is observed with both the TB+
and TB- serum samples with time, the increase in absorbance is somewhat higher for the
TB+ serum sample than for the TB- serum sample. This suggests that a larger difference

between TB+ and TB- serum samples may be obtained by using neat serum.

In order to check whether this pattern would hold true for multiple serum samples, a new
approach for the assay was required due to the assay requiring a large amount of each
serum samples (as compared to ELISA), and only a limited amount being available. It was
therefore decided to perform the assay on 96-well plates, which required smaller volumes

of coated gold nanoparticles and serum per experiment.

3.4.5 Performing the Assay on 96-Well Plates

Reducing the amount of gold nanoparticles and antigen required per test reduced the cost
of the assay, while reducing the amount of serum required made it possible to analyse more
serum samples by this method. The only drawback of performing the assay on 96-well
plates was that the amount of data obtained during the assay was reduced, as it was only
possible to read the plates at a certain pre-defined wavelength throughout the whole assay,

and not obtain the full spectrum.

In order to make sure that the assay could be successfully performed on 96-well plates, one
TB+ serum sample (KE 1) and one TB- serum sample (CO 9) were analysed using neat
serum and also at a dilution of 1 in 5 in 10 mM phosphate buffer (pH 7.4), and four
replicates of each experiment were performed in order to test the reproducibility of the
assay. The absorbencies of the solutions were measured at 540 nm at 2 minute intervals
following the addition of the serum sample to the coated gold nanoparticle solution, over a
period of 30 minutes, and the results obtained from these experiments can be seen in

Figure 3.4.6.
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Figure 3.4.6 Graph showing the change in absorbance at 540 nm for the mycolic acid coated gold
nanoparticle solutions over 30 minutes following addition of the serum sample.

It can be observed from this graph that there is a greater change in absorbance for both
TB+ and TB- serum samples when using neat serum (compared to when using serum at a
concentration of 1 in 5), and also, that there is a larger difference in the change in
absorbance between the TB+ and TB- serum samples when using neat serum (compared to
when using serum at a 1 in 5 concentration). This again suggests that using neat serum for
this assay would lead to a better distinction between TB+ and TB- serum samples.
Another observation is that the changes in absorbance for the four replicates with each
serum sample are very similar, thus confirming the reproducibility of the assay, which is

crucial when developing a sensor for the detection of TB.

The average change in absorbance with time for each serum sample can be seen in the
following Figure. Figure 3.4.7 (left) shows the average change in absorbance at 540 nm
for the coated gold nanoparticle solution after addition of serum diluted to a concentration
of 1 in 5 with time, while Figure 3.4.7 (right) shows the change in absorbance observed

after addition of neat serum samples.
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Figure 3.4.7 (left) Graph showing the average change in absorbance at 540 nm with time for the mycolic
acid coated gold nanoparticles following addition of the serum samples at a concentration of 1 in 5.
(right) Graph showing the average change in absorbance at 540 nm with time for the mycolic acid coated
gold nanoparticles following addition of neat serum samples.

It can again be observed from these Figures that there is a larger difference between the
TB+ and TB- serum samples when using neat serum for this assay. This suggested that all
assays of this nature should be performed with neat serum samples in order to get the best

distinction between TB+ and TB- serum samples.

3.4.6 Analysis of a Larger Set of Serum Samples

Having established that the assay can be performed on 96-well plates, and that using neat
serum samples gave a greater change in absorbance with time, as well as a better
distinction between TB+ and TB- serum samples, it was decided to test a larger set of

samples.

Due to neat serum being required for this assay, and due to only a limited amount of some
of the samples being available at this point in the project, serum from all three groups (see
Section 9.1.2) was used for these experiments, and some of the serum samples were
therefore tested blind due to those samples not being un-blinded at this point in the project.
The Figures in this section were produced after un-blinding of the serum samples, and all

samples that were run blind are designated by an asterisk in the Figures. As some of the
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samples were tested blind, the serum samples selected for these experiments were chosen
based on the ELISA results for those samples.” Ten serum samples known or believed to
be TB+ and ten known or believed to be TB- were analysed, and these results can be seen
in Figure 3.4.8. Two replicates of each sample were run (designated as Run 1 and Run 2 in

Figure 3.4.8), and the average change in absorbance for these two replicates is also shown.
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Figure 3.4.8 Graph showing the change in absorbance at 540 nm for the mycolic acid coated gold
nanoparticle solutions over 30 minutes following addition of various serum samples.

The first observation from the graph is that the replicates of each sample are very
consistent, which is important when developing a sensor for the detection of TB.
Secondly, excluding the samples marked in green in the above graph, there is generally, a
bigger change in the absorbance at 540 nm when using TB+ serum samples as compared to

using TB- serum samples; this difference is, however, only small in some cases.

The samples shown above in green were clear outliers in the set of TB- serum samples,
therefore it was decided to investigate these samples further. Upon inspection of these
samples, it was found that they appeared ‘cloudy’ or opaque, whereas the other serum
samples used in the experiment were transparent. This suggested that the change in

absorbance with these two samples was not due to any changes in the SPR peak of the
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coated gold nanoparticles, but to the addition of an opaque solution increasing the

absorbance.

In order to test this hypothesis, other serum samples which appeared ‘cloudy’/opaque were

selected and analysed by this method, and these results can be seen in Figure 3.4.9 below:
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Figure 3.4.9 Graph showing the change in absorbance at 540 nin for the mycolic acid coated gold
nanoparticle solutions over 30 minutes following addition of various ‘cloudy’Jopagque serum samples.

As can be seen from this graph there is a large change in absorbance over time with all of
these samples, further confirming the hypothesis that the change in the absorbance for
these samples is likely to be due to them being opaque, and not to a change in the SPR

peak of the coated gold nanoparticles.

These observations therefore suggest that although this method shows some distinction
between TB+ and TB- serum samples (see Figure 3.4.8), a drawback is that the method

only works if the samples used are transparent.

3.4.7 Using Non-Thiol Modified Antigens
Later in the project, a method of binding non-thiol modified antigens onto gold
nanoparticles was discovered (see Chapter 5). The experiments mentioned in this section

were performed after this discovery.
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Running the Assay in Cuvettes

In order to establish whether the assay would work when using gold nanoparticles coated
with non-thiol modified antigens, one TB+ serum sample (GA 1) and one TB- serum
sample (BA 13) were analysed using gold nanoparticles coated with thio-stearic acid (23)
and then coated with a methoxy TDM (24), the structures of which can be seen in Figure
3.4.10 and Figure 3.4.11, (the coating method can be seen in Section 2.4) and the
UV-visible spectrum was measured over 30 minutes after addition of the serum sample to

the coated gold nanoparticles.

o)
N
o \/\SH

Figure 3.4.10 Structure of thio-stearic acid (23).

HO

HO

Figure 3.4.11 Structure of the methoxy TDM (24).

Neat serum was again used for these experiments because using this concentration had
previously given the best distinction between TB+ and TB- samples using this assay (see
Section 3.4.4). The UV-visible spectra obtained from these experiments can be seen in the
Appendix, Section 9.2.2. A graph showing the change in absorbance at 540 nm after

serum addition, for both the TB+ and TB- serum samples, is shown in Figure 3.4.12.
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Figure 3.4.12 Graph showing the change in absorbance at 540 nm with time for the gold nanoparticles
coated with thio-stearic acid followed by 24 after addition of a TB positive (GA 1) and a TB negative
(BA 13) serum sample.

As when using gold nanoparticles coated directly with thiolated mycolic acid (see Section
3.4.4), a change in absorbance at 540 nm was observed when analysing both the TB+ and
TB- samples. However, the change in absorbance was significantly larger when analysing
the TB+ sample than when analysing the TB- sample. This would again be expected as
there are more interactions with the antigen on the gold nanoparticle surface when

analysing a TB+ sample, in turn leading to a larger change in absorbance at 540 nm.

These results show, that similar to those obtained when using gold nanoparticles coated
directly with mycolic acid, a distinction between the TB+ and TB- serum samples can be
obtained. For these experiments, no thiol modified antigen was required, which is a major

advantage when synthesising antigens for use in a sensor for the detection of TB.

Running the Assay on a 96-well Plate

Having shown that using gold nanoparticles coated with non-thiol modified antigens can
distinguish a TB+ serum sample from a TB- serum sample, it was decided to analyse a
larger set of samples. The same serum samples as those used with gold nanoparticles
coated directly with mycolic acid were used (see Figure 3.4.8), and the experiments were

again performed on 96-well plates in order to reduce the amount of serum sample required
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per test. Again, two replicates of each experiment were performed (designated as Run 1
and Run 2 in Figure 3.4.13) and the average change in absorbance for these two replicates

is also shown.

Again, these experiments were carried out before the un-blinding of some of the serum
samples and all samples which were tested blind are again designated by an asterisk in the

graph.
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Figure 3.4.13 Graph showing the change in absorbance at 540 nm for the solutions of gold nanoparticles
coated in thio-stearic acid followed by 24, over 30 minutes, following addition of various serum samples.

From this graph, it can be seen that, with the exception of the two samples labelled in
green, a slightly bigger change in absorbance is again generally observed with the TB+
serum samples than with the TB- serum samples. However, similar to the results obtained
when using gold nanoparticles coated directly with mycolic acid (see Figure 3.4.8), in

some instances, these differences are only small.

The two samples labelled in green, CO 71 and SA 3, again show a very large change in
absorbance in these experiments, again suggesting that only transparent serum samples can

be used in this assay.
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3.5 Concluding Remarks

Thiol modified mycolic acids have been successfully immobilised onto a gold surface and
onto the surface of gold nanoparticles. An assay has been developed and optimised to
detect the change in the SPR peak of the coated gold nanoparticles with time following
addition of serum samples to the coated gold nanoparticles. This change in the SPR peak
is caused by a change in the refractive index of the individual particles due to biomolecular
interactions between the antigens coated onto the surface of the gold nanoparticles, and

substances (believed to be antibodies) in the serum samples.

Even though in some cases the differences in the change in absorbance between
TB positive and TB negative serum samples are small, the assay developed does show a
slight distinction between TB positive and TB negative serum samples, and this distinction

has been shown to be greatest when using un-diluted (neat) serum samples.

The assay can also be performed with non-thiol modified antigens, with similar results to
those using a thiol modified mycolic acid being obtained. Even though the assay showed
some distinction between the TB positive and TB negative serum samples, a problem was
observed with samples which appeared ‘cloudy’ or opaque. In these cases, an increase in
absorbance of the coated gold nanoparticle solution was observed after serum addition,
which was un-related to biomolecular interactions, and caused purely due to the addition of
an opaque solution. This suggested that this assay was only suitable for use on serum

samples which appeared transparent.
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Chapter 4
The Development of a Colour-Based

Assay for the Detection of TB
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4.1 Introduction

Due to the limitations of the assay developed in the previous chapter, it was decided to try
and develop another assay for the detection of TB, which would not be hindered by these
limitations (see Section 3.5). With the aim of the project being to develop a rapid,
portable, reliable and easy to use sensor for the detection of TB, a colour sensor (or assay)
was targeted. Reports in the literature had shown that gold nanoparticles appear red in
aqueous solution however upon addition of salt; the solution becomes blue due to
aggregation of the gold nanoparticles leading to a red shift (a shift to higher wavelength) of
the surface plasmon resonance band.' It has also been shown that aggregation can be
prohibited following salt addition if complementary binding has occurred to modified

oligonucleotides bound to the surface of gold nanoparticles.”

This chapter investigates the use of these principles to develop a colour sensor for the
detection of TB. It was shown in the previous chapter that addition of serum samples to
mycolic acid coated gold nanoparticles led to biomolecular interactions (believed to be
antibody-antigen interactions) at the coated gold nanoparticle surface (see Section 3.4). It
was also shown that a larger change in absorbance at 540 nm was generally observed when
analysing TB positive serum samples than when analysing TB negative serum samples,
suggesting more interactions at the coated gold nanoparticle surface when analysing TB

positive serum samples (see Section 3.4).

It was believed that complementary binding to the lipid antigens coated onto the surface of
the gold nanoparticles, when analysing TB positive serum samples, would prevent
aggregation upon salt addition, leading to a red colour being observed for the coated gold
nanoparticle solution. In instances where no complimentary binding occurs (when
analysing TB negative serum samples), the coated gold nanoparticles would aggregate

leading to a change in the colour of the solution from red to blue.
4.2 Initial Experiments

4.2.1 Inducing a Colour Change in the Coated Gold Nanoparticles

The first step in developing a sensor of this nature was to see if aggregation could be
induced in the gold nanoparticles and in the mycolic acid coated gold nanoparticles.
Firstly, it was decided to test if gold nanoparticles aggregated upon salt addition.

Figure 4.2.1 (left) shows the UV-visible spectrum for un-coated gold nanoparticles (diluted
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to a concentration of 1 in 2 in 10 mM phosphate buffer (pH 7.4), and Figure 4.2.1 (right)

shows the UV-visible spectrum for the un-coated gold nanoparticles over 15 minutes after

addition of a 1 M NaCl solution (100 ul in 900 ul of un-coated gold nanoparticles).
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Figure 4.2.1 (left) UV-visible spectrum for un-coated gold nanoparticles. (right) UV-visible spectrum for
un-coated gold nanoparticles over 15 minutes, after addition of a 1 M NaCl solution.

It can be seen from Figure 4.2.1 that aggregation does occur upon NaCl addition, with a

change in wavelength at which the maximum absorbance is observed from 525 to 675 nm,

corresponding to a change in the colour of the solution from red to blue. This colour

change can be seen in Figure 4.2.2, which shows that there is a clear distinction in colour

between the non-aggregated gold nanoparticles (left) and the gold nanoparticles which

have aggregated after being subjected to the 1 M NaCl solution (right):

Figure 4.2.2 Cuvettes showing non-aggregated gold nanoparticles (left) and gold nanoparticles which
have aggregated after being subjected to the 1 M NaCl solution (right).
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Having seen that un-coated gold nanoparticles aggregate upon salt addition, the next step
was to check whether this would still occur when using gold nanoparticles coated with
mycolic acids. Figure 4.2.3 (left) shows the UV-visible spectrum for the mycolic acid (22)
coated gold nanoparticles over 15 minutes after the addition of a 1 M NaCl solution and
Figure 4.2.3 (right) shows the UV-visible spectrum over 15 minutes after the addition of a
saturated aqueous solution of NaCl. In each instance, 100 pl of NaCl solution was added

to 900 pl of coated gold nanoparticle solution.
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Figure 4.2.3 (left) UV-visible spectrum for gold nanoparticles coated with 22 over 15 minutes, after
addition of a 1 M NaCl solution. (right) UV-visible spectrum for gold nanoparticles coated with 22 over
15 minutes, after addition of a saturated aqueous solution of NaCl.

It can be seen from these spectra that firstly, coated gold nanoparticles can aggregate upon
salt addition. This can be observed by the change in the wavelength at which the maximum
absorbance occurs after the addition of a saturated aqueous solution of NaCl
(Figure 4.2.3 (right)), from 525 to 651 nm. It can also be observed that a higher
concentration of NaCl was required to cause aggregation of the coated gold nanoparticles
compared to the un-coated gold nanoparticles. Un-coated gold nanoparticles aggregated
when subjected to a 1 M NaCl solution, however, only partial aggregation occurred with
gold nanoparticles coated with 22. This decrease in aggregation is likely to be due to
mycolic acids binding to the gold nanoparticle surfaces, increasing steric hindrance
between the particles and making it harder for them to aggregate. These results suggested
that in order to give the coated gold nanoparticles the best chance of aggregating, a

saturated aqueous solution of NaCl should be used.
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4.2.2 Towards the Development of a Colour Sensor

Using the information gained above, it was decided to modify the previous assay (see
Section 3.4), so that after a serum sample was incubated with the coated gold nanoparticles
for 30 minutes, a saturated aqueous solution of NaCl was added, and a change in the
UV-visible spectrum was recorded over 15 minutes. The full protocol for these

experiments can be seen in Section 2.6.1.

Initially, a serum concentration of 1 in 5 was used for this experiment because this
concentration had previously worked with the previous assay (see Section 3.4), and not
enough serum was available to use it un-diluted. Initially, one TB+ (KE 1) and one TB-
serum sample (KE 7) were used. It was expected that complimentary binding of antibodies
to the mycolic acids coated onto the gold nanoparticle surfaces would occur with the TB+
sample, leading to no aggregation upon addition of the saturated aqueous solution of NaCl,
while for the TB- sample, no complimentary binding was expected, leading to aggregation

of the mycolic acid coated gold nanoparticles upon the addition of the salt solution.

No aggregation occurred when using the TB+ serum sample, however, there was no

aggregation when using the TB- serum sample either (see Appendix, Section 9.3.1).

The assay therefore needed to be modified further. It was observed that at a 1 in 5 serum
dilution no aggregation occurred (see Appendix, Section 9.3.1), but with no serum
(effectively a 1 in infinity dilution), aggregation did occur (see Figure 4.2.3 (right)). It was
therefore decided to dilute the serum samples used, and see at what concentration
aggregation would start to occur for a TB- sample. This value would then be taken as a
starting point, and a TB+ sample at the same concentration would also be run to see

whether any aggregation occurred for it as well.

The TB- serum sample, KE 7, was analysed at the following concentrations: 1 in 10,
1in 20, 1in 40, 1 in 80, 1 in 160, 1 in 320, 1 in 2,500, 1 in 5,000 and 1 in 10,000. It was
found that although there was slight aggregation of the coated gold nanoparticles when
using a 1 in 2,500 serum concentration, more aggregation was observed when using a
1 in 5,000 serum concentration (Figure 4.2.4 (left)). It was therefore decided to test a TB+
sample (KE 1) at this concentration to see if any aggregation would occur. No significant
aggregation was observed for this serum sample (see Figure 4.2.4 (right)) indicating that at
this concentration, a difference could be observed between the TB+ and the TB- serum

samples.
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Figure 4.2.4 (left) UV-visible spectrum of 22 coated gold nanoparticles with KE 7 (a TB negative serum)
(diluted to a concentration of 1 in 5,000) for 15 minutes after addition of saturated aqueous NaCl. (right)
UV-visible spectrum of 22 coated gold nanoparticles with KE 1 (a TB positive serum) (diluted to a
concentration of 1 in 5,000) for 15 minutes after addition of saturated aqueous NaCl.

It was decided from the results obtained to use a 1 in 5,000 serum dilution from this point
forward unless otherwise stated (this concentration was changed to 1 in 2,500 when gold
nanoparticles from BBInternational were used later in the project see Section 5.6). After
being able to distinguish a TB+ serum sample from a TB- serum sample using this method,
the next step was to see if the results could be reproduced. This was done using the same
serum samples, and the experiment was repeated three times with each sample (the results
can be seen in the Appendix, Section 9.3.1). The same pattern was observed with all of the
replicates, with very little aggregation observed when using the TB+ sample, while

aggregation was observed when using the TB- sample.

4.2.3 Testing a Larger Number of Serum Samples

In order to determine whether or not the assay worked for other serum samples, two more
TB+, BA 1 and BA 2, and two more TB- samples, BA 6 and CO 11, were analysed, using
gold nanoparticles coated with 22, and the results of these experiments can be seen in the
Appendix, Section 9.3.2. In essence, it could be seen from these spectra that the assay
does work when analysing different serum samples, because these serum samples also

showed a clear distinction between the TB+ and TB- sample.

Having seen a distinction between TB+ and TB- serum samples, more samples were
analysed by this method. It was decided to run the seven remaining TB+ samples from the

first group of serum samples, as well as ten TB- samples in order to further evaluate the
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assay. At this point, each sample took 45 minutes to run, therefore, it was decided to only
measure the UV-visible spectrum 15 minutes after the addition of a saturated solution of
NaCl to the coated gold nanoparticle and serum solution instead of over 15 minutes after

1ts addition.

In order to better visualise the data obtained, the results from these experiments are
presented as a ratio of their absorbance at 540 nm to their absorbance at 630 nm. The
absorbance value at 540 nm represents an absorbance value for the SPR peak without any
aggregation of the gold nanoparticles, while the absorbance at 630 nm represents an
absorbance value for the SPR peak of aggregated gold nanoparticles. This value therefore
gives a representation of how much aggregation occurred in the coated gold nanoparticles.
A large value represents little to no aggregation in the coated gold nanoparticles, while a
small value represents an increase in the absorbance at 630 nm which relates to
aggregation of the coated gold nanoparticles. Therefore, when analysing a TB+ serum
sample, a large value would be expected, and when analysing a TB- serum sample, a small

value would be expected.

Table 4.2.1 shows the results obtained from these experiments and Figure 4.2.5 shows a

graphical representation of the data.

Table 4.2.1 Table showing the ratio of absorbance at 540 nm : 630 nm for multiple serum samples using
gold nanoparticles coated with the thiol modified mycolic acid, 22.

p S5 1] um Sam Z

Ratio of Absorbance Ratio of Absorbance

Setum Cade at 540 nm : 630 nm DEruICode at 540 nm : 630 nm
BA 4 0.907 SA 1 1.254
BAS 1.167 SA 4 0.872
BA 11 1.181 BA 10 0.873
KE 2 1.974 BA 11 1.181
KE3 1.788 CO5S 1.178
KE 4 1.034 CO9 1.031
KE S5 2.065 CO 11 1.059
CO 17 1.855
CO 18 1.004
PE2 1.373
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Figure 4.2.5 Graph showing the ratio of absorbencies at 540 nm : 630 nm for 7 TB positive serum samples
(red) and 10 TB negative serum samples (blue).

It can be seen from this data that even though there is a distinction between some of the
TB+ and some of the TB- serum samples, there is no clear overall distinction between the
two sets of samples. Three of the seven TB+ samples have a ratio of higher than 1.5, while
nine of the ten TB- samples have a ratio below this value. This does suggest a slight
distinction between the TB+ and TB- serum samples, however four of the seven TB+
samples gave a ratio value indicative of a TB- sample and one of the ten TB- samples gave

a ratio value indicative of a TB+ sample.

This suggested that the assay required further optimisation, and possibly that the antigen
that was currently coated onto the gold nanoparticles was not the best one to distinguish
TB+ serum samples from TB- serum samples. This had also been found for the ELISA
results for human serum samples which suggested that mycolic acids do not distinguish
TB+ serum samples from TB- serum samples as well as TDMs and TMMs.”  Another
drawback of this assay was the time required to analyse serum samples. Even though a
single serum sample could be analysed much quicker than one serum sample could be
analysed by ELISA, with each sample only taking 45 minutes to analyse, only one serum

sample could be analysed at a time with the current setup, without any replicates.
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Therefore, work was also undertaken to develop a new format for this assay which would

allow more samples to be run simultaneously.

Due to potentially being able to analyse more serum samples and/or more variables of the

assay if a different platform was developed, this was investigated first.

4.3 Performing the Assay on 96-Well Plates

Instead of performing the assay in cuvettes, it was decided to try to perform it on 96-well
plates. This had the advantage of being able to analyse more samples at a time, with
replicates, while also requiring less gold nanoparticles and antigen per serum sample
analysed, therefore reducing the cost of the assay. The only drawback of performing the
assay on 96-well plates was that the amount of data obtained would be reduced, with
absorbencies at certain wavelengths only available at the end of the assay, and not the full

spectrum over a period of time as was available when performing the assay in cuvettes.

The full protocol for performing these experiments can be seen in Section 2.6.2, and any
amendments to this procedure are discussed where appropriate in this Chapter. For the
initial experiments, the absorbance at 570 and 630 nm was read at the end of the assay
instead of at 540 and 630 nm, due to no filter for reading the 96-well plates at 540 nm

being available at this point in the project.

4.3.1 Initial Experiments Using Gold Nanoparticles Coated with 22

In order to make sure that the method worked on 96-well plates, it was decided to analyse
multiple serum samples with gold nanoparticles coated with the thiol modified mycolic
acid, 22. It was decided to analyse all 50 samples from the first group of serum samples
(see Appendix 9.1.2) as well as 25 TB- serum samples from the UK. A full list of the

serum samples used for these experiments can be seen in the Appendix, Section 9.3.3.

The following Figure shows the absorbance values obtained at 630 nm at the end of the
assay for each serum sample by category. The individual value obtained with each serum
sample can be seen in the Appendix, Section 9.3.3. The absorbance value at 630 nm is
quoted because this gives a representation of how much aggregation has occurred for the
coated gold nanoparticles at the end of the assay (see Section 4.2.3). Therefore, for a TB+
serum sample, a low absorbance value would be expected at 630 nm at the end of the assay

due to little or no aggregation of the coated gold nanoparticles, while for TB- serum
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samples, a higher absorbance value at 630 nm would be expected due to aggregation of the

coated gold nanoparticles.
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Figure 4.3.1 Graph of the absorbencies at 630 nm of different serum samples by category (red — 10 TB
positive samples obtained from the WHO, blue — 40 TB negative samples obtained from the WHO, black —
25 T'B negative samples from the UK).

It can be seen that the TB+ serum samples generally gave lower absorbencies at 630 nm at
the end of the assay than TB- serum samples, with the TB+ samples giving an average
absorbance value of 0.14 while the TB- samples gave an average absorbance value of 0.15.
The TB- serum samples from the UK (which have an average absorbance value of 0.21)
gave a higher absorbance than the TB- samples obtained from the WHO, meaning more
aggregation occurred for those samples. All of the serum samples obtained from the WHO
came from patients who were suspected of having TB, and who had TB like symptoms,
while the pateients from which the samples were obtained were also generally more likely
to be exposted to TB than the individuals from which the UK samples were obtained. This
could lead to these TB- serum samples obtained from the WHO containing more
antibodies that can bind to the mycolic acid antigen coated onto the gold nanoparticle
surface, in turn leading to less aggregation in the coated gold nanoparticles analysed with

those samples, compared to those analysed with TB- serum samples from the UK.
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One of the problems in analysing the results obtained from the assay by only looking at the
absorbance at the end of the assay at 630 nm is that slight natural variation in the
absorbance value of the coated gold nanoparticles at this wavelength would not be
accounted for, and could influence the results obtained. Therefore, as was done earlier (see
Page 82), it was decided to take the ratio of two different absorbencies at the end of the
assay, as this was expected to eliminate this problem. Any natural variation in absorbance
at 630 nm, should also be reflected by a natural variation in absorbance at 540 or 570 nm,
and taking a ratio of the absorbance at 540 nm : 630 nm (or 570 nm : 630 nm for the initial
experiments) should eliminate it. Another possible source of variation in absorbance was
during the centrifugation and re-suspension process in coating and preparing the gold
nanoparticles for use in the assay (see Section 2.6). Slightly varying gold nanoparticle
concentrations could be obtained from day to day due to possible loss of the nanoparticles
during this process, which would lead to a different ‘base’ absorbance each day. Again,
taking the ratio of absorbencies at 540 nm : 630 nm (or 570 nm to 630 nm) would help
negate this problem because a decrease in absorbance at 630 nm due to a decrease in the
concentration of the coated gold nanoparticles would also be reflected by a decrease in the

absorbance at 540 nm (or 570 nm).

Figure 4.3.2 shows a graphical representation of the data already presented in Figure 4.3.1
now as a ratio of absorbencies at 570 nm : 630 nm. When analysing the data by looking at
the ratio of absorbencies at 570 nm : 630 nm (or 540 nm : 630 nm) a larger value
represents little to no aggregation, while smaller values represent more aggregation (due to
an increase in the absorbance at 630 nm). Therefore, when analysing TB+ serum samples,
large values would be expected, while smaller values would be expected when analysing
TB- serum samples. The values obtained with each individual serum sample can be

observed in the Appendix, Section 9.3.3.
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Figure 4.3.2 Graph showing the ratio of absorbencies at 570 nm : 630 nm for different serum samples by
category (red — 10 TB positive samples obtained from the WHO, blue — 40 TB negative samples obtained
Srom the WHO, black — 25 TB negative samples from the UK).

Although some overlap was observed between the TB+ and the TB- serum samples
obtained from the WHO, this graph does again show some distinction between the TB+
and the TB- serum samples, with six of the ten TB+ samples having a ratio value of greater
than 1.5, while only three of the sixty five TB- samples analysed gave a ratio value of

greater than 1.5.

4.3.2 Comparison of Results with ELISA Results

In order to determine whether or not the antigen used was a good antigen for
differentiating TB+ serum samples from TB- serum samples, the corresponding
non-thiolated mycolic acid, 25, was analysed with the same serum samples by ELISA.
These samples were run by Dr Alison Jones, using anti-human IgG (whole molecule)
secondary antibody conjugate, and the results can be seen in Figure 4.3.3. A full list of the

values obtained with each individual serum sample can be seen in the Appendix, Section
9.3.3.
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Figure 4.3.3 Graph showing the ELISA results obtained when using 25 as the antigen for different serum
samples by category (red — 10 TB positive samples obtained from the WHO, blue — 40 TB negative samples
obtained from the WHO, black — 25 TB negative samples from the UK).

By looking at Figure 4.3.3, it can be seen that there is some distinction between the TB+
serum samples and the TB- serum samples, however, as with the results obtained when
using the gold nanoparticle based assay, a lot of overlap in the data is observed between
the TB+ samples and the TB- samples obtained from the WHO. These results suggest that
the methoxy mycolic acid used was not a great antigen for distinguishing TB+ serum

samples from TB- serum samples.

A promising observation for the development of the gold nanoparticle assay was that the
data for the TB- serum samples from the UK seemed much more closely packed when

using that assay than the data obtained using the ELISA assay.

4.4 Analysis of Serum Samples with Other Antigens

Having observed some distinction between TB+ and TB- serum samples when using gold
nanoparticles coated with 22, it was decided to analyse serum samples with different
thiolated antigens. At this point in the project, three other thiolated antigens were available
for use: a thiolated methoxy mycolic acid with the thiol functional group on the acid group

of the molecule (26) (the structure of which can be seen in Figure 4.4.1 on the next page);
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a thiolated natural mycolic acid mixture (with the thiol group on the acid group of the

molecules); and thio-stearic acid (23).

Analysis of Serum Samples with Gold Nanoparticles Coated with a Methoxy Mycolic
Acid with the Thiol Functional Group on the Acid End of the Molecule

Firstly, it was decided to investigate the effect of coating the gold nanoparticles with a
methoxy mycolic acid with the thiol functional group on the acid group of the molecule,
the structure of which can be seen in Figure 4.4.1, on the assay. If this compound could
distinguish TB+ serum samples from TB- serum samples as well as, or better than, 22,
which contains the thiol functional group on the alkyl chain of the molecule, this would be
advantageous. The syntheses of mycolic acids with a thiol functional group on the acid
group of the molecule are much quicker than the synthesis of mycolic acids with the thiol
functional group on the alkyl chain of the molecule. Also, any mycolic acid can be

modified to contain a thiol functional group on its acid group in two synthetic steps.*

Figure 4.4.1 Structure of the thiol modified mycolic acid, 26.

Because gold nanoparticles coated with 26 were going to be compared to gold
nanoparticles coated with 22, a smaller set of twenty two serum samples was analysed,
including nine TB+ samples, five TB- samples obtained from the WHO and eight TB-
samples from the UK. These samples were selected because they gave a good spread of
data (i.e. values far apart) within their respective categories when using gold nanoparticles
coated with 22 for the assay, so they would therefore give a good overview of the serum
set. Some serum samples, for example the TB+ sample obtained from the WHO which
gave the highest response previously (KE 1), was not used because only a small amount of
the sample remained, therefore it was decided to preserve these serum samples in case they

would be more valuable for future experiments.

In order to show a clear comparison of the results, Figure 4.3.2 was simplified to contain
the data obtained with 22, for only the 22 serum samples used in this experiment (Figure

4.4.2 (left)), and the results obtained when using gold nanoparticles coated with 26 for the
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assay is shown in Figure 4.4.2 (right). The values obtained with each individual serum

sample can be seen in the Appendix, Section 9.3.4.
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Figure 4.4.2 Graph showing the ratio of absorbencies at 570 nm : 630 nm for different serum samples by
category when using gold nanoparticles coated with 22 (left) and 26 (vight) for the assay (red — 9 TB
positive samples obtained from the WHO, blue — 5 TB negative samples obtained from the WHO, black — 8
TB negative samples from the UK).

It can be seen that only a slight distinction is observed between the TB+ and TB- serum
samples when using gold nanoparticles coated with 26 in the assay compared to when 22
was used. When using 22, an average value of 1.47 was obtained with the TB+ samples,
and 1.16 with the TB- samples while values of 1.31 and 1.16 respectively were obtained
when using 26. A more significant difference was observed between using gold
nanoparticles coated with 22 and 26 when analysing the TB- samples from the UK, with
the values obtained for these samples being much higher when using gold nanoparticles
coated with 26 (an average value of 1.17) than they were when using gold nanoparticles

coated with 22 (an average value of 0.86).

These results suggest that the orientation of the antigen on the gold nanoparticle surfaces
has a significant effect on the results obtained in the assay. It seems that by placing the
thiol group on the alkyl chain of the mycolic acid, selective binding occurs between the

antibodies in the serum and the mycolic acid leading to a significant difference being
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observed in the values obtained at the end of the assay for TB+ and TB- serum samples.
However, placing the thiol group on the acid group of the molecule significantly reduces
the distinction observed. When using gold nanoparticles coated with this antigen, all of the
values obtained for the TB+ serum samples were above 1, suggesting that only partial
aggregation of the gold nanoparticles has occurred. However, the values obtained for all of
the TB- serum samples, in Figure 4.4.2 (right) are also above 1, again suggesting that
aggregation of the coated gold nanoparticles is inhibited. These results therefore suggest
that when using a mycolic acid with the thiol group on the acid side of the molecule, more
non-selective binding occurs between the mycolic acid and the antibodies in the serum,
thus leading to a poorer distinction between the TB+ and TB- serum samples when

compared to gold nanoparticles coated with 22, having a thiol group on the alkyl chain.

Analysis of Serum Samples with Gold Nanoparticles Coated with a Natural Mycolic
Acid Mixture with the Thiol Functional Group on the Acid End of the Molecule

Having attempted to perform the assay with gold nanoparticles coated with a methoxy
mycolic acid containing a thiol group on the acid group of the molecule, 26, it was decided
to perform the assay with a natural mycolic acid mixture containing a thiol group on the
acid group of the molecules. Even though the results obtained with 26 were worse than
when using 22, another antigen with a thiol on the acid group of the molecule was used in
order to make sure that this trend was observed again. The same serum samples were used
as for the previous experiments in this Section, and the results obtained are shown in
Figure 4.4.3. The values obtained with each individual serum sample can be seen in the

Appendix, Section 9.3.4:
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Figure 4.4.3 Graph showing the ratio of absorbencies at 570 nm : 630 nm for different serum samples by

category when using gold nanoparticles coated with a natural mycolic acid mixture with a thiol group on

the acid group of the molecules for the assay (ved — 9 TB positive samples obtained from the WHO, blue —
5 TB negative samples obtained from the WHO, black — 8 TB negative samples from the UK).

Again, from this Figure, it can be seen that no real distinction is observed between the TB+
and TB- serum samples, with the TB+ samples giving an average value of 1.12 and the
TB- samples giving an average value of 1.03. These results further suggest that mycolic
acid antigens bound onto gold nanoparticles via a thiol group on the acid group of the
molecules do not give as good a distinction between TB+ and TB- serum samples as
antigens that are bound to gold nanoparticles via a thiol group on their alkyl chains, when

using this assay.

Analysis of Serum Samples with Gold Nanoparticles Coated with Thio-stearic acid
with the Thiol Functional Group on the Acid End of the Molecule

The final thiol modified antigen that was used at this point was thio-stearic acid (23). This
compound was not expected to distinguish TB+ samples from TB- samples because it is
not known to be antigenic to antibodies against TB, therefore it acted as a control in order
to make sure that it was the mycolic acids coated onto the gold nanoparticle surface that
were responsible for the distinction observed previously, between TB+ and TB- serum

samples.
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The same serum samples as were used for the previous experiments in this Section were
used in the assay with gold nanoparticles coated with thio-stearic acid, and the results
obtained are shown in Figure 4.4.4. The values obtained with each individual serum

sample can be seen in the Appendix, Section 9.3.4:
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Figure 4.4.4 Graph showing the ratio of absorbencies at 570 nm : 630 nm for different serum samples by
category when using gold nanoparticles coated with thio-stearic acid for the assay (red — 9 TB positive
samples obtained from the WHO, blue — 5 TB negative samples obtained from the WHO, black — 8§ TB

negative samples from the UK).

It can be seen that there is no distinction between the TB+ (which gave an average
absorbance value of 1.07) and the TB- serum samples (which gave an average value of
1.05) when using gold nanoparticles coated with thio-stearic acid. With the exception of
one serum sample, SA 1, all of the ratio values obtained at the end of the assay were
relatively low, suggesting aggregation of the coated gold nanoparticles had occurred after
addition of NaCl, in turn suggesting no selective binding had occurred to the antigen
coated onto the gold nanoparticle surfaces, and no distinction was observed between the
TB+ and TB- serum samples. These results therefore suggest that the distinction between
TB+ and TB- serum samples previously observed when coating gold nanoparticles with
thiol modified mycolic acids (see Figure 4.3.2 and Figure 4.4.2) was due to the presence of

the mycolic acid bound onto the surface of gold nanoparticles.
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4.5 Further Optimisation of the Assay
It was decided at this stage to further optimise the assay. Since the assay did not involve

many steps, only a few variables needed to be investigated.

The optimum serum concentration required had been investigated earlier (see Section
4.2.2), while it had also been determined that a saturated aqueous solution of NaCl should
be used due to lower concentrations not being able to aggregate coated gold nanoparticles,
and to give coated gold nanoparticles subjected to TB- serum samples the best chance to
aggregate (see Section 4.2.1). The variables left to investigate were the amount of thiol
modified antigen that was used to coat the gold nanoparticles, the amount of time the
serum was left with the coated gold nanoparticles before addition of the NaCl solution and
the amount of time allowed between addition of the NaCl solution and the measurement of

the solution’s absorbance. These were therefore investigated in turn.

4.5.1 Changing the Amount of Antigen

The first variable that was investigated was the amount of antigen used to coat the gold
nanoparticles. For the previous experiments, a 5 uM solution of 22 had been used,
therefore it was decided to vary the concentration of this solution, and look at any changes
observed at the end of the assay. Thiol modified antigen solutions of the following
concentrations were prepared, and used to coat gold nanoparticles: 0.31 puM, 1.25 pM,

20 UM, 80 M.

The same serum samples were used as for the experiments in Section 4.4. The data
obtained previously when gold nanoparticles were coated with a 5 uM solution of 22 as
well as the results obtained from these experiments are shown in Figure 4.5.1 while a
summary of the results are shown in Table 4.5.1. The values obtained with each individual

serum sample can be seen in the Appendix, Section 9.3.5:
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Figure 4.5.1 Graph showing the ratio of absorbencies at 570 nm : 630 nm for different serum samples by
category when using gold nanoparticles coated with a 5 uM (top left), 0.31 uM (top middle), 1.25 uM (top
right), 20 uM (bottom left) and 80 uM (bottom right)solution of 22 for the assay (red — 9 TB positive
samples obtained from the WHO, blue — 5 TB negative samples obtained from the WHO, black -8 TB
negative samples from the UK).
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Table 4.5.1 Table showing the average ratio of absorbencies at 570 nm : 630 nm for the different serum
classes.

TB+ 1.19 1.22 1.47 1.24 1.34
TB- 1.16 1.18 1.16 1.26 1.20
UK- 1.08 1.05 0.86 1.09 1.12

It can be seen, that generally changing the amount of antigen used to coat the gold
nanoparticles does not have a large effect on the results obtained. The results did however
suggest that the best distinction between the TB+ and TB- samples was observed when
coating the nanoparticles with a 5 uM solution of antigen, suggesting that there was no
advantage to using more thiol modified antigen to coat the nanoparticles. It was therefore

decided to continue coating the gold nanoparticles with a 5 uM solution of antigen.

4.5.2 Varying the Times for Each Stage of the Assay

The final variables investigated were the amount of time the serum was left with the coated
gold nanoparticles before addition of the NaCl solution and the time between addition of
the NaCl solution and the measurement of the solution’s absorbance. Prior to performing
these experiments, serum samples were left with the coated gold nanoparticles for
30 minutes before saturated aqueous NaCl was added, and in instances where the assay
was performed on 96-well plates, the absorbance of the solution was measured 15 minutes

after addition of the NaCl solution.

When developing an assay or sensor for the detection of TB, rapid analysis of the serum
samples is an important factor. It would therefore be advantageous to try and make the
procedure as quick as possible without compromising the quality of the results obtained.
An experiment was therefore designed to look at the effect of changing the time the serum
was left with the coated gold nanoparticles before addition of the NaCl solution. One TB+,
KE 3, and one TB- serum sample, KE 7, were used for these experiments, and the gold
nanoparticles were again coated with 22. The serum was left with the coated gold
nanoparticles for various times before saturated aqueous NaCl was added, and an
UV-visible spectrum was taken 15 minutes after its addition. A typical UV-visible
spectrum obtained when analysing the TB+ and TB- samples can be seen in Figure 4.5.2

(red and blue respectively). As there was no significant change in the spectra obtained at
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various times, only spectra obtained after 5 minutes are shown here; all others can be seen

in the Appendix, Section 9.3.6.
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Figure 4.5.2 UV-visible spectrum after leaving the TB positive serum sample KE 3 (red) and the TB
negative serum samples KE 7 (blue) with gold nanoparticles coated with 22 for 5 minutes (spectrum taken
15 minutes after NaCl addition).

The UV-visible spectra obtained, when analysing each serum sample in turn, have the
same profile regardless of how long the serum sample is left with the coated gold
nanoparticles before the NaCl solution is added, suggesting that it may be possible to
reduce the time of this step to as little as 5 minutes instead of the 30 minutes that had been
used up to this point. For practical reasons, it was decided to shorten this time to only
15 minutes when performing the assay in 96-well plates, and in order to keep the assay

consistent, the same time was used when performing this assay in cuvettes.'

This experiment was repeated with a further two TB+ and two TB- serum samples in order

to make sure that this trend was observed, and this was found to be the case with the same

! An exception to this change in timings was performed when performing initial experiments in cuvettes with
gold nanoparticles coated with a linker compound and non-thiol modified antigen later in the project (see
Section 5.3). For those experiments, the time of this step was reverted to 30 minutes in order to gain a fair

compatison with the results obtained when using gold nanoparticles coated with 22.
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pattern being observed each time. The only slight difference was that for one of the TB-
samples, there was slightly less aggregation when leaving the serum with the coated gold
nanoparticles for 45 and 60 minutes than there was when they were left for 30 minutes. A
possible reason for this may be that leaving the serum with the coated gold nanoparticles
for too long can cause non-selective binding to occur to the antigens. The results from
these experiments again suggested that it may be possible to reduce the amount of time for
this step to as low as 5 minutes, confirming the results and observations stated earlier in

this section. These spectra can be seen in the Appendix, Section 9.3.6.

Varying the Time for the Second Part of the Assay

After analysing the first step of the experiment, the time allowed for the second part of the
experiment was also investigated. Serum samples were left with gold nanoparticles coated
with 22 for a constant time before saturated aqueous NaCl was added. An UV-visible
spectrum was then taken every 100s. These experiments were again initially performed
with one TB+ (KE 1) and one TB- (KE 7) serum sample and showed no significant
difference in the UV-visible spectrum with time when analysing the TB+ serum sample,
see Appendix, Section 9.3.7. However, for the TB- serum sample analysed, there was a
change in the UV-visible spectrum for the first few minutes after addition of the NaCl
solution, however, there is no significant changes in the spectrum after approximately
500 s. These results therefore suggest that it is possible to reduce the time for this step of
the assay to 10 minutes instead of the 15 minutes that was previously used. Further
confirmation of these results can be found in the Appendix, Figure 9.3.10 - Figure 9.3.12.
In these experiments, an UV-visible spectrum was recorded every 100 s for 15 minutes
following the addition of the saturated aqueous solution of NaCl and a similar pattern was
observed with no great change in the UV-visible spectrum being observed after

approximately 500 s.

It was therefore decided to measure the absorbance of the solutions 10 minutes after

addition of the NaCl solution when performing future experirnents."

" An exception to this change in timings was again performed when performing initial experiments in
cuvettes with gold nanoparticles coated with a linker compound and non-thiol modified antigen later in the
project, (see Section 5.3) as well was the experiments performed after re-optimisation of the assay with gold
nanoparticles purchased from BBInternational (see Section 5.6). For those experiments, the time of this step
was reverted to 15 minutes in order to gain a fair comparison with the results obtained when using gold
nanoparticles coated with 22.
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Reducing the amount of time required for this step, as well as shortening the time required
for the first step of the assay, reduced the overall time required to analyse a serum sample
by this assay from 45 minutes to 25 minutes. This could be further reduced in a sensor for
the detection of TB to approximately 15 minutes, which would potentially make this test a

very rapid method for the detection of TB.

4.6 Analysis of Serum Samples with a Different Thiol Modified Mycolic
Acid
After further optimising the assay, it was decided to analyse serum samples with gold

nanoparticles coated with a different thiol modified mycolic acid, 27, the structure of

which can be seen in Figure 4.6.1.
N

OH

o)
- OH

27 24°S
2

o

Figure 4.6.1 Structure of 27.

The same serum samples as had been used for the experiments in Sections 4.4 were used
and the assay was again performed on 96-well plates. The results obtained from these
experiments can be seen in Figure 4.6.2 and the values obtained with each individual

serum sample can be seen in the Appendix, Section 9.3.8.
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Figure 4.6.2 Graph showing the ratio of absorbencies at 570 nm : 630 nm for different serum samples by
category when using gold nanoparticles coated with 27 for the assay (red — 9 TB positive samples obtained
Sfrom the WHO, blue — 5 TB negative samples obtained from the WHO, black — 8 TB negative samples
from the UK).

It can be seen from this Figure that generally, a higher ratio value is observed at the end of
the assay when analysing TB+ serum samples (which gave an average value of 1.33) than
when analysing TB- samples (which gave an average value of 1.19), and therefore a
distinction is observed. When comparing this data to the data obtained when using gold
nanoparticles coated with 22 (Figure 4.4.2), a similar pattern is observed with both
antigens, however the ‘spread’ of the data seemed to be smaller when using gold
nanoparticles coated with 27. The likely reason for this is that the gold nanoparticles used
with both antigens came from different batches, although from the same supplier (Aldrich).
The highest absorbance at 570 nm observed when using gold nanoparticles coated with 27
was 0.19 (see Section 9.3.8), while the highest absorbance at 570 nm when using gold
nanoparticles coated with 22 was 0.22 (see Appendix, Section 9.3.3). Due to the
possibility of different batches of gold nanoparticles (of slightly different concentrations)
giving rise to slightly different results, a method of interpreting the data was required,
which would take this into account and negate any possible effect that it may have. Such a
method to interpret the data was devised later in the project, and is explained in detail in

Section 5.4.
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Measuring the Absorbance at 540 nm and 630 nm

Prior to performing these experiments, a new filter was obtained for the plate reader which
allowed for the reading of the absorbance of the solutions at 540 nm. It was believed that a
better distinction could be observed between TB+ and TB- serum samples if the
absorbance at 540 nm was measured instead of at 570 nm because the absorbance reading
at 540 nm would give a truer reflection of the amount of non-aggregated coated gold
nanoparticles present in the solution. Figure 3.3.3 shows the UV-visible spectrum for the
coated gold nanoparticles, and it can be seen that the SPR peak of the coated gold
nanoparticles is much closer to 540 nm than to 570 nm, therefore measuring the
absorbance at 540 nm would give a truer reflection of the height of this peak, in turn giving
a truer reflection of the amount of gold nanoparticles not aggregating after addition of the

NaCl solution.

The results obtained when measuring the ratio of absorbencies at 540 nm : 630 nm for the
experiments in this Section are shown in Figure 4.6.3, and the values obtained with each

individual serum sample can be seen in the Appendix, Section 9.3.8.
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Figure 4.6.3 Graph showing the ratio of absorbencies at 540 nm : 630 nm for different serum samples by
category when using gold nanoparticles coated with 27 for the assay (red — 9 TB positive samples obtained
firom the WHO, blue — 5 TB negative samples obtained from the WHO, black — 8 TB negative samples
firom the UK).
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By comparing Figure 4.6.3 to Figure 4.6.2, it can be seen that there is a bigger ‘range’ in
the ratio values when using 540 nm instead of 570 nm. It can also be observed that the
serum samples which gave positive results (i.e. a high ratio value) gave a higher value
when analysing the ratio of absorbencies at 540 nm : 630 nm, while there is only little to
no change with serum samples which gave a negative result (i.e. a low ratio value). When
analysing the ratio of absorbencies at 540 nm : 630 nm, the TB+ samples gave an average
value of 1.44 while the TB- samples gave an average value of 1.21, compared to the values
of 1.33 and 1.19 respectively that were obtained when analysing the ratio of absorbencies

at 570 nm : 630 nm.

These results suggested that measuring the absorbance of the solutions at the end of the
assay at 540 and 630 nm gave a more meaningful value than measuring the absorbance at
570 and 630 nm. In addition, they suggest that a better distinction could be observed
between serum samples which give a positive result and serum samples that give negative
results when measuring the absorbance of the solutions at 540 and 630 nm. It was
therefore decided, for future experiments, to measure the absorbance of the solutions at
540 and 630 nm at the end of the assay, when performing the gold nanoparticle assay on

96-well plates.

4.7 Concluding Remarks

A colour change was successfully induced in gold nanoparticles coated with a thiol
modified mycolic acid antigen, due to the aggregation of these coated gold nanoparticles
when they are subjected to a saturated aqueous solution of NaCl. This aggregation process
was found to be inhibited by the addition of a TB positive serum sample to the coated gold
nanoparticles prior to adding NaCl to the solution. In instances where a TB negative serum
sample was added to the coated gold nanoparticles, aggregation could still occur, thus
leading to a means of differentiating TB positive serum samples from TB negative serum
samples by measuring the amount of aggregation observed in the coated gold
nanoparticles, and also by observing the colour of the coated gold nanoparticle solution at

the end of the assay.

Fifty serum samples obtained from the WHO were analysed with the assay developed
using gold nanoparticles coated with 22, and even though there was some overlap in the
data obtained for the TB positive and TB negative samples, a distinction between both was

observed. Upon analysing the same serum samples with a non-thiolated version of the
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same mycolic acid antigen by ELISA, it was found that the antigen being used was not a

great antigen for distinguishing TB positive serum samples from TB negative samples.

Investigations suggested that the position of the sulfur atom within the mycolic acid
antigen was important. A better distinction was observed between the TB positive and TB
negative serum samples when the sulfur atom was placed on the alkyl chain of the mycolic
acid compared to when it was placed on the acid group of the molecule. It was also
confirmed that the mycolic acid was required to give a distinction between the TB positive
and TB negative serum samples, and not any long chain fatty acid, with thio-stearic acid

(23) showing no distinction between TB positive and TB negative serum samples.

Further optimisation showed that the assay could be performed in as little as 15 minutes
without compromising the results obtained. This could potentially lead to the development
of a sensor for the detection of TB, with results being available in 15 minutes, which is
much quicker than any of the methods currently available for the detection of TB (see
Table 1.5.1), giving a colour response that could potentially be read by eye, and/or by

measuring the absorbance of the solution at two different wavelengths.
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Chapter 5
Implementing Non-Thiol Modified
Antigens
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5.1 Introduction

Having successfully developed an assay that showed a distinction between TB positive and
TB negative serum samples (see Chapter 4), it was decided to try to incorporate non-thiol
antigens into this gold nanoparticle assay. One of the problems with the assay described
above was that thiol modified antigens were required in order to bind the antigen to the
gold nanoparticle surfaces, by a gold-sulfur bond, and that the process of incorporating this
thiol group into the antigen molecule makes the synthesis more time consuming.'
Developing a method which could incorporate non-thiol modified antigens would therefore
be advantageous, as methods for the synthesis of mycolic acids, TMMs and TDMs are
known. This would also allow all of the currently synthesised non-thiol modified antigens

to be analysed using this gold nanoparticle based aggregation assay.
5.2 [Initial Experiments

5.2.1 Direct Interaction of the Antigen with the Gold Nanoparticles

In order to make sure that non-thiol modified antigens did not interact directly with gold
nanoparticles, it was decided to try to coat gold nanoparticles directly with them. Gold
nanoparticles were coated using the protocol in Section 2.4, however instead of using a
thiol modified antigen for the coating process a 5 pM solution of a natural TDM mixture
(isolated from M. tuberculosis), a natural mycolic acid mixture (isolated from
M. tuberculosis) and 25 (the non-thiolated version of 22), the structure of which can be
seen in Figure 5.2.1, were used. These three different ‘coated’ gold nanoparticle solutions
were then analysed with the same serum samples as were used for the experiments in
Sections 4.4 and 4.5, performing the assay in 96-well plates according to the protocol

found in Section 2.6.2.

Figure 5.2.1 Structure of compound 25,
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The results obtained from these experiments can be seen in Figure 5.2.2, and the values
obtained with each individual serum sample with each individual antigen can be seen in the
Appendix, Section 9.4.1. The results obtained when analysing the serum samples with

gold nanoparticles coated with 22 are also provided in that section for comparison.'
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Figure 5.2.2 Graph showing the ratio of absorbencies at 570 nm : 630 nm for different serum samples by

category when using gold nanoparticles coated with 5 uM solutions of natural TDM mixture (left), natural

mycolic acid mixture (middle) and 25 (vight) (red — 9 TB positive samples obtained from the WHO, blue —
5 TB negative samples obtained from the WHO, black — 8 TB negative samples from the UK).

It can be seen from these figures that no distinction was observed between the TB+ and
TB- serum samples, and that all of the values obtained at the end of the assay were
relatively low, suggesting essentially complete aggregation of the gold nanoparticles after
addition of the NaCl solution. This suggested that none of the antigens had coated onto the
gold nanoparticles, which was expected because none of them contained a thiol functional
group which would have provided them with the ability to bind to the gold nanoparticle

surfaces by forming a gold-sulfur bond.

These experiments suggested that non-thiol modified antigens could not be directly bound

to gold nanoparticles, therefore another approach was attempted.

' Even though previous results had suggested that measuring the absorbance of the solution at 540 nm and
630 nm at the end of the assay gave a more meaningful ratio value, it was decided to measure the absorbance
of the solutions at the end of these experiments at 570 nm and 630 nm in order to be able to directly compare
the results obtained with the results obtained when using gold nanoparticles coated with 22.
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5.3 Incorporating a Linker Compound

Another approach to incorporate non-thiol modified antigens into the assay was to bind a
linker compound to the gold nanoparticles, which in turn would interact with the non-thiol
modified antigen, leading to a coating of the non-thiol modified antigen around the gold

nanoparticles.

Firstly, gold nanoparticles were coated with a 5 pM solution of thio-stearic acid (23),
which would bind to the gold nanoparticles through the thiol group on the acid group of the
molecule (forming a gold-sulfur bond), leading to a long alkyl chain being ‘exposed’
around the gold nanoparticles. It was expected that this layer around the gold
nanoparticles would be lipophilic in nature; therefore it would interact with other lipophilic
substances such as mycolic acids, TMMs and TDMs. This in turn would lead to a
‘coating’ of the lipophilic substance (mycolic acid, TMM or TDM) around the gold

nanoparticles.

Gold nanoparticles were coated with thio-stearic acid (23) followed by a natural TDM
mixture (isolated from M. tuberculosis) according to the protocol for coating with non-
thiol modified antigens in Section 2.4. This antigen was chosen as a starting point because
it had given a good distinction between TB+ and TB- serum samples by ELISA? and it was

readily available commercially.

5.3.1 Characterisation of Non-Thiol Antigen Binding to Gold Nanoparticles

The first requirement was to characterise whether the natural TDM bound to the coated
gold nanoparticles. As there was no thiol group on the TDM molecules, and due to the use
of a linker compound, electrochemical stripping could not be used to try and characterise
whether or not binding had occurred. Electrochemical stripping analysis would look at
molecules directly bound to the gold surface, and therefore would not determine whether

the TDM had bound to the linker compound.’

Transmission Electron Microscopy (TEM)

One method that was used to determine whether the natural TDM mixture had bound to the
linker compound on the coated gold nanoparticles was TEM. As with the gold
nanoparticles coated with 22, these coated nanoparticles were analysed by TEM following
the same procedure as previously discussed (see Section 3.2.2). The following TEM image

was obtained for the gold nanoparticles coated with thio-stearic acid followed by a natural
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TDM mixture; the image observed for gold nanoparticles not coated with antigen is also

shown for comparison.
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Figure 5.3.1 TEM images of gold nanoparticles which were not coated with antigen (left) and gold
nanoparticles which were coated with thio-stearic acid followed by a natural TDM mixture isolated from
M. tuberculosis (vight).

As was observed for gold nanoparticles coated with 22 by TEM (see Section 3.2.2), no
significant difference was observed between the gold nanoparticles which were not coated
with antigen and those which were coated with thio-stearic acid followed by a natural
TDM mixture. This again may be due to this method not being able to detect the presence

of small organic molecules on the surface of larger metal particles.

Since using TEM did not confirm the presence of the TDM mixture on the gold

nanoparticles, another technique was used in order to try and confirm their presence.

Particle Size and Zeta ({)-Potential Analysis

The next methods that were used to attempt to identify whether the natural TDM mixture
had bound to the gold nanoparticles were particle size and zeta potential calculations.
These analyses were carried out following the same procedure as was previously discussed

(see Section 3.2.3).

Particle size analysis showed an increase in particle diameter from 23.9 nm for the
un-treated coated gold nanoparticles to 35.3 nm for the TDM coated gold nanoparticles.
This increase in particle diameter strongly suggests that the TDM had successfully been

coated onto the gold nanoparticle surfaces.

This was further confirmed by the zeta potential analysis. This showed a decrease in the
magnitude of the zeta potential of the particles from -17.6 mV for the un-treated gold
nanoparticles to -13.2 mV for the TDM coated gold nanoparticles. This again suggests that
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a less charged species had been coated onto the surface of the gold nanoparticles, in turn
suggesting that the TDM had successfully been bound to the surfaces of the gold

nanoparticles.

Confirming that the TDM Coated Gold Nanoparticles Could Aggregate Upon NaCl
Addition

After confirming that the natural TDM mixture had coated onto the gold nanoparticles, it
was decided to check whether or not the TDM coated gold nanoparticles aggregated upon
the addition of NaCl. 100 pl of a saturated aqueous solution of NaCl was added to 900 pl
of the coated gold nanoparticles, and the UV-visible spectra observed before and
15 minutes after addition of the NaCl solution is shown in Figure 5.3.2. An image of a
cuvette containing natural TDM coated gold nanoparticles and natural TDM coated gold

nanoparticles 15 minutes after addition of saturated aqueous NaCl is shown in Figure 5.3.3.

0.35 ~ —Coated Gold Nanoparticles
Prior to NaCl Addition

03 - Coated Gold Nanoparticles
After NaCl Addition
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Figure 5.3.2 UV-visible spectrum of gold nanoparticles coated with a natural TDM mixture (using thio-
stearic acid as a linker) (red) and the coated gold nanoparticles 15 minutes after addition of saturated
aqueous NaCl (blue).
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Figure 5.3.3 Cuvettes showing gold nanoparticles coated with natural TDM mixture (using thio-steavic
acid as a linker) (left) and gold nanoparticles coated with natural TDM mixture (using thio-stearic acid as
a linker) 15 minutes after addition of saturated aqueous NaCl (right).

As was observed when performing this test on gold nanoparticles coated with 22 (see
Section 4.2.1), aggregation of the coated gold nanoparticles occurred after addition of the
NaCl solution, with a change in the wavelength at which the maximum absorbance occurs
from 524 to 651 nm, and a change in the colour of the solution from red to blue was

observed.

The results of the experiments discussed in this section show that gold nanoparticles can be
coated with non-thiol modified antigens via a thio-stearic acid linker compound, and
aggregation of these coated gold nanoparticles can be achieved by addition of a saturated
aqueous solution of NaCl. This suggested that these coated nanoparticles would also be
suitable for use in the assays developed in Chapters 3 and 4, allowing a large range of
TDM, TMM and mycolic acid antigens which had already been synthesised in Bangor to

be used in these assays, without requiring any modifications to the antigens.

5.3.2 Using Gold Nanoparticles Coated with a Natural TDM Mixture

Having shown that gold nanoparticles coated with a non-thiol modified antigen (using thio-
stearic acid (23) as a linker compound) could be used in the assay, it was decided to try and
use them in the assay to see whether any distinction would be observed between TB+ and
TB- serum samples. It was initially decided to perform the assay on 96-well plates, with
all of the serum samples from the first group of samples obtained from the WHO (see

Appendix, Section 9.1.2). This was done to get a broad overview of whether or not the
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assay would work with these natural TDM coated gold nanoparticles, and if the assay did
work, whether or not there would be a better or worse distinction between the TB+ and
TB- serum samples when they were analysed in this way, compared to using gold

nanoparticles coated directly with antigen i.e. with 22 or 27.

It was again expected that complementary binding of antibodies to the antigen (the natural
TDM mixture) coated to the gold nanoparticles would occur for the TB+ serum samples,
leading to no aggregation upon addition of the NaCl solution, while for the TB- serum
samples, no complimentary binding was expected, leading to aggregation of the TDM

coated gold nanoparticles upon addition of the NaCl solution.

The results obtained from these experiments can be seen in Figure 5.3.4, and the values

obtained with each individual serum sample can be seen in the Appendix, Section 9.42."
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Figure 5.3.4 Graph showing the ratio of absorbencies at 540 nm : 630 nm for 50 different serum samples
by category when using gold nanoparticles coated with a natural TDM mixture for the assay (red — 10 TB
positive samples obtained from the WHO, blue — 40 TB negative samples obtained from the WHQO).

' A point to note is that when centrifuging these coated gold nanoparticles prior to using them in the assay,
some aggregation occurred when centrifuging at 12,000 RCF. When the speed of the centrifuge was reduced
to 7,000 RCF, no aggregation was observed. It was therefore decided to centrifuge all gold nanoparticles
coated with non-thiol modified antigen at 7,000 RCF.
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The results obtained were very encouraging. Firstly, it was observed that the assay did
work with the gold nanoparticles coated with the natural TDM mixture, and secondly, a
distinction was observed between the TB+ and TB- serum samples. This confirmed that
non-thiol modified antigens could be used in the assay, allowing a large range of TDM,
TMM and mycolic acid antigens which had already been synthesised to be used in this
assay. This Figure also suggests a better distinction between the TB+ and TB- serum
samples when using gold nanoparticles coated with the natural TDM mixture than when
using gold nanoparticles coated with 22 (see Figure 4.3.2). When using gold nanoparticles
coated with the natural TDM mixture, nine of the ten TB+ serum samples gave a ratio
value of higher than 1.5, while only two of the forty TB- serum sample analysed gave a
value of greater than 1.5. This led to a sensitivity of 90 % and a specificity of 95 % for this
assay using gold nanoparticles coated with a natural TDM mixture (using this method of

interpreting the data).

In order to confirm whether the observation made in Section 4.6, which suggested that
reading the absorbance of the solution at the end of the assay at 540 and 630 nm gave a
truer reflection of the aggregation occurring and also a better distinction between TB+
serum samples and TB- serum samples, the solutions for the above experiments were also
measured at 570 nm. The values obtained when calculating the ratio of absorbencies at
570 nm : 630 nm are shown in Figure 5.3.5 below, and a full list of the values obtained

with each individual serum sample can be seen in the Appendix, Section 9.4.2.
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Figure 5.3.5 Graph showing the ratio of absorbencies at 570 nm : 630 nm for 50 different serum samples
by category when using gold nanoparticles coated with a natural TDM mixture for the assay (red — 10 TB
positive samples obtained from the WHO, blue — 40 TB negative samples obtained from the WHO).

Similar to the observations made in Section 4.6, there is much less ‘range’ in the data when
observed at 570 and 630 nm (as compared to 540 and 630 nm), and there is also more
‘overlap’ in the values obtained with the TB+ and TB- serum samples at these
wavelengths. When analysing the data at 570 and 630 nm, average values of 1.52 and 1.17
were obtained with the TB+ and TB- samples respectively, however an increase in the
difference between TB+ and TB- samples was observed when reading the solutions at 540
and 630 nm, with average values of 1.72 and 1.16 respectively obtained. These results
again suggested that the absorbance of the solutions at the end of the assay should be read

to 540 and 630 nm.

5.4 Percentage Aggregation as a Method of Quantifying the Results

Having developed a method for incorporating non-thiol modified antigens into the assay,
and having established that the absorbance of the solutions should be read at 540 and
630 nm to give the best reflection of the amount of aggregation occurring, and to give the
best distinction between TB+ and TB- serum samples, it was decided to develop a method

to more accurately quantify the results obtained.
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It was suggested from the results obtained in Section 4.6 that different batches of gold
nanoparticles could have slightly different concentrations which could influence the ratio
value obtained at the end of the assay. In order to overcome this problem, it was decided

to analyse the data obtained from the assay as a ‘percentage aggregation’.

Standards were to be placed on each 96-well plate on which the assay would be performed.
One standard would represent 0 % aggregation, and this standard would only contain gold
nanoparticles coated with the antigen being investigated, and another standard would
represent 100 % aggregation, which would contain gold nanoparticles coated with the
antigen being investigated in the assay and a saturated aqueous solution of NaCl. The first
standard represented 0 % aggregation because it would not be subjected to NaCl, therefore
no aggregates should be present in this solution. The second standard represented 100 %

aggregation because it would be subjected to the NaCl solution, therefore it would fully
aggregate.

The value obtained at the end of the assay for the coated gold nanoparticles, which had
been subjected to the serum sample under investigation, would then be compared against
these two standards and converted into a percentage aggregation. The use of these two
standards on each 96-well plate negated the effect of any problems that may arise from
using gold nanoparticles from different batches, while also giving a quick method to
compare data obtained when analysing serum samples with gold nanoparticles coated with

various different antigens.
Percentage aggregation was calculated as follows:

_ Absorbance at 540 nm

~ Absorbance at 630 nm

_ Absorbance at 540 nm when 0 % aggregation

™ Absorbance at 630 nm when 0 % aggregation

Absorbance at 540 nm when 100 % aggregation

A =
100 ™ Absorbance at 630 nm when 100 % aggregation

Percentage Aggregation = 0 %100
Ap — Aqpo

Ay is obtained from the first standard, while A g is obtained from the second standard.
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Due to slight differences in the volumes of the standards and the volumes of the solutions
containing the serum samples at the end of the assay, and due to some slight natural
variations in gold nanoparticle concentrations from one well to another, values of slightly
lower than 0 % and slightly higher than 100 % can be obtained using this approach. All
values presented in Figures that are lower than 0 % are adjusted to 0 % and all values

greater than 100 % are adjusted to 100 % for this thesis.

Using this method of calculation, a gold nanoparticle solution analysed with a TB+ serum
sample was expected to give a high value for ‘A’ in turn giving a low percentage
aggregation value, while a gold nanoparticle solution analysed with a TB- serum sample

?

was expected to give a low value for ‘A’ in turn giving a high percentage aggregation

value."

Later in the project, it was discovered that addition of a serum sample to coated gold
nanoparticles caused a slight change in the absorbance values at 540 and 630 nm (without
the addition of any NaCl), and these slight changes were not related to aggregation, but to
the addition of the serum sample to the coated gold nanoparticles (believed to be by the
same phenomena as discussed in Chapter 3). As a result of this observation, another
standard for 0 % aggregation, containing coated gold nanoparticles and serum, was added
to each 96-well plate on which the assay was performed, and two values for percentage
aggregation were then calculated and quoted (see Section 5.7 onwards). ‘Method 1’ for
percentage aggregation used the standard containing coated gold nanoparticles only as the
standard for 0 % aggregation, while ‘Method 2’ for percentage aggregation used the

standard containing coated gold nanoparticles and a serum sample for 0 % aggregation.

In order to quantify how well the method performed with various antigens, sensitivity and
specificity values are quoted for each antigen. For each antigen investigated, a ‘cut-off’
percentage aggregation value was taken and all of the samples which gave a percentage
aggregation value equal to or above this value were designated as TB-, while all of the
samples which gave a lower percentage aggregation value were designated as TB+. This

‘cut-off> absorbance value is specified with each antigen used.

In order to help determine an appropriate value for this cut-off absorbance, receiver

operating characteristics (ROC) analysis was performed on the data obtained from the

' Note: Values and graphs using this method therefore are in reverse to values and graphs shown earlier
where the ratio of absorbance at 540 nm : 630 nm was used.
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assays. The ROC curves that were produced were used to aid in deciding on a ‘cut-off’
percentage aggregation value and the area under the curve (AUC) was also recorded. The
AUC corresponds to the probability that the test will rank a randomly chosen positive
sample higher than a randomly chosen negative sample (provided that a high value is
indicative of a positive sample), and is commonly used to represent the expected
performance of a given test.” An AUC value of 0.5 therefore represents a test that cannot
distinguish positive samples from negative samples, and increasing this value towards one
increases the probability that the test can distinguish positive samples from negative

samples.

Percentage Aggregation Values for the Gold Nanoparticle Assay Using Gold
Nanoparticles Coated with a Natural TDM Mixture

Having developed a method to quantify the results obtained from the assay as a percentage
aggregation, these values were calculated for the experiments described in Section 5.3.2
(this could be performed because standards had been run on those plates), and the values

obtained can be seen in the Appendix, Section 9.4.2.

By representing the data as a percentage aggregation, a truer reflection of the aggregation
which had occurred in the solutions could be identified. Generally, the percentage
aggregation value obtained very closely reflects the ratio of absorbencies at
540 nm : 630 nm, however there are some slight discrepancies, for example, when looking
at serum samples KE 5 and BA 14. Serum sample KE 5 gave the higher ratio value and
would therefore be expected to give the lowest percentage aggregation value (as a more
positive serum sample would be expected to give a higher ratio value, and a lower
percentage aggregation value). The percentage aggregation value for this sample,
however, was slightly higher than that for BA 14. The reason for this slight discrepancy is
that the serum samples were run on different 96-well plates and different lots of gold
nanoparticles were used on each plate. By using the percentage aggregation calculation,
this difference in lots is accounted for, thus giving a truer reflection of the amount of

aggregation that has occurred.

Using the values for percentage aggregation, eight of the ten TB+ serum samples gave a
value of lower than 50 %, while thirty five of the forty TB- serum samples gave a value
that was higher than 50 %. This led to a sensitivity of 80 % and a specificity of 88 % for

this assay using gold nanoparticles coated with a natural TDM mixture. These values are
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slightly lower than the sensitivity and specificity values calculated in Section 5.3.2,
however the values quoted here were expected to be a fairer representation of the solutions
at the end of the assay. A probable reason for this slight discrepancy between using ratios
and percentage aggregation for the analysis of the data was that eight of the ten TB+ serum
samples were analysed on the same 96-well plate, therefore the gold nanoparticles used for
the assay on that plate may have been of a slightly different concentration to the gold
nanoparticles used on the other plates, leading to a slight difference in the values obtained.
Analysing using the percentage aggregation method, however, negated the effect of the
serum samples being run on different plates and gave a truer reflection of the aggregation

which had occurred in the solutions during the assay.

It was therefore decided to analyse all of the data obtained when using this assay with the
percentage aggregation analysis for all future experiments (where the assay was performed

on 96-well plates).

5.5 Analysis of Serum Samples with Various Antigens

Having obtained a distinction between TB+ and TB- serum samples when running the
assay using gold nanoparticles coated with thio-stearic acid followed by a natural TDM
mixture, it was decided to see if a distinction would also be observed when using gold
nanoparticles coated with synthetic antigens, via a thio-stearic acid (23) linker compound.
It was again decided to use the 50 serum samples from the first group of samples obtained
from the WHO, using gold nanoparticles coated with a methoxy TDM (24), methoxy
TMM (28) and methoxy mycolic acid (25) (the structures of which can be seen in the
Appendix, Section 9.1.1) for these experiments. It was also decided to analyse the serum
samples with gold nanoparticles coated with thio-stearic acid only to make sure that any
distinction observed between the TB+ and TB- serum samples was due to the presence of
the TDM, TMM or mycolic acid antigens, and not due to any non-specific binding to
thio-stearic acid. The percentage aggregation values obtained for these experiments can be
seen in the Appendix, Section 9.4.3, and a graphical representation of the data can be seen
in Figure 5.5.1. The values obtained when using gold nanoparticles coated with a natural

TDM mixture are also included for comparison.
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Figure 5.5.1 Graph showing the percentage aggregation for 50 different serum samples by category when
using gold nanoparticles coated with a natural TDM mixture (top left), 24 (top middle), 28 (top right), 25
(bottom left) and thio-stearic acid (bottom right) for the assay (ved — 10 TB positive samples obtained from
the WHO, blue — 40 TB negative samples obtained from the WHQO),
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The data obtained from these experiments were very encouraging. Firstly, when using
gold nanoparticles coated with stearic acid only, all of the percentage aggregation values
were high (greater than 70 %) suggesting that no binding had occurred to the stearic acid
coated onto the gold nanoparticles. This in turn suggested that the low percentage
aggregation values observed with some of the other antigens was due to specific binding to
the antigen coated onto the gold nanoparticles, prohibiting aggregation from occurring

after addition of the NaCl solution at the end of the assay.

Another encouraging observation was that a distinction could be observed between the
TB+ serum samples and the TB- serum samples when using gold nanoparticles coated with
synthetic antigens. By taking a ‘cut-off value’ of 50 % aggregation, and designating all
serum samples which gave a value below this cut-off as TB+ and all serum samples which
gave a value above this cut-off as TB-, the following sensitivity and specificity values were
obtained:

Table 5.5.1 Table showing the sensitivity and specificity values obtained when analysing the first set of
serum samples with gold nanoparticles coated with various antigens.

Natural TDM 8 35 80 88
24 9 29 90 73
28 7 35 70 88
25 3 40 30 100
Thio-stearic acid 0 40 0 100

The values obtained for sensitivity and specificity were relatively high when using 24 and
28 as the antigens, and were comparable to the values obtained when analysing serum
samples with those antigens by ELISA (a sensitivity and specificity of 90 % and 68 %
respectively with 24 and 90 % and 65 % respectively with 287 This was encouraging
because the gold nanoparticle assay developed could be performed in as short a time as
15 minutes, without the need of any washing steps, making this platform suitable to use in

a device for the detection of TB.

The results obtained also seem to give an indication of the amount and strength of binding
to the antigen coated onto the gold nanoparticles. For example, when analysing serum
sample BA 5 with the synthetic antigens, a percentage aggregation value of 0.16 was

obtained when using gold nanoparticles coated with 24 (a methoxy TDM), 30.43 with 28
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(a methoxy TMM) and 49.98 with 25 (a methoxy mycolic acid). These values suggested
that either more binding occurs to the TDM than the TMM and the mycolic acid and/or
that the binding that occurred to the TDM was stronger than the binding to the TMM and
the mycolic acid. They also suggest that the least and/or weakest binding occurred to the
mycolic acid. These results are consistent with the observations made when analysing

serum samples by ELISA.?
5.6 Further Optimisation of the Assay

5.6.1 Purchasing Gold Nanoparticles from a Different Supplier

Having been able to bind synthetic antigens onto the surfaces of gold nanoparticles, and
observing a distinction between TB+ and TB- serum samples when using gold nanoparticle
coated with these synthetic antigens, it was now decided to examine gold nanoparticles

from a different source, which were more cost effective than those previously used (from

Aldrich).

Given the results above, it was possible for all of the synthetic TDM, TMM and mycolic
acid antigens to be analysed using this assay, thus large quantities of gold nanoparticles
would therefore be required to perform these analyses. Due to financial constraints, the
gold nanoparticles purchased from Aldrich were too expensive to purchase in large
quantities, therefore a large quantity of gold nanoparticles was purchased from
BBInternational. The specifications for these gold nanoparticles reported that, similar to
those purchased from Aldrich, they had a mean diameter of 20 nm, and a 0.01 % Au

concentration.

In order to confirm these gold nanoparticles were in fact of the same concentration as those
purchased from Aldrich, they were coated with 22, and an UV-visible spectrum was taken
after they had been centrifuged (at 12,000 RPM for 12 minutes) and re-suspended in
10 mM phosphate buffer (pH 7.4). The spectrum obtained can be seen in Figure 5.6.1; the
spectrum obtained when using gold nanoparticles from Aldrich is also shown for

comparison.
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Figure 5.6.1 Comparison of the UV-visible spectra obtained with gold nanoparticles coated with 22 after
re-suspension in 10 mM phosphate buffer (pH 7.4) (blue — gold nanoparticles from Aldrich, red — gold
nanoparticles from BBInternational).

It can be seen from this Figure that there is a significant difference in absorbance at the
SPR peak with both of these solutions. The absorbance for the gold nanoparticles
purchased from BBInternational (coated with 22) was over 1.5 times greater than that for
those purchased from Aldrich (coated with 22). This suggested a significant difference in

concentrations between both solutions.

It was shown from previous experiments (see Section 4.2.2) that the ratio of gold
nanoparticles to serum sample was important for the performance of the assay, therefore in
light of the gold nanoparticles purchased from BBInternational being more concentrated
than those purchased from Aldrich, re-optimisation of the assay was required. Another
possible method of overcoming this difference would have been to re-suspend the coated
gold nanoparticles in more buffer than was used when using gold nanoparticles purchased
from Aldrich. This approach was not taken because omitting the centrifugation and
re-suspension step prior to performing the assay was a target (see Section 5.6.2). It was
also believed that using gold nanoparticles of a higher concentration (therefore having a
higher absorbance) may lead to a clearer difference in colour between red (non-aggregated

gold nanoparticles) and blue (aggregated gold nanoparticles) at the end of the assay.

5.6.2 Re-Optimisation of the Assay

Unless otherwise stated, all of the experiments for this re-optimisation process were
performed on 96-well plates to allow more serum samples to be analysed in a shorter time.
The protocol described in Section 2.6 was used for all of these experiments, but changing
only one variable at a time. All assays from this point forward were performed with gold

nanoparticles purchased from BBInternational.
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Removal of the Centrifugation and Re-Suspension Steps Prior to Performing the
Assay

It was decided to try to remove the centrifugation and re-suspension process prior to
performing the assay to be able to analyse more serum samples in a shorter time. It was
believed that the accuracy of the assay could also be increased due to there being less
chance of slight variations in the concentration of the coated gold nanoparticles from well
to well or from plate to plate. The only downside to not performing the centrifugation and
re-suspension prior to using the coated gold nanoparticles in the assay was that any
aggregated gold nanoparticles would not be removed from the solutions prior to the assay

being performed (see Figure 3.3.2).

An experiment was performed to determine whether or not performing the centrifugation
and re-suspension steps were necessary for the assay. Gold nanoparticles were coated with
thio-stearic acid (23) followed by a natural TDM mixture isolated from M. tuberculosis
(according to the procedure found in Section 2.4), and half were centrifuged and
re-suspended in 10 mM phosphate buffer (pH 7.4), while the other half was not treated
further prior to use. Eight different serum samples were analysed with both ‘sets’ of
coated gold nanoparticles, and the percentage aggregation values obtained at the end of
these experiments can be seen in Table 5.6.1:

Table 5.6.1 Table showing the percentage aggregation values obtained when analysing various serum

samples with gold nanoparticles coated with a natural TDM mixture with and without centrifugation of
the coated gold nanoparticles prior to their use.

BA 4 Positive 101.06 42.59
BAS Positive 82.86 14.18

KE 1 Positive 51.94 10.40
KE2 Positive 46.30 6.44

BA 10 Negative 101.84 70.80

CO 13 Negative 101.91 60.29
UK Sample 7 Negative 99.58 72.42
UK Sample 25 Negative 95.52 74.29

It can be seen that, although a distinction is observed between the TB+ and TB- serum
samples both with and without centrifugation, there was a greater distinction with
centrifuged coated gold nanoparticles. Also, when the assay was performed without

centrifugation higher percentage aggregation values were obtained. This suggested that the
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serum that was being used for these experiments was too dilute, and more concentrated
serum samples were required for use in the assay when using gold nanoparticles from
BBInternational. The results also suggested that some of the coated gold nanoparticles
were being lost in the centrifugation process leading to lower percentage aggregation

values being observed (due to a higher coated gold nanoparticles to serum sample ratio).

It was therefore decided to change the amount of 10 mM phosphate buffer (pH 7.4) in
which the centrifuged coated gold nanoparticles were re-suspended, in order to keep the
concentration the same for both centrifuged and non-centrifuged coated gold nanoparticles.
An experiment was therefore designed to determine how much 10 mM phosphate buffer
(pH 7.4) should be used for the re-suspension of the coated gold nanoparticles after they
had been centrifuged. An UV-visible spectrum was measured for 1 ml of non-centrifuged
gold nanoparticles coated with a natural TDM mixture, and for centrifuged gold
nanoparticles coated with a natural TDM mixture (1 ml prior to being centrifuged)
re-suspended in various amounts of 10 mM phosphate buffer (pH 7.4). The spectra

obtained from these experiments can be seen in Figure 5.6.2.
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Figure 5.6.2 UV-visible spectra for gold nanoparticles coated with a natural TDM mixture without
centrifugation, and after re-suspension in various amounts of 10 mM phosphate buffer (pH 7.4) after
being centrifuged.
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From this Figure, it was determined that after centrifugation of the coated gold
nanoparticles, re-suspension in 0.93 ml of 10 mM phosphate buffer (pH 7.4) gave the same
absorbance as the non-centrifuged coated gold nanoparticles, suggesting that the
concentrations in both of these solutions were identical. It was therefore decided to re-
suspend centrifuged gold nanoparticles (1 ml prior to being centrifuged) in 0.93 ml of
10 mM phosphate buffer (pH 7.4).

Varying the Serum Concentration

Since the values obtained in Table 5.6.1 suggested that the serum was too dilute when
using gold nanoparticles purchased from BBInternational, an experiment was designed in
order to determine which serum concentration was most suitable to use with these gold
nanoparticles. Gold nanoparticles were again coated with a natural TDM mixture and were
not centrifuged prior to use. Four serum samples (two TB+ samples (KE 1 and KE 2) and
two TB- samples (BA 10 and CO 13)) were used at serum concentrations of 1 in 500,
1 in 1,000, 1 in 1,500, 1 in 2,000, 1 in 2,500, 1 in 3,000, 1 in 3,500 and 1 in 4,000. The
percentage aggregation values obtained at the end of these experiments can be seen in
Table 5.6.2 below:

Table 5.6.2 Table showing the percentage aggregation values obtained when analysing various serum
samples of various concentrations using gold nanoparticles coated with a natural TDM mixture.

1 in 500 -11.58 -7.08 -23.21 -51.66
1in 1,000 -10.20 -4.17 -22.65 -31.56
1 in 1,500 -6.19 -1.55 -8.13 11.96
1in 2,000 0.22 23.48 32.92 78.27
1in 2,500 17.81 26.89 84.48 98.07
1 in 3,000 26.58 54.53 101.06 102.45
1in 3,500 47.52 73.48 103.79 104.38
1 in 4,000 73.92 87.37 103.77 105.45

It can be seen that at serum concentrations of 1 in 1,500 or greater, all of the samples gave
a low percentage aggregation value, suggesting that these concentrations are too high. At a
serum concentration of 1 in 2,000, the TB- serum sample CO 13 gave a high percentage
aggregation value, however serum sample BA 10 again gave a low value suggesting that

this concentration is also too high.
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At a serum concentration of 1 in 2,500 both TB+ samples gave low percentage aggregation
values, while both TB- samples gave high percentage aggregation values. Therefore at this

concentration, a good distinction was observed between the TB+ and TB- samples.

As the serum concentration was diluted further, the percentage aggregation values obtained
with the TB+ samples increased. At a 1 in 3,000 serum concentration, one of the TB+
samples gave a percentage aggregation value of higher than 50 %, while at a serum
concentration of 1 in 4,000, both TB+ samples gave a percentage aggregation value of
higher than 50 %.

These results suggested that the best distinction between the TB+ and TB- serum samples
was observed at a serum concentration of 1 in 2,500, therefore this concentration was used

for the experiments from this point forward.

Varying the NaCl Concentration

Previous experiments had suggested that a saturated aqueous solution of NaCl should be
used for the assay (see Section 4.2.1), however these experiments had been performed
using gold nanoparticles directly coated with a thiol modified mycolic acid. An
experiment was therefore designed to make sure that this was still the case when using
gold nanoparticles coated with non-thiol modified antigens (using thio-stearic acid (23) as
a linker compound). Gold nanoparticles were again coated with a natural TDM mixture,
and the same four serum samples as were used in the previous experiment were used.
100 ul of NaCl solutions of various concentrations were added at the end of the assay. The
percentage aggregation values obtained at the end of these experiments can be seen in
Table 5.6.3:

Table 5.6.3 Table showing the percentage aggregation values obtained when analysing various serum

samples using gold nanoparticles coated with a natural TDM mixture in the gold nanoparticle assay and
using NaCl solutions of various concentrations.

IM | 1666 | 2345 | 5270 | 8134

2M 14.00 20.52 65.95 91.43
3M 14.05 20.57 77.40 95.48
4M 19.51 20.83 82.13 97.14
Saturated 17.81 26.89 84.48 98.07
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It can be seen that when analysing the TB+ serum samples (KE 1 and KE 2), the
concentration of the NaCl solution added does not have a great effect on the results
obtained. However, with the TB- serum samples, increasing the NaCl concentration
greatly increases the aggregation that occurs. This leads to the best distinction between the
TB+ and TB- serum samples occurring when using a saturated aqueous solution of NaCl at

the end of the assay.

Therefore it was decided to continue using a NaCl solution of this concentration in the

assay.

Varying the Amount of Antigen Used for Coating the Gold Nanoparticles

Previous experiments had suggested that a 5 uM solution of antigen in hexane should be
used for the assay, however these experiments had again been performed using gold
nanoparticles directly coated with a thiol modified mycolic acid. It was therefore decided
to confirm that this concentration of antigen was the most suitable to use when coating
gold nanoparticles with non-thiol modified antigens (using a thio-stearic acid (23) linker
compound). Gold nanoparticles were firstly coated with a 5 uM solution of thio-stearic
acid (23) followed by a solution of the natural TDM mixture at concentrations ranging
from 0.13 pM to 50 uM. These coated nanoparticles were then analysed with eight
different serum samples, and the percentage aggregation values obtained at the end of the
assay is shown in Table 5.6.4 below:

Table 5.6.4 Table showing the percentage aggregation values obtained when analysing various serum
samples using gold nanoparticles coated with various amounts of a natural TDM mixture.

BA4 Positive | 89.22 87.20 92.40 91.75 | 49.65 | 9041 46.35 | 23.51

BAS Positive | 92.58 93.09 96.85 96.05 | 40.29 | 72.71 38.00 | 17.08
KE 1 Positive | 31.90 31.00 37.41 27.13 | 26.12 | 36.08 2247 | 14.87
KE2 Positive | 75.21 72.55 74.81 7448 | 3492 | 53.50 29.89 | 16.75
BA 10 Negative| 99.92 99.42 | 10046 | 99.66 | 83.14 | 100.09 | 9512 | 77.53
CO 13 Negative| 102,72 | 101.40 | 101.99 | 102.53 | 89.80 | 98.63 98.19 | 88.60
UK Sample 7 |Negative| 104.87 | 102.71 | 102.17 | 103.94 | 97.17 | 10445 | 102.10 | 98.03
UK Sample 25 | Negative| 105.06 | 102.93 | 105.00 | 105.30 | 95.69 | 102.68 | 99.88 | 96.85

The best distinction between TB+ and TB- serum samples was observed when coating the

gold nanoparticles with a 50 uM solution of the natural TDM mixture, however, a good
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distinction is also observed when coating the gold nanoparticles with a 5 pM solution. The
results obtained when using a 2.5 pM or weaker solution of the natural TDM mixture
suggest that a lot of aggregation occurred, in turn suggesting little binding to the antigens
coated onto the gold nanoparticle surface, suggesting that more antigen was required to

coat the gold nanoparticles for use in this assay.

The results obtained when coating the gold nanoparticles with a 5 pM solution and a
25 uM solution were very similar, suggesting that the results obtained with gold
nanoparticles coated with a 10 pM solution were an anomaly. Due to there being no
significant improvement in distinction between TB+ and TB- serum samples unless a
50 puM solution of antigen was used, it was decided that since the amount of antigen
available was limited, a 5 uM solution of antigen would still be used to coat the

nanoparticles from this point forward.

Coating the Gold Nanoparticles with Antigen Dissolved in Chloroform

Since all of the TDMs, TMMs and mycolic acids that have been synthesised may not be
soluble in hexane, it was decided to see if the gold nanoparticles could be coated with
antigens dissolved in other solvents. Because the natural TDM mixture was soluble in
both hexane and chloroform, it was again used as the antigen for this experiment. Gold
nanoparticles were coated with a 5 uM solution of the natural TDM mixture in chloroform,
and these were then analysed with eight different serum samples. The percentage
aggregation values obtained are shown in Table 5.6.5, and values obtained when using
gold nanoparticles coated with the natural TDM mixture dissolved in hexane are also
included for comparison.

Table 5.6.5 Table showing the percentage aggregation values obtained when analysing various serum
samples using gold nanoparticles coated with a natural TDM mixture (dissolved in hexane or chloroform).

Positive 50.23

Positive 49.39

KE 1 Positive 17.32

KE 2 Positive 30.63

BA 10 Negative 96.54

CO 13 Negative 98.82
UK Sample 7 Negative 105.17
UK Sample 25 Negative 102.64
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The percentage aggregation values obtained when using the two different sets of coated
gold nanoparticles were very similar, and both sets were able to distinguish the TB+ serum

samples from the TB- serum samples equally well.

The results suggested that the solvent in which the antigen is dissolved for the coating
process does not have a significant effect on the results obtained. It was therefore decided
to continue coating gold nanoparticles with antigen dissolved in hexane, however, in
instances where the antigen was not soluble in hexane, a different solvent (e.g. chloroform)

could be used, and if this is the case, it will be specified.

Using Various Linker Compounds

The final experiments in this re-optimisation involved varying the linker compound. Up to
this point, thio-stearic acid (23) had been used, however it was also decided to try to use
thio-TBSA (29),"*"#%!% the structure of which can be seen in F igure 5.6.3, and

octadecanethiol.
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Figure 5.6.3 Structure of thio-TBSA (29)

Gold nanoparticles were therefore coated with the linker compound to be investigated
(a 5 uM solution in hexane), followed by the natural TDM mixture. These coated
nanoparticles were then used for the assay and analysed with eight different serum

samples. The percentage aggregation values obtained are shown in Table 5.6.6:

™ Tuberculostearic acid (TBSA) was first isolated in 1927 from the phosphatide fraction of M. tuberculosis,
and is also present in M. bovis, M. leprae and M. phlei, but it is not present in M. avium.
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Table 5.6.6 Table showing the percentage aggregation values obtained when analysing various serum
samples using gold nanoparticles coated with various linker compounds followed by a natural TDM
mixture.

BA4 Positive 49.65 72.16 59.92
BAS Positive 40.29 66.77 38.33
KE1 Positive 26.12 65.21 29.22
KE2 Positive 34.92 66.26 28.97
BA 10 Negative 83.14 85.64 79.92
CO 13 Negative 89.80 90.02 92.63
UK Sample 7 Negative 97.17 91.26 90.69
UK Sample 25 Negative 95.69 94.98 88.40

It can be seen that the percentage aggregation values obtained when using thio-stearic acid
(23) and octadecanethiol were very similar. The values obtained when using thio-TBSA
(29), however, were different. The values for the TB+ serum samples were higher with
this linker compound, suggesting that less binding had occurred to the antigen coating the
gold nanoparticles, or possibly that less antigen had bound in the first place, in turn
reducing the amount of antibodies that could bind. Also, the distinction between the TB+
and TB- samples was worse when using this linker compound compared to when

thio-stearic acid (23) or octadecanethiol were used.

These results suggested that either thio-stearic acid (23) or octadecanethiol should be used
as the linker compound when coating gold nanoparticles with non-thiol modified antigen.
It was therefore decided to keep using thio-stearic acid (unless otherwise stated) to be

consistent with the previous experiments.

5.6.3 Confirming the Re-Optimised Conditions

Having re-optimised the assay to use gold nanoparticles purchased from BBInternational, it
was decided to make sure that these conditions gave a good distinction between TB+ and
TB- serum samples. This was done by performing the assay in cuvettes using gold
nanoparticles coated with thio-stearic acid (23) followed by a natural TDM mixture, and
using the protocol described in Section 2.6.1. For these experiments, the coated gold
nanoparticles were not centrifuged prior to use. Five TB+ serum samples and five TB-
serum samples were analysed, and the UV-visible spectra of the solutions obtained after

the addition of the NaCl solution can be seen in the Appendix, Section 9.4.4.
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These results confirmed that the assay worked with gold nanoparticles purchased from
BBInternational, and that a distinction could be observed between TB+ and TB- serum
samples, with essentially no aggregation observed when analysing all of the TB+ samples,
while aggregation of the coated gold nanoparticles was observed when analysing all of the

TB- samples.

5.7 Analysis of the First Set of Serum Samples

Having established that the assay, using gold nanoparticles from BBInternational, could
distinguish TB+ serum samples from TB- serum samples when coated with a natural TDM
mixture, using thio-stearic acid as a linker compound, it was decided to analyse a larger

number of serum samples with a range of different antigens.

During initial experiments for this Section, it was discovered that a second standard for the
calculation of percentage aggregation should be added to each 96-well plate (as mentioned
in Section 5.4), therefore two values for percentage aggregation are quoted with each
serum sample from this point forward. Unless otherwise stated, ‘Method 2’ for percentage
aggregation is used for all of the analysis as this method is believed to be the more accurate
representation of percentage aggregation since it takes into account any change in

absorbance at 540 or 630 nm due to serum addition to the coated gold nanoparticles.

‘Cut-off” values, in order to calculate the sensitivity and specificity values for the assay
when using different antigens, were determined from the ROC analysis of the results, with
a value below the ‘cut-off’ value being designated as TB+ (due to having low percentage
aggregation), while a value equal to or greater than the ‘cut-off’ value being designated as

TB- (due to having high percentage aggregation).

In addition to percentage aggregation values determined from measured absorbance values,
predictions were made by eye by two individuals, independently, on whether a serum
sample was TB positive or TB negative, by observing the colour of the wells. These
predictions will be termed ‘eye tests’ in the following discussion. Solutions which
appeared red in colour, giving a prediction of a TB positive serum sample are designated as
a ‘+’, those that appeared blue in colour, giving a prediction of a TB negative serum
sample are designated as a ‘-’, while solutions which did not appear either clearly red or

clearly blue, leading to an unsure prediction are designated as a “?’.
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5.7.1 Using a Natural TDM Mixture as the Antigen

The first antigen used in this assay was the natural TDM mixture isolated from
M. tuberculosis, in order to obtain data for all the fifty serum samples from group 1 with
this antigen after re-optimising the assay conditions. It was believed from previous
experiments (see Section 5.6.2) that centrifugation of the coated gold nanoparticles was not
required prior to their use in the assay for the assay to work, however, it had still not been
determined whether the assay would perform better or worse without this centrifugation
step. Therefore, it was decided to use gold nanoparticles coated with a natural TDM
mixture with centrifugation prior to their use in the assay (labelled ‘centrifuged’ in the
following tables), and without centrifugation prior to their use in the assay (labelled

‘non-centrifuged’ in the following tables).

The percentage aggregation values obtained at the end of the assay, as well as the eye test
results are shown in Table 5.7.1, while Figure 5.7.1 shows a graphical representation of the

data obtained (using ‘method 2’ for percentage aggregation).

Table 5.7.1 Table showing the percentage aggregation values obtained and eye test results when analysing
50 different serum samples using gold nanoparticles coated with a natural TDM mixture.

Serum Code | TB Status | Method 1 | Method2 | 1 2 | Method1 | Method2 | 1 2
BA 1 Positive 96.48 94.62 - - 85.12 76.78 - -
BA2 Positive 69.91 53.96 + | + 47.16 17.53 + | +
BA3 Positive 72.75 58.30 & ? 54.36 28.77 + | +
BA 4 Positive 52.16 26.80 + | + 37.82 2.96 + | +
BAS Positive 71.03 55.67 ? ? 56.22 31.68 + | +
KE 1 Positive 37.63 4.56 + |+ 30.72 -8.12 + | +
KE 2 Positive 61.65 38.67 + | + 49.26 20.80 + -
KE 3 Positive 59.94 35.93 + | + 4523 14.50 + |+
KE 4 Positive 63.66 44.40 + || + 47.27 17.71 + | +
KE 5 Positive 69.97 54.05 #= | # 56.18 31.61 ? =
BA 6 Negative 75.05 61.83 ? + 61.29 39.58 ? ?
BA 7 Negative 59.17 37.53 + + 52.42 25.74 + +
BA 8 Negative 89.74 84.29 - - 79.45 67.93 ? -
SA 1 Negative 64.85 43.79 + + 60.79 38.79 + +
SA2 Negative 58.01 32.85 # f A 49.15 20.62 + | +
SA 3 Negative 80.45 68.73 ? - 62.62 41.65 ? +
SA4 Negative 79.97 67.96 ? - 68.25 50.44 ? 2
SAS Negative 77.04 63.27 ? - 68.01 50.06 ? ?
BA9 Negative 72.22 57.49 + | + 58.41 35.09 + |+
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BA 10 Negative 99.40 99.03 - - 91.08 §7.31 - -
BA 11 Negative 91.74 87.35 - - 73.29 58.32 ? ?
BA 12 Negative 49.70 18.85 + + 32 2.89 + +
BA 13 Negative 87.49 80.87 2 - 72.41 56.95 2
BA 14 Negative 89.08 83.29 ? - 72.15 56.53 ? ?
BA 15 Negative 72.63 58.12 i ? 61.11 39.31 + | #
BA 16 Negative 91.02 85.51 ? - 70.18 57.59
BA 17 Negative 95.70 93.06 ? - 81.52 73.72 ? -
BA 18 Negative 83.28 73.03 - - 62.08 46.07 ? +
CO1 Negative 90.63 85.01 - - 84.04 75.09 ? -
CO2 Negative 93.36 89.38 - - 83.44 74.15 ? -
CO3 Negative 88.16 81.06 - - 70.66 54.20 ? ?
CO4 Negative 93.71 89.94 - - 77.77 65.30 ? -
Co5s Negative 95.72 93.15 - - 93.36 89.63 - -
CO6 Negative 71.68 54.71 2 ? 60.89 38.95 ? +
CO7 Negative 83.20 73.14 - - 69.53 52.44 ?

CO8 Negative 85.89 77.43 - - 72.27 56.72 ? ?
cCo9 Negative 75.51 60.83 ? - 60.97 39.07 ? ?
CO 10 Negative 75.90 61.46 ? ? 59.36 36.56 ? ?
CO 11 Negative 69.57 51.34 ? ? 49.12 20.58 + ?
CO 12 Negative 81.56 70.51 7 - 65.76 46.56 ? -
CO 13 Negative 93.95 90.75 - - 88.14 81.49 ? -
CO 14 Negative 85.43 76.49 ? - 64.44 49.43 ? ?
CO 15 Negative 71.37 53.81 + ? 48.07 26.15 + | +
CO 16 Negative 94.95 91.85 - - 80.02 71.59

CO 17 Negative 98.10 96.93 - - 81.99 74.39 - -
CO 18 Negative 96.51 94.37 - - 85.40 79.24 - -
KE 6 Negative 52.84 24.57 + |+ 36.59 1.01 + | +
KE7 Negative 92.24 88.12 - - 74.75 60.60 ? -
PE 1 Negative 88.28 82.06 ? - 73.08 57.99 ? ?
PE2 Negative 65.56 47.30 + | * 51.48 24.27 + | +
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Figure 5.7.1 Graph showing the percentage aggregation values (method 2) for 50 different serum samples
by category when using gold nanoparticles coated with a natural TDM mixture for the assay (left — non-
centrifuged, right — centrifuged)(red — 10 TB positive samples obtained from the WHO, blue — 40 TB
negative samples obtained from the WHO).

It can be seen that a distinction is observed between the TB+ and the TB- serum samples
with and without centrifugation. Another observation is that there seems to be a difference
in the results obtained with the two different sets of coated gold nanoparticles. When using
coated gold nanoparticles that were centrifuged prior to their use in the assay, the
percentage aggregation values for the TB+ samples are generally very low, and lower than
the percentage aggregation values for the same samples when the coated gold nanoparticles
were not centrifuged prior to their use. However, the values obtained for the TB- samples
are also lower when using coated gold nanoparticles that were centrifuged prior to their
use. This therefore has no effect on the overall classification of the serum samples, but
may therefore suggest that a different ‘cut-off” value should be taken for both of these sets
of data, i.e. centrifuged and non-centrifuged, in order to obtain the best distinction between

the TB+ and the TB- samples.

Although different values are obtained when using ‘method 1° and ‘method 2’ for
calculating the percentage aggregation, the patterns of the values are almost identical

(i.e. the highest values with ‘method 1’ are the highest values with ‘method 2°, and the

133




lowest values with ‘method 1’ are the lowest values with ‘method 2’). This suggests that

using only one of these methods is sufficient when evaluating the assay.

When using coated gold nanoparticles that were not centrifuged prior to their use, an AUC
value of 0.780, and sensitivity and specificity values of 90 % and 73 % respectively were
obtained (with a cut-off value of 60 %). However, when using gold nanoparticles that had
been centrifuged prior to use, the AUC value was raised to 0.827, and sensitivity and
specificity values of 90 % and 83 % respectively were obtained (with a cut-off value of
32 %). Both of these sets of values are comparable to the results previously obtained with
this antigen when using gold nanoparticles purchased from Aldrich (see Section 5.5),
confirming earlier observations, that the re-optimised conditions and use of gold

nanoparticles from BBInternational were suitable for use in the assay.

The above observations suggest that the gold nanoparticles coated with the natural TDM
mixture should be centrifuged prior to their use in the assay to give the best distinction
between TB+ and TB- serum samples by percentage aggregation. However, when
performing eye tests on the solutions at the end of the assay, many more ‘?° designations
were made when using the coated gold nanoparticles which had been centrifuged prior to
their use, as compared to when using those which had not been centrifuged. This
suggested that if a colour sensor designed to be read by eye were developed, coated gold
nanoparticles which had not been centrifuged should be used, however, if a colour sensor
is designed to be read by a machine at two different wavelengths, coated gold

nanoparticles which had been centrifuged should be used.

Due to these findings, it was decided to analyse all of the serum samples with both

‘centrifuged’ and ‘non-centrifuged’ coated gold nanoparticles unless otherwise stated.

5.7.2 Analysis of the Serum Samples Using Various Synthetic Antigens

Having performed the assay with gold nanoparticles coated with a natural TDM mixture,
and found that a distinction was observed between the TB+ and TB- serum samples
analysed, it was decided to analyse the same serum samples with a range of different
synthetic antigens. A wide range of new antigens had been synthesised by this point in the

project, thus analysis of the serum samples with all of these antigens was possible.

Each antigen in turn was coated onto gold nanoparticles (using thio-stearic acid as a linker

compound where needed) and analysed with the 50 serum samples from group 1.

134



A summary of the data obtained from these experiments can be seen in Table 5.7.2, and the
values obtained when using the natural TDM mixture are included for comparison. The
individual percentage aggregation values obtained at the end of the assay, as well as the
eye test results can be seen in the Appendix, Section 9.4.4. In Table 5.7.2, two sets of
values are quoted for some antigens:" The top set of values represent the values obtained
when using coated gold nanoparticles which had not been centrifuged prior to their use
(non-centrifuged coated gold nanoparticles); while the bottom set of values represent those
obtained with coated gold nanoparticles which had been centrifuged prior to their use
(centrifuged coated gold nanoparticles). Again, all of the analysis has been performed on
the values obtained for percentage aggregation calculated using ‘method 2’. The structures

of all of the antigens used can be seen in the Appendix, Section 9.1.1.

V Some antigens were not performed ‘centrifuged’ because they either showed a poor distinction between the
TB positive and TB negative serum samples when they were analysed ‘non-centrifuged’, or a high cut-off
percentage aggregation value was required in order to obtain a good sensitivity and specificity value with that
antigen, thus would not be suitable for use in a colour sensor.
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Table 5.7.2 Table showing a summary of the results obtained when analysing the first group of 50 serum
samples from the WHO using gold nanoparticles coated with various antigens.

= cis' -Methoxy 59.35 90 68 44.36 67.77 0.777
TDM 39.50 90 78 29.09 50.52 0.797
30 cis-Methoxy 71.50 100 75 18.88 79.91 0.900
TDM 55.00 100 80 22.28 69.82 0.912
28 cis-Methoxy 66.90 90 75 47.93 75.80 0.780
TMM 56.25 90 73 3782 63.53 0.780
a1 trans-Methoxy 71.80 90 63 52.68 71.69 0.737
TMM 43.60 90 70 30.59 55.04 0.790
12 cis-Methoxy 60.00 100 80 21.01 79.26 0.915
Mycolic Acid 57.70 90 83 40.39 76.63 0.922
Thiol Modified 55.40 60 53 41.58 52.49 0.540
22 trans-Methoxy
Mycolic Acid
Thiol Modified 71.00 90 70 54.55 75.81 0.777
27 cis-Methoxy
Ninticac 52.50 90 68 36.36 60.59 0.807
AMGEMOdifieds oy g5 80 70 41.12 7119 | 0.757
33 cis-Methoxy
Mycolic Acid
i 77.25 80 68 59.81 80.04 0.732
o i 45.20 90 68 31.07 52.66 0.762
31.00 100 70 -16.92 46.09 0.840
22 i 22.00 100 73 377 47.59 0.872
cis-a-Mycolic 91.70 100 73 36.48 91.21 0.860
36 .
Acid
ThiclModiiedy g0 80 63 40.53 6421 | 0715
37 cis-a-Mycolic
Acid
40.50 100 83 19.94 65.20 0.892
is-Keto TD
st R 43.50 100 80 10.13 55.10 0.905
74.00 90 68 53.66 76.96 0.787
e M 90 65 4414 6796 | 0.765
40 cis-Keto Mycohc
Acid
o | eBpoy | 9250 | 00 |75 | 466
Mycolic Acid

V! The pre-fix cis and trans, refer to the stereochemistry of the cyclopropane ring in the proximal position of
the meromycolate moiety.
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The above table shows that in general, there were no significant differences in the results
obtained at the end of the assay when it was carried out using centrifuged or non-
centrifuged coated gold nanoparticles. In five of the eleven cases where the assay was
performed with both centrifuged and non-centrifuged coated gold nanoparticles, the best
combined sensitivity and specificity values were obtained with the non-centrifuged coated
gold nanoparticles, while in the other six cases, the best values were obtained with
centrifuged coated gold nanoparticles. However, when looking at the eye test results (see
Section 9.4.4), a much higher number of samples are designated as ‘?° when using
centrifuged coated gold nanoparticles for the assay, suggesting that it was harder to make a

distinction between the TB+ and TB- serum samples by eye when using these.

With the aim of the project being to develop a rapid, easy to use, point-of-care sensor for
the detection of TB, a colour sensor, which could be read by eye, would be desirable. For
this reason, and due to the values obtained when using centrifuged and non-centrifuged
coated gold nanoparticles being very similar, it was decided to only use the results

obtained with non-centrifuged gold nanoparticles for the analysis of these serum samples.

From the data obtained, it can be seen that the thiol modified antigens (22, 27 and 37) in
general give a reasonably poor distinction between the TB+ and TB- samples. The best
distinction between the TB+ and TB- serum, using a thiol modified mycolic acid, was
observed with 27, which gave sensitivity and specificity values of 90 % and 70 %
respectively. The worst distinction was observed with 22 which gave values of 60 % and
53 % respectively. Due to the poor performance of these antigens in these experiments it
was decided that future experiments should be concentrated on non-thiol modified
antigens. Therefore, 22, 33 and 37 were not used in future experiments. It was decided to
continue using 27 because it was the best performing thiol modified antigen, and it was
believed that using a thiol modified antigen with a large set of serum samples might reveal

some distinction in those serum samples which may have otherwise been overlooked.

Another observation was that using gold nanoparticles coated with free mycolic acids
generally gave a good distinction between the TB+ and TB- serum samples. With the free
mycolic acids (32, 36, 40 and 41), very high sensitivity and specificity values could be
obtained. The lowest values were obtained when using 36 as the antigen which gave
values of 100 % and 73 % respectively, while the highest values were obtained when using

32 which gave values of 100 % and 80 % respectively.
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Although good sensitivity and specificity values were obtained when using these antigens,
a very high cut-off value for the percentage aggregation, with the exception of when using
32, was required in order to obtain these values. Cut-off values of 91.70 %, 82.00 % and
92.50 % were required for 36, 40 and 41 respectively. This suggested that even though a
distinction could be observed when calculating percentage aggregation, this was not
possible by observing the colour of the solutions by eye, as some of the solutions which
were analysed with TB+ serum samples appeared blue at the end of the assay. When
observing the results of the eye tests (see Section 9.4.4), this was confirmed to be the case.
When using 36 as the antigen, only three of the ten TB+ serum samples were correctly
identified by both persons performing the eye tests, while five of the ten TB+ serum
samples were correctly identified with 40, and four of the ten when using 41. This is in
contrast to when 32 was used as the antigen where all ten of the TB+ serum samples were

correctly identified by both persons performing the eye test.

These observations suggested that free mycolic acids may distinguish TB+ serum samples
from TB- serum samples, however, with the exception of 32, none of those analysed would
be suitable for use in a device which would be read by eye. However, in light of the high
sensitivity and specificity values obtained with these antigens, it was decided to continue

using these free mycolic acids as antigens for the next set of experiments.

When using gold nanoparticles coated with TDMs and TMMs for the assay, varying results
were obtained. The best distinction between the TB+ and TB- serum samples was
observed when using 38 and 30 as the antigens, which gave sensitivity and specificity
values of 100 % and 83 %, and 100 % and 75 % respectively. These results were very
encouraging because it was with these antigens that the best distinction between the TB+
and TB- serum samples had also been observed by ELISA.?> This was encouraging
because this implied that the results obtained by this assay were related to those obtained
by ELISA, which could suggest that it was antibodies that were being detected by this

assay.

Crucially, with these antigens, intermediate percentage aggregation cut-off values were
required to obtain these sensitivity and specificity values. In contrast to when the free
mycolic acids 36, 40 and 41 were used as the antigens, when 38 was used as the antigen,
all ten TB+ serum samples were correctly identified by the eye tests (one of the persons

performing the tests designated one of the samples as ‘?” while the other designated the
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sample as ‘+”), and when using 30 as the antigen, nine of the ten TB+ samples were
correctly identified by the eye tests, while the other sample was designated as ‘?” by both
persons. These results were very encouraging for developing a colour sensor, which could

be read by eye (or by machine) for the detection of TB.

An interesting observation could be made when looking at antigens of the same class (e.g.
methoxy TDM), but which contained different stereochemistries. For example, 24 and 30
are both methoxy TDMs, however 30 performs much better in this assay than 24. This
strongly suggests that the stereochemistry of the antigen used to coat the gold nanoparticles

for this assay has a crucial role in the amount of binding occurring to it.

Another interesting observation could be made when comparing how well TDMs and
TMMs with the same mycolic acid moiety performed. Compounds 24 and 28 both contain
the same methoxy mycolic acid, however the TMM, 28, performed better than its TDM
counterpart when analysing these serum samples, with sensitivity and specificity values of
90 % and 75 % respectively being obtained, as compared to values of 90 % and 68 %
respectively obtained when using 24 as the antigen. The same pattern was again observed
when comparing the results obtained when using 34 (a-TDM) and 35 (a-TMM), which
contain the same a-mycolic acid. Again, the TMM out-performed its TDM counterpart,
with sensitivity and specificity values of 100 % and 70 % respectively being obtained with
35, while the values reduced to 80 % and 68 % when using 34.

In light of these results, it was believed that the TMM counterparts to 30 and 38 would
give even better distinctions between TB+ and TB- serum samples. However, when
attempting to coat gold nanoparticles with the corresponding TMM to 38, aggregation of
the coated gold nanoparticles occurred. This was re-attempted multiple times with the
same result. Upon further inspection, it was discovered that the TMM appeared orange/red
in colour while the TDM appeared white/colourless. This suggested that this compound
may have contained an impurity that led to aggregation of the coated gold nanoparticles
during the coating process. It was therefore not possible to carry out the analysis of the
serum samples using this assay with this antigen. Also by the end of this project, the TMM

counterpart to 30 had not been synthesised, thus could also not be used in this project.

Another important observation from these results was that many of the results obtained
with synthetic antigens were better, or gave more distinction between the TB+ and TB-

serum samples, than those obtained when using the natural TDM mixture. This was very
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encouraging as it suggested that synthetic antigens would potentially be better to use in a

sensor for the detection of TB than naturally occurring antigens.

5.7.3 Analysis of 50 Blind Serum Samples

Since a good distinction between TB+ and TB- serum samples had been obtained by this
assay with some of the antigens analysed, it was decided to move on to look at a larger set
of serum samples. It was decided to test fifty serum samples (from group 2) in a blind
experiment (a full list of the serum samples can be found in Table 9.1.2). This ensured no
bias in the assay due to knowing the TB status of the serum samples beforehand, while also

giving a good indication of how effective the assay performed with various antigens.

It was decided to use all of the antigens which had been used in the previous experiments
(see Section 5.7.2), with the exception of the poorest performing thiol modified antigens
(22, 37 and 33). Performing the assay with gold nanoparticles coated with these various
antigens was done to gain a good overview of how well the assay performed, while also
allowing analysis of a larger set of data, which would hopefully give further information as

to which antigens would be best used in a sensor for the detection of TB.

As these serum samples were tested blind, predictions were made on whether they were
TB+ or TB- by using the optimal percentage aggregation cut-off values for the un-blinded
serum samples (from group 1). A summary of these predictions can be seen in Table 5.7.3,
and a full list of the individual percentage aggregation values obtained, as well as the eye
test results can be seen in the Appendix, Section 9.4.6. As was seen in Table 5.7.2, two
sets of values are quoted with some antigens and again the top set of values represent those
obtained when using non-centrifuged coated gold nanoparticles, while the bottom set

represent data obtained when using centrifuged coated gold nanoparticles.
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Table 5.7.3 Table showing a summary of the predictions made with the second group of 50 serum samples
from the WHO, run blind, and then un-blinded, using gold nanoparticles coated with various antigens.

Natural 60.00 32 18 14 15 82 45
DM
Mixture 32.00 29 21 14 15 82 52
cis- 59.35 34 16 15 14 88 42
24 Methoxy
TDM 39.50 35 15 15 13 88 39
cis- 71.50 32 18 17 18 100 55
30 Methoxy
TDM 55.00 30 20 17 20 100 61
cis- 66.90 30 20 14 17 82 52
28 Methoxy
TMM 56.25 34 16 15 14 88 42
trans- 71.80 39 11 17 11 100 33
31 Methoxy
TMM 43.60 40 10 16 9 94 29
cis- 60.00 23 27 14 24 82 73
Methoxy
32 ;
Mycolic
Acid 57.70 28 22 16 21 94 64
cis-Thiol
NodiGed 71.00 30 20 14 17 82 52
27 Methoxy
Mycolic 52.50 2 28 14 25 82 76
Acid
! 77.25 37 13 16 12 94 36
et e 33 17 15 15 88 45
] 31.00 25 25 14 22 82 67
e MM o0 20 30 12 25 71 76
cis-0-
36 Mycolic
Acid
38 cis-Keto 40.50 23 27 16 26 94 79
TDM 43.50 32 18 17 18 100 55
transKeto 74.00 39 11 16 10 94 30
396 | TDM
64.60 42 8 17 8 100 24
cis-Keto 82.00 30 20 17 20 100 61
40 Mycolic
Acid
41 Mycolic
Acid
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The results of this blind test were encouraging. Upon un-blinding the TB status of the
serum samples, 17 TB+ and 33 TB- samples were identified. Although a significant
number of false positive results were obtained with some antigens, the majority of the TB+
samples were correctly identified with most of the antigens. The best results were obtained
with 30, 40 and 38, with all of the TB+ samples and 61 % of the TB- samples being
correctly identified with 30 and 40, and 94 and 79 % of the TB+ and TB- samples

respectively correctly identified with 38.

Due to the cut-off percentage aggregation values being based on only a small number of
samples, it is possible that these values are not optimal for giving the best distinction
between TB+ and TB- samples. Therefore, after un-blinding the TB status of the serum
samples, further analysis was performed, once the results and their interpretation had been

formally recorded.

A summary of the data obtained from this analysis can be seen in Table 5.7.4, while that
performed with the data obtained with all 100 serum samples can be seen in Table 5.7.5.
Again, two sets of values are quoted with some antigens and again the top set of values
represent those obtained when using non-centrifuged coated gold nanoparticles, while the

bottom set represent data obtained when using centrifuged coated gold nanoparticles.
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Table 5.7.4 Table showing a summary of the results obtained when analysing the second group of 50
serum samples from the WHO, after their TB status was un-blinded, using gold nanoparticles coated with
various antigens using the gold nanoparticle assay.

Natural 39.20 82 79 20.62 56.10 0.807
TDM
N 27.25 82 76 7.31 36.03 0.845
o cis-Methoxy 38.70 82 82 17.95 53.46 0.832
TDM 23.50 82 82 14.48 37.20 0.859
% cis-Methoxy 60.00 100 64 17.32 69.55 0.879
TDM 46.70 100 70 22.51 60.39 0.884
i cis-Methoxy 39.50 82 82 23.15 63.70 0.841
TMM 29.70 82 82 9.57 46.28 0.865
3 | mans Methoxy 56.85 88 67 21.09 58.01 0.831
T™MM 22.22 82 61 2.70 29.37 0.806
32 cis-Methoxy 73.55 100 64 44.30 74.84 0.800
Mycolic Acid 43.00 94 85 25.30 61.43 0.861
i L iich 51.55 82 82 33.07 64.45 0.822
Modified
ol Methoxy
; 2 8 ; ; g
Myoolio. Adid 47.40 8 5 38.93 57.96 0.863
ran 50.70 82 76 25.81 63.52 0.809
5 St ibly 18.90 32 88 941 4547 | 0.854
: 39.90 94 61 11.90 51.78 0.759
22 casso THIM 35.80 94 58 14.26 4330 0.758
cis-a-Mycolic 96.20 100 58 59.03 85.50 0.784
36 :
rad P e e A |
; 45.85 100 67 21.77 60.85 0.879
85 (o hetosl N 19.00 100 79 331 4371 0.884
39 trans-Keto 53.80 82 70 27.32 59.37 0.791
TDM 19.60 82 88 12.52 44.67 0.834
9 cis-Keto 81.40 100 61 54.71 78.86 0.772
Myecolic Acid
| cisEony 5820 | 8066 | 0729

Mycolic Acid

From this table, it can be seen that the results obtained when analysing these serum
samples generally agree with those for the first set of serum samples, suggesting that there
was no bias in the results obtained from the first set even though the TB status of those

samples were known prior to their analysis by this assay (see Section 5.7.2).
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As with the results for the first 50 samples, the results obtained when using centrifuged
coated gold nanoparticles and when using non-centrifuged gold nanoparticles are very
similar with most antigens. Again, however, when observing the eye test results (see
Section 9.4.6) many more ‘?” designations were made, and more false positive samples
were predicted, when using centrifuged gold nanoparticles. This would again suggest that
even though in some instances, centrifuged coated gold nanoparticles may give a slightly
better distinction between TB+ and TB- serum samples, using percentage aggregation, the
results obtained when using non-centrifuged gold nanoparticles would be more applicable
for the development of a colour sensor which could be read both by eye, and by measuring

the absorbance of the solutions at two different wavelengths.

It can also be observed that the thiol modified mycolic acid, 27, performed slightly better
with this second set of serum samples, which suggested that it may be suitable for use in
the development of a sensor for the detection of TB, and that a larger number of serum

samples need to be analysed with this type of antigen before ruling them out completely.

The free mycolic acids (32, 36, 40 and 41) again performed well in the assay, giving
reasonably high sensitivity and specificity values with the second set of serum samples.
However, with the exception of 32, the same problem, as with the first set of samples, was
observed in that a very high percentage aggregation cut-off value was required in order to
obtain these high sensitivity and specificity values. These results again suggested that,
even though a distinction could be observed between the TB+ and TB- serum samples with
free mycolic acids, if a sensor designed to be read by eye were to be developed, these
antigens would not be as useful due to only a small number of the samples being correctly
identified as TB+ by the eye tests (7 of 17 were correctly identified when using gold
nanoparticles coated with 40 and 36 and only 6 of 17 when using 41).

Again, it was also observed that the antigens which gave the best distinction between the
TB+ and TB- samples with the first set of serum samples, 38 and 30, were also those
which gave the best distinction here. This again suggests that there was no bias in the

results obtained when analysing the first set of serum samples.

A slight discrepancy, however, was observed between the two sets of data when comparing
how well TDMs and TMMs with the same mycolic acid moiety performed. With the first
set of 50 serum samples, the TMMs out-performed their TDM counterpart in both

instances (see Section 5.7.2). However, when analysing the second set of serum samples,
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24 and 28 both performed equally well giving sensitivity and specificity values of 82 %,
while 34 (a-TDM) slightly out-performed 35 (0-TMM) giving sensitivity and specificity
values of 82 and 76 % compared to the values of 94 and 60 % obtained when using 35.

Despite this discrepancy, in general the results obtained when analysing the second set of
serum samples did agree with those obtained with the first set of serum samples,
suggesting that there was no bias in the results obtained from the first set of serum

samples.

It was therefore decided to combine the data obtained with all 100 serum samples tested
with each antigen, in order to determine which antigens were best at distinguishing TB+
from TB- serum samples. This was performed to give an insight into which antigens
should be coated onto gold nanoparticles for use in the assay when performing a blind test

of 249 serum samples later in the project (see Section 5.7.5).

A summary of the results obtained with all 100 serum samples can be seen in Table 5.7.5.
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Table 5.7.5 Table showing a summary of the results obtained when analysing the 100 serum samples from
the WHO, after their TB status was un-blinded, using gold nanoparticles coated with various antigens
using the gold nanoparticle assay.

85

64

0.813

64.14
TDM
ik 34.80 89 69 13.28 44.01 0.846
24 cis-Methoxy 55.60 82 66 22,73 61.30 0.815
TDM 43.66 96 53 19.89 44.50 0.840
50 | cis-Methoxy 7135 100 66 17.90 75.23 0.894
TDM 54.15 100 71 22.43 65.56 0.898
b5 | cisMethoxy 66.90 85 64 3233 70.33 0.825
TMM 57.40 96 56 20.04 55.73 0.841
trans- 64.15 82 62 32.79 65.50 0.800
31 Methoxy
TN 38.00 82 62 13.03 43.43 0.798
5y | cisMethoxy 73.55 100 69 35.50 77.26 0.856
Mycolic Acid | 72.45 96 69 30.89 69.76 0.896
cimel 66.65 78 71 41.02 7113 | 0815
Modified
27 Methoxy
it | 88 82 75 37.98 59.40 0.834
! 69.85 74 66 38.40 72.57 0.788
s R 45.75 96 58 17.43 49.41 0.829
: 39.90 96 66 122 48.67 0.787
S en ol 35.80 9% 64 10.01 45.65 | 0.804
cis-o-Mycolic 95.60 100 64 50.86 88.63 0.821
36 .
Acid
= cis-Keto 45.90 100 74 20.10 63.24 0.885
TDM 20.00 93 81 5.84 49.95 0.886
o | fransKeto 59.10 74 74 37.08 69.01 0.801
TDM 46.30 78 67 2423 57.43 0.809
cis-Keto
i Mycolic Acid
[ eBow | 9205 | 9 | 6 | 557 | 8108 |09
Mycolic Acid

From this data, it can be seen that 38, 32 and 30 seem to be the best antigens at

distinguishing TB+ serum samples from TB- serum samples by this assay, while also

having the potential to be used in a colour sensor (to be read by eye) for the detection of

TB. With each of these three antigens, a sensitivity of 100 % was achieved, with
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specificity values of 74 % for 38, 69 % for 32 and 66 % for 30. These values for
sensitivity and specificity were much higher than those observed when using gold
nanoparticles coated with the natural TDM mixture for the assay, suggesting that the

synthetic antigens may be best to use in a sensor for the detection of TB.

A graphical representation of the data obtained with these three antigens can be seen in

Figure 5.7.2:
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Figure 5.7.2 Graph showing the percentage aggregation values (method 2) for 100 different serum
samples by category when using gold nanoparticles coated with 38 (top), 32 (middle) and 30 (bottom) for
the assay (left — non-centrifuged, right — centrifuged)(red — 27 TB positive samples obtained from the
WHO, blue — 73 TB negative samples obtained from the WHO).
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As the aim of the project was to develop a rapid, portable, reliable and easy to use sensor,
which could be used in remote regions where access to on-site laboratories is not possible,
it was decided to try and further evaluate the assay and analyse as many of the antigens as
possible with a large set of blind serum samples in order to gain a greater overview of
which antigens would be best to use in a sensor for the detection of TB. Due to time and
financial constraints, all of the antigens could not be used for these experiments, therefore
the antigens to be used were chosen based on which had previously best distinguished TB+

serum samples from TB- serum samples.

The first three antigens, 38, 32 and 30, were chosen because a good distinction between
TB+ and TB- serum samples was previously observed when using these antigens in the
gold nanoparticle based assay. When selecting the remaining antigens it was decided to
analyse as broad a range as possible, and therefore to use one antigen from each ‘class’ of
antigens. It was also decided to try and investigate TDMs and TMMs with the same
mycolic acid moiety in order to check which would perform best, while also trying to

investigate the effect that different stereochemistry would have on the results obtained.

With these criteria, 34 and 35 were selected for use as they were the only o-TDM and a-
TMM antigens which had been analysed with the previous 100 serum samples. Using
these antigens would also give an indication as to whether TDMs or TMMs with the same
mycolic acid moiety could distinguish TB+ serum samples from TB- serum samples better
than the other. In order to investigate this further, a methoxy TDM (24) and TMM (28)
were also chosen. Using 24 along with 30 also allowed the investigation of antigens only

differing in their stereochemistry.

Although 27 had shown a poorer distinction between the TB+ and TB- serum samples
already tested, compared to some antigens, giving a sensitivity and specificity of 78 % and
71 % respectively, it was decided that this antigen should be used in these experiments in
order to test a thiol modified antigen with a large set of serum samples, and this was the

best antigen of this type available (see Section 5.7.2).

Even though the other free mycolic acids (36, 40 and 41) showed a distinction between the
TB+ and TB- samples with the gold nanoparticle based assay, when analysing by
percentage aggregation values, these antigens were not used with the blind set of serum
samples because the eye test results when analysing the serum samples with these antigens

showed many TB+ samples being misclassified as TB- (see Section 5.7.2 and 5.7.3). Free
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mycolic acids had also given a poor distinction between the TB+ and TB- serum samples

by ELISA.

The natural TDM mixture could not be used because it was no longer supplied by Aldrich,
while the keto TMM counterpart to 38 could not be used because it could not be coated

onto gold nanoparticles (see Section 5.7.2).

5.7.4 Analysis of TB Negative Serum Samples from the UK

Prior to performing a blind test on an additional 249 serum samples (from the third group
of serum samples, see Section 9.1.2), it was decided to make completely sure that serum
samples from healthy patients gave high percentage aggregation values by this assay. This
was done by analysing serum samples obtained from persons in the UK who had no TB
like symptoms, and were thought to be healthy. Twenty five serum samples were analysed
with gold nanoparticles coated with the various antigens that were to be used with the 249

blind serum samples from TB indigenous populations.

A summary of the percentage aggregation values as well as a summary of the eye test
results when performing the assay with these serum samples can be seen in Table 5.7.6,
and a full list of the percentage aggregation values and eye test results can be seen in the
Appendix, Section 9.4.7. It was decided to perform these experiments using non-
centrifuged coated gold nanoparticles only, because this method has shown the most
promise for being developed into a sensor for the detection of TB which could be read both
by eye, and by measuring the absorbance of the solution at the end of the assay at two

different wavelengths (see Section 5.7.2 and 5.7.3).

Because no TB+ serum samples were present in this set of samples, sensitivity and
specificity values are not quoted for this set of data. For the eye test results, in instances
where both persons designated the colour of the solution to be indicative of a TB+ serum
sample, the sample is designated as ‘+’. When both persons designate the serum sample as
‘7?7, or when different designations were given to the solutions at the end of the assay by
both persons performing the eye test, the sample is designated as ‘?>. When both persons
designate the colour of the solution to be indicative of a TB- serum sample, the sample is

designated as a ‘-’.
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The serum samples were also tested in the assay with gold nanoparticles coated with the
three different free mycolic acids (36, 40 and 41) for comparison, and the results obtained

from these experiments are also included in Table 5.7.6 for completeness.

Table 5.7.6 Table showing a summary of the results obtained when analysing the 25 TB negative serum
samples from the UK, using gold nanoparticles coated with various antigens using the gold nanoparticle

assay.

0 14
30 Methoxy TDM 94.57 0 0 25
28 Methoxy TMM 90.18 0 1 24
32 Methoxy Mycolic Acid 85.45 0 2 23

Thiol Modified
2 Methoxy Mycolic Acid e ! 3 &
34 o-TDM 85.11 0 5 20
35 o-TMM 97.65 0 0 25
38 Keto TDM 91.45 0 0 25
—— ————————— |

36 a-Mycolic Acid 103.16 0 0 25
40 Keto Mycolic Acid 97.72 0 0 25
41 Epoxy Mycolic Acid 99.23 0 0 25

It can be seen from this table that high percentage aggregation values are observed with all
of the antigens, suggesting that no, or very little, binding of antibodies occurred to the
antigens coated onto the gold nanoparticle surfaces. It can also be seen, that very
promising eye test results were obtained with these serum samples. With the exception of
one sample analysed with gold nanoparticles coated with 27, no samples were designated
as TB+ by both of the persons performing the eye tests. When using gold nanoparticles
coated with the three best antigens for distinguishing TB+ serum samples from TB- serum
samples by this assay (38, 32 and 30), all 25 samples were identified as TB- by the eye
tests by both persons performing the test (as well as by the percentage aggregation values
(see the Appendix, Section 9.4.7)) when using 38 and 30 as the antigens, and 23 of the 25

serum samples were correctly identified when using 32.

These results were very encouraging because all of the serum samples tested, from healthy

patients, from a non-endemic TB population, gave high percentage aggregation values, and

VI All of the antigens used with this assay from this point foreward contained a cis cyclopropane ring in the
proximal position of the meromycolate moiety, therefore the prefix, cis or trans, is no longer stated.
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were identified as negative by the eye tests, at the end of the assay, with the majority of the
antigens. These results therefore further support previous observations suggesting that any
serum samples tested by this assay that results in a red/pink coloured solution and also has
a low percentage aggregation value at the end of the assay is from an infected/unhealthy

person.

5.7.5 Analysis of 249 Blind Serum Samples

Having confirmed that serum samples obtained from healthy patients did give high
percentage aggregation values at the end of the assay (see Section 5.7.4), and that TB+
serum samples could be distinguished from TB- serum samples with a reasonable degree
of accuracy with some antigens (see Section 5.7.3), it was decided to further evaluate the
assay by blind testing 249 serum samples obtained from the WHO. These samples were
tested with gold nanoparticles coated with the antigens chosen in Section 5.7.3, and were

performed with centrifuged and non-centrifuged coated gold nanoparticles.

As these serum samples were tested blind, predictions were again made on whether they
were TB+ or TB- by using the optimal percentage aggregation cut-off values for the un-
blinded serum samples (from groups 1 and 2). A summary of these predictions can be seen
in Table 5.7.7, and a full list of the individual percentage aggregation values obtained, as
well as the eye test results for these 249 blind samples can be seen in the Appendix,
Section 9.4.8. Two sets of values are again quoted with each antigen and again the top set
of wvalues represent the values obtained when using non-centrifuged coated gold
nanoparticles, while the bottom set of values represent data obtained when using

centrifuged coated gold nanoparticles.

In addition to the percentage aggregation values and eye test results obtained when
performing the assay on these samples, results of statistical analysis, which were
performed by Dr. James Gibbons, are also included. The values obtained for the statistical
analysis (labelled as statistics), were obtained by a statistical combination of the results
obtained when analysing the previous 100 serum samples with the four antigens which
gave the best distinction between TB+ and TB- serum samples, and for the purposes of this
analysis, these statistical outputs are treated as a separate ‘antigen’. For the reasons
previously discussed (see Section 5.7.2 and 5.7.3), the statistical analysis was performed

on coated gold nanoparticles which had not been centrifuged prior to their use in the assay.
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Table 5.7.7 Table showing a summary of the predictions made with the third group of 249 serum samples
from the WHO, run blind, and then un-blinded, using gold nanoparticles coated with various antigens.

Methoxy|  35:60 175 74 55 57 77 33
24
TDM 43.66 202 47 66 38 88 22
Methosy| 7135 179 70 70 65 93 37
30
DM 54.15 239 10 75 10 100 6
Methoxy|  66.90 185 64 63 52 84 30
28
T™M 57.40 230 19 74 18 99 10
Methoxy|  73.55 187 62 60 47 80 27
32 Mycolic
Acid 72.45 204 45 68 38 91 22
Thiol
Modified|  66.65 193 56 65 46 87 26
27 Methoxy
Mycolic 48.35 219 30 60 24 92 14
Acid
69.85 225 24 73 22 97 13
ot R T 192 57 67 49 89 28
39.90 156 93 51 69 68 40
o I %0 197 52 69 46 92 26
& Keto 45.90 159 90 67 82 89 47
TDM 20.00 93 156 38 119 51 68
T 0.50 143 106 62 93 83 53
R O i S L

The first observation made was that a significant number of false positive results were
obtained in this set of data with all of the antigens used, with on average, only 30 % of the
TB- samples being correctly identified. However, it was again noted that the majority of
the TB+ samples were correctly identified with most antigens, with on average 86 % of the

TB+ samples being correctly identified.

Again, antigens 38 and 30 were the best at predicting TB+ and TB- serum samples with 89
and 47 % of the TB+ and TB- samples respectively being correctly identified with 38, and
93 and 37 % respectively being correctly identified with 30. It could also be noted that the
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statistical analysis gave a better prediction of TB+ and TB- samples than most individual

antigens.

Although the majority of the TB+ serum samples were correctly identified with most of the
antigens, the high number of false positive results was a concern, therefore further analysis
was performed, after un-blinding of the TB status of the serum samples investigated, once
the results and their interpretation had been formally recorded. For these analyses, the data
obtained from these blind experiments were combined with the previous results obtained
with the 100 serum samples already tested, and this analysis can be seen in Table 5.7.8.
Two sets of values are again quoted with each antigen, and the top set of values again
represent the values obtained when using non-centrifuged coated gold nanoparticles, while
the bottom set of values represent data obtained when using centrifuged coated gold

nanoparticles.

In addition to the percentage aggregation values and eye test results obtained when
performing the assay on these samples, statistical analysis results, which were performed
by Dr. James Gibbons, are again included, and for the purposes of this analysis, these

statistical outputs are again treated as a separate ‘antigen’.

153



Table 5.7.8 Table showing a summary of the results obtained when analysing the 349 serum samples
obtained from the WHO, using gold nanoparticles coated with various antigens using the gold
nanoparticle assay.

Methoxy | 4850 | 71 | 50 | 3098 |

s TDM 29.10 71 51 19.10 30.23 0.634
o Methoxy 64.00 92 55 33.01 61.46 0.757
TDM 24.00 78 53 14.65 34.42 0.697
28 Methoxy 52.80 78 54 26.25 52.98 0.701
TMM 29.30 71 53 19.70 32.00 0.621
= Methoxy 80.37 90 36 35.78 53.75 0.637
Mycolic Acid | 46.40 71 60 35.23 53.00 0.684
Thiel 6663 84 41 36.05 s4s4 | 0.676
Modified

27 e

SR 38.95 80 38 20.37 30.02 0.586
Mycolic Acid
30.70 59 64 27.62 45.76 0.665
i g TOM 26.25 71 58 18.09 35.28 0.693
. 41.60 78 47 2111 38.10 0.629
= A 21.90 81 51 5.74 29.42 0.738
40.50 89 62 24.63 51.51 0.749
S8 K cloiT M 33.60 90 51 16.90 3751 | 0.746
) 0.44 90 61 0.733 0.349 0.801
i R e e e e

From this table, the first observation was that all of the antigens analysed by this assay
showed some distinction between the TB+ and TB- serum samples. It can also be seen that
the results obtained when using centrifuged coated gold nanoparticles, and those obtained
when using non-centrifuged coated gold nanoparticles were again generally very similar.
However, with the two antigens that show the best distinction between the TB+ and TB-
serum samples, i.e. 38 and 30, using non-centrifuged coated gold nanoparticles gave a
better distinction. When using 38, sensitivity and specificity values of 89 and 62 % were
obtained when using non-centrifuged coated gold nanoparticles, however, when
centrifuged coated gold nanoparticles were used, the specificity dropped to 51 %. A
similar trend was also observed when using 30 as the antigen for the assay, with sensitivity
and specificity values of 92 and 55 % being obtained with the non-centrifuged coated gold

nanoparticles, however these values again dropped to 78 and 53 % when centrifuging the
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coated gold nanoparticles prior to their use in the assay. For these reasons, and for the
reasons discussed in the previous sections (see Section 5.7.2 and 5.7.3), all further analysis

of this data set was performed on non-centrifuged coated gold nanoparticles only.

An encouraging observation made from this data was that two out of the three antigens
which could best distinguish TB+ serum samples from TB- serum samples when analysing
the 100 previously tested samples (see Section 5.7.3), remained the antigens which gave

the best distinction after testing the 249 blind serum samples i.e. 38 and 30.

An important observation was that the statistical analysis gave a better distinction between
the TB+ and the TB- serum samples than any individual antigen. The sensitivity and
specificity values of 90 and 61 % respectively were reasonably high, and the AUC value of
0.801 (stating that when using these statistics, there is an 80.1 % probability that a TB+
serum sample will give a higher value than a TB- serum sample) was higher than any of
the AUC values obtained with the individual antigens. This suggested than when
developing a sensor for the detection of TB, a better distinction between TB+ and TB-
samples may be obtained by using a combination of antigens. This again confirms earlier
observations and suggests that any device developed for the detection of TB based on this

assay, should include multiple antigens.

It can also be observed from this table that many of the patterns that were observed when
analysing the results obtained with the first 100 serum samples tested (see Sections 5.7.2
and 5.7.3) were still true when analysing the results obtained with all 349 serum samples.
Firstly, when looking at the two antigens which were of the same class (methoxy TDM),
but which had different stereochemistries, 30 and 24, 30 still performed much better in this
assay than 24. This strongly suggests that the stereochemistry of the antigen used to coat
the gold nanoparticles for this assay has a crucial role in the amount of binding occurring
to it. A range of antigens from the same class, differing only in their stereochemistry

should be investigated in order to investigate this further.

Previous analysis of the results obtained after testing the first 100 serum samples (see
Section 5.7.3) were inconclusive as to whether TDMs or TMMs coated onto gold
nanoparticles gave the best distinction between TB+ and TB- serum samples by this assay,
and the results obtained after testing the 349 serum samples remained inconclusive. When
comparing 24 and 28, the methoxy TMM, 28, gave the better distinction between the TB+

and TB- serum samples, giving sensitivity and specificity values of 78 and 54 %
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respectively compared to the values of 71 and 50 %, which were obtained with 24.
However, when comparing 34 and 35, the performance of both antigens were similar.
These results suggest that in some instances TDMs perform better than their TMM
counterpart, however in other instances, TMMs perform better than their TDM counterpart.
Further analysis investigating a wider range of TDM and TMM antigens, containing the
same mycolic acid moiety, needs to be carried out in order to gain a greater insight as to

whether TDMs or TMMs give the best distinction between TB+ and TB- serum samples.

Analysis of Serum Samples from Patients Co-Infected with Malaria

Upon further analysing the results obtained with these serum samples, and the data
provided by the WHO about the samples, it was discovered that many of the serum
samples which were obtained from patients who were co-infected with malaria gave false
positive values by this assay (see Section 9.1.2 for a full list of the serum samples and any
co-infection they may have). The data provided indicated that 79 of the serum samples
were from patients that were co-infected with malaria, or who had been infected with
malaria within the year prior to the sample being taken. Of these 79 serum samples 61-68
of the samples generally gave a positive response in this assay, with most of the antigens

(see Section 9.4.8).

Table 5.7.9 shows the sensitivity and specificity values obtained for the different antigens
when analysing the results obtained with serum samples co-infected with malaria; serum
samples not co-infected with malaria; serum samples co-infected with any other
co-infection; and serum samples from patients who had no co-infection. The sensitivity
and specificity values obtained for the antigens, when analysing all 349 serum samples, are
also shown in Table 5.7.9 for comparison, and the cut-off values for all of these
calculations have been kept the same as they were when analysing the full set of 349 serum
samples. Only the data obtained when using non-centrifuged coated gold nanoparticles are

included for the analysis.
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Table 5.7.9 Table showing the sensitivity and specificity values obtained with non-centrifuged coated gold
nanoparticles, by category of co-infection.

fis }"f;’ifﬂ* " S .'r_sas“r_:,,f,.xg%_;:;rﬁa@1'%,63.5'1_!;3 L RN

All 349 Serum Samples
Co-Infected with Malaria 95 25
24 Methoxy TDM | Not Co-Infected with Malaria 66 59
Non-Malaria Co-Infection 56 48
No Co-Infection 69 66
All 349 Serum Samples 92 55
Co-Infected with Malaria 100 24
30 Methoxy TDM | Not Co-Infected with Malaria 91 65
Non-Malaria Co-Infection 93 59
No Co-Infection 90 69
All 349 Serum Samples 78 54
Co-Infected with Malaria 94 22
28 Methoxy TMM | Not Co-Infected with Malaria 74 65
Non-Malaria Co-Infection 75 55
No Co-Infection 74 71
All 349 Serum Samples 90 36
Co-Infected with Malaria 100 18
32 R Not Co-Infected with Malaria 88 42

Mycolic Acid

Non-Malaria Co-Infection 69 38
No Co-Infection 93 44
All 349 Serum Samples 84 41
Thiol Modified Co-Infected with Malaria 100 18
27 Methoxy Not Co-Infected with Malaria 81 48
Mycolic Acid Non-Malaria Co-Infection 75 40
No Co-Infection 83 54
All 349 Serum Samples 59 64
Co-Infected with Malaria 88 33
34 o-TDM Not Co-Infected with Malaria 54 74
Non-Malaria Co-Infection 75 60
No Co-Infection 49 83
All 349 Serum Samples 78 47
Co-Infected with Malaria 88 24
35 a-TMM Not Co-Infected with Malaria 77 54
Non-Malaria Co-Infection 56 47
No Co-Infection 81 60
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All 349 Serum Samples 89 62

Co-Infected with Malaria 100 29

38 Keto TDM Not Co-Infected with Malaria 87 73
Non-Malaria Co-Infection 88 73

No Co-Infection 37 74

All 349 Serum Samples 90 61

Co-Infected with Malaria 100 29

Statistics Not Co-Infected with Malaria 88 72
Non-Malaria Co-Infection 88 69

No Co-Infection 89 74

From this table, it can be seen that there are significant differences in the sensitivity and
specificity values obtained when analysing serum samples from patients who were
co-infected with malaria. With each antigen, the specificity value is significantly lower
with the samples from patients who were co-infected with malaria, compared to the
specificity values obtained when analysing samples with no malaria co-infection. For
example, when using 30 as the antigen for the assay, when analysing serum samples from
patients with no malaria co-infection, the assay had a sensitivity and specificity of 91 %
and 65 % respectively, but when analysing serum samples from patients who had malaria
co-infection these values changed to 100 % and 24 %. When using 38 as the antigen for
the assay, a drop in specificity from 73 % to 29 % was observed, and for the statistical

analysis, a drop in specificity from 72 % to 29 % was observed.

All of these values suggest that when malaria co-infection is present, many false positive

results are observed.

Interestingly, when analysing serum samples from patients who had co-infections other
than malaria (a full list of these co-infections can be seen in the Appendix, Section 9.1.2),
the sensitivity and specificity values obtained were very similar to the values obtained
when analysing the data for all 349 serum samples. For example, when using 30 as the
antigen for the assay, when analysing the data obtained with all 349 serum samples,
sensitivity and specificity values of 92 % and 55 % respectively were obtained, while
sensitivity and specificity values of 93 % and 59 % were obtained when analysing serum
samples from patients who were co-infected with a disease other than malaria. This

suggests that there is no interference in the assay due to these other co-infections. In
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addition to this, no interference occurs due to BCG vaccination (which does cause false
positive results by tuberculin skin tests (see Table 1.5.1)), with the two best antigens for
distinguishing TB+ and TB- samples, 38 and 30, giving sensitivity and specificity values
of 88 and 65 %, and 90 and 58 % respectively with serum samples from patients who had
been vaccinated with the BCG vaccination, and values of 93 and 55 %, and 100 and 51 %
respectively with serum samples from individuals who had not been vaccinated with the
BCG vaccination. This suggests that this assay could be used in all countries, irrespective

of whether or not the BCG vaccination is commonly used or not.

Finally, when analysing the results obtained with serum samples from patients who had no
co-infection, generally, the sensitivity results obtained were very similar to those obtained
when analysing the results from all 349 serum samples, however, generally the specificity
values obtained were significantly higher. The most likely reason for this higher
specificity is due to the 349 samples containing many false positive results from the serum

samples from patients co-infected with malaria, reducing the overall specificity of that set.

In the literature, no obvious link between TB and malaria was found, however, it has been
reported that a large increase in lipid levels occur in red blood cells of individuals infected
with malaria.'' It may therefore be possible that the false positive results observed due to
malaria co-infection are due to weak interactions of cross-reacting anti-lipid antibodies to
the antigens bound to the surfaces of the gold nanoparticles, preventing aggregation upon

addition of the NaCl solution in the assay.

Further work should be undertaken in order to confirm whether malaria co-infection
interferes with the gold nanoparticle based assay. If it does interfere, new antigens, or
modifications to the assay to remove or take into account this interference, would be

required.

Analysis of Serum Samples by Country

Having performed the assay on multiple serum samples, which had been obtained from
patients from various countries, it was possible to analyse the data obtained in relation to
which country the patient’s serum sample was taken. The serum samples were obtained
from patients from ten different countries, and are identified by the first two letters in the
serum code, and are as follows; BA — Bangladesh, BR — Brazil, CA — Canada,
CO — Colombia, GA — Gambia, KE — Kenya, PE — Peru, SA — South Africa, SP — Spain
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and VI — Vietnam. Serum samples obtained from Brazil and Canada were excluded from

these analyses due to no TB+ serum samples being obtained from those countries.

Each serum sample was grouped according to the country from which the patient’s serum
sample was taken, and receiver operating characteristics (ROC) analysis was performed on
the data obtained from the assays. The ROC curves that were produced were then used to
aid in deciding on a ‘cut-off’ percentage aggregation value, and the area under the curve
(AUC) was also recorded. These AUC values were used to give an indication of how well
that particular antigen could distinguish TB+ serum samples from TB- serum samples from

a specific country.

Table 5.7.10 and Table 5.7.11 show the AUC values obtained, for serum samples obtained
from various countries. In Table 5.7.10, the statistical analysis performed by Dr. James
Gibbons (labelled as ‘statistics’) are included and are treated as an ‘antigen’, while in
Table 5.7.11, these statistical analysis data are omitted. Cells highlighted in blue represent
the highest AUC value for that particular country, suggesting that that antigen is the best
antigen for distinguishing TB+ serum samples from TB- serum samples in that country.
Cells highlighted in green represent the second highest AUC value, and cells highlighted in
red represent the lowest AUC value, suggesting that that antigen is the worst antigen for
distinguishing TB+ serum samples from TB- serum samples in that country. The final
three rows of each table represent a count of the number of times each antigen gave: the
highest AUC value for a specific country (labelled ‘Best’); the second highest AUC value
for a specific country (labelled ‘Second Best’); and the lowest AUC value for a specific

country (labelled ‘“Worst”).

160



Table 5.7.10 Table showing the AUC values obtained when using each antigen in the gold nanoparticle
assay, with serum samples from various countries. (Statistics arve treated as an ‘antigen’.)

Gambia
South Africa | 0.586 | 0.586
Spain 0.688 | 0.715
Bangladesh | 0.762
Vietnam 0.586
Colombia 0.693

e IS
.

|

Kenya )| 0.600
Best | 1 0 1 0 0 0 3
Second Best 0 2 2 1 1 1 1 3
Worst 1 0 0 2 3 2 0 1

Table 5.7.11 Table showing the AUC values obtained when using each antigen in the gold nanoparticle
assay, with serum samples from various countries. (Statistics values are excluded.)

South Africa | 0.586
Spain 0.688 | 0.715
Bangiadesh 0.762
Vietnam | 0.586 |
Colombia 0.693

|
w.

Best 4
Second Best 1 1 1 1 1 1 2 4
Worst 1 0 1 2 3 2 0 1

These tables show that an antigen’s performance with serum samples from different
countries can vary significantly, with an antigen which can distinguish TB+ serum samples
from TB- serum samples well in one country, not performing as well in another country.
For example, when analysing the AUC values obtained when using 24 and 34 as the
antigens, 24 has the highest AUC value (of the two) when analysing serum samples from
patients from Gambia, Spain and Vietnam, while 34 had a higher AUC value than 24 when

analysing serum samples from patients from all of the other countries.
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If the statistical analysis is not taken into consideration, 38 had the highest AUC value for
serum samples from patients from four different countries, 30 had the highest value for two
countries (one shared), 27 had the highest value for two countries (both shared), 24 had the
high value in one country while 28 and 34 also both had the highest AUC value in one
country (shared). Having different antigens performing better than others with serum
samples from patients from different countries suggests that having a device containing

gold nanoparticles coated with multiple antigens may be of benefit.

It has been reported that different strains of M. tuberculosis contain different compositions

of mycolic acid classes.

This might suggest that antibodies produced against these
different strains of M. tuberculosis may have higher affinities to some mycolic acids, or
sugar esters of mycolic acids, than to others. This could lead to some mycolic acids, or
their sugar esters, being able to detect some strains of TB better than others, and may
therefore account for this variation in results observed with serum samples from patients

from different countries.

Having performed analysis to determine the AUC values of each antigen with serum
samples from patients from various countries, it was decided to calculate the sensitivity
and specificity values that could be obtained with the best performing antigens for each
country. The cut-off percentage aggregation was selected with each antigen so that either
100 % sensitivity or 100 % specificity could be obtained (as specified in the corresponding
table) for serum samples from patients from the country being investigated. These
sensitivity and specificity values can be seen in Table 5.7.12 and Table 5.7.13. In order to
show the most accurate analysis of the TDM, TMM and mycolic acid antigens, the
sensitivity and specificity values obtained with the data from the statistical analysis are not
included in these tables. In the event of more than one antigen sharing the highest or
second highest AUC value with serum samples from a patient from a specific country, all
antigens sharing that AUC value were analysed, and the antigen with the highest

specificity value when the sensitivity values was at 100 % is quoted in these tables.
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Table 5.7.12 Table showing the sensitivity and specificity values for the best and second best antigens
using the gold nanoparticle assay with serum samples analysed from each country individually. (Cut-off
Dpercentage aggregation value was chosen in order to obtain 100 % sensitivity.)

Table 5.7.13 Table showing the sensitivity and specificity values for the best and second best antigens
using the gold nanoparticle assay with serum samples analysed from each country individually. (Cut-off
percentage aggregation value was chosen in order to obtain 100 % specificity.)
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These tables show, that with the exception of Vietnam, by setting a cut-off percentage
aggregation value to obtain a sensitivity of 100 %, a specificity of 50 % or greater could be
obtained with at least two antigens for each country. Although only a limited number of
serum samples from patients from some countries were present in the sample set, this data
suggests that if a device for the detection of TB were developed, which incorporated gold
nanoparticles coated with all six of the antigens present in Table 5.7.12 and Table 5.7.13, a
sensitivity of 100 % and a specificity of at least 50 % could be obtained in most countries
by varying which antigen(s) would be used for the analysis of the serum samples in

different countries.

5.8 Comparison of Results with ELISA Results

In order to further evaluate the gold nanoparticle based assay, it was decided to compare
the results obtained with those obtained by ELISA. The 349 serum samples obtained from
the WHO were tested in ELISA assays with the antigens which had previously given the
best distinction between TB+ and TB- serum samples from groups 1 and 2 by ELISA, and
were run by Dr. Alison Jones (who led this aspect of the project), Mr. A. Saleh and myself.

The following analysis of the data obtained from these assays was performed after un-
blinding the TB status of the serum samples, once the results and their interpretations had
been formally recorded. A summary of the results can be seen in Table 5.8.1 and a full list
of the individual absorbance values obtained at the end of the assay can be seen in the
Appendix, Section 9.4.9. The structures of the antigens used can be seen in the Appendix,

Section 9.1.2.

In addition to the absorbance values obtained when performing the assay on these serum
samples, statistical analysis results, which were again performed by Dr. James Gibbons,
are also included. The values obtained for the statistical analysis (which are again labelled
as statistics), were obtained by a statistical combination of the results obtained when
analysing the 100 serum samples from groups 1 and 2 with the four antigens which gave
the best distinction between TB+ and TB- serum samples, and for the purposes of this

analysis, these statistical outputs are again treated as a separate ‘antigen’.

164



Table 5.8.1 Table showing a summary of the results obtained when analysing the 349 serum samples
obtained from the WHO, using ELISA with various antigens.

TDM 2.10 84 64 2.89 1.75 0.823
Mixture
Methoxy
.85 . : A
24 TDM 0.8 88 60 2.60 1.05 0.843
Methoxy
30 TDM 1.92 80 87 2.88 1.00 0.886
Methoxy
28 TMM 2.07 65 88 2.36 0.98 0.825
34 a-TDM 1.05 95 62 3.08 1.25 0.871
Keto
38 TDM 1.02 93 75 3.01 0.88 0.907
Keto
42 Mycolic 1.02 59 50 1.40 1.18 0.573
Acid™
Statistics 0.50 86 87 0.77 0.14 0.924

From this table, the first observation made was that all of the antigens analysed showed
some distinction between the TB+ and TB- serum samples. Another encouraging
observation made from this data was that the best two antigens at distinguishing the TB+
serum samples from the TB- serum samples with the gold nanoparticle based assay (38 and

30) were also the best two when analysing the serum samples by ELISA.

Another important observation was that the statistical analysis performed again gave a
better distinction between the TB+ serum samples and the TB- serum samples than any of
the individual antigens. The sensitivity and specificity values of 86 % and 87 %

respectively were high, and the AUC value of 0.924 (stating that when using these

V! This antigen contains a trans cyclopropane ring in the proximal position of the meromycolate moiety.
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statistics, there is a 92.4 % probability that a TB+ serum sample will give a higher value
than a TB- serum sample) was higher than any of the AUC values obtained with the
individual antigens. This again suggested than when developing a sensor for the detection
of TB, a better distinction between TB+ and TB- serum samples may be obtained by using
a combination of antigens, rather than a single antigen, suggesting that any device

developed for the detection of TB should include multiple antigens.

It can also be observed from this table that many of the patters which were observed when
analysing the results obtained with the gold nanoparticle based assay were still true when
analysing the serum samples by ELISA. Firstly, when looking at the two antigens which
were of the same class (methoxy TDM), but which contained different stereochemistries,
24 and 30, 30 again performed better than 24 when analysing the serum samples by
ELISA. This again strongly suggests that the stereochemistry of the antigen used has a

crucial role in the amount of binding occurring to it.

Previous analysis of the results obtained from the gold nanoparticle based assay was
inconclusive as to whether TDMs or TMMs gave a better distinction between the TB+ and
TB- serum samples. Only one such comparison could be made with the ELISA data, by
comparing the results obtained with 24 and 28. When comparing these antigens by
ELISA, the methoxy TDM (24), gave a slightly better distinction between the TB+ and
TB- serum samples, giving an AUC value of 0.843 compared to the value of 0.825 which
was obtained with 28. Further work with TDMs and TMM s from different classes with all
349 serum samples by ELISA and by the gold nanoparticle based assay is required to

confirm this trend.

Analysis of Serum Samples by Country

Having performed the assay on multiple serum samples, which had been obtained from
patients from various countries, it was again possible to analyse the data obtained in
relation to which country the patient’s serum sample was taken. As with the results
obtained from the gold nanoparticle based assay, serum samples obtained from Brazil and
Canada were excluded from these analyses due to no TB+ serum samples being obtained

from those countries.

Again, each serum sample was grouped according to the country from which the patient’s
sample was taken, and receiver operating characteristics (ROC) analysis was performed on

the data obtained from the assays. The ROC curves that were produced were then again
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used to aid in deciding on a ‘cut-off’ absorbance value, and the area under the curve
(AUC) was also recorded. As with the results obtained from the gold nanoparticle based
assay, these AUC values obtained when using each antigen for the assay (with serum
samples from each country) were used to give an indication of how well that particular
antigen could distinguish TB+ serum samples from TB- serum samples from a specific

country.

Table 5.8.2 and Table 5.8.3 show the AUC values obtained when using each antigen in
turn for the ELISA, for serum samples obtained from various countries. In Table 5.8.2 the
statistical analysis performed by Dr. James Gibbons (labelled as statistics) are included and
are treated as an ‘antigen’, while in Table 5.8.3, these statistical analysis data are omitted.
As with the analysis of the results obtained from the gold nanoparticle based assay, cells
highlighted in blue represent the highest AUC value for that particular country, suggesting
that that antigen is the best antigen for distinguishing TB+ serum samples from TB- serum
samples in that country. Cells highlighted in green again represent the second highest
AUC value, and cells highlighted in red represent the lowest AUC value, suggesting that
that antigen is the worst antigen for distinguishing TB+ serum samples from TB- serum
samples in that country. The final three rows of each table represent a count of the number
of times each antigen gave; the highest AUC value for a specific country (labelled ‘Best’);
the second highest AUC value for a specific country (labelled ‘Second Best’); and the
lowest AUC value for a specific country (labelled ‘Worst”).
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Table 5.8.2 Table showing the AUC values obtained when using each antigen in the ELISA, with serum
samples from various countries. (Statistics are treated as an ‘antigen’.)

Gambia
South Africa
Spain 0.868
Bangladesh -
Vietnam 0.629
Colombia

Best 1 0 1 2 6
Second Best 1 1 3 0 1 3 0 0
Worst 1 0 1 0 0 0

Table 5.8.3 Table showing the AUC values obtained when using each antigen in the ELISA, with serum
samples from various countries. (Statistics values are excluded.)

Gambia
South Africa

Bangladesh

fe

Best 0 2 5
Second Best 2 1 3 0 2 1
‘Worst 0 0 0 5

As was observed with the analysis of the results obtained from the gold nanoparticle based
assay, it can again be seen that an antigen’s performance with serum samples from
different countries can vary significantly. It can also be seen that an antigen which can
distinguish TB+ samples from TB- samples accurately in one country, may not perform as

well in another country. For example, when analysing the AUC values obtained when
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using 28, it gave the lowest AUC value for serum samples from patients from Kenya

however it gave the highest AUC value for serum samples from patients from Peru.

If the statistical analysis is not taken into consideration, 38 had the highest AUC value for
serum samples from patients from five different countries (one shared), 30 and 34 had the
highest value for two countries (one shared), 28 had the highest value for one country,
while the natural TDM mixture and 42 also had the highest AUC value in one country
(shared). Having different antigens performing differently with serum samples from
patients from different countries again suggests that having a device for the detection of

TB containing multiple antigens may be of benefit.

Having performed analysis to determine the AUC values of each antigen with serum
samples from patients from various countries, it was again decided to calculate the
sensitivity and specificity values that could be obtained with the best performing antigens
for each country. The cut-off absorbance value was again selected with each antigen so
that either 100 % sensitivity or 100 % specificity could be obtained (as specified in the
corresponding table) for serum samples from patients from the country being investigated.
These sensitivity and specificity values can be seen in Table 5.8.4 and Table 5.8.5. In
order to show the most accurate analysis of the TDM, TMM and mycolic acid antigens, the
sensitivity and specificity values obtained with the data from the statistical analysis are
again not included in these tables. In the event of more than one antigen sharing the
highest or second highest AUC value with serum samples from a patient from a specific
country, all antigens sharing that AUC value were analysed, and the antigen with the
highest specificity value when the sensitivity values were at 100 % is again quoted in these

tables.
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Table 5.8.4 Table showing the sensitivity and specificity values for the best and second best antigens in the

ELISA with serum samples analysed from each country individually. (Cut-off absorbance value was
chosen in order to obtain 100 % sensitivity.)

i. 100 7 ‘[ 20
Natural TDM Mixture

l 100 i 53 1

o0 36

l 100 \ 0

Bangladesh

Vietnam

'Colombia

Table 5.8.5 Table showing the sensitivity and specificity values for the best and second best antigens in the
ELISA with serum samples analysed from each country individually. (Cut-off absorbance value was
chosen in order to obtain 100 % specificity.)

QF
B0 |

Natural TDM Mixture

| 100
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Although only a limited number of serum samples from patients from some countries were
present in the serum sample set, these tables show, that with the exception of South Africa
and Vietnam, by setting a cut-off absorbance value to obtain a sensitivity of 100 %, a
specificity of 64 % or greater could be obtained with at least one antigen for each country.
This data again suggests that any developed device for the detection of TB which is based
upon binding of antibodies to TDM, TMM or mycolic acid antigens should contain

multiple antigens to obtain the best sensitivity and specificity values.

Summary

When comparing the results obtained from the developed assay based on coated gold
nanoparticles and the results obtained from the ELISA assays, an encouraging observation
can be made, in that the best antigens by ELISA i.e. 38 and 30, were also the two best

antigens by the developed assay based on coated gold nanoparticles.

One difference between the data sets is that there is no evidence of malaria co-infection
having any effect on the ELISA results, though for many of the false positive samples
using the coated gold nanoparticle based assay there is malaria co-infection. This suggests
that further work is required with the gold nanoparticle based assay in order to determine
whether this link still exists on larger sample sets, and if the link persists, methods of

overcoming this should be investigated.

In general, it could be observed that sensitivity, specificity and AUC values are higher by
ELISA. However, when analysing serum samples by country, comparable results are
obtained with both assays, with a sensitivity value of 100 % and a specificity value of 50 %
or greater being obtained with at least two antigens for each country (with the exception of
Vietnam) with the developed assay based on coated gold nanoparticles, and a sensitivity of
100 % and a specificity of 64 % or greater being obtained with at least one antigen for each

country (with the exception of Vietnam and South Africa) with ELISA.

5.9 Concluding Remarks

Non-thiol modified antigens have successfully been ‘bound’ to gold nanoparticles via a
linker compound (initially thio-stearic acid). Aggregation could then be induced in these
coated gold nanoparticles by addition of a saturated aqueous solution of NaCl. This
‘binding’ of non-thiol modified antigens onto gold nanoparticles allowed for a large range

of antigens to be analysed by the assay developed.
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Initial experiments using gold nanoparticles coated with a natural TDM mixture, isolated
from M. tuberculosis, showed a good distinction between TB positive and TB negative
serum samples. A method of calculating percentage aggregation was then developed in
order to quantify the results obtained at the end of the assay. Synthetic antigens were then
‘coated’ onto gold nanoparticles and initial experiments using these coated gold
nanoparticles again showed a good distinction between TB positive and TB negative serum

samples.

The ability to use non-thiol modified antigens in the assay, and encouraging results for the
initial experiments using these antigens, brought a need for a new source of gold
nanoparticles in order to be able to analyse a large number of serum samples with a large
range of antigens. Re-optimisation of the assay was required and performed with gold
nanoparticles from a new source and, after this re-optimisation process was completed, a
set of fifty serum samples were re-analysed using gold nanoparticles coated with a natural
TDM mixture, isolated from M. tuberculosis, yielding comparable results to those obtained

when using gold nanoparticles from the initial source.

Fifty serum samples whose TB status was known prior to performing the assay, and fifty
serum samples whose TB status were unknown prior to performing the assay were then
analysed with a range of different synthetic antigens. Upon un-blinding the unknown
serum samples, sensitivity and specificity values of 100 % and 67 % respectively were
obtained when using 38 as the antigen for the assay (higher values of 100 % and 79 %
were obtained when using 38 as the antigen for the assay and centrifuging the coated gold

nanoparticles prior to their use).

Upon obtaining these results, a blind test on 249 serum samples obtained from the WHO
was performed. Upon un-blinding these serum samples, it was discovered that a problem
occurred with serum samples from patients who were co-infected with malaria, however,
no interference was observed in the assay due to other co-infections, or due to the patient
being vaccinated with the BCG vaccination. Despite this problem with malaria
co-infection, it was discovered that some antigens were better than others at distinguishing
TB positive serum samples from TB negative serum samples from patients from different
countries. Using gold nanoparticles coated with different antigens for serum samples from
different countries led to, with the exception of Vietnam, a sensitivity of 100 % and a

specificity of at least 50 % being obtained with at least two antigens for each country.
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These sensitivity and specificity values obtained were very encouraging and suggested that
the assay developed had the potential to be further developed into a device, which could be
very useful as a quick screening test, which could be used in remote locations, without the

need for an on-site laboratory, for the detection of TB.
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Chapter 6
Classifying the Antibodies Binding
to the Coated Gold Nanoparticles
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6.1 Introduction

Having been able to distinguish TB positive serum samples from TB negative serum
samples, using the assay developed, with a reasonable degree of accuracy, it was decided
to try and characterise which class, or classes, of antibodies (if any) bound to the antigens

on the gold nanoparticle surfaces.

Due to no secondary antibody conjugate being used in the assay developed based on coated
gold nanoparticles, there was no indication of which class of antibodies was binding to the
antigens coated onto the gold nanoparticle surfaces. Gaining knowledge of this could
possibly allow the assay to be modified, and lead to an improvement in its sensitivity and

specificity.

6.2 Characterising the Class of Antibodies Binding

In order to work towards characterising the class, or classes, of antibodies that bound to the
antigens on the gold nanoparticle surfaces, it was decided to analyse a set of serum samples
both by ELISA using various secondary antibody conjugates, and by the gold nanoparticle
based assay. Analysis of the serum samples by ELISA allowed for calculation of the
relative amount of each class of antibody binding to the antigen, due to the absorbance
obtained at the end of the assay being directly related to the amount of antibodies that
bound to the antigen under investigation.' The absorbance values obtained were then
compared to the percentage aggregation values obtained with the same serum samples,
from the developed assay based on coated gold nanoparticles, to check for a correlation

between the data.

Due to only small quantities of some of the serum samples obtained from the WHO being
left at this point in the project,' a set of twenty serum samples were chosen for these
experiments consisting of three TB+ samples obtained from the WHO and seventeen TB-
samples from UK individuals. The assay based on coated gold nanoparticles was
performed using the protocol found in Section 2.6, using non-centrifuged coated gold
nanoparticles. The ELISA assays were performed using the protocol found in Section 2.7
with the exception that serum was diluted to a concentration of 1 in 80 instead of 1 in 20
for these experiments. Dilute serum samples were used which were expected to lead to
reasonably small absorbance values at the end of these assays, because at serum (and

antibody) concentrations that were too high, the relationship between the absorbance at the

' These experiments were performed prior to the un-blinding of the 249 serum samples from group 3.
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end of the assay and the amount of antibodies being analysed (and binding to the antigen)

no longer held true.'

6.2.1 Introduction to Various Classes of Antibodies

There are five main classes of antibodies,” three of which are more prominent in serum
samples, IgA, IgG and IgM, with IgG being the most abundant.® It is believed that
approximately 13.5 mg/ml of IgG antibodies, 3.5 mg/ml of IgA antibodies and 1.5 mg/ml
of IgM antibodies are present in human serum.” General structures for these different
classes of antibodies are depicted below:

Antigen Binding
Sites ™\
A

/ Secretory \
Component

Figure 6.2.1 General structures for IgG antibodies (Ieft), IgA antibodies (middle) and IgM antibodies
(right).

These antibodies are produced as an immune response to invading pathogens (e.g.
bacteria), and each class of antibodies contains a light chain and a heavy chain, with the
heavy chain being specific to each class of antibody:. IgG antibodies contain a y-chain;
IgA antibodies contain an o-chain; while IgM antibodies contain a p-chain.*> The light
chains of the antibodies can exist in two form, A and k, and any given antibody can either
contain A chains or x chains, but never one of each, and any of the two types of light chains
may be present in any given antibody from any of the major classes of antibodies.” IgG
antibodies exist as monomers, while IgA and IgM can both exist as polymers. Secreted

. p i : ; 3
IgA can exist as either monomers or dimers, while IgM forms pentamers in serum.

IgM is always the first antibody produced against infection.* Due to IgM containing ten
antigen-binding sites, it is said to be of high avidity, and it is very efficient at binding to

miv.:ro—organisms.5

IgG is then produced as a secondary response, and IgG antibodies are
of extreme value due to the ability of their Fc region to bind to receptors on phagocytic
cells,” allowing engulfiment and destruction of the pathogen by phagocytic cells.* IgA is

the foremost antibody present in mucosal secretions, where it is protected from digestion
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by its secretory component. The main function of this class of antibody is to prevent entry

of pathogens from outside to the host’s system.”

[gG (whole molecule) secondary antibody conjugates can bind to the heavy or light chains
of an IgG antibody. Even though the heavy chain is specific to the IgG isotype (y-chain),
the light chains are common for every class of antibody.” This would suggest that by using
this secondary antibody conjugate, it may be possible to detect the presence of not only

IgG, but also IgA and IgM in the serum samples.

It was therefore decided to use various secondary antibody conjugates in order to
determine how much of each class of antibody, produced against TB, is present in the

serum samples.

6.2.2 Initial Experiments

For these experiments, the methoxy TDM, 24, was chosen as the antigen, and the
following table states which secondary antibody conjugates were used in the ELISA assays
(which were prepared using the procedures found in Section 2.7) to detect the following
antibody classes:

Table 6.2.1 Table showing the secondary antibody conjugates used to detect various different antibody
classes.

!*:w‘iﬁc i boﬂm.g‘w ai; s ed'iﬁ it "“Tf‘i‘;gn . Hﬁ:‘gigﬁg&e T o o nj et e el gl
1gG Anti-human IgG (whole molecule) secondary antlbody conjugate
IgG Anti-human IgG (y-chain specific) secondary antibody conjugate
IgM Anti-human IgM (p-chain specific) secondary antibody conjugate
IgA Anti-human IgA (e-chain specific) secondary antibody conjugate
IgG1 Anti-human IgG1 (y-chain specific) secondary antibody conjugate

These secondary antibody conjugates were chosen in order to give a good overview of the
amount of the three main classes of antibodies present in serum samples (IgG, IgM and

IgA) as well as the major sub-group of the IgG antibody class, IgG1.

The following Figure show correlations of the absorbance values obtained from the ELISA
assays, and the percentage aggregation values obtained from the assay based on coated
gold nanoparticles, when using each secondary antibody conjugate in turn for the ELISA
assay. Individual percentage aggregation and absorbance values with each of the serum

samples analysed can be found in Section 9.5.1.
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Figure 6.2.2 Correlation of the percentage aggregation values (from the coated gold nanoparticle assay)
and the absorbance values at 492 nm (from the ELISA) when using Anti-human IgG (whole molecule)
(top left), IgG (y-chain specific) (top right), IgM (u-chain specific) (middle left), IgA (a-chain specific)
(middle right) and IgG1 (y-chain specific) (bottom) secondary antibody conjugates.
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These Figures do show some correlation between most of the antibodies being investigated
and the results obtained from the assay using the coated gold nanoparticles, however, there
1s no evidence that it is only antibodies from one antibody class that is binding to the

antigens coated onto the gold nanoparticles.

Looking at Figure 6.2.2 (top left), a good correlation between the amount of IgG antibodies
binding to 24, and the percentage aggregation values obtained at the end of the gold
nanoparticle assay can be seen. Generally, all of the samples which gave high absorbance
values at the end of the ELISA assays gave low percentage aggregation values at the end of
the gold nanoparticle assay, while samples which gave low absorbance values at the end of
the ELISA assays gave high percentage aggregation values at the end of the gold
nanoparticle assay. This suggests that IgG antibodies do bind to the antigens on the coated

gold nanoparticles.

This can be further inferred from the data in Figure 6.2.2 (bottom) which shows a good
correlation between the percentage aggregation values and the amount of IgG1 antibody
(the most abundant IgG sub-group) binding to 24 in the ELISA. This again suggests that
IgG antibodies, specifically IgG1 antibodies in this instance, do bind to the antigens on the

coated gold nanoparticles.

In addition to this correlation with IgG antibodies, there is also some correlation between
the percentage aggregation values, and the absorbance values obtained when detecting the
presence of IgM antibodies (see Figure 6.2.2 (middle left)). Again, generally the higher
the absorbance value obtained with the ELISA assay, the lower the percentage aggregation
value obtained from the gold nanoparticle assay. An exception is however seen with
sample KE 1 (the serum sample which gave the lowest percentage aggregation value),
which gave a reasonably low absorbance value at the end of the ELISA assay when
detecting IgM antibodies. This suggests, that even though IgM antibodies may bind to the
antigens on the coated gold nanoparticles, they are not the only class of antibody that are
binding, and this low absorbance value with sample KE 1 suggests that IgM antibodies are

not the most abundant antibodies binding to 24 on the gold nanoparticle surfaces.

When looking at Figure 6.2.2 (middle right), a reasonable correlation is also observed
between the percentage aggregation values obtained and the absorbance values obtained
when detecting IgA antibodies. An outlier is again observed in this set with UK Sample 54
giving a high percentage aggregation value at the end of the gold nanoparticle assay, but
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also giving a reasonably high absorbance value at the end of the ELISA. These results
suggest that [gA may also bind to 24 coated onto the gold nanoparticles, however the high
absorbance value obtained with UK Sample 54 suggests that IgA antibodies are also not

the most abundant antibodies binding to 24 on the gold nanoparticle surfaces.

It can therefore be inferred from this data, that it is likely that antibodies from each of the
three classes investigated bound to the antigen coated onto the gold nanoparticle surface,
with IgG, specifically IgG1, being the most abundant (due to the best correlation of the
percentage aggregation values being with the absorbance values obtained when detecting

the presence of IgG1 antibodies).

6.3 Towards the Removal of IgM Antibodies

As the results discussed in the previous section suggested that antibodies from the three
different antibody classes investigated bind to the antigens coated onto the surfaces of the
gold nanoparticles, it was decided to try and develop a method of removing the IgM
antibodies from the serum samples prior to using the samples in the developed assay based
on coated gold nanoparticles. Previous results from ELISA assays suggested that
analysing IgG antibodies gave a better distinction between TB+ and TB- serum samples
than when analysing IgA and IgM, with IgM giving the worst distinction.! The detection
of IgM antibodies by ELISA also, generally, gave high absorbance values throughout,
suggesting that there was a large amount of binding of this antibody class to TDMs, TMMs
and mycolic acids." It was therefore believed that removing IgM antibodies from the
serum samples prior to using the serum samples in the assay based on coated gold
nanoparticles would improve the distinction between TB+ and TB- serum samples, and in

turn improve the sensitivity and specificity of the assay.

When searching the literature, a method of inactivating IgM antibodies in serum samples,
while keeping IgG antibodies active was found.® It was stated that adding
2-mercaptoethanol or dithiothreitol (DTT) to serum samples containing both IgM and IgG
antibodies inactivated the [gM antibodies by breaking the molecules’ disulfide bonds, thus
breaking the IgM polymer. IgM antibodies which have been de-polymerised do not
agglutinate. This is in contrast to IgG antibodies which are resistant to 2-mercaptoethanol

and DTT, and are not inactivated in their presence.®
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6.3.1 Confirming the Removal of IgM antibodies by ELISA

Eight serum samples (four TB+ and four TB-) were analysed by ELISA using the standard
protocol found in Section 2.7, and also with a modified method where the serum samples
were diluted with 0.5 % casein/PBS buffer (pH 7.4) containing 20 uM DTT (and left to
incubate for 1 hour prior to using them in the assay). In both instances, the serum samples
were run and analysed with both anti-human IgG (y-chain specific) secondary antibody

conjugate and anti-human IgM (p-chain specific) secondary antibody conjugate.

Using the IgG secondary antibody conjugate allowed for analysis of how much IgG
antibodies remained in the serum samples after addition of DTT, while using the IgM
secondary antibody conjugate allowed for analysis of how much IgM antibodies were
removed from the serum samples after addition of DTT. 38 was used as the antigen for
these experiments as it had previously shown a good distinction between TB+ and TB-
serum samples. Of the four TB- serum samples chosen, two samples had previously given
low absorbance values by ELISA with this antigen, while the other two had given
reasonably high absorbance values. These samples were chosen to give a broader
overview of whether using DTT would be beneficial in improving the distinction between

TB+ and TB- serum samples. The results obtained are shown in Figure 6.3.1:
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Figure 6.3.1 The absorbance at 492 nm of different serum samples, diluted with 0.5



The results obtained when using anti-human IgG (y-chain specific) secondary antibody
conjugate (Figure 6.3.1 (top)) show very little change in the absorbance when diluting the
serum samples with the two different buffers suggesting that IgG antibodies remain largely
un-affected by the addition of the DTT to the serum samples. However, when using anti-
human IgM (u-chain specific) secondary antibody conjugate for the assay, a significant
difference in absorbance is observed between the two sets of results. When the serum
samples were subjected to DTT prior to their use in the assay, a dramatic decrease in
absorbance was observed at the end of the assay (as compared to the results obtained when
DTT was not used), suggesting that after being subjected to DTT, the IgM antibodies in the

serum samples were inactivated, and did not bind to 38.

Incorporating the Inactivation of IgM Antibodies into the Gold Nanoparticle Assay
Having shown that IgM antibodies could be selectively inactivated in the presence of IgG
antibodies, it was decided to incorporate this into the gold nanoparticle based assay. DTT
was therefore added to the serum samples prior to their use in the assay (see Section 2.6.3
for the full procedure) in order to inactivate the IgM antibodies. In order to test whether
this method worked, and to see whether it would give a better distinction between TB+ and
TB- serum samples than was previously observed, gold nanoparticles coated with 24 and
30 in turn were tested with the 100 serum samples from the first two groups of serum
samples (see Section 9.1.2). Table 6.3.1 below shows a summary of the results obtained
from these experiments, and a full list of the percentage aggregation values obtained from
these experiments can be seen in Section 9.5.2.

Table 6.3.1 Table showing a summary of the results obtained when inactivating IgM secondary antibodies
prior to addition of the serum samples to the coated gold nanoparticles in the gold nanoparticle assay.

ol i = %»;iﬁrahgji‘qhiﬁ‘w

Without DTT 82 | 66 0.815
s With DTT 82 58 0.747
Without DTT 100 66 0.894
& With DTT 85 52 0.729

It can be seen from the table that even though a distinction was observed between the TB+
and TB- serum samples when inactivating the IgM antibodies, unexpectedly, the
distinction was not as good as when not inactivating them. With both antigens, a reduction

in sensitivity and specificity values, as well as a reduction in the AUC value, was observed.
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A possible reason for these reductions is that as DTT contains thiol functional groups, it
may displace the linker compound and in turn the antigen from the gold nanoparticle
surfaces. If this were to happen, a decrease in sensitivity and specificity would be
expected because there would be less antigen present for the anti-TB antibodies to bind to,
and anti-TB antibodies would not selectively bind to DTT. Due to this possibility, no

further experiments were carried out using DTT.

6.4 Concluding Remarks

Experiments were performed to characterise the types of antibodies that bound to the
coated gold nanoparticles. From the results obtained there was no evidence that it is only
antibodies from one antibody class that were binding to the antigens coated onto the gold

nanoparticles. However, the results did suggest that binding of IgG was most abundant.

ELISA results suggested that detecting IgG antibodies gave the best distinction between
TB positive and TB negative serum samples while detecting IgM antibodies gave a poor
distinction. A method was therefore sought which would remove or inactivate IgM
antibodies in the presence of IgG antibodies, and this was achieved by adding a solution of
DTT to the serum samples, and confirmed by ELISA. This process was then incorporated
into the gold nanoparticle based assay; however, the sensitivity, specificity and AUC
values obtained were lower than when not using DTT in the assay. A possible reason for
this is that DTT may displace the thiol linker compounds, and in turn antigens, from the

gold nanoparticle surfaces.

As the work reported in this Section involved initial steps towards characterising which
class of antibodies bind to the antigens on the surfaces of the gold nanoparticles, and
removing IgM antibodies from the serum samples, further work on this is needed. Firstly,
investigations to look at the correlation between the results obtained by ELISA and those
obtained with the gold nanoparticle based assay should be undertaken with a larger number
of antigens and serum samples. Also, further investigations into methods of removing IgM
antibodies in the presence of IgG antibodies, without using DTT, or any other thiol

containing compound, in solution, are required.
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Chapter 7
Towards the Development of a

Portable, Easy to Use Device

186



7.1 Introduction

Having developed an assay, which can be read either by an instrument or by eye, which
can distinguish TB positive serum samples from TB negative serum samples with a
reasonable degree of accuracy (see Chapters 4 and 5), it was decided to try and incorporate

this assay into a portable and easy to use device.

7.2 The Developed Device

A tube-like device was developed to incorporate the assay, and an example of one of the

tubes developed can be seen in Figure 7.2.1 below:

Figure 7.2.1 Image of the tube-like device developed.

Prior to performing the assay, a saturated aqueous solution of NaCl (70 pl in these
examples) is placed in the NaCl compartment (1) and coated gold nanoparticles (450 pl in
these examples) are placed in the bottom of the plastic tube (2). The NaCl compartment (1)
also contains a breakable blue rod. Upon bending the blue rod (by hand), the NaCl

solution held in this compartment flows down the plastic tube (2) and interacts with the
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coated gold nanoparticles (4). The device also contains a swab (3) which can contain
accurate amounts of liquids (in these examples 50 pl), and are used to transfer serum

samples from outside the device to interact with the coated gold nanoparticles (4).

To perform the test, serum was diluted to a concentration of 1 in 2,500 in 10 mM
phosphate buffer (pH 7.4) and 50 pl of this solution was transferred via the swab to interact
with the coated gold nanoparticles. The tube was then shaken to allow interaction of the
coated gold nanoparticles with the serum sample before being left for 10 minutes. The
blue rod was then broken to allow the NaCl solution to flow down the plastic tube and
interact with the coated gold nanoparticles which had been allowed to incubate with serum.
The tube was again shaken before being left for a further 5 minutes. The colour of the gold

nanoparticle solution was then observed.

7.3 Testing of Serum Samples

In order to make sure that the devices developed worked, and that TB+ serum samples
could be distinguished from TB- serum samples in the devices, fourteen different serum
samples were analysed. Seven TB+ serum samples (KE 8, PE 4, BA 20, GA 2, PE 3 and
SA 6) and seven TB- serum samples (CA 3, CA 4, CA 5, SP 2, SP 5, SP 7 and GA 7)
(chosen as strong TB+ and good TB- samples based on previous results on 96-well plates)
were used (in order from left to right in Figure 7.3.1), and the gold nanoparticles were
coated with 30. The tubes at the end of these experiments can be seen in Figure 7.3.1:

Figure 7.3.1 Image of the tubes at the end of the experiments.
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It can be seen from this image that a clear colour distinction is observed between the
solutions obtained when testing TB+ serum samples and those observed when testing TB-
serum samples. When testing the selected seven TB+ serum samples, a red (or pink)
colour was observed for the coated gold nanoparticle solution at the end of the tests, while
a blue colour was observed at the end of the tests when analysing the selected seven TB-

serum samples.

Due to only a limited number of tubes being available for use, these serum samples were
chosen, to test whether the tube-like devices worked as expected, because the TB+ samples
gave low percentage aggregation values while the TB- samples gave high values, therefore
a clear colour distinction could be observed. If serum samples which gave ‘?” designations
by the previous eye tests performed (see Chapter 5) were used, the distinction between

TB+ and TB- samples would not have been expected to be as clear.

In order to overcome this problem, as well as to overcome potential problems due to
different individuals interpreting the colour of the solutions differently (and potentially
some individuals e.g. colour blind individuals, not being able to see a visual difference

between TB+ and TB- samples), a colour scale, an example of which can be seen in Figure
7.3.2, could be developed.

1 2 3 4 5 6 7 8 9 10
Figure 7.3.2 Colour Scale
The development of such a scale would allow the solutions obtained at the end of the
assays to be directly compared against it, to give a value from 1 to 10. Solutions giving
values of, for example, 1-4 could be designated as TB+, while values of, for example 7-10
being designated as TB- (values of 5-6 may require re-testing with the same and/or
possibly other antigens, or further confirmation by another method). The development of
such a system may overcome the problem of some of the serum samples previously leading
to ‘?” designations being easier to interpret, while also overcoming the problem of different
individuals interpreting the colour of the solutions differently because all of the solutions

would be directly compared against the same colour scale.

Even though only a limited number of serum samples had been tested, these results suggest
that the TB+ serum samples tested could be distinguished from the TB- serum samples

tested when performing the developed assay in these devices, which are fully portable and
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easy to use while giving a result in 15 minutes which can be read by eye or potentially by

an instrument.

7.4 Concluding Remarks

A device has been produced to incorporate the developed assay based on coated gold
nanoparticles, and initial results testing a limited number of serum samples using these
devices were very encouraging, with a clear distinction being observed in the coated gold
nanoparticle solutions which had been subjected to the selected TB positive and TB

negative serum samples.

The limitation to performing the assay in these devices is that currently serum samples
which gave ‘?” designations previously (see Chapter 5) would also be difficult to interpret
in these devices, possibly leading to different interpretations of the solutions at the end of
the assay by different individuals, as well as difficulty in interpreting the colour by some
individuals e.g. those who are colour blind. These limitations may be overcome by
developing a colour scale to which all of the solutions would be compared, significantly

reducing discrepancies in interpretation of the solutions by different individuals.

Although further testing with a larger set of serum samples is required, these initial
experiments suggest that the gold nanoparticle based assay developed could be
successfully used in these devices to potentially produce a rapid, portable, reliable and easy
to use sensor for the detection of TB, with results being available in 15 minutes.
Moreover, these devices could be used in remote regions where access to on-site
laboratories is not possible due to the results being readable by eye, as well as in

laboratories where the results could also potentially be read by an instrument.
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Chapter 8

General Conclusions
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8.1 Conclusions

Anti-TB antibodies in both bovine and human serum samples were successfully detected
using TDMs, TMMs and mycolic acids as antigens in ELISA, and the relative amount of
antibodies in different serum samples could be determined due to the absorbance value
observed at the end of the assay being directly related to the amount of antibodies in the
serum sample. Analysing serum samples with various antigens suggested that TDMs and
TMMs were more potent as antigens than mycolic acids for the detection of anti-TB
antibodies. It was also shown that the best distinction between TB positive and TB

negative serum samples was observed when detecting IgG antibodies.

Analysis of a large number of serum samples with various antigens by ELISA showed a
good distinction between the TB positive and TB negative serum samples with some of the
antigens tested, with the best distinction being observed with the keto TDM, 38. The
results from this analysis, showing how well the different antigens could distinguish TB
positive serum samples from TB negative serum samples, gave an insight as to which

antigens would be most suitable to use in a sensor for the detection of TB.'

The current project sought to take this work forward towards the development of a novel
sensor for the detection of TB which would work in a few minutes and not require any
laboratory facilities. It was decided to use gold nanoparticles as part of the detection
element of the sensor. Thiol modified antigens, as well as non-thiol modified antigens, via
a linker compound, were successfully bound to gold nanoparticles, and an assay was
developed to detect changes in the SPR peak of these coated gold nanoparticles (as a result
of biomolecular interactions at the coated gold nanoparticle surfaces). Although promising
initial results were obtained, limitations were discovered in the assay when opaque serum

samples were used, suggesting that a new approach was required.

This new approach again focussed on gold nanoparticles. It was discovered that gold
nanoparticles coated with antigen aggregated when they are subjected to a saturated
aqueous solution of NaCl, leading to a change in colour from red to blue. It was also
discovered that this process could be inhibited by the addition of a TB positive serum
sample to the coated gold nanoparticle solution prior to adding the NaCl solution. In
instances where TB negative serum samples were added to the coated gold nanoparticle
solution, aggregation could still occur upon addition of the NaCl solution, leading to a

means of differentiating TB positive serum samples from TB negative serum samples by
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the amount of aggregation observed in the coated gold nanoparticles, and in turn, the
colour of the coated gold nanoparticle solution at the end of the assay. Though a similar
salt induced aggregation method has been observed for gold nanoparticles bound to
oligonucleotides, this lipid coated gold nanoparticle approach has been protected by a
patent, ‘Method for Determining the Presence or Absence of a Biomarker’,

WO/2012/153111.

An assay based on these principles was developed and optimised, and it was discovered
that it could be performed in as little as 15 minutes without compromising the results
obtained. This suggested that a sensor for the detection of TB, based on this assay, could
also be developed, which could be performed in 15 minutes (which is quicker than any of
the methods currently available for the detection of TB (see Table 1.5.1)) by giving a
colour response that could be read by eye, and/or by measuring the absorbance of the

solution at two different wavelengths.

Initially, in order to test how well the assay worked, 50 serum samples whose TB status
were known, and 50 serum samples whose TB status were unknown were analysed by the
developed assay using gold nanoparticles coated with a range of difterent TDM, TMM and
mycolic acid antigens. Encouraging results were obtained from these experiments with
sensitivity and specificity values of 100 % and 67 % respectively being obtained when
using 38 as the antigen. In this case, the assignment was made based on percentage
aggregation values obtained (calculated by measuring the absorbance of the solutions at
540 and 630 nm). When a visual assessment was made, carried out independently by two

individuals, the results were less clear with some ‘?” designations being made.

Upon obtaining these encouraging results, it was decided to perform a blind test on a
further 249 serum samples obtained from the WHO. In spite of discovering a problem
with TB negative serum samples from patients who were co-infected with malaria often
giving positive responses, encouraging results were again obtained, with no evidence of
interference in the assay due to co-infection with any other disease studied, or due to the
patient being vaccinated with the BCG vaccination. In addition, statistical analysis of the
results obtained from these experiments showed that a combination of the results obtained
with individual antigens gave a better distinction between the TB positive and TB negative
serum samples than was observed with any single antigen alone. This suggested that a

device developed for the detection of TB, based on interactions of antibodies to TDM,
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TMM or mycolic acid antigens should contain multiple antigens. This is further supported
by the findings that some antigens distinguished TB positive serum samples from TB
negative serum samples from patients from some countries better than others. It was
discovered that using gold nanoparticles coated with different antigens for serum samples
from patients from different countries led to, with the exception of Vietnam, a sensitivity
of 100 % and a specificity of at least 50 % being obtained with at least two antigens for
each country. These values were comparable to those obtained by ELISA, where a
sensitivity of 100 % and a specificity of 64 % or greater was obtained with at least one

antigen for each country (with the exception of Vietnam and South Africa).

Having analysed a large set of serum samples with various antigens, attempts were made to
classify the antibodies that bound to the antigens that were bound to the gold nanoparticles,
due to the assay developed giving no indication of which antibodies bound, due to it not
containing a secondary antibody conjugate. Although these results remained inconclusive,
with no evidence that antibodies from only a single antibody class were binding to the
antigens coated onto the gold nanoparticles, the results did suggest that the binding of IgG

was most abundant.

Previous findings from ELISA assays had suggested that detecting IgG antibodies gave the
best distinction between TB positive and TB negative serum samples, and that detecting
IgM gave a less clear distinction. Attempts were therefore made to remove the 1gM
antibodies from the serum samples, prior to their use in the gold nanoparticle based assay
as it was hoped that their removal might lead to an improvement in the sensitivity and
specificity of the assay. The removal of IgM antibodies from serum samples using DTT
was confirmed by ELISA analysis of the samples, however, their removal did not improve
the distinction observed in the gold nanoparticle based assay (possibly due to the DTT
displacing antigen on the gold nanoparticles’ surfaces). If a method of removing the [gM
antibodies, without the need for a compound containing a sulfur atom were discovered,
however, it may still lead to an increase in sensitivity and specificity of the developed

assay.

The removal of IgM antibodies however may not be necessary, or indeed desirable, if the
assay developed were to be used as a quick screening test. The lack of secondary antibody
conjugate allows detection of all of the antibody classes simultaneously, allowing a general

overview of the level of antibodies (that can bind to the antigen on the gold nanoparticle
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surfaces) to be observed. Therefore a quick method, which determines the general
antibody level of the patient, and is able to detect all TB positive cases, while correctly
identifying at least 50 % of TB negative cases, may be of great advantage as a screening
test for TB, due to it being able to correctly rule out the presence of TB in at least 50 % of
the cases. All those giving a positive result could then be further tested, reducing the
number of patients required to be analysed by more time consuming or more expensive

tests.

Finally, a device was produced to incorporate the developed assay, which is fully portable
and easy to use, gives a result within 15 minutes, and which can be read either by eye or
potentially by an instrument. Analysis of a limited number of serum samples using these
devices was successful, with a clear visual distinction observed between the colour of the
coated gold nanoparticle solution that had been subjected to the selected TB positive and
TB negative serum samples. As the assay was the same assay as was perfomed in 96-well
plates, serum samples which were identified as ‘?” would also be difficult to assign when
the assay is performed in this format. A possible method of overcoming this problem
could be to develop a colour scale, against which each solution would be compared and
graded, leading to a reduction in individuals interpreting the colour of the solutions
differently. The encouraging initial results suggest that the gold nanoparticle based assay
developed could be used in these devices to produce a rapid, portable, reliable and easy to
use sensor for the detection of TB, which could be used in remote regions where access to
on-site laboratories is not possible due to the results being readable by eye, as well as in

laboratories where the results could also potentially be read by an instrument.

8.2 Further Work

Having observed differences in sensitivity and specificity values with antigens that only
differ in their stereochemistry, i.e. 24 and 30, further analysis of antigens of this nature
from each class should be performed with a large set of serum samples. Also, work
discussed in this thesis proved inconclusive as to whether TDMs or TMMs containing the
same mycolic acid moiety gave the best distinction between TB positive and TB negative
serum samples. Further work, to analyse a large set of serum samples, should therefore be
undertaken with a number of TDMs and TMMs with the same mycolic acid moiety, and
also possibly the corresponding free mycolic acid, in order to determine which can best
distinguish TB positive serum samples from TB negative serum samples. These analyses

could possibly lead to the discovery, and/or towards the development of antigens which
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can distinguish TB positive serum samples from TB negative serum samples with greater
accuracy than the antigens discussed in this thesis, and in turn lead to a more accurate

sensor for the detection of TB.

Another possible method of increasing the sensitivity and specificity of the assay
developed, and in turn a sensor for the detection of TB, may be to remove IgM antibodies
from the serum samples prior to their use in the assay. Ideally, any new method for the
removal of IgM antibodies will not involve the use of a compound containing a sulfur
atom, in order to ensure that no displacement of the antigen occurs at the gold nanoparticle
surface, which may in turn lead to less specific binding of antibodies occurring to the

coated layer on the gold nanoparticles.

Further work should also be carried out on serum samples from patients who are
co-infected with other diseases, including other mycobacterial diseases and malaria. As
previously reported, many false positive results were obtained when using the developed
assay based on coated gold nanoparticles when using serum samples from patients who
were co-infected with malaria. Further investigations should be made with these serum
samples in order to try and identify an antigen that does not detect the malaria co-infection,
or to attempt to identify what is interfering with the assay when this co-infection occurs,
and attempt to remove it from serum samples prior to their use in the assay. Another
approach could also be taken to try and identify an antigen that detects all of the malaria
samples as positive. This approach could lead to the development of a combined screening
method for either TB or malaria. Another common co-infection with TB that occurs in
some regions is with HIV. Although reports claim that antibody responses to mycolic
acids are conserved in patients who have tested HIV-pOSitiVG,2 this should be further

investigated with TDMs and TMMs in order to ensure that similar observations are made.

In addition to analysing serum samples from patients who are co-infected with other
diseases, further investigations with serum samples from patients from various countries
may also be beneficial. A fairer set of serum samples, containing greater numbers of TB
positive and TB negative serum samples from each country should be analysed with a
number of different antigens. Further investigations may lead to a greater insight into
which antigen(s) perform best with serum samples from patients from various countries,
thus giving further insight into which antigens would be best to use in a sensor for the

detection of TB.

196



o

Finally, there is a need to analyse a larger number of serum samples, including samples
which gave false positive and false negative results, as well as those which gave 7’
designations, with the developed device in order to ensure that the same distinction is still
observed between the TB positive and TB negative serum samples as was observed on the
96-well plates. The development of a colour scale should also be performed in order to
reduce the number of *?” designations made, and also help negate individuals interpreting
the colour of the solutions differently, by comparing all of the solutions against a standard
colour scale. Investigations into other platforms may also be required in order to check
whether similar or better distinctions between TB positive and TB negative serum samples

may be achieved, and in order to further maximise the assay’s capabilities.

8.3 References

Confidential unpublished work.
G.K. Schleicher, C. Feldman, Y. Vermaak and J. A. Verschoor, Prevalence of anti-

mycolic acid antibodies in patients with pulmonary tuberculosis co-infected with
HI1V, Clin. Chem. Lab. Med., 2002, 40, 882-887.

197



Chapter 9
Appendix

198





