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Summary 

 

Despite the immense amount of research, development, and implementation for new 

TB diagnostics, diagnosing TB in resource-poor countries remains a challenge, 

especially in children and people living with HIV. A delayed or missed diagnosis of 

active infection is one of the major causes of transmission and mortality. Major 

progress has been made in laboratory-based diagnostics, but point-of-care (POC) 

diagnostics that are critical in high burdened and resource-limited areas remain 

elusive. Blood based antibody biomarker tests are superior to sputum-based tests, but 

are compromised by HIV co-infection, which reduces the ability of the patient to 

produce antibodies or to contain the pathogen in the lungs. TB patients produce 

antibodies directed against M. tuberculosis mycolic acids (MA), a pathogen-derived 

lipid. Anti-MA antibodies arise without T cell help and are thereby not affected by HIV 

co-infection. They can therefore be used as biomarkers for detection of TB in patient 

sera. The Mycolic acids Antibody Real-Time Inhibition (MARTI) test has the potential 

to accurately detect patient low affinity anti-MA antibodies as biomarker for active TB. 

A point of care version of MARTI is envisioned to be a lateral flow immunoassay 

named Mycolic Acid Lateral-flow Immuno-Assay (MALIA). MALIA makes use of 

recombinant monoclonal antibodies (gallibodies) that are specific to MA to compete 

with patient biomarker antibodies for binding to the MAs on a test line to indicate TB. 

The aim of this study is to demonstrate proof of principle that MALIA is feasible, both 

in terms of function and affordability.  

For affordability, the up scaled counter current distribution (CCD) purification of the 

most expensive element, MA, was attempted with success.  However, quantification 

of the yield of MA post purification resulted in a 37% loss after acetone precipitation, 

even though MA has never been shown to be soluble in acetone. The probing of the 

acetone waste with gallibodies in ELISA confirmed the presence of antigenic MA. An 

immuno-blot test on silica TLC plates was developed, showing that the MAs lose 

antigenicity when separated by means of TLC. Whether this was due to separating 

mycolate from its organic counter-ion was investigated, but gave inconclusive results, 

but indicated that MA remains in acetone solution for hours after heating to 90 C and 

cooling to room temperature The solubility limit of MA  in acetone was determined to 
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be 0.25 mg/ml before falling out of solution after four hours of cooling. The discovery 

of acetone soluble MA overcomes the challenges of solvent compatibility in automated 

MA printing for MALIA, while simultaneously enhancing the antigenic conformation of 

MA on silica. Silica on TLC plate format proved to be a workable and affordable solid 

phase substrate for lateral flow immunoassay. Proof of principle of a workable and 

affordable MALIA for POC TB screening was thereby provided. 
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Chapter 1: Introduction 

 

1.1 Tuberculosis  

“Just sleep and eat nutritious foods” (1) a common phrase used by medical 

practitioners in the 1800s towards patients burdened with Tuberculosis (TB), a disease 

that is brought about by infection with airborne mycobacteria, usually affecting the 

lungs. The term ‘’tuberculosis” came from the word “tubercle” used by Franciscus 

Sylvius to describe the characteristic nodules in lungs of TB patients in 1679 (2). This 

infectious disease is caused by the Mycobacterium tuberculosis (M.tb) species of 

bacteria and has affected the world for thousands of years (3). M. tuberculosis and its 

closely related mycobacterial species are known as the M. tuberculosis complex 

(MTC). The mycobacteria grouped in the MTC share 99.9% similarity at the nucleotide 

level and have identical 16S rRNA sequences (4), but differ in terms of their host 

tropisms, phenotypes, and pathogenicity. Of the MTC, M. tuberculosis, 

Mycobacterium africanum and Mycobacterium canettii are essentially human 

pathogens, Mycobacterium microti are rodent pathogens, whereas Mycobacterium 

bovis display a wide range of hosts, including humans, bovines and goats (4, 5). 

Clinically the M.tb is recognized for being the main cause of human TB. The infectious 

origin of TB was first speculated on in 1720 by the English physician Benjamin Marten, 

in his publication “A new theory of Consumption” (6); however, it was only in 1865 that 

the infectious nature of TB was demonstrated by the French military physician Jean-

Antoine Villemin by inoculating rabbits with TB infected tissue. A milestone in the 

research towards TB came in 1882 when Robert Koch was able to isolate the tubercle 

bacillus from TB burdened guinea pigs. This discovery proved that TB is caused by an 

infection with the tuberculous bacilli that subsequently became known as M.tb (6). M.tb 

are defined as rod shaped, nonmotile, nonsporulating, weakly gram-positive, acid-fast 

bacilli. The waxy cell wall confers acid-fastness, extreme hydrophobicity, resistance to 

drying, acidity/alkalinity and many antibiotics, as well as distinctive immunostimulatory 

properties (7,8). 
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1.2 Pathogenesis of tuberculosis 

M. tuberculosis enters the body by inhalation of bacilli that are released into the air in 

the form of droplets when someone with infectious TB coughs or sneezes (9)(10). The 

pathogen then enters the host respiratory pathway and invades the lungs. The 

infection begins when the bacteria are taken up by alveolar macrophages, which 

cause an inflammatory response. An innate host immune response recruits 

inflammatory cells to the lung as the initial stage of immune protection (11)(12) after 

spreading of M. tuberculosis to draining lymph nodes. In the lymph node, presentation 

of bacterial antigens by dendritic cells prepares antigen-specific T cells, which 

differentiate from naïve into effector T cells. The effector T cells migrate to the infected 

lung and, in combination with other leukocytes and B cells, stimulate the formation of 

granulomas around the sites of infection (11). The infected area now contains 

macrophages and lymphocytes, which together form the granuloma. The granulomas 

isolate the infection and hinder the pathogen’s continued proliferation and spreading 

to the rest of the lung and other organs (13). The spread of infection occurs when the 

centre of the granuloma undergoes caseation and releases infectious bacilli into the 

airways. The spread of infection is due to a change in the immune status of the host, 

which is usually a consequence of old age, malnutrition, or HIV-co-infection (13). This 

leads to development of a persistent cough that facilitates the aerosol spread of the 

infectious bacilli, infecting any individual exposed to the aerosol. Therefore, due to an 

effective immune system response, an infected host might not become ill when the 

bacilli remain in the granuloma and the immune response controls and forces the 

infectious bacilli into an inactive state. This is referred to as a latent infection. When 

the infection cannot be contained at the site of first entry, the host might end up 

developing disease, which is referred to as active TB.  

Approximately 10% of all infected people will develop active TB (14). Every year this 

percentage increases by 10% in immuno-compromised individuals, including more 

frequently those who are human immunodeficiency virus (HIV) positive (14). There are 

several exogenous factors influencing the rate of M.tb infection converting to active 

TB after exposure. These mainly include behavioural risk factors such as smoking, 

alcohol abuse, poor ventilation, and overcrowding of living space. Endogenous risk 

factors also affect the rate of the progression of TB from infection to active disease. 

These include circumstances that alter the immune response (Fig. 1). People from low 
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socioeconomic-status populations are also known to be of high risk of becoming 

infected and progressing towards active TB. 

 

Figure 1: The risk factors for TB infection and disease (15). 

 

1.3 Current Tuberculosis dilemma 

The second deadliest infectious disease in humans, following HIV/AIDS is TB (16). It 

is a major health problem worldwide. The rise in the number of incidences is mainly 

due to emerging anti-TB drug resistance, but also by co-infection with HIV. The World 

Health Organisation (WHO) estimates that in 2017 there were 10 million new TB 

cases: 5.8 million among men, 3.2 million among women and 1.0 million among 

children. There were also 1.6 million TB deaths (approximately 1.3 million among HIV-

negative people and 0.3 million among HIV-positive people) (17). Figure 2 illustrates 

the incidence rate of the people infected with TB worldwide in 2017. The number of 
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TB deaths is unacceptably high, especially in the southern African region, where it is 

enhanced by HIV co-infection. Of the overall TB cases in 2017, 9% were among 

people co-infected with HIV, where the highest proportion is in the WHO African 

Region, exceeding 50% in parts of southern Africa (17). The risk of developing TB in 

the population living with HIV is 20 times higher than the risk in the rest of the world 

population (17).  

 

Figure 2:  World Health Organisation map of TB incidence by country, 2017 (17). 

 

1.4 Socio-Economic burden of TB in South Africa 

South Africa has one of the highest burdens of TB in the world, where transmission is 

favoured by the escalating poverty conditions. TB transmission occurs in households, 

public transport vehicles, mines and congregate community settings, such as prisons, 

schools and community halls where people are in close contact (18). People living with 

HIV, unvaccinated children and the elderly are considered high risk individuals. 

Poverty leads to a greater risk of TB infection by malnutrition and poor healthcare (19). 

Once infected, a patient’s physical strength and ability to work is reduced ultimately 

worsening poverty due to the loss of income (20). A priority for the management of the 

TB epidemic is to ultimately reduce the impact of the cost of illness (20).  
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Due to a combination of economic decline, insufficient application of infection control 

measures and the HIV epidemic, TB incidence is on the rise, prevalence is high and 

remission very slow. The high prevalence of HIV infection has played a central role in 

increasing and maintaining the high burden of TB in South Africa. The HIV epidemic 

has impacted greatly on TB in South African health care workers (HCW). Up to 20% 

of HCW are living with HIV (21,22,23) and are five times more at risk of developing TB 

in the work place than HIV-negative HCWs (24,25). Nosocomial transmission or 

hospital acquired infection occurring from patient to HCW is normally due to 

inadequate infection control measures in clinics and hospitals. The province of 

KwaZulu-Natal in South Africa has one of the highest prevalence’s of TB patients co-

infected with HIV. A report from a study conducted in hospitals in KwaZulu-Natal 

indicated that one in five in-patients had active TB (25, 26). These results raise 

concerns about nosocomial transmission to healthy HCW and patients and should be 

of particular concern of the management and control TB epidemic. 

To disrupt the ongoing cycle of TB transmission, its early detection, treatment and 

control must be implemented to reduce the duration of infectiousness and prevent 

transmission of new infections.  

 

1.5 TB Control 

Disrupting the chain of transmission is the fundamental objective of TB control. This 

can be achieved by prevention, detection and treating. Current health interventions for 

TB prevention strategies involve vaccination against TB, screening of high-risk groups, 

treatment of active or latent infection and prevention of transmission into communities 

and healthcare facilities (27). 

The only WHO approved vaccine against TB is the Bacillus Calmette-Guerin (BCG) 

vaccine developed by Calmette and Guerin in the 1920’s and is currently used to 

vaccinate neonates and infants. While the effectiveness of BCG against M.tb infection 

is > 80% in children it only protects against severe forms of paediatric TB and does 

not offer protection in adolescents and adults (28). 

TB infection prevention and control is one of the components of the End TB Strategy 

(29). Effective TB control strategies also involve implementation of infection control 

measures in healthcare facilities and in other community structures (e.g. schools, 
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places of worship, congregate setting) involving administrative, environmental and 

personal infection protection. This policy emphasizes the need to reduce diagnostic 

delays and start treatment as quickly as possible. The WHO F-A-S-T strategy 

refocuses efforts on Finding cases Actively, and Separation until effective Treatment 

is started (29). FAST aims to shorten the time between transmission and treatment. 

Mapping of high-risk groups and carefully planning systematic screening, within or 

outside health services, can help improve early TB detection.  

 

1.6 TB Treatment 

TB treatment is aimed at curing and reducing transmission and can be characterised 

by three fundamental objectives: (1) reduction of the number of TB bacilli rapidly in 

order to reduce morbidity and disrupt transmission (2) to prevent worsening of 

resistant TB and the development of resistant strains; and (3) to prevent relapses after 

completing treatment (30,31). 

TB treatment is further characterized in 2 phases, an initial intensive phase and a 

continuation phase. The initial intensive phase is intended to fulfill objectives 1 and 2 

(31). In order to rapidly reduce bacilli reproduction multiple drugs are used in 

combination. This is due to the spontaneous mutations creating resistance against a 

single anti-tuberculosis drug. There are four first line drugs available for initial 

treatment of TB, i.e. Isoniazid (INH), Rifampicin (RIF), Pyrazinamide (PZA), and 

Ethambutol (EMB) (31) and thereafter RIF and INH for continuous phase treatment. 

Objective 3 should be achieved by prolonging treatment over time and using drugs 

with a sterilising effect that are capable of eliminating persistent bacilli, which seem to 

restrict their metabolic activity and which cause the relapses that occur following anti-

tuberculosis treatment (31). 

Patients with high risk of having TB should receive anti-tuberculosis treatment as soon 

as possible. Premature interruption of treatment, incorrect use of the drugs or 

inaccurate diagnosis can lead to drug resistant forms of TB. Drug resistance can 

extend to multidrug resistance (MDR) and extensively drug resistant (XDR).  MDR-TB 

can be defined as TB resistant to INH and RIF. XDR-TB occurs when the bacteria 

develop resistance against all four of the available drugs, but also to at least one 

fluoroquinolone as well as an aminoglycoside (amikacin, kanamycin) or capreomycin 
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(31). Solutions to control drug-resistant TB are to cure the patient without disruption to 

the drug regimen, provide access to diagnosis, ensure adequate infection control in 

facilities where patients are treated and to ensure proper use of the drugs. 

 

1.7 TB diagnostics 

Due to the process by which latent TB becomes active, the highest priority should be 

to diagnose sick patients with active TB as early as possible, before irreversible 

damage is done to the lungs (32). Early diagnosis of TB would not only limit the spread 

of the disease, but also lead to a more successful treatment of patients. 

An ideal test should have high sensitivity and specificity. Sensitivity is the ability of a 

diagnostic test to accurately identify the condition it is attempting to diagnose, in this 

case TB. The lower the sensitivity of the test the greater the chances that TB infected 

individuals will not be accurately identified by the test; this can lead to false negative 

results (in which TB is present but not detected). Specificity is the ability of a test to 

accurately rule out the condition the test is seeking to diagnose (33). The lower the 

specificity the greater the chances that people without a condition will be falsely 

diagnosed as having it (the test will detect TB, but is not present). Therefore, low 

specificity will lead to a greater number of false positive results (33). Accuracy of a 

diagnostic is important when identifying TB. Some tests have low accuracy, either as 

a result of low sensitivity (high false negative results) or low specificity (high false 

positive results). 

1.7.1 Diagnosis of latent TB 

A method that can sensitively detect when latent TB becomes active is dearly needed 

for screening people at high risk of exposure to TB infections. This includes HCW 

exposed to TB patients and individuals infected with HIV (34). A quarter of the world’s 

population is estimated to be latently infected with TB. The standard screening test is 

the tuberculin skin test (TST). The TST is performed by injecting a small amount of TB 

purified protein derivative into the skin in the lower part of the arm. If the skin area 

reacts to the antigen within 48-72hours it is considered a positive reaction (35). TST, 

however, has certain limitations. BCG anti-TB vaccination leads to cross-reactivity and 

false-positive test results. TST gives false negatives when performed in immuno-

compromised individuals. TST is not specific enough because the test cannot 
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distinguish between the different species of pathogenic mycobacteria that are the 

cause of infection nor can it distinguish between latent and active TB, or even just an 

excessive exposure to the TB pathogen as happens with clinical staff attending to 

patients at a TB hospital or clinic. Due to these draw-backs alternative screening 

methods involving interferon-gamma release assays [IGRA] are being used, but they 

have their own limitations. The major advantages of IGRAs are that they do not 

compromise the person undergoing the test with TB antigens. They can therefore be 

done repeatedly as a continuous screening method on the same patient. In addition, 

they are not influenced by prior BCG vaccination, as the antigens for use in IGRA 

exclude those used in vaccination (33). None of the screening tests mentioned can 

distinguish active TB from latent TB 

1.7.2 Diagnosis of active TB 

The best affordable diagnosis of active TB is done with clinical and microscopic 

examination, involving sputum smears (35). The most widely used TB diagnostic test 

is smear microscopy. It involves the examination of stained sputum. An observation is 

then made on the acid-fast stained bacteria that were obtained from the medium under 

a microscope to identify M. tuberculosis. However, it is a tedious test with moderate 

sensitivity (33). The sensitivity decreases with diagnosis in children, and individuals 

co-infected with HIV (37). The sensitivity of the test was improved by fluorescence 

microscopy (37). An acid-fast fluorochrome dye with an intense light is used.  

Fluorescence microscopy (FM) has been shown to have 10% more sensitivity than 

conventional microscopy, but conventional microscopy is preferred, because it is 

inexpensive when compared to FM (37, 38, 39). 

Culture of M. tuberculosis is a well-known gold standard method because it is the most 

sensitive bacteriological method available (40). The major drawback is the slow growth 

of the bacillus, so there is a delay of up to six weeks for obtaining results. In addition, 

extrapulmonary TB does not get ruled out by a negative culture. The method is also 

tedious and requires specialised laboratory infrastructure and equipment. To solve this 

time delay and limit technician contact time, automated systems such as the 

BACTEC™ 460 TB and Mycobacteria Growth Indicator Tube (MGIT™) 960 system 

have been developed (41). One of the disadvantages of the BACTEC 460 TB System 

is the use of 14C-Labeled radioactive substrate (41). Because of the strict regulations 

of handling and waste disposal of radioactive material, it became necessary to develop 
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a non-radiometric technique for mycobacterial culture and susceptibility testing. 

Becton, Dickinson and Company (BD) developed a new system called MGIT™, which 

is non-radiometric and offers the same rapid, sensitive and reliable methods of testing 

as the BACTEC 460 TB System (41). The system contains a liquid culture medium 

(modified Middlebrook 7H9 broth), a growth supplement and a number of 

antimicrobials to prevent growth of contaminants (41). The culture is monitored for 60 

minutes, thereby providing a short laboratory turnaround time when compared with 

conventional methods (41,42,43,44). However, a drawback to this system of 

mycobacterial growth in liquid culture is that contamination from other bacteria 

commonly present in patient samples can go undetected (45,46), thereby producing 

false positive results. 

M.tb detection by nucleic acid amplification techniques (NAAT) eliminates the 

limitations of culture and microscopic methods. The WHO recently recommended 

GeneXpert as an initial diagnosis test for patients suspected to have HIV/TB co-

infection and has also claimed it to be effective for diagnosing TB in children and adults 

(47). However, because it is sputum based, it cannot be very good in diagnosing 

children as children are seldom able to produce sputum of adequate quality (48). In 

children sensitivity is lower at between 65% and 76%, with specificity between 99% 

and 100%. There is also contradicting evidence on the sensitivity of GeneXpert of 

adults with extrapulmonary and sputum-scarce pulmonary TB, suggesting limited 

sensitivity in the context of less extensive disease or the non-respiratory samples used 

(25,49,50). Another drawback of GeneXpert machine is that it is electricity dependent 

requiring uninterruptable electricity as well as an air-conditioned laboratory facility, 

skilled technicians and regular maintenance (29). 

Other commonly used diagnostic tests include chest X-rays (CXR). In patients with 

active pulmonary TB, lesions are often present in the lungs and are visible in CXR. 

Given its high sensitivity however, it is still a good method for ruling out TB, but not in 

diagnosing an active infection, as it cannot distinguish between lesions of active TB or 

from previous TB infections. An immuno-compromised person with a high risk of TB, 

such as a HIV-positive individual or, to a lesser extent, a person with diabetes, often 

shows atypical or abnormal manifestations in a CXR (51). Studies have shown that 

CXR is not specific and can misdiagnose TB as many other lung diseases have similar 

radiographic patterns to TB (52,53).  
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Many patients are being misdiagnosed mainly because of HIV co-infection, which is 

progressively in the increase. This makes diagnosis more difficult. These patients have 

a low CD4+ T cell counts that correlate with inadequate quality of sputum samples, 

often leading to a false-negative result. Immune T cells with the CD4 marker play a 

crucial role in the ability to form granulomas. When these are impaired, diagnosis by 

X-ray chest radiographs become inaccurate (30,32). Many diagnostic tests that are 

based on the host response to M.tb infection, such as IGRA and TST, depend on 

active CD4+ T cells and are impaired in patients with advanced immune suppression 

(16). Newer diagnostic techniques have been investigated in an attempt to overcome 

this inherent deficiency in the current state of the art of diagnosis of TB (54, 55). 

 

1.8 Laboratory free TB diagnostic testing 

Due to the absence of an effective vaccine, the control of TB still requires rapid 

diagnosis to reduce ongoing transmission (56). HIV diagnosis has paved the way for 

rapid diagnosis by the development of point-of-care (POC) or lab-free diagnostics 

suitable for field use, however the diagnosis of TB remains a challenge in resource-

poor settings (57). Due to the limitation of the current diagnostics many individuals 

with active disease are misdiagnosed and fail to receive proper treatment leading to 

an increase in on-going disease transmission to family and community members. 

Improved POC diagnostics need to be developed to face these challenges. 

It is estimated that 60 % of those who require assessment for TB do so in 

local/community health facilities, where sophisticated TB diagnostics is not available 

(Fig 3) (58). TB control programmes require a tiered network of laboratories in which 

different tiers use complementary diagnostic tools. Establishing, equipping and 

maintaining a laboratory network to ensure that there is timely access to quality-

assured diagnostics is challenging, complex and expensive, especially in resource-

limited or high-burden settings (58). As networks of TB laboratories develop and gain 

capacity, the need for human resources increases. Each laboratory will require trained 

and competent staff to perform the various diagnostic tests. Higher levels of skill and 

training are needed to perform advanced testing for drug resistance. More support 

staff are also required to assist with non-testing activities such as media and reagent 
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preparation, housekeeping and maintenance, waste management, data management, 

quality management, quality assurance activities and various administrative work (58).  

Although laboratory TB diagnostics are available, the centre for continuous care may 

be some distance from the patient’s home. Loss to follow-up or defaulting from care is 

a major problem in healthcare delivery in resource-limited settings (59, 60, 61). The 

ideal TB diagnostic is therefore a point-of-care test that allows patients to be 

diagnosed and receive appropriate care within hours of undergoing TB testing (62, 

63). It is likely that POC formats will significantly reduce the loss to follow-up, but there 

are limited data available on the potential health impact of POC tests in resource-

limited settings (64, 65). 

The success of the TB diagnostic network depends on whether the general health 

system and diagnostic services work on functionality and efficiency. As diagnostic 

technologies have different infrastructure and biosafety requirements, only certain 

tests, seen in figure 3, can be positioned within the peripheral health-care services. 

Microscopy and Xpert MTB/RIF is primarily used. There are currently no POC TB 

diagnostic tests that are independently suitable for use in rural areas. New tests must 

be POC with rapid results available to both patient and HCWs. 
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Figure 3: The three tiers of the network of TB laboratories: a representation of facilities 

where diagnostics may be implemented (58). 

“Without diagnostics, medicine is blind.” (66). Proper treatment to illnesses cannot be 

made without diagnosis. Sensitive, specific and rapid diagnostic testing not only paves 

the way toward effective treatment but also plays a critical role in preventing the 

transmission of infectious diseases. 

 

1.9 Towards the development of a POC TB diagnostic  

Despite existing technologies and advances over the last few decades, development 

of a simple and rapid POC test is still challenging in the current pipeline of tuberculosis 

diagnostics (67,68). In addition, novel diagnostic tools and reliable biomarkers are 

required to provide better performance in diagnosing TB.  

Blood is an attractive sampling option for the detection of TB, especially in HIV-

infected patients. Blood is easier and more reliable to sample than sputum because 

the invasiveness of sampling is neglectable (just a finger prick of blood). Sputum 

sampling is also inadequate to diagnose extrapulmonary TB, TB in children and TB in 

HIV-co-infected individuals. Blood sampling should be better able to overcome these 

limitations. Many serological tests have been proposed in the past for TB diagnosis.  

Serological tests include Enzyme linked immunosorbent assay (ELISA) or lateral flow 
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immunoassays (LFIA) to detect the humoral antibody response to M.tb antigens by 

measurement of antigen-antibody interactions (70). Serological tests have the 

potential to be suitable and improve diagnosis in resource-limited areas (69), because 

they are simple and offer the potential of low cost, rapid diagnoses with minimal 

training requirements (71, 72).   

Antibodies or immunoglobulins are proteins produced by the B cells that defend a host 

against foreign agents such as viruses and bacteria (73). Antibody-based 

immunoassays are commonly used in diagnostics (74). They are based on the avidity 

and specificity of antibodies to bind and recognize the antigens. IgG is the major blood 

antibody of the secondary immune response associated with prolonged immunity 

whereas IgM is the predominant early blood antibody seen in the immune response to 

infectious diseases (70), but usually with short-lived memory. Immunodiagnostic 

assays based on detection of patient IgM and IgG against pathogen related antigens 

in patient sera with active TB disease is an attractive approach for rapid POC diagnosis 

or screening. 

Studies towards the identification of new biomarkers for TB diagnosis have increased 

in the recent years (75). A good antibody biomarker should be highly specific to a 

disease, easily detectable by standard antibody detection methods and have the ability 

to distinguish between latent and active stages of M. tuberculosis infection (76). The 

early detection of TB is another important aim in biomarker research, as well as those 

that indicate risk of contracting or relapsing to active TB (77). As indicators of disease, 

antibodies are well suited for use in diagnostics because of their renowned properties 

of sensitivity and specificity. The advantage of detecting antibodies, rather than 

pathogens and their traces, is that antibodies are freely available in serum, whereas 

microorganisms can evade detection by shielding themselves within native cells in 

different organs of the body (78). 

Previous work in our group suggests that antibodies to the M.tb antigen mycolic acid 

(MA), the unique lipid antigens of mycobacteria, could serve as an ideal biomarker for 

active TB diagnosis. This is because these antibodies are produced independent of T-

helper cells and so are unaffected by HIV co-infection (79). Furthermore, work by 

Ndlandla (25) using a guinea pig TB infection model indicated that anti-MA antibodies 

are produced early upon infection, are short lived and will therefore diagnose active 
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TB independent of previous vaccination and even under the condition of HIV co-

infection. 

Human patient anti-MA antibodies have been considered before as a biomarker for 

active TB diagnosis with the potential of being detectable by means that are 

appropriate for POC TB testing. This idea was explored by Schleicher et al. (79), using 

an ELISA assay and MA as antigen to detect anti-MA antibodies found in patient sera 

(80). The results showed that there was a larger amount of anti-mycolic acid antibodies 

present in TB positive patients compared to TB negative. Due to this result, further 

experiments are being conducted to produce a diagnostic test that uses mycolic acid 

antigen and anti-mycolic acid antibodies to detect active TB (81). The Mycolic acid 

Antibody Real Time Inhibition (MARTI) assay was developed from this concept (81). 

MARTI makes use of immobilised liposomes (carrying MAs) on sensor surfaces to 

monitor the binding of anti-mycolic acid antibodies (80). The use of biosensor-based 

technology for TB diagnosis has been demonstrated well in wave guide (81) and SPR 

(82) evanescent field biosensors, while proof of principle has also been demonstrated 

in electro-impedance immunodetection (EIS) (83). The proposed MARTI test showed 

positive results for detection of TB using this principle. However, it was shown that the 

biosensor technique is very difficult and expensive to perform in the laboratory and 

that the above mentioned technologies are still too advanced to be used in a POC 

setting for screening large numbers of patients’ sera. This led our group to expand the 

research into developing a new lateral flow diagnostic test for POC TB diagnosis. The 

test, to be called the Mycolic Acid Lateral-flow Immunoassay (MALIA) test, was 

developed from the MARTI test concept (84). MAs are used in the test to indicate the 

presence of active TB in a patient with the aid of monoclonal chicken antibodies 

(gallibodies) that are mono-specific to MA. These antibodies are used to compete with 

patient sample biomarker antibodies for binding to the MAs on a test line to indicate 

TB.  

The work on this project began with Beukes et al. (85) who were able to successfully 

pan for MA-specific antibodies from a recombinant chicken antibody gene library. 

While the team could successfully isolate both cholesterol cross-reactive and non-

cross-reactive anti-MA phage antibodies, their stability could not be retained over time. 

Ndlandla (25) was then able to select a new set of anti-MA phage antibodies, using a 

similar approach, by selecting for thermally stable scFvs. These scFvs were 
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recombinantly converted to IgY chicken antibodies (gallibodies) by Ranchod (86). 

These custom developed gallibodies were used for the development of the proposed 

MALIA test in this MSc study. MALIA, will serve as a negative predictor test (to exclude 

the possibility of active TB) and will take the form of a lateral flow immunoassay.  

 

1.10 Problem statement  

Many TB diagnostic tests used today are good but have limitations due to their poor 

sensitivity (especially in children or HIV infected patients), and inability to distinguish 

between latent and active TB. New methods are therefore being explored, which will 

have the potential to detect TB, even in HIV burdened populations. TB patients 

produce antibodies directed against M.tb mycolic acids (MA), a pathogen-derived lipid. 

Anti-MA antibodies can therefore be used as biomarkers for detection of active TB 

using patient serum samples. The Mycolic acids Antibody Real-Time Inhibition 

(MARTI) test has the potential to accurately detect patient low affinity anti-MA 

antibodies as biomarker for active TB. Although this method has been successful, the 

biosensor equipment requires highly-skilled staff for operation and costs of the unit are 

relatively high; thereby making this system not feasible for POC diagnosis. A new 

device needs to be developed that employs the use of MA and anti-mycolic acid 

antibodies in a simple process that can be used with minimal effort in a point of care 

(POC) environment. A POC version of MARTI can be a lateral flow immunoassay 

format test named “Mycolic Acid Lateral-flow Immuno-Assay” (MALIA). MALIA makes 

use of monoclonal chicken antibodies (gallibodies) that are mono-specific to MA. 

These antibodies are used to compete with patient sample biomarker antibodies for 

binding to the MAs on a test line to indicate TB. The problem is that a lateral flow test 

for anti-MA antibody biomarker detection cannot be done by means of the standard 

approach used for protein antigens to detect high avidity binding patient antibodies. 

Initial attempts at MALIA were challenged by the limited solubility of MA in lateral flow 

compatible solvents. In addition, it may be necessary to enhance the avidity of 

monoclonal antibodies to MA. This project explores the scope for a workable model of 

MALIA. 
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1.11 Hypothesis  

Recombinant, monoclonal anti-MA gallibodies can be applied in a lateral flow 

immunoassay as a basis for the development of a MALIA point of care TB diagnostic. 

 

 1.12 Aims  

1. Upscale purification of MAs from crude extracts of M. tb strain H37Rv by means 

of countercurrent distribution (CCD).  

2. Application of monoclonal anti-MA gallibodies for: 

I. Monitoring the presence of MA in all fractions during purification. 

II. Characterising the antigenicity of MA in various fractions by immuno-blot 

test and TLC. 

III. Characterising the solubility of MA in different solvents. 

IV. Characterising the antigenicity of immobilised MA in MALIA  

 

1.13 Chapter summary 

The work done on this project has been described in three chapters with a concluding 

discussion.  

Chapter 2 will introduce Mycolic acids as an antigen and the isolation and purification 

thereof (Aim 1&2-i). 

Chapter 3 will introduce monoclonal antibody detection of Mycolic acids in various 

formats i.e. ELISA and blot tests (Aim 2-ii & -iii). 

Chapter 4 will introduce Lateral flow test (LFT) in the form of a MALIA test for the 

diagnosis of TB and further describe a new principal in a lateral flow assay format (Aim 

2-iv). 

Chapter 5 will be a concluding discussion of the overall findings of this work. 
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Chapter 2: Improved Mycolic acid purification with CCD 

 

2.1 Introduction 

A dominant feature of M.tb and other pathogenic mycobacteria is the cell wall 

envelope, specifically in respect of its structure of lipids and sugars (87). The 

physiochemical properties of the cell surface contribute to the intracellular survival of 

M. tb, as with the other pathogenic mycobacteria (88). Figure 4 depicts a simple visual 

representation of the M.tb cell wall built upon a layer of peptidoglycan and 

arabinogalactan surrounding the cell’s basic lipid bilayer. M. tb is unique among 

bacterial pathogens in that it displays a wide array of complex lipids and lipoglycans 

on its cell surface (88, 89). Cell envelope lipids constitute 40-60% of weight of 

mycobacteria. It was found by Goren and Minnikin (90, 91) that long fatty acids of 

mycobacteria include tuberculostearic, mycoserosic, phtheinoic and mycolic acids 

(MA) (92). MA is found in all the species of mycobacteria. It comprises a number of 

different high molecular weight α-alkyl, β-hydroxy fatty acids that can have up to 60–

90 carbons (93, 94). Studies have shown that the cell wall MAs contribute to the 

virulence of M.tb (95), including a role in regulating the complex process of 

immunological response/s of the human body to the infection with M. tuberculosis (96). 

It has become apparent in recent years that MA is secreted in free-form during the 

course of mycobacterial infection (97,98).  

The work described in this chapter will introduce M.tb mycolic acids as an antigen and 

the isolation and upscaled purification thereof for further use in this study. 
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Figure 4: Basic structure of M. tuberculosis cell wall. The cell wall of M.tb is 

comprised of four layers; an outer layer of mycolic acids surrounded by inner layers of 

arabinogalactin and peptidoglycan. These surround the phospholipid bilayer of the cell 

(89). 

 

2.1.1 Serodiagnosis of TB 

Cell-mediated immunity is essential for control of M. tuberculosis infection. Activation 

of both CD4+ and CD8+ T cells is seen in active TB in humans (99). CD4+ T 

lymphocytes of T helper cell type 1 are thought to be most critical (100). Protein 

antigens recognized by the T cell receptors are presented on major histocompatibility 

complex proteins. CD4 T cells function in facilitating cellular and humoral immunity, 

while CD8 T cells function in killing target cells. The CD4 and CD8 responder T cells 

are responsible for cell mediated immunity that plays a critical role for TB protection. 

However, CD4 T cells are gradually destroyed during HIV infection, leading to 

corruption of T-cell control and altered activity of cytolytic CD8+ T cells. Therefore, TB 

co-infection with HIV may impair both the cellular and antibody response to protein 

antigens (70).   

Arloing, 1898 described the first serodiagnostic test for tuberculosis (TB), which used 

hemagglutination (101). However, its sensitivity and specificity were not accepted in 

the diagnostic field of tuberculosis. In 1972, Engvall and Perlmann (102) described a 
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simple, highly sensitive, reproducible, and inexpensive technique using an enzyme-

linked immunosorbent assay (ELISA). Many antigenic materials have been 

subsequently employed in the ELISA method in an attempt to improve both the 

sensitivity and specificity. Various antigens of mycobacteria have been applied in 

antibody-based serodiagnosis of TB, by using either protein or lipid antigens. A large 

number of native and recombinant antigens of M. tb such as purified protein derivative 

(103, 104), Mycobacterium glycolipids and 38 kDa antigen have been assessed, 

contributing substantially to the progress for the serodiagnosis of TB (105). The overall 

sensitivity of these methods ranges from 45 to 95%, and their specificity ranges from 

90 to 100% (91).  

 

2.1.2 Antigens used for biomarker antibody detection  

Proteins of M.tb are not good antigens for TB biomarker antibodies, as antibody 

production to these antigens are paralysed by HIV co-infection, giving rise to false-

negative results in this important cohort of people at risk of contracting TB. An 

alternative is the glycolipid, lipoarabinomannan (LAM). LAM is a cell wall component 

of mycobacteria and is detectable in the urine of patients with active TB infection. 

Purified LAM from M.tb was first used for serodiagnosis of leprosy (106, 107), however 

it was only evaluated as a potentially useful antigen for the serodiagnosis of 

tuberculosis in 1990 (108). The MycoDot assay is a commercially available rapid 

assay specific for TB, which detects anti-mycobacterial antibodies to the LAM antigen 

(109). Several researchers evaluated the assay and achieved a high degree of 

specificity (84–100%) but a low sensitivity (16–56%) (110-114). A low degree of 

sensitivity was mostly seen in patients infected with HIV (70, 112, 114). A low degree 

of sensitivity does not support its use in the diagnosis of TB, especially in HIV-infected 

patients (109). Other lipid antigens were explored such as 2, 3, 6-triacyl trehalose 

(TAT) by an ELISA assay and whole glycolipid (carbohydrate-attached lipids) antigens 

by a liposome agglutination assay. Results reported a sensitivity and specificity for 

TAT at 76% and 96% respectively (115,116) and whole glycolipids at an overall 

sensitivity and specificity of 94% and 98.3%, respectively (117,118). These results 

however have not been validated for implementation and comparison between 

different antigens can be difficult since the patient populations as well as diagnostic 

methods employed in studies differed significantly (89) 
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2.1.3 Mycolic acids  

Mycolic acid (MA) is a unique pathogen-derived lipid, which is known to act as a 

fingerprint molecule for the particular mycobacterial species that infects (55). The 

name “Mycolic acid” was first proposed by Stodola et al. who described it as wax 

fractions containing active hydroxy acids of high molecular weight of tubercle bacillus 

and acid-fast bacteria (118). From that point onwards the structure of these lipids 

became of interest to researchers. Mycolic acids and their homologs are long chain β-

hydroxyl, α-branched fatty acids found mainly in the genera Mycobacterium, Nocardia, 

Rhodococcus, and Corynebacterium (119). MA was first isolated by Anderson in 1938 

and thereafter structural studies were performed by Asselineau in 1950 (120). Since 

then a number of MAs have been isolated and characterized. They have shown to 

have the basic structure of R2CH(OH)CHR1COOH, where R1 is a C20 to C24 linear 

alkane branch and R2 an alkyl chain C30-C60 containing various functional groups 

such as carbon-carbon double bonds and/or cyclopropane rings, methyl branches and 

oxygenated ketones, methoxies or hydroxyls (96,121). 

MA are present in many forms and are secreted as free MAs or bound to sugar 

molecules on the cell wall such as penta-arabinose tetramycolates, or as extractable 

esters with trehalose, glucose or glycerol (122). Three main M.tb MA classes exist (Fig 

5). These three classes are differentiated by the presence of different chemical 

functional groups on the main hydrophobic chain of MA, called the mero-chain (123). 

The most abundant are unoxygenated α-MA (αMA), the less abundant oxygenated 

methoxy-MA (mMA) and the least abundant keto-MA (kMA) (124). These classes of 

MA also differ in orientation on the main hydrophobic chain of MA: αMA contains 

cyclopropanes in mainly a cis configuration and is found in greatest abundance, 

whereas mMA and kMA contain cyclopropanes in either a cis- or trans-configuration 

(125, 126). Of total MA, around 50% is αMA, while the amount of the oxygenated MAs 

varies with methoxy at 32–40% and keto at 7–15%, depending on the growth stage of 

the bacilli (127).   
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Figure 5: Graphical representation of the structures of mycolic acids and 

subclasses found in M. tb. X represents the mycolic acid motif (140). 

The various structures of MA have been shown to play a major role in the virulence of 

the pathogen as well as having interesting biological activities, such as cholesteroid 

like properties (124). These MAs elicit an immune response owing to their lipid nature 

(79,122). The polar carboxylic acid and hydroxyl groups of the mycolic motif are 

proposed to be presented towards the outer surface of CD1b on APCs for interaction 

with T cell receptors (127, 128). Accordingly, tuberculosis patients produce antibodies 

directed against M. tuberculosis MAs (54). These antibodies were detectable by ELISA 

(129, 130). This may lead to the production of anti-MA antibodies which we exploit as 

a biomarker for TB diagnostics. (131). The anti-MA antibody biomarker can indicate 

active TB disease regardless of the HIV status of the patient, because the anti-MA 

antibodies levels are maintained even though the CD 4 T cells are declining (79).  

 

2.1.4 Isolation and purification of mycolic acids  

Butler (1985) (132) first purified MA from sonicates of M.tb strain H37Rv by extraction 

with chloroform and methanol. This method was not specific for MA as it also extracted 

fatty acids, lipids and other chloroform soluble components. This was solved by further 

purification by column chromatography. Due to the cost and limited capacity of column 
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chromatography, alternative methods for purification and characterizations of large 

amounts of pure MA was required. 

Countercurrent distribution (CCD) was an alternative purification method for large 

amounts of mycolic acids. Glick (133) described liquid-liquid extraction as a common 

method for separation of chemical substances. It is usually carried out in a single 

separation funnel for substances with different partitioning properties. To exploit small 

differences in partitioning properties for purification, extraction must be carried out in 

systematic repetitive fashion over many partitioning stages. This type of sequential 

extraction was named counter current distribution (CCD). Separation power of a 

chromatographic column is expressed as the number of theoretical plates that it can 

achieve. One theoretical plate can be described as the separation that is achieved by 

one transfer cycle of CCD. The more cycles, the better separation is achieved. In 

column chromatography, the separation provided by its theoretical plates is not fully 

utilised when the flow rate does not allow enough time for equilibration of the solutes 

between the solid and mobile phases. In CCD the full separation potential of each 

tube/ transfer or cycle is utilised by allowing long enough equilibration times between 

each cycle. 

The underlying principle in the separation of mixtures by CCD is the selective transport 

of solutes. For MA purification, a suitable CCD method was established by Goodrum 

et al. (92). In it, Siko (134) reported his improved biphasic, ternary solvent system 

consisting of 42% chloroform, 39% methanol and 19% 0.2 M NaCl. This solvent 

composition was obtained by titrating different ratios of chloroform and 0.2 M NaCl 

with the fully miscible methanol to develop a phase diagram (Fig 6) (134). 
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Figure 6: Phase diagram of the CCD ternary solvent system of chloroform, 0,2 

M aqueous NaCl and methanol that was used to purify mycolic acids. Point M 

was obtained by drawing a line PQ pivoting over X such that PX: QX correlates with 

the volume ratio of lower and upper phase obtained by mixing composition X. The 

point M is the mid-point of line PQ, such that when making up composition M, upper 

and lower phases of equal volume are obtained, with the upper phase consisting of 

Composition P, and the lower phase of Composition Q. Thus, M is a composition ratio 

of 42% Chloroform, 39% Methanol and 19% 0.2 M NaCl (134). 

The CCD method of purification of MA involves subjecting a crude extract of saponified 

M.tb, dissolved in the bi-phasic solvent system described above, to a counter current 

liquid/liquid separation. Previously, this method yielded 5.8 to 7.8% of purified mycolic 

acid from the dry weight of the crude cellular extract (92). 

The first step is saponification and extraction. The saponification step is necessary to 

release the lipid component from the rest of the cell skeleton and to release the free 

Q 

M 

X 

P 

Methanol 

0.2 M NaCl Chloroform 
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fatty acid salt from any ester form. The extraction step is necessary to remove the 

saponification agents from the cell wall component. 

The crude cellular extract obtained from the large-scale saponification and extraction 

process is dissolved in the lower phase of the bi-phasic solvent system and an equal 

volume of the upper phase of the bi-phasic solvent system is added. This solution is 

then subjected to CCD through a series of approximately 25 cycles; each cycle 

comprising a mixing of upper and lower phases, a separation of the phases and a 

transfer of the separated phases to clean upper and lower phases (96). The CCD-

separated material is then withdrawn from the tubes. The mycolic acids fraction, even 

after being purified by CCD, still contained traces of contaminating material. Adding 

acetone to the purified sample was found to selectively precipitate the mycolic acids, 

while simultaneously extracting these impurities. 

When using water, rather than 0.2 M NaCl solution in the CCD solvent system, the 

various fractions of fatty acids and lipids from the cell-wall could be identified in the 

various tubes by their emulsification patterns in the lower or upper phase. The mycolic 

acids fraction, for example, was easily recognised by its emulsification pattern mainly 

in the lower phase within the first few tubes. When water was substituted by 0.2 M 

saline, the emulsification patterns collapsed and the mycolic acid fraction had to be 

confirmed by means of TLC (unpublished work).  

The current method involves subjecting a crude extract of M.tb cell-wall components, 

dissolved in bi-phasic solvent system, described above, to a counter current 

liquid/liquid extraction to purify MA, but still on a comparatively small scale. Using this 

same method of purification, it was deemed possible to load more concentrated MA 

crude extract in the CCD to upscale the yield of pure mycolic acids per run. This would 

also better suit the monitoring of the purification process by TLC, while simultaneously 

reducing the reagent cost of mycolic acids for use in TB diagnostics. This hypothesis 

was tested in this experimental chapter. 
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2.2 Materials and Method 

 

2.2.1 Materials  

Silica plates: Thin layer chromatography (TLC) silica gel 60 F254 20 x 20 cm plates 

(Merck, Kenilworth, New Jersey, USA).  

Schott bottles (Sigma-Aldrich, St. Louis, USA) 

Tank: Rectangular TLC developing tank (Sigma-Aldrich, Missouri, USA). 

Desiccator: Duran desiccator with flat flange and knobbed lid (Merck, New Jersey, 

USA). Blue Silica gel as the drying agent. (Merck, New Jersey, USA) 

 

2.2.2 Reagents  

M. tuberculosis cell pellets: Self cultured by Heena Ranchod according to conditions 

established by Ndlandla et al. (123) 

Purified MA: Previously purified MAs on 19/01/1998 by Van Wyngaardt purified using 

the CCD method described by Goodrum et al. (92) 

Acetone (Sigma-Aldrich, Missouri, USA).  

Chloroform (Merck New Jersey, USA) 

Diethyl ether (Sigma-Aldrich, St. Louis, USA) 

Hexane (Sigma-Aldrich, St. Louis, USA) 

Hydrochloric acid (HCl) (Merck New Jersey, USA).) 

Methanol (Merck New Jersey, USA) 

Phosphomolybdic acid (Merck, New Jersey, USA) 

Potassium hydroxide (KOH) (Sigma-Aldrich, St. Louis, USA)  

Sodium chloride (NaCl pellets, Merck, New Jersey, USA) 

Reagent A: KOH (25% (m/v)) dissolved in methanol-water in a 1:1 volume ratio  

Reagent B: HCl, (32% (v/v)), dissolved in triple distilled water (dddH2O) in a 1:1 volume 

ratio 
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Upper phase and lower phase solvent without saline: Chloroform, methanol and 

dddH2O in a ratio of 42:39:19  

Upper and lower phase CCD solvent with saline: Chloroform, methanol and 0.2 M 

Sodium Chloride in a ratio of 42:39:19. 

TLC running solution: Diethyl ether (30 % (v/v)) dissolved in hexane  

TLC developing solution: Phosphomolybdic acid 10% (m/v) dissolved in 99.9 % (v/v) 

ethanol. Stored at 4 °C until further use within 1 week. 

 

2.2.3 Saponification of crude bacterial extract  

To release mycolic acids from mycobacterial cell walls, homogeneous bacterial cell 

pellets obtained from were re-suspended in 300 ml of saline. After re-suspension the 

bacteria were allowed to sediment to the bottom of the Schott bottle, before 250 ml of 

the saline was removed. The bacterial cells were re-suspended in the remaining saline 

and divided into equal parts before centrifuging (Beckman Avanti J-25 preparatory 

centrifuge, California, USA) for 20 min at 1500 x g. The remaining saline was removed 

by decanting making sure not to disturb the bacterial pellet that now remains. The 

pellets were re-suspended in reagent A to obtain an optical density (OD) 

approximating McFarland standard 4, i.e. an OD of 0.837 at 486 nm measured using 

a spectrophotometer (UV-1600PC UV-VIS, VWR, Pennsylvania, USA).  

Saponification was done using autoclavable 2.5 L tightly capped Schott bottles fitted 

with red caps and rings. The Schott bottles were wrapped in foil and incubated at 70ºC 

overnight in a water bath (FMH 110 electronics, Labotech, USA) covered in foil.  

 

2.2.4 Crude extract of Mycolic acids 

A funnel extraction was done on the saponified cell suspension in reagent A to obtain 

the crude MA extract. After cooling to room temperature, 1.5 ml of reagent B was 

added for each 2 ml of reagent A used. The cell suspension of reagent A and B was 

shaken carefully in a 2.5 L reagent bottle until no fumes were seen, then vigorously to 

ensure uniform mixing. The pH of the suspension was adjusted to 1 using reagent B 

to protonate all MAs for dissolution in chloroform. Chloroform (600 ml) was added 

before the suspension was vigorously shaken again for 10 min in tightly capped 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



27 
 

reagent bottles. The crude MA extract was transferred to a separating funnel and 

allowed to separate into two phases at room temperature overnight. The lower phase, 

containing the crude MA extracts, was collected and evaporated at 60ºC in a pre-

weighed round bottom flask on the rota-evaporator (Buchi Rotovapor RE 120, Gemini 

BV laboratory, Germany). Acetone (5-10ml) was added to allow complete drying of 

crude MA extract. This was repeated until crude MA extract was completely dried. The 

dried crude MAs was stored at 4oC until further use. 

 

2.2.5 Extraction of crude MA in the phase solvent without saline 

Chloroform, methanol and water were mixed in a ratio of 42:39:19 in a 2.5 litre reagent 

bottle. The solvents were vigorously shaken and allowed to form 2 phases in a 

separating funnel. Both phases were collected and stored separately. The crude MAs 

extracts were reconstituted in equal volumes of lower phase solvent and upper phase 

solvent. The phases were mixed together and transferred to a separating funnel 

shaken vigorously and allowed to separate completely at room temperature. The lower 

phase extract was collected and evaporated at 60ºC in a pre-weighed round bottom 

flask on the rota-evaporator. Acetone (5-10ml) was added to allow complete drying of 

crude MA extract. This was repeated until crude MA extract was completely dried. The 

crude MAs were stored in a desiccator, with blue silica gel as the drying agent, 

overnight at room temperature to ensure removal of all water before weighing. Crude 

mycolic acids extract was stored at 4 °C till further use. 

 

2.2.6 TLC analysis of Mycolic acids 

Mycolic acid analysis by thin layer chromatography (TLC) has been employed 

worldwide as a fast method for identification of isolated mycobacteria. TLC is also a 

cheap, quick way to confirm the presence of impurities. For this study TLC is used to 

identify and determine the purity of MA. 

In general, TLC was carried out as follows. MA samples (10 μl) were loaded on 

aluminum backed TLC silica plates by spotting using a Hamilton Syringe on a pencil 

line drawn 1 cm from the bottom of the silica plate. The spots were left to dry at room 

temperature. Once the spots were dry, the silica plate was placed in the TLC tank with 

running solution. This mobile phase is drawn up the plate via capillary action, until the 
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solution reached to about 2-3 cm from the top of the TLC. Subsequently, the plate was 

immersed in the visualization reagent container for 5 secs, in this case a developing 

solution using tweezers, placed on laboratory tissue paper and charred immediately 

using a heat gun (Bosch PHG 500-2, Midrand, SA). The plates were analysed and 

retention factor (Rf) values were calculated. (All solutions described above in section 

2.2.2). 

 

2.2.7 TLC analysis of previously purified MA  

TLC technique was performed on previously purified MAs to determine the dilution at 

which the MAs would be detectable in the CCD. Samples of 1 ml MA were prepared 

in lower phase solvent to a dilution range of 4.8 -0.0048 g/ml. From that solution, 10 

l was loaded on TLC plates. The TLC protocol (section 2.2.6) steps of developing 

and visualization was carried out as described above.  

 

2.2.8 TLC analysis of crude MA extracts. 

TLC was then performed to determine crude MA contaminants. A sample of 1 ml crude 

MA extract was dissolved in lower phase solvent to a dilution range of 5 -0.005 mg/ml. 

From that solution, 10 μl were loaded on TLC plates. The TLC protocol (section 2.2.6) 

steps of developing and visualisation were carried out as described above.  

 

2.2.9 Purification of MAs by CCD 

The phase solvent used for CCD was prepared by mixing chloroform, methanol and 

0.2 M Sodium chloride in a ratio of 42:39:12. The solvent was allowed to form two 

phases in a separating funnel at room temperature. Each phase solution was retrieved 

and stored separately.  

The crude mycolic acids extract was purified using the counter current distribution 

(CCD) method previously described by Goodrum et al. (92). The CCD instrument was 

built using an array of positions representing a chain of test tubes. The CCD instrument 

(Craig counter current train, New Jersey, USA) shown in figure 7 consists of four racks 

of interlinking glass tubes (Fig 7A) The principle is as follows: Each tube is filled with 

equal proportions of each phase (upper phase solution and lower phase solution). The 
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lower phase of the two-phase solvent system is the "stationary phase", whereas the 

upper phase is the "mobile phase". The process begins at tube 0 which contains the 

mixture of substances to be separated in the lower phase solvent and all the other 

tubes contain equal volumes of the same solvent. The upper phase solvent is added 

to tube 0, where equilibration takes place and the phases are allowed to separate. The 

upper phase of tube 0 is then transferred to tube 1 and fresh solvent is added to tube 

0, after which the phases are equilibrated again. After each separation cycle, the clear 

upper phase moves along the tube rack from the first tube to the adjacent tube. Clean 

upper phase solution is added to the first tube at each transfer cycle, meaning that the 

initial volume of upper phase added to tube 0 will end up in tube 60 after 60 cycles. 

Before purifying the crude MAs, the tubes of the CCD were cleaned by running the 

apparatus in wash mode sequentially with 1 L of 10% ContradTM solution, 2 L of 

dddH2O to rinse out the Contrad solution and 1 L of 96% ethanol (Merck) to rinse the 

tubes. The machine was left upside down to drain all the liquid and to ensure it was 

completely dry before use. The apparatus was then loaded first with lower phase in 

each tube. The crude MA extract was loaded into the first tubes of the CCD apparatus. 

The crude MA sample flask was rinsed with lower phase with saline to ensure 

quantitative transfer of MAs into the CCD apparatus. The crude MA sample solution 

filled the first 2 tubes of the CCD and volumes were adjusted to exactly 10 ml in both 

tubes, using clean CCD lower phase solvent. Lower phase was added to first tube to 

equilibrate to the third tube and then re- adjustment to 10 ml and equilibration to 4th 

tube. In this way, the volume per tube was 10 ml for the first 4 tubes and approximately 

5 ml was left over in the fifth tube after equilibration. CCD upper phase solvent (650 

ml), enough for 60 cycles, was loaded to the large upper phase tank of the machine 

(Fig 7B). A volume of 10 ml of upper phase CCD solvent with saline was transferred 

manually to tube 0. Every second tube after the fifth tube was then loaded with 10 ml 

CCD lower phase solvent. The contents were mixed manually 20 times by shaking the 

machine and the contents were allowed to separate into two phases at rest position. 

This was the first cycle. Clean upper phase was transferred to the first tube to 

commence the second cycle and the routine was repeated until 60 cycles were done. 

In the first tubes initially, the upper phase would absorb some of the lower phase and 

the absorption was corrected by adding clean lower phase CCD solvent with saline to 

tube 0 at every cycle until it was no longer necessary. The volume of upper phase was 
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adjusted to exactly 10 ml by adjusting the rod that controlled the volume of upper 

phase entering the tubes (fig 7C) 

 

 

Figure 7: Craig countercurrent distribution (CCD) train. A – interlinking tubes, B – 

CCD upper phase solvent tank, C – Upper phase solvent adjustment rod 

 

2.2.10 Analysis of CCD purified MAs using TLC 

To analyse the purity and distribution of the MAs, 10 μl of lower phase and 10 μl upper 

phase samples of the same tube for every second tube of the 60 tubes were spotted 

on TLC plates. The TLC protocol (section 2.2.6) steps of developing and visualization 

was carried out as described above.  

 

A 

 

B 
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2.2.11 Acetone precipitation of CCD purified Mycolic acids 

Firstly, the salt from the saline had to be removed in order to obtain correct yields of 

pure MAs. Both lower and upper phases of tubes 0-15 were drawn out from the CCD 

tubes, pooled and evaporated at 80ºC until mostly dry. The semi-dried MA was mixed 

in 2 ml chloroform and 1 ml water and shaken vigorously before transferring to a 

separation funnel allowing the mixture to separate into two phases at room 

temperature. The upper phase containing saline was discarded and the lower phase 

evaporated at 80ºC on the rota-evaporator. The saline removal process was repeated 

3 times. Acetone (5-10 ml) was added to allow complete drying. This was repeated 

until MA was completely dried.  

To remove contaminants that were attached or associated with CCD purified MAs, the 

dried MAs from the previous step were dissolved in 4 ml chloroform and concentrated 

to 1 ml at 85ºC on rota-evaporator. This was done for 5 min to ensure all MAs were 

dissolved. The addition of acetone was done to precipitate the MAs out of solution. To 

the MA extract, 20 ml of acetone were added and heated at 85ºC in a pre-weighed 

round bottom flask The MAs were allowed to precipitate from the acetone solution 

overnight at 4ºC. 

Filtration through filter paper previously rinsed with chloroform and acetone was used 

to separate the MAs precipitate from contaminants.  Cold acetone (10 ml) was used 

to rinse the MA precipitate on the filter paper. The precipitate was trapped onto the 

filter paper and the acetone filtrate filtered through into a round bottom flask labelled 

acetone filtrate/MA supernatant. This was repeated three times until the flask that 

contained the MA precipitate was completely clean. The precipitate on the filter paper 

was then rinsed in 10 ml chloroform three times into a pre-weighed round bottom flask 

labelled “MA precipitate” before it was evaporated at 60ºC on rota-evaporator until 

completely dried. The MA precipitation from contaminants was repeated a second 

time. Acetone (100 ml) and chloroform (4 ml) was then added to the MA precipitate 

recovered from the filter paper and heated at 85ºC for 5 min. The MAs were allowed 

to precipitate overnight from the acetone solution at 4ºC and recovered as before.  

The MA precipitate and supernatant that were collected in round bottom flasks were 

stored in a desiccator, with blue Silica gel as the drying agent, overnight to ensure 
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removal of all water before weighing the flasks using an analytical balance 

(LABOTECH, USA).  

2.2.12 Aliquoting MA precipitate and supernatant 

Aliquoting into pre- weighed autoclaved brown glass vials (Note that these brown glass 

vials were not touched by hands, but were moved with sterile tweezers to prevent 

inaccurate weights) proceeded after collection of the weighed MA precipitate and 

supernatant.  

The dried MA precipitate was dissolved in 25 ml ice cold chloroform and dispensed as 

500 μl volumes into 40 pre-weighed 4 ml brown glass vials. The MA precipitate was 

rinsed with 20 ml ice cold chloroform and aliquoted into the vials as before. This rinsing 

and aliquoting was repeated three times. The chloroform was allowed to evaporate at 

60oC on a heating block (Reacti-Therm Thermo Scientific Pierce III, USA). The vials 

were capped and stored at 4oC. 

The dried MA supernatant was aliquoted as described above and stored at 4oC. 

 

2.3 Results 

 

2.3.1 Countercurrent purification of mycolic acids 

The method for MA purification by CCD was written up by Goodrum et al. (92) in which 

Siko (134) improved the method by substituting the water in the ternary biphasic 

solvent composition with saline solution. With water instead of saline, identification of 

the MA fraction on the CCD could be done by assessing the emulsion behaviour of 

the material in the tubes after separation. By substituting the water with saline, the 

separation went much faster due to improved equilibration times, but the fractions in 

the CCD train had to be identified by means of TLC. 

Previous methods used HPLC to determine whether the MA collected from the CCD 

was pure, but because the molecular weight standards used in HPLC are no longer 

commercially available, reliance on TLC became crucial. It was therefore necessary 

to make sure that TLC functions optimally for the purpose.  
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TLC was performed on previously purified MAs to determine the concentration at 

which MAs would be visible after CCD purification shown by Figure 8. 

 

Figure 8: TLC analysis of previously purified MAs to determine at which 

concentration range MA would be visible after CCD purification. MA in a lower 

phase solution (Chloroform, methanol and 0.2 M Sodium Chloride in a ratio of 

42:39:19) spotted on silica at 1:10 dilution range of 4.8 - 0.0048 μg/ml. Lower phase 

solvent spotted as negative control (C). 

Upon observations of the TLC plate, a visible spot at Rf of 0.1 is seen at a MA 

concentration of 4.8 μg/ml (lane1). This spot represents MA and fades out at lower 

concentrations (lanes 2-4). Lower phase solvent was used as the negative control as 

MA distributes strongly into the lower phase during phase separation and CCD 

purification. For the negative control (C) a spot is seen as a line on the front at Rf 1, 

which is visible in all concentrations of MA. This therefore originated from, or is an 

artefact of the lower phase solvent, especially as it does not fade out with decreasing 

MA concentration. A faint spot is seen at Rf 0.6 for the control which seems to fade 

out with decreasing MA concentration and may therefore constitute a contaminant 

trace. Because this spot is also visible in the lower phase solvent control, it is a 

contaminant that is probably derived from the solvent system. 

Faint spot at 

RF 0.6  

MA 

concentrations 

in ug/ml 
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These previous purified MAs were purified at a lower scale according to Goodrum et 

al. (92) and the TLC is not as clear. When upscaling MA purification by increased 

loading concentration of MA crude extract on the CCD by 4 times, the higher 

concentrations of MA are anticipated to be more visible on TLC analysis pre- and post- 

CCD purification. 

TLC analysis of crude MA extracts before CCD purification is shown in figure 9 where 

MA was spotted at a concentration range of 5 -0.005 mg/ml. 

 

Figure 9: TLC analysis of crude mycolic acids before CCD purification. MA in a 

lower phase solution (Chloroform, methanol and 0.2 M Sodium Chloride in a ratio of 

42:39:19) spotted on silica at 1:10 dilution range of 5 - 0.005 mg/ml. Lower phase 

solvent spotted as negative control (C). MA concentration = Crude MA concentration. 

Red stars = contaminants 

As seen in figure 9, at a concentration of 5 mg/ml (lane 1), a spot for MA is seen as 

well as spots for various contaminants (red stars) in the crude extract that fade out 

with decreasing concentrations. The positions of the visible contaminants close to MA 

have a low Rf. It can be assumed that there might be more contaminants as some 

compounds might have the same Rf, thereby occupying the same position. The 
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negative control (C) showed faint spots of Rf 0.6 and 0.1 and are probably derived 

from the solvent system as seen before in figure 9. 

Figure 9 shows that higher concentrations provide easier analysis as the MAs together 

with their contaminants are better visible without too much smear. The contaminants 

that exist at low concentrations in the crude MAs are visible only at the highest spotting 

concentration. 

Based on the results of figure 9, a CCD purification of crude MA was done at a higher 

loading concentration than before. The loaded mass of crude extract was 1.7 g, loaded 

into the first 2 tubes and distributed up to the 5th tube by decantation through the 

transfer mode of the CCD apparatus. After that, 60 cycles of liqud-liquid extraction 

were done mechanically on the CCD apparatus. It was expected that the non-polar 

MA would remain in the lower phase of the first 5-7 tubes. However, with a higher 

loaded mass this increased to more tubes, due to absorption of some upper phase 

into the lower phase during the initial number of cycles. The shorter fatty acids are 

expected to move along the tubes as the extract proceeds to move and transfer from 

tube to tube in the direction of tube number 60. The method of CCD purification is 

described in section 2.2.9. 

To analyse the distribution of MAs after CCD purification, TLC was performed from 

tubes 0-60 using both upper and lower phase, from every second tube starting with 

tube 1 to tube 15. The TLC results are shown in figure 10. 
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Figure 10: TLC of fractions in the CCD tube train during purification of mycolic 

acids from crude extracts. Blue arrow = compounds with Rf 0.6, Orange arrow = 

compounds with Rf 0.1, Green arrow = compound with Rf 1. Lane = Tube number/ 

CCD upper (U) or lower (L) phase solvent. 

It can be seen from figure 10 that MA spots at Rf 0.1 were visible from tubes 1 to 13 

and peaked in tube 5L. The compound with Rf of 1 also peaked at tube 5L and started 

to fade away as the MA spot started fading from tube 7L, showing an association with 

the MAs and also the lower phase solvent as seen in figure 8 and 9. The compound 

with Rf of 0.6 peaked in tube 5L and faded after tube 13L. As a similar spot was seen 

at the same Rf of 0.6 in the lane that only contained the lower phase solvent in figure 

9, it was speculated to be originating from the lower phase solvent. The dark spot at 

the origin that peaked in tube 5L is speculated to be the ionized (more polar) form of 

MA. Nothing was seen in the upper phase of each tube, which therefore makes 

1U 1L 3U 3L 5U 5L 7U 7L 

9U 9L 11U 11L 13U 13L 15U 15L 
 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



37 
 

chloroform the most probable cause for contributing the Rf 0.6 contaminant in the 

fractions that are harvested from CCD. The absence of material in the upper phase 

showed that most contaminants from the crude MA extract moved on. No spots for 

MA or contaminants were seen from tubes 15-60. 

Figures 9-11 show that the MAs do not have high mobility on TLC, as they did not 

move far from the origin. Figure 10 depicts that MAs did not move along in the counter 

current tube train, but were retained in the first tubes, showing that they are extremely 

hydrophobic. More hydrophilic substances move further along the train of tubes. Even 

though Figure 9 showed only three compounds/contaminants excluding MAs, most of 

the contaminants of the crude MA extract seen in the TLC chromatogram of Figure 8 

would have moved on down the rest of the tubes in the tube train. CCD purification at 

a lower scale had crude extract loaded in the first tube only and yielded MA enriched 

sample in tubes 1-10. Upon the up-scaling of the sample load of crude extract, the MA 

containing fraction was collected from tubes 1-15, due to the loading of the sample 

over 5 tubes, instead of one. The efficiency of separation therefore was not affected 

by up scaling CCD purification, while the improved MA detectability in the CCD tubes 

by TLC. of these compounds helped a lot to confidently identify the MA in the tube 

train after separation. 

 

2.3.2 Parameters of purification of MAs by CCD 

A few parameters are considered in CCD purification. Partition coefficients of 

compounds are important to determine how far along the train of tubes the MAs are 

distributed. These coefficients can also be used to determine the fraction of a 

substance in a particular tube. The width of neighbouring overlapping peaks are used 

to calculate the separation efficiency of the system and to determine the minimum 

amount of transfers to effect base-line separation between compounds. Baseline 

separation is achieved on CCD when two compound peaks are separated such that 

no solute mass can be found in the tube representing the bottom of the valley between 

the two peaks.  

To determine the minimum number of transfer cycles to separate two compounds, the 

calculation strives toward a separation of peaks represented in the following idealised 

peak profile:  
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Width of a peak is described by  K

nK
W

+
=
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Where n is the number of transfer cycles and K is the distribution constant. 

The partition coefficient of substances is given by: 

Equation 1:  max

max 1

rn

r
K

−

+
=

 

Where rmax is the tube number (counting from tube “0”) in which solute compound is 

most peaked or concentrated, which can be determined by TLC.  

To achieve baseline separation, the width of the two peaks in the profile above  

is calculated by Equation 2: 

Equation 2:   21

121max2max WWrr +
=

−

                                       

The rmax values at complete separation are defined by  

K

nK
r

+

−
=

1

1
max     

which correlates with peak widths defined by 

 K

nK
W

+
=

1

6

   

Substituting the rmax and W equations into Equation 2 and simplifying the resulting 

equation, will give the number of transfer cycles required to base-line separate two 

compounds from one another by solving n in the quadratic equation 3: 
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Equation 3:    05,016,55,0 =+− nn  

 

The partition coefficient for mycolic acids is calculated as: 

K (mycolic acids) =  
6+1

 60−6
= 0.129 

Because the partition coefficients for the two visible contaminants in the TLC profile of 

Figure 11 are the same as that for MA, these cannot be separated from one another 

by extending the number of transfer cycles to beyond 60 in an application of Equation 

3.  The remaining trace amounts of contaminants after CCD purification of MA crude 

extract was therefore removed by a completely different method, namely acetone 

precipitation of the MA (Section 2.2.11).  

 

2.3.3 Analysis of MA post acetone precipitation 

It is known that the mycolic acids fraction, even after being purified by CCD, was still 

found to contain some contaminating material. An amount of acetone was added to 

the purified sample and this was found to extract these impurities. In order to remove 

any residual impurities still present in the countercurrent-purified material, an 

additional extraction by acetone precipitation was done as described in section 2.2.11. 

Acetone containing the impurities are is filtered through the filter and what was left was 

pure MA essentially free from contaminants as shown by TLC in Figure 11.  
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Figure 11: TLC analysis of MAs supernatant and precipitate after acetone 

precipitation. AcF = Acetone filtrate/ supernatant, MAs = precipitate. Negative control 

is lower phase solvent (Chloroform, methanol and 0.2 M Sodium Chloride in a ratio of 

42:39:19) (C). AcF and MAs were both spotted at a concentration of 1 mg/ml. The 

negative control (C) is clean lower phase.  

The MAs are visible at Rf 0.1 as compared to AcF that show four visible spots without 

any trace of the MA spot at Rf 0.1.  

The spot at the origin of the TLC plate resulting from the MA-containing purified CCD 

fraction (Fig 10) appeared to be acetone soluble and was now found in the AcF fraction 

in Figure 11. There was no significant occupation of the Rf 0.1 locality in the AcF 

sample on TLC, whereas this characteristic MA spot was found practically pure in the 

acetone precipitated sample, as was anticipated based on previous work (2). From the 

results in Fig 11, there is therefore no TLC evidence of any significant loss of MA in 

the process of acetone precipitation. 

 

 

 

 

MA spot at 
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Spot at 
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2.3.4 Quantification of Mycolic acid yield as a percentage of mass 

A mass of 1.7 g of mycolic acid enriched crude extract obtained from pre-purification 

through phase separation was loaded on the CCD. After 60 cycles separation was 

complete 979 mg of CCD purified mycolic acid was collected. 

The CCD purified mycolic acids was then subjected to acetone precipitation where 

453 mg of pure mycolic acid and 514 mg of contaminants was obtained. 

The following formula was used to calculate the yield of MA: 

𝑃𝑢𝑟𝑖𝑓𝑖𝑒𝑑 𝑀𝐴 

𝑇𝑜𝑡𝑎𝑙 𝑙𝑜𝑎𝑑𝑒𝑑 𝑐𝑟𝑢𝑑𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑚𝑎𝑠𝑠
 X 100  

Estimated yield: 
453 𝑚𝑔

1700 𝑚𝑔
 X 100 = 26.64% of the pre-purified crude MA extract 

Siko (134) expressed the percentage yield in terms of the original crude extract, 

without the pre-purification that is done by funnel separation. He obtained 503 mg of 

funnel separated pre-purified MA extract from 2700 mg of original crude MA extract, 

which gives a 5.4 fold enrichment of MA by pre-purification calculated as follows:  

 
2700 𝑚𝑔

503 𝑚𝑔
 = 5.4 times 

To compare the efficiency of the upscaled CCD purification with that obtained by Siko 

(134), the pure MA yield from pre-purified MA (26.64%, calculated above) needs to be 

divided by the times enrichment obtainable by pre-purification (5.4 times) as follows:  

26.64%

5.4
 = 4.8% MA yield obtained by upscale of loading the CCD 

 

A summary of MA yields from the original CCD purification method by Goodrum (135), 

the improved method by Siko (134) and the current upscale method is shown in table 

1. 
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Table 1: Comparison of yield of Mycolic acid post CCD purification according 

to Goodram (135) and Siko (134) methods.  

Parameter Original 

Method 

(Goodrum) 

Improved 

Method 

(Siko) 

Upscale Method 

(this chapter) 

Loaded Mass of 

mycobacterial crude 

extract 

31.1 mg 3.760 g 1.7g* 

Mass of purified 

mycolic acids  

3.5 mg 218 mg 453 mg 

Yield 5.3%-10% 5.8%-7.8% 4.8% 

*Obtained by pre-purification from a calculated 9.18 g of original crude MA extract 

From the results obtained after acetone precipitation the CCD purification was 

successful in removing the remaining contaminants, however the MA yield is lower 

than the lower limit of the previous methods (table 1). 

 

2.4 Discussion  

Previous methods of isolating MA were explored by Beckman et al. (136), who isolated 

MA from M.tb by saponification, derivatisation and reverse phase HPLC, which only 

allowed small quantities of purified MA per column run (92). The counter current 

method removed this limitation. Counter current distribution (CCD) improved the ability 

to load and separate large amounts of extracted MA. This method resulted in baseline 

separation of MA from other components of the crude mycobacterial extract. The 

crude bacterial extract consists mainly of chloroform soluble products, fatty acids and 

mycolic acids.  Goodrum et al. (92) and Siko (134) were first to describe a method for 

large scale purification of MA by CCD, without attempting to determine how much MA 

could in principle be loaded onto the CCD in a single run without compromising the 

separation efficiency. This chapter envisaged to scale up the CCD purification method. 

It is important to determine the yield of any purification procedure. The original method 

by Goodrum et al. (92) reported a loaded mass of 31.1 mg crude MA extract after 

saponification and obtained a MA yield range of 5.3-10% upon several iterations of the 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



43 
 

method (Table 1). Each CCD run required 3 days due to formation of emulsions in 

CCD tubes. The emulsions were a result of saponified lipids from the mycobacterial 

call wall complex. Siko improved the original CCD method by replacing water in the 

biphasic solvent system with saline to break emulsions forming during CCD 

purification and eliminated much of the time-consuming factor of purifying by CCD 

(134). The method of Siko obtained a MA yield range of 5.8 – 7.8% in several iterations 

(Table 1). The max potential yield of MA crude mycobacterial extract after 

saponification was reported to be 7.64%, based on HPLC analysis of crude extracts 

of M.tb (92). The methods of Siko (134) and Goodrum (135) therefore gave optimal 

MA yields. 

Van Wyngaardt (unpublished data) sought to improve the purification method by using 

acetone precipitation for purifying MA but this was not fully investigated. It is known 

that MA has a low solubility in acetone and can be exploited to obtain biologically 

active MA by removing contaminants through selective acetone precipitation of the 

MA.  This study further investigated CCD purification followed by acetone precipitation.  

In the current study the total loaded mass of funnel pre-purified crude mycobacterial 

extract mass was 1700 mg, effectively a four times larger amount than previous 

methods mentioned above. CCD purification of the crude extract resulted in most 

contaminants being removed as seen in figure 10. However, three visible compounds 

were still associated with the MAs. The compound with a Rf of 1 is most non-polar (no 

bonding to the stationary silica or associating with its aqueous layer) whereas the 

compound of a Rf 0 is most polar and remained at the origin (137). The compound at 

the origin however, had a similarly low partition coefficient as MAs, tempting one to 

think of it as possibly another form of mycolic acid, e.g. its ionized form, i.e. the 

mycolate.  Acetone precipitation should ideally remove all contaminants that the CCD 

could not eliminate. As seen in figure 11, acetone precipitation did successfully remove 

most compounds still associated with the MA after CCD purification. The MA yield 

obtained post acetone precipitation was 4.8% (Table 1). This represents a 37% loss 

of MA compared to the maximum potential MA content of M.tb. 

This loss of yield could be due to scaling up of the loaded sample mass on CCD per 

run. Another possibility could be that because there was a larger mass of MA obtained, 

some of the MA could have been filtered with the acetone during the acetone 
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precipitation procedure It was never before explored whether any MA was retained in 

the acetone filtrate fraction after acetone precipitation of the CCD purified MAs. The 

recent development of anti-MA recombinant antibodies (section 1.9) made this 

possible in a simple immuno-assay approach. This is explored in the next chapter. 
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Chapter 3: Optimization of immune detection of mycolic acids 

 

3.1 Introduction 

The fact that anti-MA biomarker antibodies were detectable in TB patients irrespective 

of their HIV status demonstrated that the detection of anti-MA antibodies for TB 

diagnosis could be put to good use in HIV burdened areas (25). However, it was 

reported by Schleicher et al. that the ELISA method could not reliably distinguish 

between TB positive and negative patient sera, due to the interference of the 

ubiquitously present cross-reactive antibodies to cholesterol (79). Structural 

relatedness between MA and cholesterol was later demonstrated (85, 138) and 

confirmed that it was responsible for the low accuracy in the serodiagnosis of TB aimed 

at detecting anti-MA antibodies using the ELISA assay. It is well known that anti-

cholesterol antibodies are present in all human sera (139). This is the probable reason 

for the background antibody activity to MAs in TB negative patients (140). Anti-

cholesterol antibodies are elevated under conditions of AIDS and bronchitis due to the 

higher blood cholesterol concentrations (141). In addition, the cholesteroid nature of 

MA represents a three-dimensional phase structure of cholesterol packing that 

manifests at high cholesterol concentrations (25). 

MAs have been demonstrated to be able to adopt folded conformations (W, U and Z-

conformations) to give different antigenic or non-antigenic structures. Thus, a MA 

structure with a W-shape in two dimensions forms when the molecules fold at their 

proximal and distal functional groups giving four interacting folded arms (Fig 12). In 

the “Z” conformation three-arms fold to provide the three-dimensional, curved 

hydrophobic surface, while in the U-conformation folding occurs at only one functional 

group (138,142, 143). The existence of these conformations has been suggested by 

analyses of Langmuir monolayers which showed that the three major MA classes, 

discussed in chapter 2, can each adopt a folded conformation (140). A study using 

molecular dynamics predicted that the W-shape is the preferred shape for keto-MA 

(144).   
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Figure 12: Graphical representation of mycolic acid folded to resemble a 

cholesteroid nature (138) 

One possible way to overcome the problem of MA and cholesterol cross-reactivity is 

by using labelled monoclonal antibodies that are monospecific to MAs in lateral flow 

immunoassay. Chan et al. successfully produced such from a human antibody gene 

library (145). These monoclonal antibodies did not show cross-reactivity to cholesterol, 

but did show preferred binding of anti-MA antibodies to methoxy-MA.   

MA extracted and isolated from M.tb is a combination of the 3 classes of MA mentioned 

in chapter 2. However, the percentage compositions of the major classes differ 

depending on growth conditions of the bacilli (25). Previous work done by our group 

showed that the most antigenic MA-antigen is the methoxy-MA class and that a 

combination of keto- and alpha-MA as capture antigen of anti-MA biomarker 

antibodies provide inadequately sensitive results for TB diagnostics (146). The natural 

combination of mycolic acid classes from a late culture of M.tb provided patient 

antibody signals that gave a sensitivity of detection that compared well with the best 

results that could be achieved with chemically synthetic methoxy MA (75). With 

Ndlandla et al. (123) having established a standardized MA antigen that is prepared, 

extracted and purified from late M.tb cultures, this was applied for MA specific antibody 

detection first by Truyts (147) and now in this MSc study as well.  

As described in section 1.9 of chapter 1, this study is a contribution towards the 

development of a lateral flow immunoassay termed MALIA (Mycolate Antibodies 

Lateral flow Immunoassay) with the use of monoclonal antibodies as the bio-
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recognition element (86). Beukes et al. (85) were the first in our research group to 

create and characterize such monoclonal recombinant single chain variable fragments 

(scFv’s) that could recognize MA and/or cholesterol. One particular phage display 

clone from this study recognized cholesterol and MA equally well, while other clones 

recognized either MA alone or cholesterol alone. This confirmed the cross-reactivity 

between cholesterol and MA (85). Ndlandla (25) found that the scFv’s from Beukes et 

al. (85) were not stably expressed. She used the approach by Jung et al. (148) to 

select three new stably expressing recombinant phage antibodies to mycobacterial 

mycolates from the chicken antibody gene library (25). These fragments were 

screened for their binding affinities against synthetic classes of MA and cholesterol. 

The clones were numbered 12, 16 and 18 (86). These clones were selected for their 

stability during prolonged storage and for their varying binding specificities. All clones 

recognize the natural mixture of MA. However, cross-reactivity with cholesterol was 

observed with clones 12 and 16, but not with clone 18. Clone 18 was also the only 

clone that did not recognize synthetic keto-MA. Clone 12 did not recognize synthetic 

alpha-MA, whereas clone 16 can recognized all the synthetic MA classes equally well. 

(86). These findings suggested that cholesteroid nature of the MA manifests towards 

the trans-keto MA subtype (86). 

ScFv’s are often of too low affinity to be useful in diagnostics. Thus, they are usually 

engineered into alternative forms to improve their affinity and stability (149). The scFv 

fragment gene codes from clones 12, 16 and 18 were excised from the phage 

constructs and expressed as monovalent scFv's. These scFvs were converted to 

divalent IgY chicken antibodies (gallibodies) by Ranchod et al., (86). Divalent IgY 

molecules were assembled and stabilised by disulphide bonds, which were then 

designated as ‘’gallibodies’. Generally, these scFv-IgY fusions can be immobilised on 

solid surfaces as well as stably conjugated to colloidal – gold (150). The anti-MA 

gallibodies from Ranchod were engineered into two types of bivalent IgY formats: one 

a theoretically flexible CH1-4 construct (fig 13a) and the other a truncated and 

hypothetically more rigid CH2-4 type as shown in figure 13b (86) 
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Figure 13:  Structures of the two types of Fc frames used for the gallibody 

engineering. A: scFvIgY (CH1-4) and B: scFvIgY (CH2-4). Figure adapted from 

Greunke et al. (150, 86). 

In this study, the gallibodies clone types are referred to by their number and their frame 

type as follows, for example: 12-1 refers to clone number 12, the CH1-4 frame, while 

18-2 refers to clone 18, the CH2-4 frame type. Clones 12 and 18 were primarily used. 

For the purpose of this study it did not really matter which one of clones 12, 16 or 18 

were used, nor whether they were assembled onto the CH1-4 or the CH2-4 gallibody 

frames, as they all had similar avidities for MA binding. Notably, only natural mixtures 

of MA were used as antigens in this study. Cross-reactivity with cholesterol was merely 

used when a control indicator of antibody activity was required when using clone 12. 

 

3.1.1 Detection of anti-mycolic acid antibodies 

In order to characterize anti – MA antibodies, a study was conducted by Ndlandla (25) 

using guinea pigs. Guinea pigs as animal models are preferred for studying TB 

infection due to the similarity to humans of infection by M.tb inhalation and expression 

of CD1 proteins required for lipid antigen presentation. In contrast, animal models such 

as mice and rats can only develop acute TB upon infection and do not express that 

class of CD1 molecules that present MA in primates and humans (25, 151). Ndlandla 

could detect anti-MA antibodies in guinea pigs within one week of experimental 

intratracheal M.tb infection. When guinea pigs were exposed to M.tb by inhalation of 

air extracted from TB patient wards in a TB hospital, they became latently infected and 
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no anti-MA antibodies could be detected. This ability to distinguish between latent and 

active TB is significant in order to improve TB diagnostics for purposes such as 

screening of health care workers against nosocomial infection and to assess the 

success or failure of treatment (25). 

Anti-MA antibodies are natural antibodies of low avidity (131). This low avidity 

complicates sensitivity of detection (152). Previous research done within our group 

demonstrated the low avidity of anti- MA antibodies by means of ELISA (79, 86), thus 

failing to provide a clear and reproducible signal from anti-MA antibodies in human 

sera. This is because ELISA makes use of a wash step after antibody-antigen contact, 

which may remove the low avidity antibodies to the point of making them undetectable 

(131, 152). This problem was solved by Thanyani et al. (153) by using biosensor-

based technology. It makes use of immobilised liposomes (carrying MAs) to coat the 

gold-plated sensor surfaces, which are then used to monitor the binding of anti-mycolic 

acid antibodies by optical biosensor technology (153). This test was named the 

Mycolic Acid Antibody Real Time Inhibition (MARTI) assay. The assay was evaluated 

with 61 patient sera samples spread across HIV positive, HIV negative and TB positive 

and TB negative patients. The overall specificity of the assay was initially calculated 

to be 48.4% and sensitivity was 86.7% (153), a number that was probably pessimistic 

due to the underestimation at that time of the number of false negative patients in the 

HIV positive cohort that were tested with mycobacterial culture from sputum. With the 

modern knowledge of 30% underestimation of TB positiveness by mycobacterial 

culture growth in HIV-co-infected humans, the assay was recalculated with this 

compensation in mind. This improved the specificity to 76.9% (153).  

The MARTI test, however, only remains suitable for use in a TB reference laboratory. 

This is due to the requirement of highly skilled laboratory staff, equipment and an air-

conditioned, dust free environment. Developments are being made in converting the 

biosensor method into a more user-friendly process using electro-impedance 

spectroscopy (EIS). The MARTI TB diagnostic process on evanescent field biosensor 

and EIS was patented by our group in 2005 and 2016 (154, 155, 156). The EIS method 

describes a process for coating the MA antigen onto a gold screen printed electrode 

and checking for the presence of MA by measuring a change in the cyclic voltammetry 

profile from uncoated to coated, followed by detection of antibody to MA by electro-

impedance spectroscopy (155). There are still some challenges to overcome before 
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EIS can be implemented as a reliable POC TB diagnostic. These include 

reproducibility of electrode manufacturing and MA solvent compatibility for automated 

MA antigen immobilization on the electrodes (74). It would be desirable if the principles 

of the MARTI test could be expanded for reconfiguration in a simple format such as a 

lateral-flow immunoassay (84) that is better suitable for screening of large numbers of 

patients in POC settings, especially in rural areas (81). Recently a follow up study on 

the use of anti-mycolic acid antibodies for TB detection was published by Jones et al. 

in 2017 (157). In their study the authors made use of synthetic MAs linked to trehalose 

for detection of the biomarker antibodies, thereby illustrating that the sensitivity and 

specificity of the ELISA based test can be improved by using a range of mycolic acid 

antigens linked to trehalose. The promising results gained by the detection of 

biomarker antibodies to MA led our group to conduct further research into the antigen 

and its potential application for improving TB diagnosis. 

 

3.1.2 Chapter outline 

This study investigated how freshly produced and isolated MA can be optimally 

immobilized as antibody capture reagent in an immunoassay-based TB diagnostic. In 

chapter 2, it was found that the scaling up of MA purification resulted in a previously 

unknown quantity of MA remaining in the acetone waste after the last step of acetone 

precipitation of the MA to remove remaining impurities co-isolated by CCD. It was 

therefore appropriate to investigate the antigenic nature of the MA dissolved in the 

acetone filtrate (AcF) waste from the purification process with the use of anti – MA 

gallibodies. It is known that the strongly hydrophobic nature of MA makes them 

insoluble in water and water miscible organic solvents (85). Hitherto, there is no 

evidence to be found in literature that mycolic acids may be soluble in acetone.  

 

3.2 Materials and methods 

 

3.2.1 Materials  

Gallibody purification column: Nickel-nitrilotriacetic acid agarose resin (QIAGEN®, 

Hilden, Germany) 
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Nunc MaxiSorp® ELISA flat bottom 96 well plates (Thermo Fisher Scientific, 

Massachusetts, USA) 

Thin layer chromatography (TLC) plates: TLC silica gel 60 F254 20 x 20 cm (Merck, 

Kenilworth, New Jersey, USA).  

Desiccator: Duran desiccator with flat flange and knobbed lid (Merck, New Jersey, 

USA). Blue silica gel as the drying agent which turned yellow when saturated with 

water vapour. (Merck, New Jersey, USA) 

 

3.2.2 Reagents  

Phosphate buffered saline (PBS) 20X, pH 7.4: Prepared by dissolving 160 g of Sodium 

chloride (NaCl), potassium chloride (KCl, 4 g), di-hydrogen potassium phosphate 

(KH2PO4, 4 g) and di-sodium hydrogen phosphate (Na2HP04, 28 g) in a total of 800 ml 

of autoclaved double distilled deionised (ddd) water (ddd H2O) while stirring. The 

volume was brought up to 1 L and filtered through 0.2 μm cellulose acetate filters.  

PBS (1 X) was prepared by adding 50 ml of 20 X PBS to 900 ml of autoclaved ddd 

H2O. The pH was adjusted to 7.4 with 1 M HCl, after which the volume was made up 

to 1000 ml with ddd H2O. 

Lysis buffer (10X): Na2HPO4 was made to concentration of 0.5 M and NaCl to a 

concentration of 3M in ddd H2O. Lysis buffer (1X) was prepared by adding 5 ml of 10X 

lysis buffer to 45 ml of ddd H2O. 

Elution buffer 1: NaCl (0.3 M), 0.05 M Na2SO4 and 0.01 M imidazole (C3N2H4, Sigma-

Aldrich, Missouri, USA) in ddd H20. 

Elution buffer 2: NaCl (0.3 M), 0.05 M Na2SO4 and 0.02 M imidazole in ddd H2O. 

Elution buffer 3 and 4: NaCl (0.3 M), 0.05 M Na2SO4 and 0.25 M imidazole in ddd H2O. 

Block buffer pH 7.4: Biochemical reagent casein (2% (m/v), Calbiochem, EMD 

Biosciences (USA)) dissolved in 1 X PBS pH 7.4. 

Dilution buffer pH 7.4: Casein hydrolysate (4% (m/v)) dissolved in 1 X PBS pH 7.4 and 

0.1% (v/v) Tween20 (Sigma-Aldrich, Missouri, USA). 

Wash buffer pH 7.4: PBS 1X, pH 7.4 and 0.1% (v/v) Tween20. 
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Secondary antibody conjugate: Goat anti-chicken Fc: HRP diluted 1:1000 in 4% 

Casein hydrolysate/1 X PBS -0.1% Tween 20, pH 7.4 (AbD Serotic, Kidlington, UK). 

Sulphuric acid (1 M H2SO4): In a fume hood, 1 ml concentrated sulphuric acid was 

added to 17 ml dddH2O while stirring continuously. 

TLC developing solution: Phosphomolybdic acid (10% m/v Merck, New Jersey, USA) 

dissolved in 99.9 % (v/v) ethanol. Stored at 4 °C until further use. 

Tetramethyl Benzidine (TMB) HRP substrate solution: Life Technologies, California, 

USA 

Acetone: (purity 99.5%, Sigma-Aldrich, Missouri, USA). 

Mycolic acids: Self purified (see chapter 2). Aliquotes of 1 mg stored at 4oC and thawed 

just before use.  

Gallibody purified from the 50 ml aliquots frozen culture media provided by Heena 

Ranchod (see chapter 2) and concentrated to 50 μl aliquots in 0.1 M Borate buffer pH 

7.4. Stored at -20oC, thawed once only for use.  

Alanine: DL-Alanine (purity 99%, Sigma-Aldrich, Missouri, USA). 

 

3.2.3 Purification of gallibodies  

Gallibody clone types 12CH1-4, 12CH2-4, 16CH1-4, 16CH2-4, 18CH1-4 and 18CH2-

4 were purified according to Ranchod (140) using nickel affinity columns. An amount 

of 5 ml of cell culture media containing the gallibodies was diluted with 45 ml 1X lysis 

buffer before being passed through the column. The eluent was passed through the 

column a second time, before discarding the eventual flow-through. The column was 

washed twice with 1 X lysis buffer and proteins retained in the column were eluted in 

1 ml fractions using the elution buffers 1, 2, 3 and 4, in that order. Borate buffer was 

added in a 1:1 ratio to the purified gallibodies before concentrating by ultrafiltration-

centrifugation at 3500 x g for 20 min using Vivaspin 10 000 MW PES centrifugation 

units (VivaScience, Satorius Group, United Kingdom. Protein concentration was 

determined by Bradford assay. 
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3.2.4 Enzyme-Linked ImmunoSorbent Assay (ELISA) 

The ELISA is a method used in this study to detect and characterize gallibodies of 

interest by making use of MA immobilized by adsorption to the surface of a micro titre 

plate well. Indirect ELISA is a two-step process were the primary antibody binds 

coated antigen and are then detected indirectly via a secondary enzyme labelled anti-

immunoglobulin antibody that binds to the primary antibody (86). In this project, only 

indirect ELISA was used. This process is outlined in Figure 14. 

 

Figure 14: Schematic of an Indirect ELISA. (A) Coating of plate with antigen; (B) 

Binding of primary antibodies from serum; (C) Binding of secondary enzyme labelled 

antibody; (D) Enzyme reaction for conversion of substrate into coloured product at the 

end. 

Standard ELISA protocol was performed as follows: ELISA plates were coated with a 

0.25 mg/ml solution of purified MA in freshly distilled n-hexane or hexane alone as a 

background control (50 μl per well, using a glass Hamilton® syringe). Hexane was 

allowed to evaporate at room temperature, before the coated plates were stored at 4 

°C until further use within one week. Non-specific binding sites of each well were 

blocked with 300 μl block buffer for 2 hours at room temperature and then washed 

three times with wash buffer. The wells were then incubated for 1 hour at room 

temperature with 50 μl of gallibody diluted in the dilution buffer. Unbound antibodies 

were removed by washing the wells with wash buffer as above. Secondary antibody 

conjugate solution was diluted in dilution buffer before adding 50 μl to each well and 

the plates incubated for 1 hour at room temperature. The conjugate solution was 

A 

B 

C 

D 
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discarded and the plates washed as above. The signal was developed by adding 50 

μl of TMB to each well and then incubated at room temperature for 5 min. To stop the 

reaction, 50 μl of 1 M H2SO4 was added to each well. Plates were read at 450 nm 

(Thermo Electron Corporation Multiskan EX plate reader). (All buffers described above 

in section 3.2.2) 

 

3.2.5 ELISA on MAs and AcF 

An ELISA plate was coated with either 50 μl MAs (0.25 mg/ml) dissolved in freshly 

distilled hexane, 50 μl AcF (0.25 mg/ml) dissolved in hexane, 50 μl MAs (0.25 mg/ml) 

dissolved in hot phosphate buffered saline (PBS) at 80ºC or 50 μl AcF (0.25 mg/ml) 

dissolved in hot PBS at 80ºC. Hexane and PBS only were coated as negative antigen 

controls. The plate was incubated overnight at 4ºC to ensure complete coating. 

Because the PBS does not evaporate, the PBS coated portion of the plate was washed 

3 times with wash buffer before adding block buffer and incubating at room 

temperature for 2 hours. Gallibody 18CH1-2 and 18CH2-4 diluted in dilution buffer to 

0.25 mg/ml were selected as the primary antibodies. The steps of primary antibody 

and secondary antibody conjugate exposure followed by colour development with 

TMB solution and stopping of the reaction with sulphuric acid was carried out as 

described in Section 3.2.4 

 

3.2.6 Immuno-blot test of AcF 

Immunoblot tests are enzyme immunoassays, normally on a nitrocellulose membrane, 

but for the purpose of this study the immunoblot test was conducted on silica TLC 

plates. Antigens were immobilized on the silica plate. If antibodies specific to the 

immobilized antigen are present in the sample, they bind to the molecule on the plate. 

Visualisation of binding is achieved by a conjugated enzyme-HRP TMB substrate 

conversion to a colour product that falls out of solution at the site where the conjugate 

is bound to its immune complex on the plate. 

A spotted concentration of 2 mg/ml of the AcF was separated by TLC as previously 

described in section (2.2.6), but without staining with phosphomolybdic acid and 

charring. On the same silica plate, but after TLC, 10 μl of cholesterol (2 mg/ml) 

dissolved in hexane, MAs (2 mg/ml) dissolved in hexane and AcF in hexane (2 mg/ml) 
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were spotted. The plate was immersed in block buffer and incubated for 2 hrs at room 

temperature. 

The ELISA protocol (section 3.2.4) was then applied to the plate with the following 

changes: The immunoblot test was carried out in a petri dish instead of an ELISA plate. 

The plates were immersed in the buffer solutions enough to completely cover the 

plates. Gallibody 12CH1-4 and 12CH2-4 were separately diluted in dilution buffer to 

0.25 mg/ml and applied as the primary antibodies. The buffers for developing the 

plates further are described in section 3.2.2, using the same number of washes in 

between as for ELISA. The eventual colour development on the silica plates was 

photographed using a mobile camera to record the results. 

 

3.2.7 Gallibody concentration optimization 

An ELISA plate was coated with 50 μl of MAs (self-purified) dissolved in distilled 

hexane to a final concentration of 0.25 mg/ml and distilled hexane only as a control. 

Gallibody 12CH1-4 was chosen as the primary antibody and diluted in dilution buffer 

to concentrations of 0.5 mg/ml – 0.002 mg/ml. 

The ELISA protocol (section 3.2.4) steps of primary antibody and secondary antibody 

conjugate exposure followed by colour development with TMB solution and stopping 

of the reaction with sulphuric acid was carried out as described with the following 

changes. biochemical reagent casein was used at 2% (w/v) as the blocking buffer. For 

the dilution buffer biochemical reagent casein was used at 2% (w/v) with 0.1% (v/v) 

Tween 20.  

All buffers for ELISA/Immunoblot tests that follow have the biochemical reagent casein 

replaced with casein hydrolysate in the block and dilution buffers.  

 

3.2.8 Comparison of commercial and self- purified MA  

An ELISA plate was coated with 50 μl of MA (Sigma Aldrich, USA and self-purified) in 

freshly distilled hexane to a dilution range of 0.1 mg/ml – 0.5 mg/ml. 

Gallibody 12CH1-4 was chosen as the primary antibody and diluted in dilution buffer 

to concentrations of 0.031 mg/ml. 
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The ELISA protocol (section 3.2.4) steps of primary antibody and secondary antibody 

conjugate exposure followed by colour development with TMB solution and stopping 

of the reaction with sulphuric acid was carried out as described. 

 

3.2.9 Alanination of MA in acetone  

To investigate whether the observed solubility of MA in acetone was due to ionisation 

of mycolic acid to mycolate, a 200 μl solution of 0.5 M alanine / 50% aqueous EtOH 

was added to 1 mg MA in a vial labelled 1. For a control without alanine, 50% aqueous 

EtOH was added to 1 mg MA in a vial labelled 2. Vials 1 and 2 were heated for 1 hr at 

90oC on a heating block (Reacti-Therm Thermo Scientific Pierce III, USA), while 

vortexing occasionally. After 1 hour, the vials were removed from the heating block. 

Once cooled to room temperature, 1.8 ml of dddH2O and 2 ml of chloroform were 

added to both vials, vortexed (Velp Scientifica Wizard Advanced IR Vortex Mixer, Italy) 

and left standing at room temperature to allow for separation into two phases. Once a 

clear upper and lower phase was achieved in both vials, the alanine containing upper 

phase was removed by careful pipetting and 2 ml dddH2O added to each of the two 

vials. This was vortexed and left to separate as before. This procedure was repeated 

4 times. After the 5th water extraction, the upper phase was finally removed from each 

vial and the vials placed on the heating block at 80oC were there was a flow of nitrogen 

gas to allow the chloroformic contents of the vials to evaporate to dryness. Both vials 

were stored in a desiccator overnight to allow complete desiccation before weighing.  

 

3.2.10 ELISA Analysis of alaninated MA’s 

An ELISA assay was done on MA/Alanine and MA/non-Alanine samples described in 

section 3.2.9.  

ELISA plates were coated with 50 μl pure MAs and MA/Alanine and MA/non-Alanine 

described above, dissolved in freshly distilled hexane with a decreasing two-fold 

dilution range of 0.25 mg/ml – 0.0625 mg/ml, calculated as if each vial still contained 

the original 1 mg of MA. Samples were coated in triplicate. 

Gallibody 12CH1-4 was chosen as the primary antibody and diluted in dilution buffer 

to concentrations of 0.031 mg/ml. 
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The ELISA protocol (section 3.2.4) steps of primary antibody and secondary antibody 

conjugate exposure followed by colour development with TMB solution and stopping 

of the reaction with sulphuric acid was carried out as described. 

 

3.2.11 Mass spectrometry of alaninated MA 

Samples for mass spectrometry analysis (MS) were prepared as previously done in 

section 3.2.9: 200 μl solution of 0.5 M alanine / 50% aqueous EtOH was added to 1 

mg MA in a vial labelled 1. For a control without alanine, 50% aqueous EtOH was 

added to 1 mg MA in a vial labelled 2. Vials 1 and 2 were heated for 1 hr at 90oC on a 

heating block (Reacti-Therm Thermo Scientific Pierce III, USA). After 1 hour, the vials 

were removed from the heating block. Once cooled to room temperature the vials 

placed on the heating block at 80oC where there was a flow of nitrogen gas to allow 

the contents of the vials to evaporate to dryness. 

Samples described above were sent to Dr Lynne Pilcher to be analysed by LC-MS. 

The method is described below:  

The samples were dissolved in ultra purity lc methanol (Romil-UpS™ Microsep, South 

Africa). Analysis was performed using flow injection analysis (FIA); the flow rate was 

set to 0.4 ml/min and the injection volume was 5 µl. Ultra purity methanol spiked with 

0.1 % formic acid (Fluka® Analytical, Sigma-Aldrich, South Africa) was used 

throughout the 1 min run. 

Compound detection was performed using a Waters® Synapt G2 high definition mass 

spectrometry (HDMS) system (Waters Inc., Milford, Massachusetts, USA). Samples 

were analysed using flow injection analysis (FIA). The system comprises a Waters 

Acquity Ultra Performance Liquid Chromatography (UPLC®) system hyphenated to 

a quadrupole-time-of-flight (QTOF) instrument. The system was operated with 

MassLynxTM (version 4.1) software (Waters Inc., Milford, Massachusetts, USA) for 

data acquisition and processing. An internal lock mass control standard, 2 pg/μl 

solution leucine enkephalin (m/z 555.2693), was directly infused into the source 

through a secondary orthogonal electrospray ionisation (ESI) probe allowing 

intermittent sampling. The internal control was used to compensate for instrumental 

drift, ensuring good mass accuracy. 
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The source conditions were as follows: the capillary voltage for ESI was 2.8 kV and 

2.6 kV for positive and negative mode ionisation. The source temperature was set at 

110 ºC, the sampling cone voltage at 25 V, extraction cone voltage at 4.0 V and cone 

gas (nitrogen) flow at 10.0 L/Hr. The desolvation temperature was set at 300 ºC with 

a gas (nitrogen) flow of 600.0 L/Hr.  

Mass spectral scans were collected every 0.3 seconds. The raw data was collected in 

the form of a centroid profile. Mass to charge ratios (m/z) between 50 and 1 200 Da 

were recorded. 

 

3.2.12 Determining the solubility of MA in acetone 

To characterise the solubility of MA in acetone, 2 vials (i and ii) each containing 1 mg 

MA and 2 ml of acetone were heated for 5 min at 90oC on a heating block (Reacti-

Therm Thermo Scientific Pierce III, USA). Each vial was shaken by hand to mix and 

was left at room temperature to cool. After 1 hr the MA/acetone solution of the first vial 

(i) was transferred by pipetting to a clean brown glass vial (iii). After 4 hours the 

MA/acetone solution of the second glass vial (ii) was transferred to a clean brown 

glass vial (iv). The four vials were placed on the heating block at 80oC where there 

was a flow of nitrogen gas to allow the contents of each vial to evaporate and dry. All 

vials were stored in a desiccator overnight at room temperature to allow complete 

desiccation before weighing. 

ELISA plates were coated with 50 μl pure MAs and the residual MAs from vials i-iv 

from the previous step, calculated as if the original 1 mg of MA was still present in 

each vial. The residual MA in the vials were first dissolved in freshly distilled hexane 

to a decreasing dilution range 0.25 – 0.1 mg/ml. All samples of MA were coated in 

triplicate 

Gallibody 12CH1-4 was chosen as the primary antibody and diluted in dilution buffer 

to a concentration of 0.031 mg/ml. 

The ELISA protocol (section 3.2.4) steps of primary antibody and secondary antibody 

conjugate exposure followed by colour development with TMB solution and stopping 

of the reaction with sulphuric acid was carried out as described above. 
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3.3 Results 

 

The scope of opportunity provided by the newly developed gallibodies for MA probing 

(86) is vast and goes far beyond its ultimate purpose of providing a labelled 

displacement marker for lateral flow immune detection of TB biomarker antibodies in 

POC TB diagnostics. We first interrogated their application in an analytical 

immunoassay method to monitor the efficiency of counter current distribution (CCD) 

purification of the natural mixture of MA from crude extracts of mycobacterial growth. 

Previously this was done with high performance liquid chromatography (HPLC) to 

determine where the MA activity resides during purification, but due to the 

discontinuation of production of the high molecular weight lipid marker and the high 

cost of running and maintaining HPLC facilities our group resorted to the fast and 

affordable, but much less specific thin layer chromatography (TLC) to monitor the 

purification. TLC worked great for confirmation of the presence of MA in fractions when 

the specific MA spot was previously confirmed of its identity by means of HPLC, but 

left a lot of guess work in complex fractions where the identity of the various 

overlapping TLC separated spots required fresh identification of the desired MA 

compounds. The ease, reproducibility and scale-up possibilities of manufacture of the 

anti-MA monoclonal gallibodies, combined with their proven analytical properties in 

immunoassay promises potential to have HPLC replaced by immunoassay for 

quantitative MA determination in the fractions obtained during and after CCD 

purification of MA. Moreover, by employing the gallibodies during the MA production 

and isolation processes, an additional quality check is gained by being able to ensure 

that functional MA antigenicity is retained during the purification process. This depends 

on the conformational folding of the merochain relative to the mycolic motif of MA, 

which HPLC cannot detect. 

 

3.3.1 ELISA assay analysis of the ultimate CCD purification step of MA: acetone 

precipitation 

As mentioned in chapter 2, it was never before directly explored whether any MA was 

retained in the acetone filtrate fraction after acetone precipitation of the CCD purified 

MAs. The recent development of anti-MA recombinant antibodies (gallibodies) made 

this possible. From the six available gallibodies that could be used for this purpose, 
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clone 18 derivatives were selected simply for their availability at the time, as any other 

gallibody clone would have served the purpose equally well. The first aim was to 

indicate if there was a significant amount of MA left in the AcF fraction after MA 

precipitation with acetone. AcF (acetone soluble MA purification waste) and acetone 

precipitate (purified MA) was coated from two different solvents: hexane - is the 

standard coating solvent used for ELISA assays in our research group - and hot PBS, 

which is a water-based solvent, but was shown previously to also work (79). The 

gallibodies 18CH1-4 and 18CH2-4 were used to probe the AcF and acetone 

precipitated MA obtained in section 2.2.11 of Chapter 2. Results of the ELISA are 

shown in figure 15. 

 

Figure 15: Indirect ELISA assay to determine the presence of MA in AcF and 

acetone precipitate fractions in the last step of CCD purification of MA. The 

ELISA plate was coated with MA and AcF samples described in section 3.2.5 at 0.25 

mg/ml. Hexane (Hex) and PBS coated wells served as the background control. The 

MA was detected by either gallibody 18 CH1-4 or 18CH2-4. Error bars = Standard 

deviation, n = 4 (biological repeats). 

Figure 15 shows that both AcF and acetone precipitated MA at a concentration of 0.25 

mg/ml were able to bind to gallibody 18CH1-4 and 18CH2-4. The hexane and PBS 

negative antigen controls show no non-specific binding of antibody reagents used. 
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As anticipated, the two gallibody types did not differ much in their detection capability 

of MA. This is unequivocally the case where hexane was used as MA solvent, which 

also showed the anticipated stronger binding signal in the “pure” precipitated MA, 

compared to the “unpure” MA in the AcF.  The same conclusion could not be drawn 

when hot PBS was used as MA solvent, demonstrating the reason why our group 

moved away from this method of MA coating with its inherent lack of reproducibility 

due to preliminary clotting of MA as it comes out of hot aqueous PBS solution during 

the coating procedure. The MAs in acetone precipitate present themselves better 

when coated in hexane (MA-hex) than when coated in hot PBS (MA-PBS). The 

opposite is true for the MAs in AcF. It is noteworthy that the AcF gives a high signal 

(three quarters of the signal given by MAs) even though it is diluted by other 

contaminants. It is probably these same contaminants that prevent MA from instant 

crystallisation out of the fast-cooling aqueous PBS solution during coating, making for 

more reproducible coating.  

The conclusion, based solely on the immunoassay results from the better MA coating 

procedure from hexane, is that a significant amount of MA remains behind in the 

acetone supernatant fraction after acetone precipitation as the final step following CCD 

purification of MA. Provided that a reliable MA coating procedure is used, it seems 

clear that monoclonal anti-MA gallibodies can be used to identify MA in the purification 

steps of MA from a crude extract. 

 

3.3.2 Immuno-blot test on AcF 

A TLC analysis of MA and AcF after acetone precipitation was then done in order to 

determine which of the many spots of the separated AcF seen in figure 12 of chapter 

2 contains MA. This was done by separating the AcF complex by TLC and probing it 

with gallibody. Non-separated MA, acetone supernatant and cholesterol were spotted 

as controls and simultaniously probed with gallibodies 12CH1-4 and 12CH2-4. The 

results are shown in figure 16. 
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Figure 16: Immuno-blot test on TLC-separated and TLC-unseparated AcF. TLC 

plates spotted with MA (M), AcF (U) and cholesterol (C) as described in section 

3.2.6. Immunodetection of the antigens were done with gallibody 12CH1-4 (A) or 

12CH2-4 (B) at 0.25 mg/ml. The left-hand lane in A and B shows TLC-separated AcF 

whereas the right-hand lane in A and B represents TLC-unseparated immunoblot test 

spots. 

Blue spots indicate the recognition by gallibodies and therefore specific binding. White 

spots indicate unrecognized water-repelling lipidic antigen and no binding to gallibody. 

The results of the immunoblot test show that MA spotted onto silica is antigenic at 2 

mg/ml as seen by the blue spots at (M) on figure 16A and B. The unseparated AcF is 

positive for binding (U), but with less intensity compared to the blue spots seen at (M) 

on both A and B. Gallibody clone type 12CH2-4 is known to recognize cholesterol 

better than 12CH1-4 in ELISA (56), hence the lesser blue colour on the cholesterol (C) 

spot in Fig 16 (A) that was probed with 12CH1-4 compared to (B) that was probed with 

12CH2-4 (140). When AcF was separated by TLC, it showed that the water-repelling 

white lipidic component was not stained in either (A) or (B) of Fig 16, meaning that 

antigenicity was lost by separating it from the other non-covalent complex components 

that co-purified from CCD. 
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TLC separation of the acetone filtrate caused the MA to become undetectable by the 

monoclonal anti-MA antibodies 12CH1-4 and 12CH2-4, while it was clearly visible in 

the unseparated acetone filtrate. The control spot probing worked out as expected, 

with both gallibody types binding both MA and cholesterol, as expected. The unstained 

white smudge seen when the AcF is separated by TLC could be MAs as this smudge 

is water-repelling lipidic in nature. The white smudge on its own however, is non-

antigenic, because it failed to bind the gallibodies. Its antigenicity could have been lost 

due to a counter-cation that ionizes the MAs to be more polar, but is separated away 

from the MA during TLC on silica, which can pull apart the compounds through 

selective hydrogen bonding. The conclusion in this section is therefore that acetone 

soluble MA was found in the AcF fraction, but that its separation by TLC on silica from 

other compounds caused its loss of antigenicity. It could be possible that the 

association with the putative counter-ion is important for correct folding of MA into an 

antigenic fold. The hypothesis to be tested emanating from this conclusion is that 

acetone soluble MA could be the ionized carboxylate form of MA, while the free acid 

MA is precipitated by acetone. 

 

3.3.4 Quantitative ELISA immunoassay with gallibodies and self-purified 

mycolic acids  

Before the investigation into a putative ionized form of acetone soluble MA could 

continue, it was deemed necessary to first optimize the use of gallibodies in ELISA 

with an alternative blocking agent, as casein became in short supply due to import 

restrictions on bovine milk products into South Africa. A method from MSc student 

Alma Truyts was adopted (147), who reported that the bacterial culture media 

supplement, casein hydrolysate was shown to successfully replace biochemical 

reagent casein in the ELISA and was not encumbered by import restrictions. Gallibody 

type 12CH1-4 was therefore titrated at a decreasing concentration from 0.5 mg/ml – 

0.002 mg/ml on a constant MA antigen coat at 0.25 mg/ml. The result is shown is 

shown in Figure 17. 
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Figure 17: Indirect ELISA assay to determine the optimum concentration of 

monoclonal antibody (gallibody type 12CH1-4) for immunoassay with casein 

hydrolysate as blocking agent. Decreasing concentrations of gallibody 12CH1-4 

incubated on coated MA in hexane (0.25 mg/ml) and hexane only. Coated wells were 

blocked with 4% casein hydrolysate. MA in hexane (orange bar) or hexane only (blue 

bar). Error bars = Standard deviation, n = 3 (biological repeats). 

The results in figure 17 show that the MA binding signal of the gallibodies remains high 

at decreasing primary antibody concentration, more or less maintaining a plateau until 

about 8 ug/ml. Background signal becomes negligent at gallibody concentrations lower 

than 42 ug/ml. The titre point is at half-maximal signal, i.e. at gallibody concentration 

of 4 ug/ml.  This suggests that a lower concentration of gallibody is preferable to avoid 

significant background signal when using casein hydrolysate as blocking buffer. From 

the results, the conclusion was that a safe, optimal 12CH1-4 concentration for 

quantitative immunoassay on MA antigen coated plates is around 31 ug/ml when using 

the casein hydrolysate blocking system.  

It is known that self-isolated MA is chemically less pure (4% impurities) than 

commercially available Sigma MA, but gives comparable ELISA signals when using 

pure casein as a blocking buffer (40). The results obtained for our new batch of self-
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isolated MA when using the optimal concentration of 12CH1-4 gallibody with casein 

hydrolysate as blocking buffer are shown in figure 18.  

 

 

Figure 18: Indirect ELISA assay to compare the reproducibility of gallibody 

12CH1-4 analysis of dilution ranges of self-purified and Sigma commercial MA 

with casein hydrolysate as blocking agent. Increasing coating concentrations of 

self-purified MA in hexane (orange bar) and commercially purified MA in hexane (blue 

bar) are shown here in duplicate (A and B) experiments. Coated wells were blocked 

with casein hydrolysate and incubated with gallibody 12CH1-4 at a concentration of 
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0.031 mg/ml. Coating with hexane served as negative antigen control. Coating with 

eitherhexane or MA, but gallibodies substituted with casein hydrolysate served as 

negative antibody controls and are labelled as Oxoid or MA controls respectively.   

Error bars = Standard deviation, n = 3 biological repeats. 

Figure 18 shows the results of titrated MA coating concentration in a range between 

0.1 and 0.5 mg/ml of both Sigma and self-isolated (SI) MA, with 1 well of each 

concentration incubated without gallibody and averaged as an MA control. The optimal 

gallibody concentration of 31 ug/ml was used for all. Hexane coated wells incubated 

with gallibody stand as the hexane control, while the oxoid control depicts hexane 

coated wells tested without gallibody. As seen in figure 18 A, there was no significant 

difference between Sigma and SI MA over the concentration range, but some 

unreproducible background is seen with the MA control for Sigma, and the hexane 

control. In the repeat of the experiment in figure 18B, no significant difference is again 

seen between Sigma and SI MAs over the concentration range, but the poorly 

reproducible background in the MA control of Sigma MA is again observed, while no 

high background value was obtained in the hexane control. Sigma MA appears to 

create a less well blocked surface to the secondary antibody-HRP conjugate using the 

casein hydrolysate blocking buffer. In these experiments the antigenicity of Sigma MA 

and SI MA is comparable, but the degree of variation tends to be higher for Sigma MA 

than for SI MA.  

 

3.3.3 Towards generating an ionized mycolate with alanine as counter-ion 

Results from figure 15 and 16 prove that there is MA present in the AcF after acetone 

precipitation of the upscale CCD purified MA (See Chapter 2). The MA in the filtrate 

possibly exists as the mycolate (more polar), while in the precipitate it is presumed to 

be the free mycolic acids (less polar). The counter-cation has to be small and organic 

to allow for hydrogen bonding to occur with the oxygenated functional group in the 

merochain, permitting the MAs to assume a structure recognizable by gallibodies. This 

normally happens with the unionized carboxylic acid group in the mycolic motif of MA. 

An amino acid counter-ion could free a carboxylate group in the vicinity of the mycolic 

motif to allow the keto- or methoxy group in the merochain to fold and hydrogen bond 
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to it, thus stabilising the antigenic conformation of MA. This was investigated using 

alanine as the counter-cation.  

Non-covalent alanination of MA was attempted by exposing MA to an excess of 

alanine in hot ethanol-water to force a zwitter-ionic alanine to associate with its 

ammonium group to the α-carboxylate of MA within. Chloroform was then added and 

shaken to force all MA-containing material in the lower organic phase, while all the 

excess alanine material was forced into the aqueous ethanolic upper phase. The 

excess alanine was then removed by aspiration of the upper phase, followed by five 

times addition of water for liquid-liquid extraction of ethanol and free alanine. extracted 

and the MA dissolved in acetone under high temperature to dissolve the presumed 

alaninated MA product. This latter transfer of presumed alaninated MA from the 

reaction vial was repeated five times in order to affect a quantitative transfer of all 

alaninated and non-alaninated MA to the fresh vial. 

Because the weighing of amounts smaller than 1 mg is not quite accurate, each vial 

was monitored for the presence of MA by solubilizing the content in a fixed volume of 

hexane (to effect 1 or 0 mg/ml of MA per vial if all or nothing was transferred) to coat 

ELISA plates. These were then immunoassayed by gallibody 12CH1-4, which would 

simultaneously then indicate the antigenicity of the residual MA in the vials. Results 

are shown in figure 19. 
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Figure 19: Indirect ELISA assay to evaluate binding and signal detection of a 

monoclonal antibody to MA/Alanine/acetone, MA/acetone, ELISA of MA/Alanine 

and MA/no Alanine. The MA coated plates were blocked with casein hydrolysate and 

probed with primary gallibody 12CH1-4 (0.031 mg/ml). Error bars = Standard deviation 

with n = 3 (biological repeats). 

The p value (calculated using the student’s t-test) between MA/Alanine and MA/non-

Alanine for each concentration is smaller than 0.05 indicating that there is a significant 

difference between MA/Alanine and MA/non-Alanine (p value < 0.05). Due to the fact 

the titrations were not taken to limiting dilution of MA, there is no quantitative indication 

of the MA content having either alaninated or non-alaninated content. This result 

prompted the use of MS to determine whether the slight fall in antigenicity of 

MA/Alanine is really due to alanination of MA or not. 

Alanination of MA was further investigated by Mass spectrometry (MS) analysis of 

alaninated MA compared to non- alaninated MA. Mass spectrometry, which is typically 

combined with liquid chromatography (LC), discriminates the molecules present in a 

biological sample according to their mass-to-charge ratio. Each of the peaks in the 

resulting chromatogram is associated with the characteristic mass spectrum of the 

metabolite allowing their identification (158). The mass peak for alanine is shown in 
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figure 20.  From this we can identify if alanine is present in the alaninated MA sample. 

LC-MS analysis of MA samples with and without alanine described in section 3.2.9 

was done by Dr Lynne Pilcher. Results are shown in figure 21. 

 

 

Figure 20: MS spectra of alanine (158) 
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Figure 21: LC-MS chromatogram of the natural mixture of MA prepared with 

alanine compared with MA without alanine. LC-MS analyses of MA with alanine (A) 

and MA only (B) carried out in positive ion mode. Red box = position where alanine 

peaks should appear if present. 

From figure 21 it can be seen that the MS profiles of ‘alaninated’ MA and non-

alaninated’ MA appeared essentially identical. No alanine peaks were visible, as 

indicated by the red box which is void of peaks in the “alaninated MA” sample. The 

LC-MS analysis of the ‘alaninated’ MA shows no significant difference from non-

alaninated’ MA and shows no sign of any alanine presence.  

The conclusion from this experiment is that the attempt to alaninate MA did not 

succeed (Fig 21). There was therefore no expectation that acetone solubility of MA at 

room temperature before or after the alanine treatment was going to be found different. 

The hypothesis that acetone solubility of the mycolate ion is better than that of the free 

acid therefore remains untested. Nevertheless, acetone is a preferred solvent to 

hexane or chloroform for automated antigen printing on lateral flow substrates and 

screen-printed electrodes. It certainly is also a much more stable solvent than the 

dimethylformamide that was previously used for coating electrodes with MA for 

electro-impedance measurement of antibody binding (159). Because no one ever 

before formally investigated the solubility of MA in acetone, it was deemed useful to 

A 
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launch a formal investigation into this, starting from hot acetone solutions of MA and 

allowing these to cool down to room temperature.  

 

3.3.6 Determining the solubility of MA in acetone 

To determine the acetone solubility of MA in acetone, the gallibodies were applied in 

quantitative immunoassay in order to confirm the gravimetric determination of the 

amounts of MA that can be transferred from a vial in which MA was solubilized in 

acetone under high temperature and then allowed to cool for a determined time before 

transfer to a fresh vial.  

It is possible to envision the physiochemical properties of the functional groups of MA 

permitting conformational freedom of the long methylene units in the backbone of MA 

under high temperatures as it is known that in spite of their high molecular weight, 

mycolic acids have relatively low melting points and are highly soluble in organic 

solvents such as chloroform and benzene (149). It therefore stands to reason that the 

mycolic acids can be solubilized under high temperatures. 

Two vials of MA (1 mg each) were set up, the MA dissolved in acetone (2 ml), heated 

at 90oC for 5 minutes and left to cool for either 1 hour (vial 1) or 4 hours (vial 2). After 

cooling, the contents of vials were transferred into separate clean vials. These were 

put onto a heating block at 80oC were there was a flow of nitrogen gas to allow the 

contents to be evaporated to dryness. The dry vial content was subsequently dissolved 

in hexane to be analysed by ELISA using gallibody 12CH1-4. Results are shown in 

figure 22. 
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Figure 22: Indirect ELISA assay with monoclonal antibody to evaluate amount 

of MA remaining in acetone solution for 1hr vs 4hrs after cooling to room 

temperature, compared to pure MA of the same initial concentration. MA from 

donor and recipient vials after the indicated cooling time was coated by limiting dilution. 

These and hexane antigen controls were probed with gallibody 12CH1-4 (0.031 

mg/ml) after blocking the antigen coated wells with casein hydrolysate. Error bars = 

Standard deviation, n = 3 (biological repeats). 

From heating MA at 90oC it was observed that MA remains in solution at 1 hour due 

to the clear solution that was observed. The solution became progressively opaque 

towards 4 hours after cooling, but the amount of MA that could be transferred remained 

at around 50% of the original content. The increasing opaqueness with time is most 

likely due to micellar MA dynamically growing bigger and eventually sedimenting to 

the bottom of the vial. This means that a solution of MA in acetone is not stable at 

saturating concentrations and should be applied within 4 hours after cooling, or used 

at a lower concentration. 

From the results of figure 22 it can be seen that the amount of MA that could be 

transferred and the amount that was left behind was approximately the same for both 

1 hour and 4 hours of cooling. This is also true for antigenicity as the ELISA signal is 

comparable and almost the same to pure MA at the same concentration. 
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From this one can conclude that MA can be dissolved in acetone at room temperature 

to a certain limit, of which the first indication is that it is at around 0.25 mg/ml, which 

would be the maximum, but unstable MA micellar solubility in acetone over a period 

of four hours after cooling. 

 

3.4 Discussion  

 

It is known that neutral solvents such as acetone removes free lipids because it is 

used to dissolve oils. Therefore, acetone can be exploited to separate MA from its 

contaminants. This was confirmed in chapter 2, where it was identified that acetone 

successfully removed contaminants from the MA precipitate after CCD purification 

(section 2.3.3). However, quantification of results indicated a 37% loss in MA yield 

post purification (chapter 2). It was therefore imperative to investigate whether any 

antigenic MA content could be detected in the acetone filtrate (AcF). If this was to be 

the case, it could be a possible reason for the MA loss that was observed in the 

acetone precipitated MA, which would then require retrospective re-assessment of the 

acetone precipitation step in upscale purification of MA by CCD. 

Ranchod et al. (86) developed gallibodies that can be used as primary antibodies to 

detect MA using a horse radish peroxidase (HRP)-conjugated anti-chicken antibody 

immuno-assay approach (section 3.1). Gallibodies were used to probe the AcF for the 

presence of MAs. This chapter investigated the content of the acetone filtrate fraction 

after acetone precipitation of the CCD for the presence of antigenic MAs. 

As was seen in figure 15, AcF indeed contained antigenic MAs, which presented 

themselves better in hot PBS, whereas the MAs in the acetone precipitate presented 

themselves better in hexane. It can be hypothesized that the culturing method for M. 

tb could therefore have resulted in two different types of MAs that are both antigenic 

but have different polarities, hence different separation and coating properties. 

Alternatively, the way that pre-extraction was done before CCD could have allowed 

more MAs to be converted to mycolate salts with organic cations, allowing solubility in 

acetone.  

An immune-blot test followed to identify the antigenic compound(s). Figure 16 showed 

that when the compounds of the AcF are TLC separated, then antigenicity is lost, 
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compared to when merely spotted. The white smudge observed at low Rf on the TLC 

separation lane of AcF could be the hydrophobic MA, but in a non-antigenic state 

possibly due to loss of a putative counter-cation to the mycolate that may be required 

for antigenic folding of the mycolate. It is possible that the silica on the TLC plate is 

able to pull apart the compounds through hydrogen bonding, separating the lipidic 

mycolate from its counter-cation. This hypothesis was to be tested by creation of an 

alanine-mycolate and its antigenic characterisation.  However, the ELISA results from 

figure 19 showed little, albeit a significant difference between MA exposed to alanine 

in acetone compared to MA not exposed to alanine. The inability to successfully create 

MA/Alanine was confirmed in figure 21 where a mass spectrometry analysis was done 

on an MA sample not exposed to alanine compared to sample that was. No traces of 

alanine could be detected in the putative MA/Alanine product. The hypothesis that a 

complex of mycolate and an amino acid counter-ion, in this case alanine, improves 

acetone solubility therefore remains untested. 

Subsequently, the hypothesis was tested that mycolic acid in its non-ionized carboxylic 

acid state is in itself soluble in acetone to a significant degree. MA was dissolved in 

acetone at high temperature and then allowed to cool. The amount of MA staying in 

solution was investigated. Figure 22 portrays a quantitative result; MA was titrated 

down to where a decreasing signal was obtained; thus, indicating comparable MA 

amounts in the transfer vials and what was left behind as insolubilities in the original 

vial.  

The MA was transferred from one vial to another by pipetting, suggesting that MA that 

stayed behind stuck to sides of the glass vial. The possibility that the transferred and 

remaining MAs after acetone transfer are not the same was not investigated. The MA 

that remain could, for instance, have longer wax chains. Mass spectroscopy could be 

done on residual MA remaining behind in vials from which MA is extracted and 

compared to that which is transferred in the first acetone transfer. but research time 

and budget did not permit a MS analysis at this stage. 

It can be also hypothesized that the MA dissolves as dynamic micelles, the nature of 

which is to be determined in future. This chapter concludes that MA could be 

solubilized at high temperatures. The MA solvation method in acetone can be used as 

such within 4 hours after heating. MA solubility is 0.25 mg/ml, probably as a micelle 
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suspension that coagulates into a sediment after several hours at saturating 

concentration. The important discovery of solubility of MAs in acetone may overcome 

challenges in development of lateral flow test. The next chapter explores application 

of this discovery in an attempt to generate a workable prototype MALIA.  
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Chapter 4: Towards lateral flow immunodetection of 

anti-mycolic acids antibodies 

 

4.1 Introduction 

In a resource limited, poverty burdened community, proper healthcare is almost non-

existent due to lack of transport mobility and access to clinics (160,161). Point of care 

(POC) testing can be a solution in improving healthcare in such settings. The first 

reported use of POC testing dates back to 1550 B.C., when ants were used to 

diagnose glycosuria in patients likely to have diabetes mellitus. As it was then, the goal 

of POC testing remains to provide immediate and convenient rapid medical testing at 

or near the site of patient care (162). Lateral flow or Lateral Flow Immunoassay (LFIA) 

technology is one of the most successful and simple rapid diagnostic testing systems. 

This form of rapid testing was derived from the latex agglutination test developed by 

Singer and Plotz in 1956 (161,163). The success of the human pregnancy dipstick test 

drove the development of early LFIAs. Rapid tests for infectious diseases such as 

human immunodeficiency virus (HIV-1 and HIV-2), TB and hepatitis B were initially 

introduced as a dipstick format in developing countries. In the late 1980s, the first 

immunochromatographic strip (ICS) lateral flow format was introduced for disease 

diagnosis (161).  Since then, the use of LFIA has evolved from the medical field to 

veterinary, food and agricultural services. The LFIA has grown to become the most 

popular commercial POC device format with an estimated market size of US$18 billion 

predicted for 2016 (164,165,166).  

However, despite the effort and financial resources that have been invested, POC 

diagnostics of adequate quality for TB have not yet materialised. A recent WHO/TDR 

report described and tested 19 commercialised diagnostic tests for TB that measured 

antibody responses to M.tb of which the report deemed all of these to be unsuitable 

for use due to poor sensitivity and specificity (167,168). The current global challenge 

is to develop and progress already identified biomarkers into diagnostics with a POC 

format. As described in chapter 1, employing the use of MA and anti-mycolic acid 

antibody biomarker in a workable model for diagnosis in a POC environment would 

fulfil a great need in the management of the TB epidemic. 
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This chapter will describe the work towards a workable LFIA device for TB diagnosis. 

 

4.1.1 Principle of a lateral flow immunoassay  

A LFIA involves the migration of an analyte containing aqueous sample, e.g. blood or 

serum, by capillary action through a porous substrate over test and control lines/ spots 

where the binding of the analyte is made visible. Substrate types include nitrocellulose, 

polymer, paper, or other composite sheet-like materials that facilitate the separation, 

capture, and detection of the analyte(s) of interest (161, 164). Due to capillary action 

of flow in a LFIA, no external force such as pumps are required for movement of 

sample towards the detection zones. Interactions occur from the binding of labelled 

analyte at specific detection zones containing immobilized antibodies or antigens to 

produce a signal that can be visualized by colour development (169), fluorescence 

(170), chemiluminescence (171), electro-magnetic signal generation (172) or optical 

detection (164).  

 

4.1.2 Components of lateral flow immunoassays  

LFIA devices, seemingly simple, consist of vital components, each of which must be 

fully considered before construction and assembly (164). The high selectivity of the 

biorecognition element is key for the performance of the assay. Antibodies used in 

LFIA can be monoclonal, polyclonal, or both, but recombinant monoclonal antibodies 

are increasingly being used. It is essential that these comply with adequate affinity and 

specificity (161). Monoclonal antibodies have high specificity, which helps in 

decreasing false positive reactions by cross-reactivity, while polyclonal antibodies are 

able to recognize multiple epitopes on a single antigen (161), which increases the 

sensitivity of the assay. LFIA require antibodies for binding specifically to the target 

antigen, carrying the label for visualisation. More than one antibody might be used in 

a single assay, due to the necessity for an adequate antibody control (161). LFIAs are 

generally composed of four main components: a lateral flow substrate, sample pad, 

conjugate pad and absorbent pad (wick), which are all assembled onto a backing card 

for support (Fig. 23). Typically, hydrophobic nitrocellulose (high protein binding), glass 

fibre (non-protein binding), or cellulose acetate (low protein binding) substrates are 

used for LFIA (161). Nitrocellulose substrates are the most widely used LFIA 
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substrate. Factors ascribing to this, besides high affinity for adsorption of proteins, 

include the variety of pore sizes, ease of wetting, lack of interference with test and 

control reactions, relatively low cost, commercial availability, good capillary flow 

characteristics and ease of handling (161, 164). The sample pad is commonly 

composed of cellulose. The major role of the sample pad is to allow continuous uniform 

transport of the sample to the conjugate pad (174). The conjugate pad is generally 

composed of glass fibre and facilitates drying and stabilization of detector agents until 

test use. These detector agents typically are labelled biorecognition molecules. Labels 

such as latex beads, colloidal carbon, colloidal gold, fluorescent tags, enzymes, 

streptavidin, or gold nanoparticles are conjugated with an antibody or an antigen (174). 

Requirements for a good label are that it should be detectable at very low 

concentrations and it should retain its properties upon conjugation to antibodies (169). 

Nowadays colloidal gold is the most widely used label. It is stable, has an intense 

colour and no development process is needed for visualization (169). An absorbent 

‘‘wicking” pad, usually composed of cellulose or cotton, is at end of the test strip and 

terminates sample flow by having an absorption capacity greater than the sample 

volume (164). It also helps in maintaining flow rate of the liquid over the substrate and 

stops back flow of the sample. All these components are fixed or mounted over a 

backing card (174). A lateral flow device also includes at least two reaction sites, one 

that responds to the compound to be detected (test line), and a second that is used 

as a control to ensure correct operation of the device (control line) (174, 175). 

 

Figure 23: Schematic showing various components of a general LFIA (173). 
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4.1.3 Lateral flow test format  

Lateral flow assays can be constructed in either sandwich or competitive formats 

(177). Sandwich formats are typically used when testing for high molecular weight 

molecules with multiple antigenic sites or antibodies to infectious agents (176, 177). 

In this format a positive result is indicated by the presence of a visible test line. In this 

case excess conjugated particles that aren’t captured at the test line will continue to 

flow towards the control line to be captured by immobilized antibodies (176). This 

control line typically comprises a species-specific anti-immunoglobulin antibody, 

specific for the conjugate antibody on the conjugate. Competitive assay formats are 

typically used to detect low-molecular-weight analyte molecules or analytes with single 

antigen epitopes such as mycotoxins and antibiotics, which cannot bind to two 

antibodies simultaneously (176, 177). In this format, a positive result is indicated by 

the absence of a test line. A control line should still form, irrespective of the result on 

the test line (176). The two formats are illustrated schematically in Fig 24 (A and B) 

(176).  The competitive format most closely resembles the format for the proposed 

diagnostic of this study. 

 

Figure 24: Mode of action of the sandwich (A) and competitive (B) formats of 

LFIA (176).  
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4.1.4 Use of lateral flow immunoassays in diagnostics  

Home pregnancy test strips have been one of the most successful diagnostic 

immunoassays so far. It measures the human chorionic gonadotropin hormone (hCG) 

in urine from pregnant women and makes use of three kinds of antibodies i.e., a 

monoclonal anti-hCG antibody and an anti-immunoglobin G (IgG) (178). The hCG test 

is an example of a sandwich-based assay where the presence of visible test line 

indicates a positive result. In this case, anti-hCG antibody, conjugated with labelled 

particles that can specifically recognize and bond with hCG in the sample. These 

reactions require a signal molecule to indicate whether the reactions occur or not. The 

idea of using signal molecules has been used to measure tumour markers such as 

hepatic carcinoma (178, 179) and to diagnose infectious diseases like AIDS (178).  

Examples of current commercial serological assays in the LFIA format include tests 

for HIV-1/2 or hepatitis C virus (180). These tests have received Clinical Laboratory 

Improvement Amendments (CLIA) waivers that enable their POC use (180,181). CLIA-

waived tests are typically simple and have a low risk for an incorrect result. Several 

LFIAs have been CLIA approved for the detection of HIV antibodies in blood samples 

obtained by fingerstick or venipuncture. These tests do not require electricity or skilled 

technicians and use non-invasive patient sampling (182). A positive rapid HIV 

screening test can be confirmed by a more accurate laboratory assay, based on 

similar, but more sophisticated antigen/antibody detection principles compared to the 

rapid tests (182).  

LFIAs for HIV antibodies have been developed for use with oral specimens as well, 

e.g., the OraQuick Advance rapid HIV-1/2 antibody test (182). OraQuick At-Home HIV 

test is an FDA approved POC HIV test that has a 92% sensitivity and a 99.98% 

specificity. In theory, it can cause one false negative in every 12 HIV-infected 

individuals. The major progress of the diagnostic has been in reducing the negative 

window period between infection and production of patient antibodies (182). The major 

advantage learnt from this test is that patients can know their results and start 

treatment immediately; thereby drastically reducing the number of patients lost for 

treatment and also preventing further transmission of the disease as positively 

diagnosed patients can immediately be put on therapy and advised on how to reduce 

the risk of transmission to partners and healthcare workers (183). Overall, the impact 

of early, rapid diagnosis of HIV has had an enormous impact on limiting the spread of 
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the disease. A similar test for TB could conceivably have a large impact to improve the 

management of the TB epidemic. 

 

4.1.5 Lateral flow tests for TB  

Due to the success of the rapid HIV diagnostic and the wide applicability and 

acceptability of the LFIA format, several TB diagnostics based on the same principles 

were developed and marketed. One prime example is commercially available lateral 

flow urine LAM assay (LF-LAM) available from Alere Hea (Alere Determine™ TB LAM 

Ag, Alere Inc, Waltham, MA, USA) (184). This test is designed to detect the M. tb cell 

wall component LAM in patients’ urine samples. An anti-LAM monoclonal antibody 

labelled with gold is put in the conjugate pad of the test to capture and carry samples 

presenting the LAM antigen. The antigen-antibody complex then travels up the device 

substrate to the antibody laced on the test line, resulting in a colour change when a 

result is positive (138). The major drawback of this test is that it has been shown to 

have an extremely low sensitivity in patients that are not in an advanced stage of AIDS 

(185). It does not eliminate the need for other diagnostic tests such Xpert MTB/RIF, 

culture or sputum-smear microscopy, as these tests exceed LF-LAM in accuracy. It is 

suggested that a positive LF-LAM should always be followed up with a confirmation 

test such as Xpert MTB/RIF, line probe assay or bacteriological culture and drug-

susceptibility testing (184).  

 

The low sensitivity and specificity of the LFIA format for TB diagnosis influenced the 

World Health Organization (WHO) policy recommendation not to use them (186, 188). 

Despite this evidence, these tests were widely used in developing countries (187,188). 

As mentioned above, a comprehensive WHO/TDR report described the use of 355 

well-characterized archived serum samples to evaluate 19 rapid TB tests (168). These 

tests were conducted at the Prince Leopold Institute of Tropical Medicine’s 

Mycobacteriology Unit in Belgium. Results showed that the sensitivity of these rapid 

tests ranged from 0.97% to 59.7% and specificity ranged from 53% to 98.7%, 

compared to a combined reference standard of mycobacterial culture and clinical 

follow-up (168). The results of the evaluation indicated that none of the assays 

performed well enough to replace the more established laboratory tests, such as 

smear microscopy. However, smear microscopy combined with most rapid tests 
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improved overall diagnostic sensitivity from 75% up to 89% (168). A possible reason 

for this poor performance may be because TB antigens resemble those of many other 

human pathogens and the antigenic targets of antibodies generated toward the 

bacteria vary widely among patients (189). These factors would limit the sensitivity and 

so the overall performance of the tests. The WHO evaluation, however, did not permit 

an analysis of how the individual antigen or antigen combinations performed. The 

WHO suggests that the way forward clearly needs to include a review of the literature 

as well as a systems approach to identify specific test antigens with immunodiagnostic 

potential (168).  

 

4.1.6 MALIA 

As mentioned in chapter 1, efforts for the diagnosis of active TB by means of biomarker 

anti-MA antibody detection using ELISA (79), evanescent field biosensors by Thanyani 

et al. (153), electro impedance spectroscopy by Mathebula et al. (83) and development 

of monoclonal antibodies by Ranchod et al. (86) and the standardisation of the MA 

antigen for immunoassay by Ndlandla et al. (123) have all paved the way for an 

eventual lateral flow test for POC screening of active TB. The most advanced 

development in this field to date is the Mycolic acid Antibody Real Time Inhibition 

(MARTI) assay concept (84). The MARTI test has the ability to accurately detect 

patient low affinity anti-mycolic acids antibodies as biomarker for active tuberculosis 

and was patented in 2005 by University of Pretoria (190). Although seemingly 

successful with a limited number of TB patients and controls, it only has potential 

implementation in reference laboratories; therefore, not yet suitable to be utilized as a 

point-of-care device. This challenge led to the conception of a lateral-flow based test 

named the Mycolic Acid Lateral-flow Immuno-Assay (MALIA). The principles of MARTI 

must therefore be incorporated to create this POC device for screening of TB in rural 

HIV burdened areas. 

As the name MALIA suggests, MA antigen is used in the test to detect antibodies that 

indicate active TB in a patient, with the aid of monoclonal labelled anti-MA antibodies. 

The principle of the test is based on a competition assay, whereby patient serum 

antibodies will compete with a gold labelled monoclonal antibody/gallibody 

displacement probe for binding to MA. Figure 25 illustrates the proposed MALIA 

layout. Patient antibodies added to the sample pad will travel along the strip from the 
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start point in the sample pad through to the wick. As the patient serum antibodies travel 

through the conjugate pad, they will come into contact with the gold labelled 

gallibodies. The patient serum anti-MA antibodies and the gallibodies are then to 

compete for binding to the MA immobilized at the test line. In addition to the test line, 

a control line will have immobilized anti-chicken IgG antibodies to capture the unbound 

gallibodies. The results can be interpreted by the colour change taking place on the 

test and control lines. A TB positive case will be represented by a colour development 

occurring at the control line only. This will indicate that the patient serum anti-MA 

antibodies were able to outcompete the gold labelled gallibody displacement probe in 

binding to the MA. Thus, no signal or only a weak signal will be present at the test line. 

In contrast a colour change taking place at both the test and control line will indicate a 

negative result illustrating the ability of the gold labelled gallibody displacement probe 

to bind to the MA on the test line without any competition from the patient serum 

antibodies (140). 

 

Figure 25: Diagram of the MALIA lateral flow test as described by Ranchod (140). 

A - Sample pad with patient antibodies (blue diamonds), B - Conjugate pad containing 

gold labelled displacement probe (red stars), C – Nitrocellulose membrane with test 

line and control line, D – Wick. 

 

4.1.7 Challenges of MALIA  

A major advantage of a LFIA, to benefit the POC nature of the technology, is its ease 

of use and cost effectiveness (191). Because of this ease of use, it is widely believed 
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that it is simple to develop. However, the challenges to overcome for each particular 

application are numerous in terms of the optimization required to make the test 

sensitive, rapid and easy to use (192). 

The application of the MA antigen on the test line and immunoglobulin capture 

antibody (anti-chicken antibody) on the control line was explored by Alma Truyts in her 

MSc dissertation (147). The functionality of the MALIA test centres around the 

assumption that TB patient antibodies will have a stronger avidity for binding the MA 

antigen on the test line than the labelled gallibodies, thereby out-competing them for 

binding on the test line, thus preventing or reducing the colour signal. This indicates a 

positive result. 

The interaction between gold labelled anti-MA gallibodies with the MA on the test line 

and with anti-chicken antibodies on the control line was investigated and reported by 

Alma Truyts. Results of her study indicated that no MA/gallibody binding was 

visualised on the test line or spot (147). It was subsequently shown that the biological 

activity of the gallibodies is adversely affected by labelling with gold nanoparticles 

(147). This loss of biological activity may be because the MA/gallibody binding already 

has a low antigen binding affinity, unlike the interaction of the anti-chicken antibody 

with a gallibody. 

The immobilisation of the MA on the nitrocellulose was achieved by spotting of MA 

dissolved in freshly distilled hexane, but presented a unique problem of lack of 

wettability with the aqueous buffers used in LFIA. The alternative membrane-

substrates tested did not allow for the formation of an anti-MA gallibody signal. Three 

substrates were investigated by Alma Truyts using a flow through test format (147). 

These substrates were: Fusion 5, a glass fibre, Chromatography number 1, a 

commonly used paper type in paper microfluidics and CF3, a cotton linter paper (147). 

While eventual success was achieved by immersing MA spotted nitrocellulose papers 

in ELISA plates and developing the immunoassay further with standard ELISA 

protocol, hexane is not compatible with the printing machinery commonly used for 

antigen printing in larger scale manufacturing of LFIA devices. The BioDot system is 

an instrument that is used for antigen printing on surfaces used for rapid tests 

development. It can dispense solutions onto a surface either by vapour spray or liquid 

ink jet. Aqueous solvents in general are compatible with the BioDot dispensing 
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technology (193). Buffers with a pH range from 3 to 10 are suitable. Extremes in pH 

may cause corrosion of the stainless steel or glass materials (193). Polar organic 

solvents are compatible with the dispensing system. Although not all polar organic 

solvents have been tested under long-term conditions, the following have shown good 

chemical compatibility; dimethyl sulfoxide, acetone, methylether ketone and ethyl 

acetate (193). Most non-polar organic solvents are incompatible with the BioDot 

dispensing technology. These would include benzene, diethyl ether, hexane and 

methylene chloride (193), which cause swelling and/or degradation of tubings, vessels 

and fittings. An ideal solvent for the bio-printing machinery would therefore be a polar 

organic solvent such as acetone. 

The above challenges imply that the standard approach to a LFIA does not work for 

MALIA development. The following challenges needed to be overcome, according to 

Truyts (147): 

• The low avidity of gallibodies for binding MA precludes their direct labelling with 

colloidal gold. 

• Limited or no solubility of MA in solvents that are compatible with antigen 

printing instruments  

• Incompatibility of nitrocellulose substrates with acetone for MA antigen printing  

 

This chapter attempts to demonstrate a workable model of MALIA by making use of 

the discovery that MA is at least partially dissolved in acetone. The incompatibility of 

acetone for spotting solutions on nitrocellulose was thought to be overcome by the use 

of silica TLC plates as LFIA substrate. From chapter 3 it was discovery that MA in 

acetone is antigenic on silica and produces a visible binding spot. The discovery of 

acetone soluble MA in chapter 3 may overcome the challenges in automated MA 

immobilisation for a lateral flow device.  

 

4.1.8 Hypothesis 

The application of newly discovered acetone soluble MA on TLC silica plates may 

overcome the challenges in automated MA immobilisation and substrate compatibility 

to improve diagnosis of TB by MALIA. 
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4.2 Materials and Method 

 

4.2.1 Materials  

Silica plates: Thin layer chromatography (TLC) silica gel 60 F254 20 x 20 cm plates 

(Merck, Kenilworth, New Jersey, USA).  

Petri dishes: Polystyrene petri dish, 60 x 15 mm (Sigma-Aldrich, Missouri, USA). 

Tank: Rectangular TLC developing tank (Sigma-Aldrich, Missouri, USA). 

 

4.2.2 Reagents  

Acetone: (purity 99.5%, Sigma-Aldrich, Missouri, USA).  

Stearic acid: (purity 99%, Sigma-Aldrich, Missouri, USA). 

Phosphate buffered saline (PBS) 20X, pH 7.4: Prepared by dissolving 160 g of sodium 

chloride (NaCl), potassium chloride (KCl, 4 g), di-hydrogen potassium phosphate 

(KH2PO4, 4 g) and di-sodium hydrogen phosphate (Na2HP04, 28 g) in a total of 800 ml 

of autoclaved double distilled deionized (ddd) water (ddd H2O) while stirring. The 

volume was brought up to 1 L and filtered through 0.2 μm cellulose acetate filters 

(Sigma-Aldrich, Missouri, USA) 

PBS (1 X) was prepared by adding 50 ml of 20 X PBS to 900 ml of autoclaved ddd 

H2O. The pH was adjusted to 7.4 with 1 M HCl, after which the volume was made up 

to 1000 ml with ddd H2O. 

Block buffer pH 7.4: Casein hydrolysate (4% m/v, Oxoid, United Kingdom) dissolved 

in 1 X PBS pH 7.4. 

Dilution buffer pH 7.4: Casein hydrolysate (4% m/v) dissolved in 1 X PBS pH 7.4 and 

0.1% (v/v) Tween20 (Sigma-Aldrich, Missouri, USA). 

Wash buffer pH 7.4: PBS 1X, pH 7.4 and 0.1% (v/v) Tween20. 

Borate Buffer 0.1 M pH 7.4: Sodium tetraborate (Na2B4O7 0.1 M) and 0.1 M Boric acid 

(H3BO3) dissolved in triple distilled water (dddH2O) (Sigma-Aldrich, Missouri, USA). 

Secondary antibody: Goat anti-chicken Fc: HRP diluted 1:1000 in 4% Casein 

hydrolysate/1 X PBS -0.1% Tween 20, pH 7.4 (AbD Serotic, Kidlington, UK). 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



87 
 

Blot test Tetramethyl Benzidine (TMB) HRP substrate solution: Life Technologies, 

California, USA. 

Mycolic acids: Self purified (see chapter 2). Aliquots of 1 mg in tightly capped brown 

glass vials stored at 4˚C and thawed when used.  

Gallibody type 12CH1-4 purified from the 50 ml aliquots frozen culture media provided 

by Heena Ranchod (see chapter 2) and concentrated to 50 μl aliquots in 0.1 M Borate 

buffer pH 7.4. Stored at -20˚C, thawed once only for use.  

 

4.2.3 Immuno-blot test of acetone soluble MAs 

A volume of 4 ml acetone was added to an aliquot of 1 mg MA and heated at 90oC on 

a heating block (Reacti-Therm Thermo Scientific Pierce III, USA) for 5 min and shaken 

by hand to mix. The MA/acetone solution was left to cool for 1 hour before 10 μl was 

spotted using a Hamilton Syringe on a silica plate at a concentration of 0.25 mg/ml. 

Hexane (4 ml) was used to dissolve another aliquot of 1 mg MA and was further 

spotted as above. The silica plate with spotted MA was placed in a petri dish and was 

immersed in block buffer such that the entire plate was covered in solution. It was then 

incubated for 2 hours at room temperature. After 2 hours, the block buffer was tipped 

out of petri dish making sure not to tip out the silica plate, which was then washed 

three times with wash buffer by gently shaking the buffer solution side to side in the 

petri dish without removing the silica plate. The wash buffer was tipped out and excess 

buffer was removed with a disposable plastic dropper. The silica plate was then 

immersed in gallibody type 12CH1-4 in dilution buffer at a concentration of 0.031 

mg/ml and incubated for 1 hour at room temperature. Secondary antibody solution of 

goat anti-chicken IgG HRP at a 1:1000 volume ratio was added to the reaction after 

another wash step and incubated for 1 hour at room temperature. The plate was then 

washed three times with  wash buffer to remove unbound secondary antibody before 

5 ml of TMB blot solution was added to develop the colour for 3 minutes, after which 

the colour signals on the plate were analyzed by eye and recorded by taking a 

photograph using a mobile phone camera Because TMB oxidation is fast, colour 

development must be recorded within 5 minutes, after which precipitation of the 

coloured stain occurs that destroys the resolution.  
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4.2.4 Adaption of lateral flow paper substrate with immobilized silica  

The principle of a silica based LFIA follows the immunoblot test protocol with the 

following changes: Incubation in block buffer and dilution buffer is replaced by lateral 

flow of dilution buffer with primary antibody (gallibody) at a concentration of 0.031 

mg/ml. Gallibody solution is transported rapidly over the spotted antigen on the silica 

plate by capillary action as would be expected for an LFIA. The capillary flow set-up 

to bring the gallibody solution over the spotted MA is shown in Figure 26A. Further 

development of the plate in a normal immunoblot blot test was then done as described 

in section 3.2.6 in a petri dish shown in figure 26B. 

 

 

       

Figure 26: Schematic illustration of the methodology of the adapted silica based 

lateral flow mechanism. (A) - Monoclonal gallibodies, in dilution buffer poured in a 

TLC tank to reach a level of 0.5 cm. Silica plate with spotted MA antigen is placed in 

buffer solution, which then proceeds to move up the plate by capillary force. Vertical 

direction of capillary flow is shown by the arrow. (B) – After gallibody solution reached 
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1 cm from the top of the plate in (A), the plate is removed from the tank and placed in 

the petri dish where the immunoblot protocol is followed, starting with washing 3 times 

in wash buffer, then incubation in secondary antibody HRP conjugate for an hour and 

finally colour development in TMB substrate solution. 

A volume of 4 ml acetone was added to an aliquot of 1 mg MA and heated at 90oC on 

a heating block (Reacti-Therm Thermo Scientific Pierce III, USA) for 5min and shaken 

by hand to mix. The MA/acetone solution was left to cool for 1 hr before 10 μl was 

spotted on a silica plate in an increasing two-fold concentration range from 0.25 mg/ml 

(one spot of 10 μl) to an eventual equivalent of 1 mg/ml (four spots of 10 μl). A volume 

of 2 ml of gallibody type 12CH1-4 at a concentration of 0.031 mg/ml dissolved in 

dilution buffer was poured into the TLC tank. The silica plate was then placed upright 

in the gallibody buffer solution in the TLC tank. The gallibody buffer solution moved up 

the silica plate by capillary action. The plate was taken out when the gallibody solution 

reached 1 cm from the top of the plate and placed in a petri dish to be washed three 

times with wash buffer by gently shaking the buffer solution side to side without 

removing the silica plate. The wash buffer was tipped out and excess buffer was 

removed with a disposable plastic dropper. The steps of secondary antibody conjugate 

exposure followed by colour development with TMB was carried out as described in 

Section 4.2.3. 

 

4.3 Results 

 

4.3.1 Immuno-blot test of acetone soluble MAs 

A 10 μl aliquot of MA in acetone at 0.25 mg/ml was blotted in duplicate on nitrocellulose 

to demonstrate the effect of incompatibility with acetone. Similarly, MA in hexane at 

the same concentration was blotted in duplicate on the same substrate. It was 

compared to two different substrate types, i.e. Whatman no 1 paper and a silica TLC 

plate that were blotted with MA in the same way as the nitrocellulose substrate. 

Hexane and acetone alone were spotted as negative controls. The blotted and dried 

substrates were incubated in gallibody type 12CH1-4 at a concentration of 0.031 

mg/ml as shown in figure 27. Immunoblot development with secondary antibody-HRP 
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conjugate was done as described in Section 4.2.2.1. Blue spots indication positive 

binding of gallibody to the MA spots. 

 

Figure 27: Immunoblot test to determine the feasibility of spotting of MA in 

acetone (M/A) compared to MA in hexane (M/H) on 3 substrate types. MA in 

acetone (0.25 mg/ml) and MA in hexane (0.25 mg/ml) were spotted at room 

temperature on paper type (A) Nitrocellulose, (B) Whatman no1, (C) Silica. Hexane 

(H) and acetone (Ac) were spotted as negative antigen controls. The plates were 

incubated in gallibody type 12 CH1-4 at a concentration of 0.031 mg/ml and developed 

with TMB enzyme substrate solution. Spots for MA in hexane are indicated by red 

arrow and spots for MA in acetone indicated by yellow arrow. Darker spots on (A) 

nitrocellulose indicate holes. 

The results of the immunoblot test (Fig 27) showed that where MA in acetone was 

spotted on nitrocellulose, the nitrocellulose was dissolved at the area of spotting, 

confirming incompatibility, in contrast to where MA was spotted from hexane solution 

(Fig 27A).  The Whatman no 1 substrate, most commonly used as filter paper, was not 

usable as it has a high-water wettability and no spots were visible (Fig 27B). Whatman 

no. 1 was therefore ruled out as a possible substrate for a lateral flow test. Results of 

blot test on silica TLC plate showed spots for MA in acetone and MA in hexane (Fig 

27C), however only one spot of MA in hexane was visible were as both spots were 

visible for MA in acetone. The positive visible signal is far stronger for MA in acetone 
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Figure 5: Immunoblot test to determine viability of MA in acetone (M/A) compared to  
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than MA in hexane. The negative controls (hexane and acetone only) showed no 

detectable signal.  

The MA signals in Figure 27C indicate that MA is antigenic when spotted onto silica 

and that MA in acetone remains antigenic, even to a better degree than when spotted 

from hexane solution. To further investigate the antigenicity of MA in acetone 

compared to MA in hexane on silica a dilution range was done at spotting 

concentrations of 0.25; 0.05 and 0.01 mg/ml. Results of blot test of MA in acetone and 

MA in hexane spotted at a decreasing concentration range is shown in figure 28. 

 

Figure 28: Immunoblot test to determine antigenicity of MA in acetone (M/A) 

compared to MA in hexane (M/H) spotted on silica TLC plate. MA in acetone, MA 

in hexane spotted on silica at dilution range of 0.25 - 0.01mg/ml. Hexane (H) and 

acetone (Ac) only spotted as negative control. The plates were incubated in gallibody 

type 12 CH1-4 at a concentration of 0.031 mg/ml and developed with TMB enzyme 

substrate solution. Spots for MA in hexane are indicated by red arrow and spots for 

MA in acetone indicated by yellow arrow. 

M/H 
0.25 mg/ml 

M/A 

H Ac 

0.05 mg/ml 0.01 mg/ml 

0.25 mg/ml 0.05 mg/ml 0.01 mg/ml 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



92 
 

MA concentration dependent blue positive antibody binding spots were visible for MA 

spotted in acetone and hexane at concentrations of 0.25 mg/ml and 0.05 mg/ml, but 

significantly weaker for spots from MA in hexane, indicated by red arrows. The 

duplicate spots for MA in acetone (yellow arrows) showed clear blue duplicate spots, 

which decreased in intensity with lower concentration, but were much better visible at 

concentration of 0.05 mg/ml compared to that coated with MA in hexane. The 

reproducibility of spotting MA in acetone on silica was also better than the case for MA 

in hexane. The negative controls (hexane and acetone only as spotting reagents) 

showed no detectable signal, testifying to the success of washing away the 

background in the immunoblotting process. 

These results suggest that aluminum backed silica plates may work as substrate for a 

lateral flow immunoassay to detect anti-MA antibodies. Clear antibody binding spots 

were obtained where MA was spotted from acetone solution, while the background of 

unspotted silica could be washed clear with aqueous buffer, indicating no non-specific 

binding of antibodies to silica. In addition, the silica plate was not damaged after 

extensive washing with aqueous buffer. Should it work, then the solvent 

incompatibilities for both MA in automated antigen printing machinery and spotting or 

striping on lateral flow substrates will have been solved, leaving only the susceptibility 

of anti-MA gallibodies to loss of antigen binding activity by labelling as a problem to be 

solved towards the development of a MALIA test that will be suitable for validation with 

human patient sera.  

 

4.2.3 Towards lateral flow immunodetection of anti-MA antibodies on silica 

substrate  

 

In order to mimic a lateral flow test, an MA and stearic acid antigen spotted silica plate 

was vertically placed in a small volume gallibody dilution buffer in a TLC tank, much 

as one would position a TLC plate in a tank to prepare for TLC separation of the 

spotted samples. This is shown in Fig 26, where the buffer is then taken up from the 

bottom of the plate to flow upwards due to capillary force. Figure 29A shows the buffer 

flow dynamics over 3 mins, resulting in a flow speed that compared very well with that 

of commercial lateral flow immunoassays. Besides flow speed, the aqueous wettability 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



93 
 

of the lipid coated spot can also be a problem, as mentioned by Truyts (147). Poor 

wettability would be characterised by indentation of the front of the moving buffer in 

the silica plate when it comes into contact with the lipid MA and stearic acid spots. 

Stearic acid provides a hydrophobic, non-specific negative antigen control. Figure 7A 

shows the buffer flow front between 1 and 2 minutes, during which time contact is 

made with the spotted lipid antigens. No indentation of the front was observed, 

testifying to the fact that the MA (and stearic acid) remained perfectly wettable after 

antigen spotting. Results of the subsequent secondary antibody immunoblot of the 

LFIA plate that was developed with primary antibody under lateral flow conditions is 

shown in figure 29B. Blue spots indicate positive binding of gallibody to MA antigen. 
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Figure 29: Lateral flow of primary anti-MA gallibody on silica substrate spotted 

with MA and a non-relevant lipid antigen control on the test zone. (A) rate of flow 

of primary antibody (gallibody type 12CH1-4 in buffer solution at a concentration of 

0.031 mg/ml) over spotted MA and non-relevant stearic acid lipid antigen. (B) 

Visualisation of the lateral flow immunoassay result after immunoblotting with 

secondary anti-chicken immunoglobulin HRP conjugate. MA spots are indicated with 

yellow arrows and stearic acid with red arrows. Both antigens were spotted from 

acetone solutions in a dilution range from 0,25 -1 mg/ml. 

Figure 29A demonstrates the rate at which the gallibody solution moved up the silica 

plate by capillary force. It took 3 min from the moment it was dipped in the gallibody 

solution to reach 1 cm from the top of the plate. This indicates an adequately fast flow 

5sec 1min 2min 3min 

0.25mg/ml 0.5mg/ml 0.75mg/ml 1mg/ml 
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for LFIA. Figure 29B shows blue spots for MA, which indicate positive binding. The 

blue spots become more pronounced as the concentration increased from 0.25 mg/mL 

to 1 mg/ml. At concentrations exceeding 0.5 mg/ml, white waxy deposits can be seen 

on the spots indicating antigen overload during spotting. The stearic acid (negative 

control) spots produced a whitish ring around the area where it was spotted, indicating 

absence of antibody binding of to the stearic acid. The ring shows darker discoloration 

as the concentration increased. Overall, these results indicate that for a LFIA in this 

format MA in acetone spotted at 0.5 mg/ml gives the best results as the spot is more 

visible than when spotted at a concentration 0.25 mg/ml, while showing the least 

amount of waxy MA deposits. The experiment was repeated as described in section 

4.2.4 with antigen spotting only at 0.5 mg/ml to ensure that the method was 

reproducible. This was found to be the case (Fig 30), as long as one was alert to the 

fact that result recording had to be done within 3 minutes after TMB exposure, after 

which the blue spots lost their contrast with the discolouring background.  

 

Figure 30: Repeats of lateral flow immunoassay of MA (red arrows) and stearic 

acid (yellow arrow) in acetone spotted at 0.5 mg/ml. The two plates represent two 

repeats, of which only the first (left) also had stearic acid spotted. 

Results of figure 30 indicate that the silica based LFIA with MA as antigen and 

gallibody 12CH1-4 is reproducible. Blue spots are seen where MA in acetone was 

spotted at a concentration of 0.5 mg/ml, shown by red arrows, indicating positive 

binding and the stearic acid, shown by the yellow arrow, which again produced only a 

whitish ring around the area where it was spotted.  
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4.4 Discussion 

The unique and remarkable properties of LFAs have contributed to the detection of 

disease biomarkers for rapid and affordable screening of health conditions in man and 

animals. Although the principle of the method has remained unchanged for decades, 

there have been continuous improvements of LFA techniques leading to increased 

sensitivity and reproducibility and the simultaneous detection of several analytes.  

This chapter aimed to demonstrate a workable model of MALIA by overcoming two 

critical challenges of antigen solvent incompatibilities on lateral flow substrates and 

antigen printing machines. This model took the form of an aluminium backed silica 

substrate (intended originally for use in TLC) for LFIA. While MAs have been 

successfully immobilized on nitrocellulose in an antigenic conformation, the commonly 

used MA dissolution solvent hexane is not compatible with the bio-printing machinery 

used for large-scale manufacture of LFIA test assemblies. The discovery of the 

solubility of MAs in acetone was covered in chapter 3, which is a compatible solvent 

for automated antigen printing on lateral flow substrates. Acetone is, however, 

incompatible with printing on nitrocellulose which is seen from figure 27A, where 

nitrocellulose was damaged by dissolution in the area spotted. instead, TLC silica 

plates were found to be the suitable substrate to spot MA antigen on from acetone 

solution as seen in figure 27C by the blue spots, also confirming MA antigenicity after 

spotting and immunoblotting. In figure 28 the superiority of acetone over hexane as 

MA solvents is proven, with stronger stained spots developing on the MA-acetone 

spots compared to the MA-hexane spots.  it appeared that MA spotted from acetone 

is presented as a better antigen on silica than can be achieved with MA-hexane 

solutions. A possible explanation for this is the micellar nature of acetone solutions of 

MA, observed by the homogeneous opaqueness of the solutions, which gradually 

increased within four hours after heating. Hexane solutions of MA remained stably 

clear. It is believed that the micellar packing of MA assists their folding into an antigenic 

conformation before and during adsorption onto silica. 

Additionally, the TLC silica plates allowed for efficient lateral flow of aqueous antibody 

and protein containing solutions. The lateral flow set-up is shown in the schematic 

diagram (Fig 26 A), which is followed by immunoblotting with secondary antibody (Fig 

26 B). The results in Figure 29, demonstrated how well this model worked. No attempt 

was made to label the primary gallibodies, as Alma Truyts clearly proved that this was 
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not feasible option with the given anti-MA gallibodies (147). The aqueous 

antibody/casein hydrolysate buffer solution flowed up the plate by capillary force at an 

adequate speed typical of existing commercial LFIAs. Literature suggests LFIA 

substrates with a faster flow speed during running affect the amount of reaction time 

for the antibody (147,194) and that a slower flow rates improves sensitivity. As seen 

in figure 29B, fast flow rate did not abolish the reaction of gallibody to spotted MA 

antigen, because a positive binding signal was observed by the blue spots of which 

the intensity increased with increasing concentration of MA. It was concluded that the 

best concentration to spot MA from acetone in this format is 0.5 mg/ml. This was 

further proven by figure 30 where MA in acetone was spotted 4 times to assess the 

reproducibility of the reaction. Wettability of the spotted MA to ensure proper contact 

with primary anti-MA gallibody was achieved nicely, evidenced by a homogeneously 

blue stained MA spot, as compared to peripheral half-moon stains obtained by Truyts 

for MA-hexane spots on nitrocellulose (147). The ability of the gallibodies to 

specifically recognize MAs in a LFIA test demonstrates the feasibility of developing the 

test further into a competitive LFIA test.  

Further challenges of MALIA exist due to the cholesteroid nature of MA and the 

presence of anti-cholesterol antibodies in patient sera that may cross-react. The 

gallibodies then need to outcompete the serum anti-cholesterol antibodies for binding 

to MA but not the anti-MA antibodies. This then also serves to limit the cross-reactivity 

of the test that would occur in the case of direct detection. The fast rate of flow towards 

and over MA may overcome binding of low avidity cross-reactive anti-cholesterol 

antibodies. Thus, a preliminary MALIA proof of principle was achieved by 

demonstration of a fast rate of movement of sample buffer and gallibody mixture 

through silica substrate to give a homogeneous antibody binding signal on the test 

spot. 

This is the first study where the principle of MALIA on silica based lateral flow substrate 

was demonstrated.    
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Chapter 5: Concluding Summary 

 

Tuberculosis (TB) remains the leading infectious cause of death worldwide. It is 

estimated that 1.7 billion of the global population is living with latent TB (17) of which 

∼10% are likely to develop active TB within 2 years after initial exposure (195,196). 

The risk of reactivation of latent TB is remarkably high among individuals infected with 

the human immunodeficiency virus (HIV). The World Health Organization (WHO) aims 

to reduce TB-related mortality by 95% and incidence by 90% between 2015 and 2035 

through its End TB strategy (29,66). This goal is to be achieved with more effective 

vaccines and treatment regimens and improved diagnostic tests. Current diagnostic 

tools in routine clinical use today rely on sputum-based testing, which has consistently 

demonstrated poor sensitivity, especially in immune compromised individuals and 

children who are unable to produce sputum of the desired consistency(197,198) There 

have been tremendous improvements in diagnostic tests for TB over the last few years 

(66). Despite these advances, no test is able to meet all the required specifications in 

terms of performance (sensitivity and specificity), ease of use, cost, rapidity of 

diagnosis, and the ability to generate same-day results at point of care (POC). The 

most important contribution to the End TB strategy will be the POC platforms which 

will make TB diagnosis more accurate, affordable and widely available for patients and 

care providers (29). 

Proper and rapid diagnosis is key to control TB. However, an accurate and rapid POC 

test that is usable in field conditions is still elusive. POC diagnostics for TB are critical 

in resource-limited settings, where the largest burden of TB lies. The goal of POC 

testing remains to provide immediate and convenient rapid diagnostic testing at or 

near the site of patient care. Lateral flow or Lateral Flow Immunoassay (LFIA) 

technology is one of the most successful and simple rapid diagnostic testing systems. 

The current global challenge is to develop and process already identified biomarkers 

into diagnostics with a POC format.  

This study investigated the use of mycolic acid (MA) to detect TB patient anti-mycolic 

acid antibody biomarkers towards a workable LFIA model for diagnosis in a POC 

environment, which would fulfil a great need in the management and control of the TB 

epidemic. 
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The use of MA antigens to detect antibodies as surrogate markers for TB diagnosis 

was shown to be feasible in ELISA assays, albeit of limited accuracy (79, 122). Mycolic 

Acid Real Time Inhibition assay (MARTI) makes use of MA and antibodies against 

mycolic acid for the detection of TB with evanescent field biosensors (81,140). 

Although this method has been successful in the serological diagnosis of TB, this 

system remains highly impractical in resource-limited settings as the biosensor 

equipment requires highly skilled personnel for operation and costs included are 

extremely high (140). While developments have been made in converting the 

biosensor method into a more user-friendly process using electro-impedance 

spectroscopy (EIS), challenges remain on containing the cost and making it 

independent of a laboratory environment to serve as a point of care device. As a result, 

a new device needs to be developed employing the use of mycolic acids and labelled 

monoclonal anti-mycolic acid antibodies in a simple process that can be used in a 

POC set up. This gave rise to a research programme aiming towards developing a 

Mycolic Acid Lateral-flow Immunoassay Assay (MALIA).  

In performing the MALIA test, MAs are used to indicate the presence of active TB in a 

patient with the use of monoclonal anti-mycolic acids antibodies. However, it was 

found that MA can fold in such a way as to assume a structure that relates to 

cholesterol (86). This leads to cross-reactivity occurring between anti-cholesterol 

antibodies and anti-mycolic acid antibodies. One way to overcome this problem is by 

using monoclonal antibodies that are monospecific to MAs. Work done by Ndlandla et 

al, (123) selected and established stably expressing recombinant phage antibodies to 

mycobacterial mycolates from a chicken antibody gene library. These were converted 

to divalent IgY-type chicken antibodies (gallibodies) by Ranchod et al. (86). 

Recombinant, monoclonal anti-MA gallibodies can be applied in a lateral flow 

immunoassay as a basis for the development of a MALIA point of care TB diagnostic. 

 

This study set out to demonstrate a workable model of MALIA, using MA isolated from 

self-cultured M. tuberculosis according to conditions established by Ndlandla et al. 

(123). Purification of the MA was done according to the protocol of Goodrum et al. 

(92), but the process was upscaled to yield a larger amount of pure MA per run by 

loading more concentrated MA crude extract for CCD purification. MA from crude 
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extracts was successfully purified using CCD purification followed by acetone 

precipitation yielding pure MA.  

 

In chapter 2, thin layer chromatography (TLC) was used for the analytical tracking of 

MAs from the crude extract to post purification state. Acetone precipitation should 

ideally remove all contaminants that the CCD could not eliminate and leave pure 

uncontaminated MA. The TLC done post acetone precipitation confirmed this fact, but 

the MA yield obtained was only 4.8%. When this is compared to the maximum potential 

yield of MA crude mycobacterial extract that was determined by Goodrum et al. (92), 

then the upscaled purification caused a 37% loss of MA.  It was then deemed 

imperative to re-assess the acetone waste after the last step of acetone precipitation 

for the presence of any acetone soluble MA. Due to the fact that the purification 

procedure was run with more concentrated MA than ever done before, the possibility 

some of the MA could have been filtered with the acetone during the acetone 

precipitation procedure, accounting for the loss of yield. This study was the first 

attempt at upscaling the CCD purification process. It was never before explored 

whether any MA was retained in the acetone filtrate (AcF) fraction after acetone 

precipitation of the CCD purified MAs as it was thought that MA is not soluble in 

acetone, a fact that is based on the observation that MA does not dissolve at all in 

acetone at room temperature.  

 

In chapter 3 the presence of antigenic MAs in AcF was investigated through the 

probing of the AcF with gallibodies for binding and signal detection by means of ELISA. 

The ELISA results led to the discovery that the AcF did in fact contain antigenic MAs. 

Probing of the TLC chromatogram directly with the gallibodies affirmed that the MAs 

in AcF lose antigenicity when the components of the complex are separated from one 

another with TLC. It was hypothesized that the MA in AcF could possibly exist in a 

non-covalent antigenic complex. This complex could be a mycolate bound to its 

organic counter-ion. This was further investigated by introducing alanine as an organic 

counter-ion. Exposing MA to alanine at high temperatures did not influence the 

acetone solubility of the MA. This work did, however brought to light the fact that the 

AcF fraction, that is normally regarded as waste could contain antigenic MA.  
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Although the attempt of complexing mycolate and an amino acid counter-ion did not 

succeed, the results brough to light the solubility of MA in acetone by first heating the 

solution and then allowing it to cool. Observations lead to the discovery that MA 

remains in solution of acetone to a maximum solubility of 0.25mg/ml for up to four 

hours at room temperature after heating, after which it coagulates in sizes that cause 

its sedimentation out of solution. It can be hypothesized that once heated, MA 

becomes soluble as a micellar suspension that coagulates into growing micelles until 

it sediments after several hours of cooling. This is an interesting idea to pursue in 

future research. Regardless, the important discovery of solubility of MAs in acetone 

may overcome challenges in development of lateral flow test such as low avidity of 

binding, compatibility of antigen solutions for antigen printing instruments and 

substrates used in the development of a workable model of MALIA 

The hypothesis tested in this study is that use of recombinant, monoclonal anti-MA 

gallibodies in a LFIA can be applied as a basis for the development of a MALIA point 

of care TB diagnostic. Previous work showed that the application of the gallibodies in 

a MALIA test faced several challenges, mainly due to incorporation of lipid antigens 

such as MA (140). This is due to the fact that most lateral flow immunoassays make 

use of protein antigens, for which the nitrocellulose substrates have a high protein 

binding capacity, thus making them suitable for tests with protein antigens and 

antibodies (140). Lipid immobilisation on nitrocellulose did not work, while the typical 

low avidity of anti-lipid antibodies presented an almost unsurmountable problem of 

labelling.  

Previous work done in our research group successfully immobilized MA from hexane 

on nitrocellulose in an antigenic conformation. Even though this was a success, 

hexane is not compatible with the bio-printing machinery used for LFIA. The 

dissolution of MAs in acetone solves this problem. In chapter 4, spotting of MA in 

acetone on possible LFIA substrates was explored. Acetone is, however, incompatible 

with nitrocellulose. Instead, TLC silica plates were found to be suitable as substrate to 

immobilize MA antigen on from acetone solution. It appeared that MA is presented as 

a better antigen in acetone than hexane on silica, due to the stronger indicator colour 

that developed on spots from acetone solutions of MA. Additionally, the TLC silica 

plates allowed for rapid lateral flow of aqueous antibody solutions. In the LFIA test, the 

solution of gallibodies move by capillary flow to approach the MA-coated spot. The 
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binding of the gallibodies to the MAs was then confirmed using an HRP-conjugated 

secondary antibody, providing a visual colour. The lateral flow immunoassay substrate 

nitrocellulose can therefore be replaced by immobilised silica. The rapid capillary flow 

may also overcome binding of low avidity cross-reactive anti-cholesterol antibodies, 

thereby limiting any effect of false positive testing in this application of MALIA. 

The proof of the MALIA principle was therefore achieved, in support of the stated 

hypothesis to this effect. The fast rate of movement of sample buffer and gallibody 

mixture over silica substrate to give visual colour signal with secondary antibody 

binding all contributed to this proof of principle. Direct labelling of the indicator 

recombinant monoclonal gallibody was not attempted, after Truyts convincingly 

demonstrated the poor feasibility of that (147). Direct labelling of the indicator 

antibodies would have provided a more ideal demonstration of a workable MALIA. My 

fellow MSc student, Mosa Molatseli, has been investigating this possibility in parallel 

by attempting the multimerisation of recombinant anti-MA chicken scFv’s to provide 

indicator antibody molecules of higher binding avidity and more resistance to chemical 

modification by labelling (199). 

This is the first study where the principle of MALIA on silica based lateral flow substrate 

was demonstrated. The potential impact of MALIA as a POC test would be of 

enormous public health benefit in South Africa, but also the developing world burdened 

by the TB epidemic. Access to rapid, simple, affordable and reliable TB diagnostics at 

POC is crucial to the TB epidemic eradication and reducing the burden of disease. 

This now seems to be feasible to achieve. The need for simpler methods to accurately 

diagnose TB in high risk populations including children and people with immune 

suppression such as HIV cannot be overstated—the faster a patient is screened, the 

quicker treatment can be initiated, ultimately reducing morbidity and reducing the 

spread of TB. This work has made a critical contribution to the technical development 

of the MALIA POC TB diagnostic test. 
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