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Summary 

 

South Africa currently has the highest incidence of TB per 100 000 people in the 

world. In 2007 alone 112 000 people died of TB in South Africa, of which 94 000 

were co-infected with HIV. Although TB treatments exist, poor patient compliance 

and drug resistance are challenges to TB management programs worldwide. Here, this 

challenge was addressed by the development of a polymeric anti-TB nanodrug 

delivery system for anti-TB drugs that could enable entry, targeting and sustained 

release for longer periods, hence reducing the dose frequency and simultaneously 

improve patient compliance. The aim was to prepare functionalised polymeric nano 

drug delivery vehicles to target TB infected macrophage cells. Successful nano 

encapsulation of anti-TB drugs was achieved and uptake of the antibiotics in the cells, 

demonstrated. A possible targeting agent, mycolic acids (MA) from M. tuberculosis 

was explored. The MA incorporated into nanoparticles could possibly serve as a 

ligand for cholesterol-rich areas, due to the cholesteroid nature of MA and the fact 

that MA is attracted to cholesterol. In another targeting scenario, MA incorporated 

into nanoparticles may interact with the anti-mycolic acid antibodies that are 

anticipated to be present in higher concentrations at the infected areas. The 

cholesteroid nature of MA was confirmed and how it related to the fine structure of 

the MA. The prepared MA containing nanoparticles were shown in vitro to be taken 

up in macrophage cell lines, without the MA hindering the uptake of the particles. In 

terms of toxicity, nanoparticles with or without MA were found to be acceptable for 

use, although MA did affect the viability of the cells more than poly, DL, lactic-co-

glycolic acid particles alone in in vitro studies. This paves the way for testing MA as a 

ligand to target anti-TB drugs to the sites of infection in human TB patients. 
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Opsomming 

 

Suid Afrika het tans die hoogste insidensie van TB per 100 000 mense in die wêreld. 

In 2007 het 112 000 mense gesterf van TB in Suid Afrika waarvan 94 000 mense ge-

ko-infekteer was met MIV. Alhoewel TB behandeling bestaan, is daar ‘n groot 

uitdaging vir TB programme in die wêreld as gevolg van swak pasiënt-voldoening 

asook middel weerstandigheid wat ontstaan. Hierdie uitdaging is aangespreek deur die 

ontwikkeling van ‘n polimeriese anti-TB nanomiddel-aflewering stelsel wat 

opneembaarheid kan verhoog asook stadige vrystelling van die middel kan 

bewerkstellig wat dan die dosis kan verlaag en pasiënt-voldoening kan bevorder. Die 

doel van die projek was om die anti-TB nanomiddel aflewering stelsel te sintetiseer en 

dit na TB geïnfekteerde selle te teiken. Die nanopartikels was suksesvol gesintetiseer 

met geïnkorporeede anti-TB middels wat in selle opgeneem was. ‘n Moontlike 

teikenmiddel, mikoolsure van die M. tuberculosis bakterieë is ondersoek. Die 

mikoolsure kon geïnkorporeer word in die nanopartikels wat as ‘n ligand sou kon dien 

vir die cholesterol- ryke areas as gevolg van die cholesteroïede aard van die 

mikoolsure, asook die feit dat mikoolsure aangetrek word deur cholesterol. ‘n Ander 

moontlikheid is dat die mikoolsure met anti-mikoolsuur teenliggame kan reageer wat 

waarskynlik in hoër konsentrasies teenwoordig sal wees in die geïnfekteerde areas. 

Die cholesteroïede aard van die mikoolsure was bevestig, asook hoe die struktuur van 

die mikoolsure daarmee verband hou. Daar is aangetoon dat die mikoolsuur- 

bevattende nanopartikels in vitro in selle opgeneem word sonder dat die mikoolsure 

die opname belemmer het. In terme van toksisiteit was die nanopartikels met en 

sonder mikoolsure bevind om geskik te wees vir gebruik, alhoewel die mikoolsure die 

lewensvatbaarheid van die selle meer ge affekteer het as die poly, DL, lactic-co-

glycolic acid-partikels alleen in in vitro studies. Die resultate maak die pad oop om 

mikoolsure te toets as ligande om anti-TB middels te teiken na die geïnfekteerde loki 

van TB pasiënte.  
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Chapter 1: General introduction 

 

1.1 Epidemiology of tuberculosis 

 

Tuberculosis (TB) has returned to become one of the leading causes of preventable 

deaths in some 200 countries and territories, including South Africa [1]. 

Paleopathology studies showed that the M.tb complex was detected even in Egyptian 

mummies by making use of modern day DNA and HPLC analysis [2, 3]. The bacillus 

causing the actual disease, Mycobacterium tuberculosis (M.tb), was identified and 

described by the German physician Robert Koch in 1882 [4]. Prior to Robert Koch’s 

work, the disease “consumption” was believed to have various sources depending on 

the affected community’s folklore [5]. Early treatments focused on a healthy diet and 

the administration of expectorants and purgatives, with the first sanatorium opened in 

1854 in Germany where good hygiene and fresh air were thought to stimulate the 

body’s natural immune system. Consequently the success rate was much higher than 

any previous treatment and the system was adopted by other countries such as Britain. 

The further critical improvement of public health reduced the number of tuberculosis 

cases even before the introduction of antibiotics in the mid 20th century [6].  

However, an increase in mortality rates from the 1980s changed this perception 

dramatically. It could be attributed to the breakdown in health services, the spread of 

HIV/AIDS and the emergence of multidrug-resistant TB (MDR-TB) [5]. Co-infection 

with the human immunodeficiency virus (HIV), a phenomenon that started in the 

1980s and became eminent in the late 1990s, causes a severe burden on the 

individual’s immune system making them susceptible to opportunistic infections, of 

which TB is the most prominent. The mortality rate for individuals which are co-

infected with TB is very high [1]. MDR-TB is a dangerous form of drug-resistant TB, 

that comes about when the infecting bacillus develops resistance to at least INH and 

RIF, the two most often used first line anti-TB drugs.   

As indicated in the global tuberculosis control report of 2009 from the world health 

organisation [1], South Africa currently has the highest incidence of TB per 100 000 

(358 per 100 000) people in the world. In 2007 an estimated 112 000 people died of 
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TB in South Africa alone, of which 94 000 (72%) were co

2007, the prevalence of TB per 100,000 people was highest in sub

and was also relatively high in Asia 

 

Figure 1.1 Worldmap indicating TB incidence for 2007 

 

1.1.2 MDR-TB in South Africa

 

The serious threat of tuberculosis, especially 

(XDR) TB, is a great concern 

with HIV/AIDS. XDR-TB 

compounded by an additional 

fluoroquinolones and at least one of the three injectable

capreomycin) [7].  

The concern about XDR-TB 

Church of Scotland Hospital

hospitalized at the time, 

diagnosed with XDR-TB. 

thought that the co-infection of 

their development of XDR

Moll at the 2nd TB conference
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, of which 94 000 (72%) were co-infected with HIV 

2007, the prevalence of TB per 100,000 people was highest in sub-Saharan Africa, 

and was also relatively high in Asia [1] as illustrated in figure 1.1.  

Worldmap indicating TB incidence for 2007 [1]. 

TB in South Africa 

The serious threat of tuberculosis, especially MDR and extensively 

great concern in Southern Africa particularly pertaining to 

TB comes about when resistance to INH 

an additional resistance to the second line drugs, including 

uinolones and at least one of the three injectables (kanamycin, amikacin or 

TB was emphasized following a clinical study in 2006 

Church of Scotland Hospital in KwaZulu-Natal, South Africa. Of the 536 TB patients 

 221 were found to have MDR-TB, of which 

TB. Of these, 52 died within 25 days. At the time,

infection of 44 of these patients with HIV was the reason behind 

their development of XDR-TB [8]. However, recent evidence presented 

TB conference, 1-4 June 2010 in Durban South Africa, 

2 

infected with HIV [1]. In 

Saharan Africa, 

 

extensively drug resistant 
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INH and RIF is 
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study in 2006 at the 
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which 53 were 
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presented by Dr. Tony 
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the XDR-TB primarily originated in the hospital through inadequate infection control. 

XDR-TB developed in patients that never had TB or HIV infection before, but were 

hospitalized for other ailments in wards that held one or two undiagnosed XDR-TB 

patients. In another study done in a HIV co-infected population at a South African 

gold mine, it was found that existing TB control measures were insufficient to control 

the spread of drug resistant TB. Furthermore inappropriate therapy as well as a delay 

in diagnosis contributed to drug resistance and the transmission of the disease [9].  

 

1.2 TB treatment 

 

The era of antibiotics started when streptomycin was discovered in 1946 followed by 

the successful testing of isoniazid (INH) in 1952, which was shown to be the most 

important antibiotic in the standard treatment regime against TB. Other drugs were 

developed in the following years: pyrazinamide in 1954, ethambutol in 1962 and 

rifampicin (RIF) in 1963 [5].  

The treatment of tuberculosis differs from that of other infectious diseases due to the 

long treatment time needed to cure the patient [10]. A characteristic difficulty of 

tuberculosis is the persistence of the pathogenic mycobacteria, regardless of 

prolonged antibiotic treatment. The micro-environment containing dormant bacteria 

could change over a period of time causing the bacteria to recommence growth, at 

which stage they are vulnerable to the standard drugs [11, 12]. Because some of the 

subpopulations of M.tb may not be eliminated effectively with standard antibiotics, 

prolonged periods of the treatments are required [13]. These heterogeneous 

subpopulations of the bacteria are able to survive within granulomatous lesions 

surrounded by foamy macrophages in a persistent or latent state, with lacking clinical 

symptoms [13, 14]. Most bactericidal drugs are only effective against actively 

growing bacilli and the extended treatment times are needed to then inhibit the 

regrowth of the bacteria [15]. The length of treatment depends on the presence of non-

replicating bacteria and pathogens in a stationary phase present in old lesions of 

fibrotic tissue [16]. The implementation of a 6 month or longer treatment regime with 

antibiotics for cases of susceptible TB resulted in a remarkable reduction in the 
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number of deaths of tuberculosis cases per 100 000 population in the 1960s, such that 

TB was thought to be a curable disease that was easy to manage.  

Antibiotics against TB can be classified into two lines of combination treatment, of 

which application of the more expensive and less efficient second line is dictated by 

the development of drug resistance to the first. The decision to commence with a 

treatment regime for TB is not taken lightly, due to the severe side effects that can 

occur. For example, first line drugs can cause, drug induced hepatitis, nausea, 

deafness and progressive loss of vision [10]. The first line of drugs includes INH, RIF, 

ethambutol, pyrazinamide and streptomycin used for the treatment of drug sensitive 

TB. There are currently 6 second line drugs used for the treatment of MDR-TB. 

However theses drugs have more toxic side effects (e.g. cycloserine). Second line 

drugs are difficult to come by in developing countries (e.g. fluoroquinolones) or are 

less effective than first line drugs (e.g. p-aminosalicylic acid). XDR TB brought the 

concept of ’third line’ drugs to the fore that may be used in such extreme cases as a 

last resort. These are drugs that are not listed by the WHO as second line drugs or of 

which the efficacies are not yet proven [17].  

The current standard first line treatment regimen according to the South African 

tuberculosis control programme of 2004 consists out of an initial (or intensive) phase 

of 2 months consisting of 4 drugs INH, RIF, pyrazinamide, and ethambutol. 

Streptomycin is added to the regime when the person is re-treated for TB. A 

continuation phase of 4 months with INH and RIF follows after the intensive phase to 

effect sterilization, i.e. the complete elimination of the infecting mycobacteria [10]. 

Due to the duration of the treatment and the increased probability of non-compliance 

that this holds for the patient, drug resistance to any one drug can develop.  

Most of the standard chemotherapy is not effective for individuals that have MDR-TB 

and there is practically no cure for XDR-TB. Drug resistant mycobacterial pathogens 

are increasingly detected in persons who have been previously treated for TB where a 

possible cause could be the failure to complete lengthy drug regimens and the 

pathogens becoming resistant to especially the two first line drugs, INH and RIF 

through mutations [16, 18-20]. The approach to control this disease now is either to 

discover new chemotherapies effective against M.tb, as well as to enhance the 

potential of existing drugs to treat MDR-TB [21].  
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Treating TB patients who are co-infected with HIV poses some major challenges. 

This includes drug-drug interactions between antiretroviral drugs (protease inhibitors 

and non- nucleoside reverse transcriptase inhibitors) and rifamycins, which could 

result in subtherapeutic concentrations of anti-retroviral drugs. When overlapping 

toxicities of the anti-retroviral and anti-tuberculosis drugs increase, discontinuation of 

the treatment may be required. Another complication is immunopathological reactions 

and clinical deterioration due to immune reconstitution inflammatory syndrome where 

a worsening or recurrence of TB occurs when antiretroviral treatment is commenced. 

It is suggested that antiretroviral therapy should be delayed until the intensive phase 

of anti-tuberculosis treatment is completed, but delayed antiretroviral therapy on the 

other hand also increases the risk of morbidity and mortality in patients in the 

advanced stages of HIV [20, 22]. 

If a new TB treatment is going to replace the already existing therapy then it should at 

least shorten the duration of treatment or reduce the number of dosages to be taken. 

Furthermore the new drug should improve the treatment of MDR-TB or provide 

effective treatment against latent TB infection [23]. A current approach to address the 

efficacy of drug treatment lies in the investigation of novel systems for drug delivery. 

One such approach that was investigated during the course of this thesis investigated 

the feasibility of using sustained release nanoparticles together with a targeting ligand 

to target TB infected cells. 

 

1.3 Nanoparticles (NP) as drug delivery vehicles 

1.3.1 Background 

 

Improvement of anti-tuberculosis drugs has enjoyed a lot of attention in the past 

decade [16]. New approaches for TB drug treatment are becoming essential to combat 

this disease, especially for patients with co-infections and drug resistance. Various 

therapeutic compounds suffer from limitations which are primarily due to low 

solubility, short half life, rapid clearance from the biological system and considerable 

side effects. Some anti-tuberculosis agents such as RIF have several drawbacks with 
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poor aqueous solubility, low stability and poor bioavailability [16]. A way to address 

this issue lies in the development of nanotechnology based drug delivery systems.  

Nanotechnology has many definitions but can mainly be summarised as “the design, 

characterization, production, and application of structures, devices, and systems by 

controlled manipulation of size and shape at the nanometer scale (atomic, molecular, 

and macromolecular scale) that produces structures, devices, and systems with at least 

one novel/superior characteristic or property [24]. 

Under this definition also falls the study of medicine in the nanometer scale. 

Nanomedicine could be defined as “the use of nanoscale or nanostructured materials 

in medicine that according to their structure have unique medical effects” [25].  

Some of the earliest forms of nanodrug delivery vehicles were lipid vesicles i.e. 

liposomes described in 1960’s by Bangham et al. [26]. Since then several organic and 

inorganic molecules were investigated for their use as vehicles in nanomedicines. The 

first example of a controlled release polymer was reported in 1976 [27]. Thereafter 

cell specific targeting of nanomedicines were investigated with vehicles such as 

liposomes in 1980 [28]. In later studies the use of polyethylene glycol (PEG) to 

increase blood circulation time for liposomes and polymers followed. The approval of 

doxorubicin liposomes for the treatment of AIDS associated Kaposi’s sarcoma was 

achieved in 1995 [28]. From there onwards an array of nanomedicine devices were 

patented and described in literature with the majority aiming at improved drug 

solubility and addressing poor bioavailability [25]. In a study done by Wagner and 

colleagues in 2006 they identified 38 nanomedicine products on the market 

contributed to 75% of the total sales on drug delivery systems. However, none of the 

current nanomedicines approved for commercial use was for the treatment of TB [25]. 

Some of the physiochemical properties that make nanomedicine so appealing will be 

discussed in more detail.  

 

1.3.2 Physicochemical properties 
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The advantage of nanomedicine lies in the size of the material/particles used, the 

ability to be able to control the release of the therapeutic agent and being able to cross 

biological barriers that hindered successful therapies in the past [29]. Further more, 

NPs can improve drug solubility and facilitate intracellular drug delivery as well as 

targeting drugs to the site of infection. The small size of the nano molecules can assist 

in the uptake and biodistribution of the particles in that they could more easily 

traverse capillaries and therefore penetrate deeper into the target areas, thus increasing 

accumulation and diffusion in the tissue as was shown by Rijcken et al. They also 

indicated that the size could influence the circulation half life. As the size decreases, 

the circulation time increases as the smaller particles are less prone to opsonisation, 

thereby reducing the required frequency of drug intake, increasing the efficacy of the 

dose and possibly even shortening the duration of treatment [30].  

Passive or active targeting can be achieved with nanoparticulate drug delivery 

systems. Passive targeting is mostly achieved because of the small size and longer 

circulation time of the particles that facilitate accumulation at the pathological site, 

possibly due to locally increased capillary permeability [31]. With active targeting, 

the surface of the nanoparticle is modified with targeting molecules (homing devices) 

that interact with their ligands in the tissue and may provide a way for the drugs to 

reach the site of interest with high specificity  [31]. 

The zeta potential or the surface charge of the particle is also a good indicator for the 

probability of particle uptake. Phagocytosis increases when a particle has a positive 

charge compared to being neutral or negative [30]. Additionally the stability of the 

nanoparticles in terms of aggregation in different media can be predicted with the 

known zeta potential. Neutral nanoparticles tend to aggregate, while charged 

nanoparticles repel one another [30, 32, 33]. 

In comparison to more bulky carriers smaller particles have a larger surface area per 

unit of mass, due to the increase in surface-to-volume ratio. This can influence the 

release kinetics of the particles. The controlled release of a therapeutic agent from a 

nanocarrier is a big gain from this technology. Nano encapsulated pharmaceuticals 

can be obtained by dissolving, entrapping, encapsulating or binding of the drug to the 

nanoparticle matrix.  
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The encapsulated or adsorbed drugs can be released from the nanoparticle carriers in a 

number of different ways. Desorption of the drug from the surface, diffusion through 

either the nanoparticle matrix or nanoparticle wall, erosion of the nanoparticle matrix 

and a combined erosion diffusion process [34, 35]. The rate of release of the drugs 

depends mostly on the degradation, solubility and diffusion of the composition of the 

matrix material. For example the molecular weight of the polymer determines the 

degradation rate of the material, wherea higher molecular weight compound degrade 

slower than a compound with a lower molecular weight. Other advantages of 

nanoparticles include the chemical control of surface characteristics and the actual 

polymer composition to form different constituents of the polymer to suit the needs 

for the different routes of administration [36].  

 

1.3.3 Preparation and  modification of  polymeric nano carriers 

 

Different nanotechnologies are available that have been applied for medical purposes 

and drug development. Nanoparticle drug delivery systems can either be formulated 

with synthetic or natural compounds [35]. Formulation is one of the most important 

considerations for nanocomposite systems. Nanoparticle composition and morphology 

of the core and corona determine the type of nanoparticles produced [30]. The nature 

and density of the nanoparticle coatings, their size and dissolution properties are the 

primary factors that determine the efficacy of drug delivery. 

Polymeric nanoscale vesicles can be chemically modified and manipulated to have 

different surface ligands and physical properties to contain a number of different 

therapeutic agents for various diseases, as illustrated in figure 1.2. Typically the 

materials for forming the nanoparticles have been prepared mainly by dispersion of 

the preformed polymers or polymerization of the monomers [34]. 
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Figure 1.2 Schematic illustration of different modifications and usages to formulate the nanodrug 

carrier [37].  

 

Nanoparticles can also be synthesized from different materials to control the rate of 

drug release, capacity for drug loading and intracellular trafficking of the particle. The 

material can be designed to protect and stabilize the particles in adverse physiological 

and external environments. Physical stability of the nanoparticulate system can be 

controlled to avoid aggregation and sedimentation over time that could create a 

potential safety concern [38]. Addition of ligands or modifications to the surface of 

the nanoparticles have been shown to achieve certain beneficial properties, like 

increasing retention time in blood by evading opsonisation and targeting to the site of 

infection to reduce the normal dosage required [35, 37]. Surface antigens such as 

peptides, nucleic acid aptamers and antibodies have been added to functionalize the 

surface of the particle and to target certain ligands in the biological environment [30, 

39-41].  

A major biological barrier in controlled drug delivery is the process of opsonisation, 

where opsonins such as antibodies or complement molecules bind to a foreign 

molecule to enhance the process of phagocytosis and therefore clearance of the 

particle by the immune system. Surface modification of the nanoparticles with ligands 

aiming at increasing the active life of the material was demonstrated with PEG or 

PEG containing copolymers. The PEG was grafted or adsorbed to the surface of the 
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nanoparticle to form a hydrophilic layer that increased the blood circulation time, 

possibly due to the hindrance of the adsorption of plasma proteins (or opsonins) onto 

the surface of the nanoparticle [30, 42, 43]. Pluronics, copolymer surfactants made 

from poly(ethylene oxides) and poly(propylene oxide) mixtures, were also used to 

increase circulation and were found to be less prone to phagocytosis and better able to 

accumulate within tumour cells by enhanced permeation and retention (EPR) through 

passive targeting [44]. Polaxamers, consisting of block copolymers of ethylene oxide 

(EO) and propylene oxide (PO), have also been used to coat nanoparticle surfaces to 

prolong circulation time and to reduce the uptake in the liver [31, 43]. Polysorbate 80 

(Tween 80) coated nanoparticles are an example of molecules that enable the 

nanoparticles to cross the blood-brain barrier [45]. 

 

1.3.4 Different types of nanodrug delivery systems 

 

A variety of drug delivery systems exist that can be used to improve the efficacy of a 

drug. Here, the focus will be on the different types of nanodrug carriers that are 

currently employed for therapeutics (Figure 1.3). 

 

1.3.4.1 Liposomes  

 

Liposomes (lipid vesicles) consist of a phospholipid bilayer with an aqueous core. 

They can be nano or micro sized. The large variety of phospholipids that can be used, 

allows for formulation of a range of biochemical and biophysical properties of 

liposomes [46] to incorporate hydrophobic agents within the membrane layer or 

entrap hydrophilic molecules in the aqueous core. Liposomes are taken up readily by 

phagocytic cells of the reticuloendothelial system making them ideal carriers for 

targeting macrophages, in particular when negatively charged phospholipids are 

included in the liposome formulation that enhance macrophage binding and uptake. 

Some limitations that this type of carrier pose is that they tend to be leaky, thus 

controlled release is not as effective, and also the liposomes is not very stable over 

time during storage [46, 47].  
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1.3.4.2 Dendrimers  

 

Dendrimers are well defined hyperbranched macromolecules with a three dimensional 

structure usually with a size range of 1-100 nm. Dendritic polymers may be 

symmetrical, monodispersed branched structures or could be irregular, polydispersed 

assemblies of random hyperbranched polymers, thereby providing a number of 

options to select for incorporating therapeutic drugs. The end groups of the branched 

chains can be functionalized in order to bind molecules such as proteins and 

antibodies, these dendrimers could be challenging to synthesize to obtain the 

organised architecture required to form the specific dendrimer  [48]. 

 

1.3.4.3 Nanoemulsions 

 

Nanoemulsions are nanodispersions generated spontaneously and are formed from 

translucent oil in water dispersions. These emulsions are stable in suspensions due to 

their small droplet size [38]. Colloidal suspensions of high concentrations of pure 

drugs together with surfactants are called nanosuspensions. These suspensions are 

normally used for drugs that have a limited solubility in water and in oils [38]. The 

technique to form these suspensions is quite cost-effective, because poorly soluble 

drugs can be handled better, requiring simpler techniques such as high pressure 

homogenization, in the manufacturing process.  

 

1.3.4.4 Niosomes 

 

Niosomes, another type of nanodispersions are liposome-like vesicles produced from 

charged phospholipids and non-ionic surfactants. These molecules were developed as 

alternatives to overcome several limitations of liposomes. Niosomes can be used to 

host hydrophilic and hydrophobic drugs [16, 49].  
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1.3.4.5 Solid lipid nanoparticles (SLN) 

 

SLN are formed from nanocrystalline suspensions of lipids prepared in water. It 

provides better encapsulation efficiency and stability than liposomes [16] and both 

hydrophilic and hydrophobic drugs can be incorporated [50]. The preparation method 

uses minimal amounts of organic solvents. In comparison, polymeric nanoparticles 

require high volumes of organic solvents in the manufacturing process that affect both 

the price and the quality control of the product [16].  

 

1.3.4.6 Polymeric micelles  

 

Polymeric micelles are formed by the self assembly of amphiphilic polymers in water. 

The hydrophilic portion of the molecules form the outer most layer of the micelle 

exposed to the aqueous environments where hydrophilic drugs could be added, 

whereas the micelles form a hydrophobic core where hydrophobic type drugs could be 

incorporated in order to facilitate solubility in the aqueous environment [16]. 

Extended drug release and circulation time are some of the advantages of the 

polymeric micelles [38].  

 

1.3.4.7 Polymeric nanoparticles  

 

Polymeric nanoparticles are formulated and synthesized according to the requirements 

needed for the specific type of therapy [35]. Biodegradable polymers are preferred 

materials as they have the additional advantage of biocompatibility with cells [51]. 

Upon synthesis of the nanoparticles, the drug molecules can either be entrapped inside 

or adsorbed onto the surface of the particle. The challenge of these type of particles 

are the use of solvents during the synthesis process [16, 34, 35].  

A number of commonly applied polymers will be described in more detail.  
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Figure 1.3 Schematic illustration of a variety of drug delivery systems (adapted from www.scf-

online.com/english/25e/images25e/daniels1b25e.gif)[52].   
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1.3.4.7.1 Polylactic acid (PLA) 

 

PLA, (Figure 1.4) is a polymer that is often used. It can be prepared with a salting out 

procedure, thereby avoiding the use of chlorinated solvents. With characteristics of 

good biocompatibility and biodegradability, PLA is often used to encapsulate proteins 

with minimal stress [35].  

 

1.3.3.7.2 Poly-ε- caprolactone (PCL) 

 

PCL, (Figure 1.4) is suitable for human use as it is degraded by hydrolysis of the ester 

linkages under physiological conditions. It is especially suited for long term 

implantable devices, due to the long degradation time of the polymer [35].  

 

 

 

 

 

Figure 1.4 Different polymeric nanoparticles for the use of drug encapsulation [35]. 
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1.3.4.7.3 Chitosan 

 

Chitosan is a positively charged natural carbohydrate polymer derived from 

crustacean chitin (Figure 1.4). It is of interest for oral drug delivery, because it was 

shown that the cationic polymer was able to open tight junctions between epithelial 

cells making macromolecular uptake possible [53].  

 

1.3.4.7.4 Gelatin  

 

Gelatin is a polyampholyte with anionic, cationic and hydrophilic groups (Figure 1.4) 

that is extensively used in the food and medical industry. By varying the cross-linking 

degree of the polymer, the mechanical and thermal properties can be changed. 

Encapsulated agents are released from these particles via a diffusion controlled 

mechanism [35]. Gelatin has also been used to coat other polymers such as poly, DL, 

lactic-co-glycolic acid, (PLGA) to enhance fibronectin recognition and interaction 

[54]. 

 

1.3.4.7.5 Poly-alkyl-cyano-acrylate (PAC) 

 

PAC (Figure 1.4) is degradable by esterases in biological environments, but produces 

some toxic products that can damage the central nervous system [35]. Compared to 

polymers such as PLGA and PLA, PAC degradation occurs over a few days rather 

than a few weeks. The use of different polymers for nanoencapsulation of drugs thus 

depends on the required rate of drug release.  

 

1.3.4.7.6 Poly, DL, lactic-co-glycolic acid, (PLGA) 

 

PLGA is a biodegradable polymer with very low toxicity. It undergoes hydrolysis in 

the body to form lactic acid and glycolic acid monomers that are metabolized via the 
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citric acid cycle as illustrated in figure 1.5 [43, 44, 51, 55]. PLGA has been approved 

by the United States food and drug administration (USFDA) for human and 

nanomedicine use [35]. Nanoparticles such as PLGA provide protection to poorly 

soluble and unstable agents in the body. They are also able to be internalised by cells 

and escape endosomes due to their small size [29, 34]. Different synthesis techniques 

have been used to form PLGA nanoparticles of which emulsion diffusion, solvent 

evaporation and nanoprecipitation are the most popular [35, 56]. PLGA nanoparticles 

are generally formulated by making use of solvent evaporation or displacement 

techniques [55].  

 

For these types of techniques, reagents such as polyvinyl alcohol (PVA) have been 

most commonly used as the emulsifier assisting in the formation of smaller and more 

uniform particles. Other surfactants such as Pluronics have also been used. PVA 

enhances particle stability by forming a barrier to the diffusional release of 

incorporated compounds. Studies done by Sahoo et al. showed that different 

concentrations of PVA influence PLGA nanoparticle characteristics such as size and 

zeta potential as well as in vitro uptake [57] as more time is needed to break the 

polymer into soluble oligomers by hydrolysis [58]. Drug diffusion and matrix erosion 

are some of the methods that have been reported to cause the drug to be released from 

the polymer. Altering of the polymeric characteristics such as surface charge, 

molecular weight, hydrophobicity and number of monomers lead to varied release 

kinetics [32, 59, 60]. It has been shown that some nanoparticles (such as PLGA) 

escape the endo-lysosomes and enters the cytosolic compartment of the macrophage 

depending on the particle’s characteristics [32, 51]. 
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Figure 1.5 PLGA nanoparticles are hydrolysed in an acidic environment to the monomers lactic and 

glycolic acid [35]. 

 

1.3.5 Applications of nanoparticles in therapeutic treatment 

 

Therapeutic compounds against several illnesses have been encapsulated to improve 

their effeciency. An example of PLA nanoparticles used in chemotherapy is the 

neuroleptic compound savoxepine, where the authors showed that the drug carrier 

extended the release of the drug for more than a week [42]. It has been shown by 

Thapa and co-workers that PLA containing alpha-galactosylceramide was selectively 

taken up by macrophages and dendritic cells [61]. The encapsulation of an anti-tumor 

agent, ftorafur, with PAC was shown to enhance the effeciency of the drug [62]. 

Encapsulation also improved the biological activity of anti-cancer agents such as 

paclitaxel and 9-nitrocamptothecin [56, 63]. Another interesting application for 

polymers, reported by Di Toro et al. was to apply PLGA and PLA biodegradable 

internal bone fixation devices [64]. 

A PCL polymer together with a polycationic non biodegradable acrylic polymer was 

shown to preserve insulin’s biological activity in an oral formulation given to diabetic 

rats [65]. Furthermore, encapsulating insulin in alginate/chitosan nanoparticles 

showed enhanced intestinal absorption after it was administered orally [66]. 

Several studies have been conducted on the first line anti-tuberculosis drugs. For 

example INH, RIF and pyrazinamide were incorporated into SLN’s and administered 
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to TB infected guinea-pigs. The drugs maintained detectable levels for over 10 days in 

the lung, spleen and liver [50]. Silva and co-workers produced micelle forming 

carrier-drug conjugates of the anti-tuberculosis agents INH, RIF and pyrazinamide. 

The results indicated stable micelles in vitro with extended release times as well as 

better anti-mycobacterial activity compared to the original drugs [67].  

A number of research groups have turned their focus to making use of 

nanotechnology platforms for targeted delivery to the lungs, as TB manifests itself 

mainly in the respiratory system [68]. PLGA containing RIF particles, incorporated 

into mannitol by a spray drying technique for inhalation therapy, effected improved 

uptake by alveolar macrophages [69]. RIF was also incorporated into nanoemulsions 

in another study using excipients such as Sefsol, Tween and saline. The in vitro 

studies showed an initial burst effect with more moderate drug release afterwards 

[16]. Even niosomes could be used to enhance the effect of RIF, as it was shown to 

have an increased accumulation in the lymphatic system compared to free drug 

following intraperitoneal administration [49]. In a study done with RIF loaded 

mannosylated dendrimers, where the RIF was bound inside the dendritic crevices, the 

haemolytic effect of RIF was reduced and the drug release was prolonged [70].  

Therapeutic compounds against Mycobacterium avium (M. avium) were also 

improved by encapsulation. A nanocrystalline suspension of the drug clofazimine was 

produced and was shown to have reduced toxicity and increased solubility [71]. 

Liposomal formulations of ciprofloxacin and azithromycin indicated an increase in 

potency against the bacteria in vitro compared to the free drugs [72].  

 

1.3.6 PLGA as preferred nanoencapsulation approach for anti-TB drugs 

 

PLGA is a synthetic copolymer that is biodegradable and biocompatible. The polymer 

has slow drug release characteristics in vivo, is not significantly immunogenic and has 

the capacity to encapsulate hydrophobic and hydrophilic agents [34, 54, 55]. PLGA 

particles are easy to prepare with high stability in biological environments [63]. This 

polymer has lower toxicity compared to other polymers such as PAC, and is more 

stable than liposomes or SLNs in biological environments [56]. As mentioned 
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previously, PLGA particles are taken up into macrophages and dendritic cells [61], 

which comprise the main target cells for delivery of anti-TB drugs [32, 51]. Another 

advantage of PLGA is that the degradation rate of the particle can be altered by 

changing the monomer composition and thereby the molecular weight of the polymer 

[58]. For the purpose of our study, we investigated PLGA as a nanocarrier molecule 

for the anti-TB agent, INH.  

 

1.4 Targeting of nanoencapsulated anti-TB drugs to the sites of 

infection 

 

Nanoencapsulation of drugs for delivery allow the opportunity to incorporate 

targeting strategies to further enhance drug efficiency and limit systemic toxic side-

effects to the patient. This demands an intricate knowledge of the cellular and 

molecular aspects of the disease in order to identify suitable ligands that can be 

incorporated into the polymeric shell of the nanoparticle. These ligands should bind to 

disease specific receptors with an affinity high enough to effect a higher local 

concentration of the encapsulated drug at the site of infection rather than remaining in 

circulation. Any toxic side-effects that the drug may have will then mainly manifest in 

the vicinity of the infected tissue, while the mycobactericidal drug dose level is 

maintained there for longer periods than in the rest of the body.  

 

For infectious diseases a first consideration for drug targeting would be to identify the 

receptors on the host cell that is used for entry of the pathogen. Nanoencapsulated 

drugs can then use a ligand that follows the pathogen into the host cell using the same 

selective mechanism of entry. Another approach would be to identify surrogate 

markers of infection that characterize the disease at the site where the pathogen is 

localized in the host tissues. If a non-toxic ligand can be identified that recognizes 

such surrogate marker receptors, then it can be incorporated into nanoparticle for 

targeting the drugs. 
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1.4.1 Macrophage receptor(s) for entry of M. tuberculosis 

 

Infection in humans occurs through inhalation of the tuberculosis bacilli, which is 

taken up by alveolar macrophages in the lungs. When the M.tb is inside the 

phagocyte, the bacteria prevent fusion with acidic lysosomal compartments to 

circumvent destruction. Granuloma formation then occurs. The granuloma can either 

contain the infection that could lead to sterilization or localized caseation and necrosis 

can take place that will lead to the release of infectious bacteria into the airways [73].  

Mycobacteria enter macrophages by various receptors such as complement, mannose, 

Fc and scavenger receptors. Selective receptor blockade studies done by Zimmerli and 

co-workers indicated that the mycobacteria were able to survive and replicate in 

human macrophages regardless of the receptors used for binding and entry into the 

cell. The authors discovered that class A scavenger receptors accounted for the most 

significant amount of interaction and uptake of M.tb into macrophages. Scavenger 

receptors have the ability to bind and mediate the endocytosis of polyanionic 

macromolecules and particles such as low density lipoproteins, as well as interact with 

lipopolysaccharide of gram negative bacteria and lipoteichoic acids of gram positive 

bacteria [74-76]. Scavenger receptors have been implicated to play a role in 

cholesterol deposition in atherosclerosis, due to uptake of modified low density 

lipoproteins, which contain cholesterol, triacylglycerides and phospholipids [77]. 

 

1.4.2 Localized tissue markers of TB infection 

 

Receptor mediated drug delivery can be achieved by linking a ligand to the drug- 

containing nanoparticle to interact with specific receptors, such as scavenger receptors 

or mannose receptors at the site of infection [78]. For example, mannosylated 

liposomes were used to target infected alveolar macrophages in vivo more efficiently 

than unmodified liposomes could [79].  

 

Cholesterol may also be considered as a surrogate marker due to its accumulation at 

the sites of infection [80, 81]. Furthermore, infection of macrophages with 

mycobacteria results in the accumulation of cholesterol at the entry site. The latter 
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indicated that cholesterol has a direct role in uptake of mycobacteria by the 

macrophages as the binding of the mycobacteria to the cell surface required sufficient 

amounts of cholesterol in the plasma membrane. Entry of M.tb could be hindered by 

prior cholesterol depletion of the macrophage membrane [81-83]. However, these 

conclusions made by the early studies of Gatfield and Pieters were not as simple as 

they first thought.  

 

Cholesterol plays an important role in the structural and functional aspects in 

macrophages [84]. Lipid bodies are observed in macrophages from the very beginning 

of infection and may play a role in immunomodulation [85] as well as being a nutrient 

rich reservoir for tubercle bacilli [82].  

 

Peyron et al. (2000) argued that the resistance to uptake of tuberculous bacilli in 

membrane-cholesterol depleted cells is because of perturbed receptor signalling rather 

than inhibition of binding of the bacilli directly to membrane cholesterol as entry 

mechanism. Using the human neutrophil model as host and M. kansasii as 

mycobacterial pathogen, they suggested complement receptor type 3 (CR3) as the 

main entry receptor, which is associated with GPI- anchored proteins localized in 

cholesterol rich microdomains (lipid rafts) [86, 87]. Without cholesterol in the 

membrane, the CR3 remains outside the cholesterol-rich lipid raft domains and do not 

activate the cell to take up the mycobacteria. 

 

Ferrari et al. identified a phagosome coat protein (Figure 1.6) termed TACO 

(tryptophane aspartate containing coat protein), coronin 1 or P57 that was retained at 

the cytoplasmic face of the phagosomes carrying the viable mycobacteria [88]. This 

protein is associated with the microtubule network and is present in cells of the 

lymphoid/myeloid lineage. It is not an integral protein, but is bound to the 

phagosomal membrane via a steroid moiety, cholesterol. The attraction of TACO 

protein to the phagosome membranes occurs in a cholesterol dependent way [81]. 

Viable mycobacteria were shown to maintain the TACO protein on the phagosome 

thereby hindering lysosome fusion, whereas heat killed bacteria caused a release of 

the protein resulting in lysosome fusion. In addition, macrophages that did not have 

TACO (example in Kupffer cells) destroyed mycobacteria after being taken up, 

suggesting that the protein is involved in the intracellular survival of mycobacteria 
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[88]. In a review by Pieters and Gatfield they speculated that the coat protein, TACO, 

could possibly mimic the plasma membrane thereby avoiding lysosomal delivery [89]. 

It was more recently shown that TACO is responsible for activating the calcium 

(Ca2+) dependent phosphatase calcineurin, that leads to the inhibition of lysosomal 

delivery [90].  

 

 

 

 

 

 

 

 

Figure 1.6 Survival mechanisms of the mycobacteria, in the macrophage host. Phagocytosis of 

mycobacteria (blue) into the macrophages triggers the recruitment of TACO (yellow) around the 

emerging phagosome. The TACO coat must be removed in order for the mycobacteria in the 

phagosome to be delivered to the lysosome where the contents of the phagosome are degraded. Living 

mycobacteria in contrast to heat killed M.tb are able to retain TACO at the phagosomal membrane, 

preventing the delivery to the lysosome so that the bacteria can survive within the phagosome [91]. 

 

In addition a human cholesterol specific receptor – Ck like molecule was found that 

could possibly interact with the cholesterol rich domains on the macrophage surface, 

forming a synaptic-junction that facilitates signalling events such as the association to 

the TACO protein [92, 93].  

 

Pathogenic mycobacteria are able to survive within the phagosomes by interfering 

with the phagosome maturation and therefore do not fuse with lysosomes [94]. A 

number of different mechanisms have been shown to play a role in the maturation 

block [87]. Work done by De Chastelier and co-workers derived from morphological 

observations that a close apposition of the phagosome membrane with the whole 

mycobacterial surface was necessary for a maturation block [95]. During phagocytic 
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uptake of mycobacteria plasma membrane cholesterol dependence was observed [81, 

86]. De Chastelier and her colleagues then investigated the effect of cholesterol 

depletion on the close interaction between the internalized bacterium’s cell wall and 

the phagosome membrane. When the cholesterol was depleted, the mycobacterial 

surface was not closely associated with the phagosome membrane anymore and 

lysosomal fusion followed, pointing towards an important role for cholesterol in the 

maturation block. Interestingly, when cholesterol was replenished again, the 

mycobacteria were able to restore themselves in phagosomes  [96].  

 

In conclusion, cholesterol may be considered as a marker of localised TB infection 

due to its accumulation at the site of mycobacterial entry [81]. It could, however, be 

quite a challenge to find a non-toxic ligand to cholesterol to facilitate drug delivery. 

The cholesterol-binding drugs Amphotericin B or cyclodextrins are too toxic to 

include into the nano-encapsulated anti-TB drug particles. 

 

1.4.3 Mycolic acid ligands for drug targeting  

 

The cell wall envelope of M.tb, as depicted in figure 1.7, consists of a cytoplasmic 

membrane and an outer capsule comprising peptidoglycan and arabinogalactan 

complexes as well as mycolic acids with intercalated free standing lipids, glycolipids 

and proteins. This provides an extremely robust and impermeable envelope with high 

resistance to host-derived and therapeutic anti-bacterial agents [97, 98]. Other 

predominant components include the lipopolysaccharides, lipoarabinomannan (LAM) 

and phosphatidylinositides anchored in the plasmamembrane [99]. 
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MA

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Schematic representation of a mycobacterial cell wall PG: peptidoglycan, CM: cytoplasmic 

membrane, GL: glycolipids, MA: mycolic acids, AG: arabinogalactan, the shaded areas represent 

different proteins present in the membranes[100]. 

 

The most abundant high molecular weight lipids present in the envelope are mycolic 

acids (MA), an extended family of long 2-alkyl 3-hydroxyl fatty acids, typically 70-90 

carbon atoms in length. The members of the mycobacterium complex i.e M.tb, 

Mycobacterium africanum, Mycobacterium bovis and Mycobacterium microti are 

pathogenic and produce α-, keto- and methoxy- MA. Two moieties could be 

distinguished in the MA structure, the meromycolate moiety and the mycolic motif 

(Figure 1.8). The mycolic motif is similar for all mycolic acids with a few minor 

variations in chain length in the α position. The meromycolate moiety defines the 

subtypes of MA. These sections can be differently substituted with carboxyl, methyl, 

carbonyl, epoxy groups, double bonds or cyclopropanes in the proximal and distal 

positions [101]. A variety of MA patterns occur other than the α-, keto- and methoxy- 

MA found in M.tb. Amongst other different mycobacterial species carboxymycolates 

are found in M. avium and epoxy mycolates are produced in Mycobacterium fortuitim 

and Mycobacterium smegmatis [99, 101]. 
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Figure 1.8 Structures of mycolic acids from M.tb [97]. 

 

MA are predominantly found in the bound form. The MA can either be linked to 

arabinogalactan polysaccharide via ester linkages, which is linked to peptidoglycan of 

the cell wall, some MA exist as trehalose monomycolate (TMM) and dimycolates 

(TDM) or be loosely associated with the insoluble matrix [99]. The folding of the MA 

molecules differs for each subtype depending on the functional groups present. 

Langmuir trough studies showed that keto MA tended more towards a W-shaped 

configuration with exceptional rigidity in monolayers, whereas methoxy- and alpha-

MA exhibited a more flexible conformation towards variation of experimental 

parameters [102, 103]. The precise conformation of the MA within the cell wall 

structure is complicated to determine as the MA are present in different subclass 

mixtures with different carbon chain lengths within each group [97].  

The biosynthesis of MA is a unique system as it employs the fatty acid synthetases 

(FAS) type I and II for synthesis. The FAS I and II are also NADH/NADPH 

dependent for their respective reactions. FAS type II is especially important for drug 

development and targeting as this synthetase is found in prokaryotic organisms and 

plants but not in mammalian cells. FAS type I is involved in the de novo synthesis of 

C16-18 and C24-26 fatty acids which is then subsequently used in the FAS type II 

process for further elongation and insertion of functional groups. The formation of the 

MA occurs through repetitive cycles of condensation, keto reduction, dehydration and 
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enoyl reduction in the fatty acid synthesis process, each product of the completed 

cycle is used as the substrate for the next cycle until the specific chain length is 

acquired. Several enzymes are involved to catalyse the reactions, β-ketoacyl synthase, 

β-ketoacyl reductase, β-hydroxyacyl dehydrase and enoyl reductase. For the 

formation of the functional groups the fatty acids undergo desaturation and 

cyclopropanation that is all part of the FAS type II pathway [104-106]. 

Cyclopropanation occurs via the S-adenosylmethionine dependent methyl transferases 

not found in other bacteria. The next step is the Claisen-type condensation to join the 

meromycolate to the mycolic motif [99]. In the last step the mycolic acids are 

esterified with the arabinogalactan complex or with free glycolipids to form trehalose 

dimycolate (TDM) by the antigen 85 complex [107].  

 

1.4.3.1 MA structure-function relationship 

 

The various subtypes of MA have been shown to date to play a role in the virulence of 

the pathogen  [108, 109]. In a study done by Dubnau and co-workers, they 

synthesized a mutant strain of M.tb that did not produce oxygenated (methoxy- and 

keto-) MA. This strain was shown to have a decrease in membrane permeability and 

thus confirmed that the fluidity of the cell wall greatly depends on the type of 

mycolate produced [101, 110]. The results also showed that the bacteria were 

attenuated in mice, thus the oxygenated MA playing a role in virulence of the bacteria 

[108].  

An array of mycobacterial cell wall components have been considered as surrogate 

markers for TB in the past [111, 112]. Antigenic activity of mycolic acids and the 

glycolipid derivatives such as the lipid extractable trehalose mono- or dimycolates, 

TMM or TDM respectively (cord factors) have been previously described [97, 109, 

113]. Of all the antigens prevalent in the cell wall of the mycobacteria that may be 

considered for use in TB serodiagnosis, MA provide a special opportunity due to their 

variability among different species of Mycobacterium and the unique way that they 

communicate their presence to the immune response of the host [97, 114, 115]. Their 

ability to elicit CD4, CD8 double negative T cells by means of their presentation on 

CD1b lipid presentation proteins on dendritic cells [116] may well be the reason that 
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the antibody titers to mycolic acids in AIDS patients with even very low CD4 T cell 

counts are maintained, relative to other patients that are not infected with HIV, or 

have normal CD4 T cell counts [117, 118].  

Using mycolic acids as surrogate markers for TB diagnosis was shown to be 

successful in an ELISA assay [117-119].  Pan et al. have shown that the most 

antigenic part of the cord factor antigen was the mycolic acid [97, 118, 119]. This was 

also shown in a study done by a group in Japan that the anti-cord factor IgG produced 

from rabbits, recognized specifically the MA subclasses [112]. Due to the low 

specificity achieved, this was not the ideal solution  

A biosensor approach showed improved accuracy to a level that may be seriously 

considered for the possibility of commercialization, when using free mycolic acids in 

liposomes as antigens in a competitive binding assay [117, 120]. This test, 

subsequently dubbed the MARTI-test (for Mycolic acids Antibody Real-Time 

Inhibition), can diagnose TB within four hours of sampling by analyzing the serum 

sample for the presence of anti-mycolic acid antibodies as immune surrogate markers 

for active TB that is has an accuracy of 84% [120].  

The structure of MA showed significant characteristics as was previously investigated 

by our group. A biosensor study was done which showed that amphotericin B 

interacted with MA and cholesterol, and that MA associated with cholesterol. This 

lead to the conclusion that MA exhibit a structural similarity to a sterol such as 

cholesterol [121]. 

The contribution that MA makes in the host pathogen interaction has been an area of 

interest for the past decade. In a study done by Korf et al. where they measured the 

cellular responses in peritoneal and alveolar macrophages when injected with MA, 

these authors observed the induction of foamy macrophages (intracellular lipid 

accumulation in macrophages) as well as MA being able to induce an inflammatory 

response of IL-12 and IFN–γ [14] as was also shown with TDM except TDM also 

induced TNF-α response whereas MA did not [122, 123]. Therefore, cytokine 

inducers such as TDM have good potential to be used as adjuvants and 

immunomodulators [124]. 
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This mycobacterial induced host response for foamy macrophage formation is 

probably for active lipid import that the bacteria can utilise as metabolic substrates for 

survival and replication [14]. This was confirmed when it was shown that M.tb could 

utilise cholesterol as an energy and carbon source [125].  

Foamy macrophages arise from the onset of infection by the accumulation of lipid 

bodies as indicated by M.tb infected mice and guinea pig studies done by Caceres et 

al. 2009 [85]. Peyron and co-workers illustrated in an in vitro human tuberculous 

granuloma model that virulent mycobacteria (M.tb, M. avium) and not the saprophytic 

type (M. smegmatis) induce foamy macrophages. The M.tb resides within the foamy 

macrophages singularly in phagosomes in a non-replicative state. A very interesting 

observation the group made was that a number of the bacteria were in close apposition 

to the lipid bodies present in the foamy macrophages. The role that MA plays in the 

induction of the foamy macrophages was shown to be through the oxygenated 

mycolic acids, and are thus virulence factors enabling the bacteria to persist in the 

macrophage over a long time [82]. 

The MA elicited responses points towards a macrophage steering of T regulatory 

immune responses. This was illustrated when Korf et al. used a mouse model of 

asthma by treating ovalbumin sensitized mice with MA. The airways of the mice were 

tolerant to a secondary exposure to the ovalbumin indicating that MA suppressed Th2 

reactivity [126]. MA might also serve as a liver X receptor (LXR) ligand, which plays 

a role in macrophage cholesterol, fatty acid and glucose homeostasis [127]. These 

functions in effect have an influence on the inflammatory status of the macrophage.    

Mycobacteria have been shown to have conserved molecular products (pathogen 

associated molecular patterns (PAMP) including the glycolipid lipoarabinomannan, 

lipopeptides and soluble tuberculosis factor recognised by Toll-like receptors (TLR) 

[128, 129], but MA was excluded being recognised by TLR2 and TLR4 [14]. TDM is 

an immunogenic lipid associated with pro-inflammatory responses, recognition to 

TLR2 was shown to be mediated by the macrophage scavenger receptor MARCO and 

CD14 [130].  
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1.4.3.2 MA as virulence factors 

 

Infection occurs when inhaled bacilli are phagocytosed by alveolar macrophages. 

Macrophages that are infected with M.tb are the initiators of granulomas, which 

consist out of lymphocytes, extra cellular matrix components, calcifications and 

caseous necrotic tissue [73, 82]. Interactions of the bacteria with other leukocytes 

include dendritic cells, the professional antigen presenting cells. However, 

experimental work done by Tailleux and colleagues indicated that the bacteria do not 

grow within dendritocytes, but infected dendritocytes do accumulate in the regional 

lymph node, adding to the immune response. Within the phagocyte of the macrophage 

on the other hand the bacteria prevents the fusion with acidic compartments, enabling 

it to replicate within the macrophages [73, 131].   

Pioneering work of Armstrong and D’Arcy Hart showed that M.tb-containing 

phagosomes do not fuse with lysosomes [132]. When mycobacteria enter the 

macrophages via phagocytosis, they reside and multiply within phagosomes, the 

process of fusion with lysosomes is inhibited by the mycobacteria to form 

phagolysosomes [94, 132]. Mycobacterial lipids such as phosphatidylinositol-

mannoside (PIM) [133] and TDM [123, 134] have been implicated to slow down the 

maturation of the phagosomes into phagolysosomes. Mannose-capped 

lipoarabinomannan (ManLAM) [135] was shown to play a role in the maturation 

block but more recent findings point to opposite results [136]. Beatty and co-workers 

found that mycobacterial lipids were released from the mycobacterial phagosome and 

that these microvesicles entered a secretory pathway (possibly lysosomal like 

organelles) and then could be phagocytosed by bystander macrophages [137, 138]. 

 

A single M. avium per phagosome was shown to require a close apposition between 

the mycobacterial surface and the enclosing phagosome membrane to inhibit 

phagolysosome formation, when more than one bacteria was present within the 

phagosome the close apposition was not maintained and the phagosomes fuse with 

lysosomes [95, 96, 135, 139]. In a study done by De Chastellier in 2009 it was shown 

that in the event of phagolysosome formation, M. avium was able to rescue itself and 

reside again in immature phagosomes [140]. Similarly Armstrong and D’Arcy Hart 
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observed that M.tb were able to grow even when phagosome lysosome fusion 

occurred [132].  

 

1.4.3.3 Mycolic acids as surrogate marker antigen in TB 

 

Ojha and colleagues demonstrated in an in vitro study that M.tb was capable of 

biofilm formation in the slow turn over, persistent stage of the M.tb life cycle. The 

formation of these biofilms was found to be dependent of iron and zinc metal-ions, as 

well as gaseous exchange of CO2. The films were shown to provide resistance to anti-

TB drugs, i.e. the bacteria were able to survive in the presence of these drugs in vitro. 

The findings that were most relevant to this were the presence of abundant free MA in 

these biofilms. The major MAs that were detected with NMR and MS studies turned 

out to be the methoxy MA and some α mycolates [141]. From observations with M. 

smegmatis, a TDM specific serine esterase is utilized to hydrolyze TDM to form the 

free MA. It was suggested that M.tb could also form free MA from TDM by an 

esterase. The free MA could then be excreted to form the biofilm matrix [142].  

MA incorporated into nanoparticles may interact with the anti-mycolic acid antibodies 

that should be present in higher concentrations at the infected areas. In this way, 

targeting may be achieved by an accumulation of the nanoparticles in immune 

complexes at the site of infection. Alternatively MA could also serve as a ligand for 

cholesterol-rich areas, due to the cholesteroid nature of MA and the fact that MA is 

attracted to cholesterol [121]. 

 

1.5 Aim of the project 

 

The ultimate aim is to provide a nano-encapsulated anti-TB drug delivery vehicle 

which will overcome the difficulty of daily supervision of drug-taking by patients and 

possibly shorten the regime of anti-TB treatment. For this study, MA structure-

function properties and the practical feasibility of encapsulating MA into PLGA 
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nanoparticles as targeting ligand was investigated as well as the product’s toxicity to 

and efficiency of uptake in host macrophages.  

 

In chapter 2 the cholesteroid nature of MA was investigated by testing the tolerance of 

structural changes of natural mixed MA for recognition by Amphotericin B. In 

addition, the structure of synthetic mycolic acids in relation to their antigenicity in 

tuberculosis was determined.  

 

Chapter 3 describes how the MA containing nanoparticles were synthesized and 

assembled, characterized for their ability to be internalized and processed into 

macrophage cell lines and what degree they may be toxic to host cells.  In addition, 

the effect that MA may have on the mycobactericidal properties of co-encapsulated 

isoniazid was explored in vitro in M.tb infected macrophages.  

 

The potential impact of the results from the experimental chapters on TB treatment in 

future is discussed in chapter 4.     
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Chapter 2: The cholesteroid nature of MA as a tool for 

targeting  

 

 

2.1 Introduction  

 

Upon inhalation of M.tb, the bacteria enter the lungs and are phagocytosed by alveolar 

macrophages. This causes a proinflammatory response that leads to the recruitment of 

mononuclear cells. These cells cluster at the site of infection to form granulomas 

which contain the M.tb. Within granulomas a variety of cells are found which include 

differentiated macrophages, highly vacuolated macrophages and lipid rich foamy 

macrophages [143]. These M.tb infected macrophages induce an accumulation of 

cholesterol esters that could be a major component of foamy macrophages [144]. 

Foamy macrophages present in the outer ring of the granuloma were shown to 

accumulate during the chronic phase of infection in mouse experimental models [85, 

145]. Experiments with radio-labelled lipids have shown that the presence of 

Mycobacterium leprae (M.leprae) in tissues was associated with increased 

intracellular levels of cholesterol-esters, which may be responsible for conversion of 

macrophages into foam cells [84]. In tuberculosis, the foam cells are surrounded by 

lymphocytes and later fibroblasts [146]. Active disease only comes about when 

necrosis and cavity formation occur in the lungs, in which massive numbers of 

bacteria are produced. This occurs concomitantly with changes in the immune status 

of the host [140]. 

In order for M.tb to survive in a heterogeneous and continually changing macrophage 

environment, they need to adapt their nutrient sources. Cholesterol is a major sterol in 

eukaryotic organisms. It is involved in membrane stabilization and plays a role in cell 

signalling pathways [147]. It can also be used as a carbon and energy source for 

various microorganisms [80]. Previous papers suggested that pathogenic bacteria use 

lecithin instead of cholesterol as carbon source [144], but more recent evidence points 
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to the pathogenic mycobacteria being able to accumulate [80] and consume 

cholesterol as major nutrient in the persistent stage of the disease [125, 148]. The 

genomic sequence of M.tb revealed the full repertoire of sterol biosynthetic and 

cholesterol degradation enzymes [149]. Av-Gay and colleagues have suggested that 

cholesterol could play a role in the prevention of phagosomal maturation of 

mycobacterially infected macrophages and that soluble cholesterol may accumulate 

into the cell wall surface of mycobacteria [80]. 

Brzostek et al. 2009 found that M.tb can both accumulate and utilize cholesterol. They 

showed that cholesterol, as primary source of carbon, was degraded via the 4-

androstene-3,17-dione/1,4androstadiene-3,17-dione pathway (AD/ADD) together 

with an intact KstD enzyme. Cholesterol was also shown to accumulate in the free 

lipid zone of the cell walls of the bacteria and that the accumulation affected cell wall 

permeability [148]. Whether cholesterol as a carbon source could support long term 

persistence of tubercle bacilli is not yet known. 

It was shown that during the chronic phase of murine infection and in IFN-γ activated 

macrophages in vitro the Mce4 transporter is necessary for cholesterol import into the 

bacterium and that the bacteria can indeed degrade cholesterol as primary source for 

carbon and energy [125, 150]. The cholesterol degradation was measured by detecting 

the no. 4- and no. 26-carbons of the molecule, with C-26 being incorporated into the 

cell membrane lipids and the C-4 part converted to CO2 (g) [125]. The study showed 

that the Mce4 mutant was not able to convert cholesterol. Mce4 was also not required 

for replication of M.tb in resting macrophages. In another study it was shown that the 

acquisition of cholesterol was dependent on a cholesterol oxidase [151]. 

Genes that are required for the survival of M.tb in the hostile environment of the 

macrophage were shown with transposon site hybridization (TraSH) using a 

microarray based technique. Genes that seemed to be critical for survival within 

macrophages included those involved in lipid transport and degradation as well as 

those involved in phosphate transport [152]. The TraSH technique was also used to 

study the mce4 locus. It suggested that a group of genes were involved in lipid 

metabolism, including the operon Rv3540-5c [150]. The operon was later called igr 

(intracellular growth) and was required for growth in THP-1 cells and in a tissue 
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culture model of infection [153]. It was also shown that mutants thereof were 

attenuated for growth in vivo [154]. In an M.tb related actinomycete Rhodococcus sp. 

a 51-gene cluster was identified whose transcription was induced specifically in the 

presence of cholesterol. The cholesterol catabolic pathway investigated was also 

shown to be conserved in related species such as M.tb, where the matching gene 

cluster included the igr operon and the mce4 transport system [155]. Miner et al. 

2009, showed that an igr deletion mutant could not grow in the presence of 

cholesterol, whereas the mce4 mutant was only attenuated in mice in late stages, 

pointing to the notion that cholesterol metabolism was only required in the chronic 

infection stage [154].   

Dynamic interactions between host and mycobacterial factors may play an important 

role in mycobacterial survival [140]. Mycobacterial cell wall components include 

phosphoinositol mannosides (PIMs) interacting with cholesterol-enriched 

microdomains of the host [156], ManLAM induces reorganisation of lipid 

membranes, preventing vesicle fusion, thereby inhibiting phagosome maturation 

[157]. Phthiocerol dimycocerosates (DIM) have been shown to be involved in the 

prevention of phagosomal acidification, which precedes phagolysosomal fusion and 

eventual destruction of internalized mycobacteria. DIM is also involved in receptor 

dependent phagocytosis (rather than macropinocytosis) into macrophages that are 

dependent on an intact actin filament network. This is done by a possible mechanism 

of targeting of  lipids and disturbing their organisation in the host membrane [83]. 

Interestingly it has been shown that M.tb forms biofilms that is distinct from 

planktonic growth and that free mycolic acids were present in the extracellular matrix 

of these films [141].   

Host membrane cholesterol seems to play a role in at least one route of entry and 

survival of mycobacteria in macrophages, also facilitating the phagosomal association 

of TACO on mycobacteria-containing phagosomes. TACO inhibits lysosomal 

delivery of the mycobacteria by activating a Ca2+ dependent phosphatase calcineurin 

[90]. The TACO protein is associated with the prevention of phagosome-lysosome 

fusion [81, 96, 154]. In M. avium infected mouse bone marrow macrophages, 

phagosome maturation and lysosome fusion occurred when the macrophages were 
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depleted of cholesterol. Cholesterol replenishment showed that mycobacterium could 

rescue itself from phagolysosomes [96]. It was shown that in M.tb a compound with 

epitopes similar to the human cholesterol specific receptor – Ck like molecule was 

found that has an affinity for cholesterol, and that it was responsible for entry into 

macrophages as well as the mediation of phagosomal association with Coronin-1A, 

which inhibits endosomal/lysosomal fusion [92, 93].  

The rationale for using free mycolic acids as targeting agent in nanodrug delivery is 

due to their cholestroid nature [121] and their attraction to cholesterol. It may 

therefore target cholesterol enriched mycobacterially infected areas. Further 

investigation into the characteristics of mycolic acids was done in order to establish 

how structural changes affect the cholesteroid nature of the MA.   

To measure the interaction between Amphotericin B and MA as indicative of the 

cholesteroid function of MA, an ESPRIT SPR biosensor was used. The principle of 

the SPR biosensor is based on the change in refractive index on a modified thin gold 

film surface when mass is accumulated onto an immobilized ligand [158]. This 

interaction is measured in real time. An important advantage that this technique has 

above the conventional methods is that no labeling is required and that low affinity 

specific binding can be detected. The instrument was also used to determine the effect 

of labelling of MA on its manifestation of the cholesteroid nature, the binding 

interaction between amphotericin B and either cholesterol-, MA-, or fluorescein-

labeled MA-containing immobilized liposomes.  In addition to the amphotericin B 

affinity experiments on the SPR biosensor, the antibody recognition of modified MA 

was tested in an ELISA based experiment. Thereafter the relationship between the 

structure and the cholesteroid nature of MA was investigated by testing different 

stereo-controlled synthetic MA to antibodies in TB patient serum.  
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2.2 Hypothesis 

 

The cholesteroid nature of MA derives from a specific folding of the mero-chain that 

is stabilized by hydrogen bonding to the carboxylic acid.  

 

2.3 Aims of study 

 

• Comparing the ability of cholesterol,  fluorescein-MA and MA to associate 

with AmB  

• Investigating the tolerance of structural changes of natural mixed mycolic 

acids for human antibody recognition. 

• How structure of synthetic mycolic acids relates to antigenicity in tuberculosis 

 

2.4 Materials  

 

2.4.1 Consumables 

 

Amber vials    Separations Pty Ltd, Randburg, RSA 

Amphotericin B  Sigma-Aldrich, Steinheim, Germany (isolated 

from Streptomyces to 80% purity, identified by 

HPLC) 

5-Bromomethyl fluorescein  Molecular Probes, Leiden, The Netherlands 

Chloroform    Merck, Darmstadt, Germany  

18-crown-6 ether   Sigma-Aldrich, Steinheim, Germany 
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Dimethyl formamide   Merck, Darmstadt, Germany 

Ethanol    BDH, Gauteng, RSA, Analytical grade  

Hydrochloric acid   Saarchem, Gauteng, RSA 

Methanol    Merck, Darmstadt, Germany 

Molybdatophosphoric acid  Merck, Darmstadt, Germany 

Mycolic acids    Sigma Chemical Co., St Louis, USA 

Octadecanethiol   Sigma Chemical Co., St Louis, USA 

Phosphatidyl choline   Sigma Chemical Co., St Louis, USA, (99 % 

pure)  

Potassium chloride   Merck, Darmstadt, Germany 

Potassium dihydrogen phosphate  Merck, Darmstadt, Germany 

Potassium hydrogen carbonate Merck, Darmstadt, Germany 

Potassium hydroxide   Saarchem, Gauteng, RSA  

Silica plate ALUGRAM SIL G/UV, layer: 0.2mm silica gel 

60 with fluorescent indicator UV254, Düren, 

Germany 

Sodium azide    Sigma Chemical Co., St Louis, USA  

Sodium chloride   Saarchem, Gauteng, RSA  

di-Sodium hydrogen phosphate Merck, Darmstadt, Germany 

Ethylenediaminotetraacetic acid salt  Merck, Darmstadt, Germany  

 

2.4.2 Buffers 
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PBS-Azide EDTA buffer (PBS/AE): 8.0 g NaCl, 0.2 g KCl, 0.2 g KH2PO4 and 1.05 g 

Na2HPO4 per 1 L double distilled, deionized water with 1 mM EDTA and 0.025% 

(m/v) sodium azide, adjusted to pH 7.4 

 

2.4.3 Instrumentation 

 

For the measurement of the binding properties of mycolic acids and derivatives 

thereof to other low molecular weight ligands an ESPRIT biosensor from Metrohm 

Autolab B.V., Utrecht, the Netherlands was used.For preparation of liposomes a 

Virsonic sonifier, (Virtis, Gardiner, N.Y.) was used. Well Wash4 ELISA washer 

(Labsystems, Helsinki, Finland) was used for ELISA plates wash steps. Absorbancies 

were measured with a SLT 340 ATC photometer (SLT Labinstruments, Austria) at 

450 nm. 

 

2.5 Methods 

 

2.5.1 Fluorescent labelling of mycolic acids 

 

MA was fluorescently labelled by derivatization with 5-bromomethyl fluorescein (5-

BMF) as described by Korf et al., according to a general protocol first described by 

[159]. The first step in the methodology involves re-saponification of the MA. Briefly, 

reagent A (1 ml of potassium hydroxide, KOH 25%, i.e. 5 g in ddd H2O, 10 ml, and 

methanol 10 ml) was added to MA (1 mg, 8.3 x 10-7 mol, 1 eq), and the capped 

solution was heated for an hour. Following cooling, 1 ml of reagent B (50% aqueous 

dilution of concentrated Hydrochloric acid (32%)) was added and the solution 

vortexed. Chloroform (1 ml) was added, the organic layer removed and the aqueous 

phase washed three times with chloroform. After evaporation of the organic solvent 

on a heat block with N2 (g), reagent C, 800 µl (Potassium hydrogen carbonate 
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KHCO3, 0.01 mol in ddd H2O, 25 ml and methanol, 25 ml) was added and heated for 

1.5 hours at 86 ºC. The saponified MA product was dried and the solvent evaporated 

with heat under an N2 (g) atmosphere. Chloroform (500 µl) was added to the dried, 

saponified MA and mixed, before 18-crown-6 ether (1.1 mg, 4.16 x 10-6 mol, 5 eq), 

dissolved in chloroform, was added and vortexed. The reaction was incubated for 30 

min and 5-BMF (712.5 µg, 1.67 x 10-6 mol, 2 eq dissolved in 95 µl DMF) was added 

to the solution, vortexed and heated at 86 ºC for one hour. The solution was left 

overnight at room temperature. The unbound fluorescence was removed by washing 

with 1ml chloroform saturated reagent E (reagent B mixed 1:1 with methanol). The 

washing with concomitant vortexing and phase separation was repeated 17 times. 

Each chloroform phase wash was monitored by measuring absorbance at 450 nm with 

690 nm as reference filter. The organic layer was collected and dried under N2 (g) 

after five final washes with CHCl3 saturated HCl:H2O.  

 

Quality control was performed using TLC on a silica gel thin layer plate. 

Chromatography was performed in two dimensions, with chloroform:methanol:water 

as the mobile phase in the first dimension, and 100% methanol as the mobile phase in 

the second dimension. For visualisation, the TLC was stained with 5% 

molybdatophosphoric acid solution. Fluorescently labelled MA was incorporated into 

liposomes for assessment by the biosensor.  
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2.5.2 Biosensor experiments 

 

2.5.2.1 Preparation of mycolic acids, labelled mycolic acids or cholesterol-containing 

liposomes 

 

For the preparation of the different liposomes, phosphatidyl choline stock solution (90 

µl, 100 mg/ml chloroform) was added to an amber glass vial containing either 

mycolic acid (1 mg) or an equimolar amount of 5-BMF labeled mycolic acid (1.35 

mg). For the preparation of cholesterol containing liposomes, phosphatidyl choline 

stock solution (60 µl, 100 mg/ml chloroform) was added to a cholesterol solution (30 

µl, 100 mg/ml chloroform). The samples were mixed well until dissolved, then dried 

under a stream of N2 (g) at 85 ºC. Saline (2 ml) was then added and the sample was 

heated on a heat block for 20 min. at 85 ºC. The sample was then vortexed for 1 min, 

sonicated with a Virsonic probe sonicator until a clear solution formed to indicate 

vesicle formation, aliquoted at 0.2 ml per vial, lyophilized and stored at -70 ºC until 

use. Before use, lyophilized liposomes were reconstituted with PBS buffer (2 ml). The 

liposomes were placed on a heat block for 30 min. at 85 ºC. Following incubation, the 

solution was vortexed for 2 min, then sonified briefly and a final liposome stock 

concentration of 500 µg lipid/ml was used for experiments. 

 

2.5.2.2 Measuring the affinity between Amphotericin B and either mycolic acids, 

labelled mycolic acids or cholesterol 

 

The binding interaction between Amphotericin B and either cholesterol, MA or 

fluorescein labelled MA immobilized liposomes were tested on an ESPRIT biosensor. 

The gold coated sensor disk used for immobilizing the lipids on, was first incubated 

with 10 mM octadecanethiol (ODT), dissolved in absolute ethanol for 16 hours. An 

automated software program sequence was created to control the addition of all the 

samples and liquids into the cuvette [117]. Filtered PBS/AE was used as buffer, and 
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He (g) was used to degas the buffer when needed. The sequence included flushing the 

cuvette with 500 µl ethanol (96%) using the automatic dispenser with simultaneous 

draining, followed by brief washing with PBS/AE. SPR ‘dips’ were continuously 

measured to ensure the quality of the surface for surface plasmon resonance. Cleaning 

of the ODT coated surface was done with 96% ethanol and a mixture of isopropanol 

and 50 mM sodium hydroxide (2:3, v/v) before the start of the experiment. The 

samples were transferred from a 384 multi-well plate (Bibby Sterilin Ltd, Stone, UK) 

to the cuvette surface by an auto pipettor. The baseline of the ESPRIT biosensor was 

formed with 10 µl PBS/AE, followed by addition of 50 µl test liposomes on the disc 

for 20 min. Washing was done 5 times with 100 µl non-degassed PBS/AE with 

mixing to obtain a baseline. Amphotericin B (1 x 10-4 M) was added to the liposome 

layer and the direct binding interaction was recorded for 10 min., after which the disk 

was washed 5 times with non-degassed PBS/AE, and left for 5 min.  

 

2.5.3 Enzyme-linked immunosorbent assay (ELISA) to test the antigenicity of 

MA derivatives 

 

For coatings done in PBS, methylester MA (ME-MA) or free MA (250 ug) was 

dissolved in 1 x PBS (4 ml, pH= 7.4) by heating at 90º C for 20 min on a heat block. 

PBS (4 ml) served as control. The solutions were vortexed for 30 s before sonifying 

for 2 min. using the Virsonic sonifier at output of 2. The warm solutions were 

subsequently loaded onto the ELISA plates (50 µl per well) and the presence of oily 

drops viewed under a light microscope. The plates were kept at 4 ºC overnight in 

plastic bags. For the coatings done using hexane as coating solution, the lipid samples 

(250 µg) were dissolved in hexane (4 ml, distilled) and vortexed for 30 s. Hexane (4 

ml) served as control. Solutions were coated using a Hamilton syringe (50 µl per well) 

and the liquid was loaded in the centre of the wells. Lipid was visible as a circular 

waxy layer after 2 hours of evaporation of the hexane at room temperature. The plates 

were then stored in plastic bags at 4 ºC overnight [160].   
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The rest of the ELISA experiment and the experiment done with the fluorescein-MA 

were carried out as described below. 

 

2.5.4 Enzyme-linked immunosorbent assay (ELISA) of synthetic MA 

 

In the ELISA experiments, pooled TB positive and TB negative sera for active disease 

were used. Both groups were HIV negative. The sera dated from the year 2000 and 

was initially collected for another study [118]. To coat the ELISA plates with the 

different synthetic mycolic acid subclasses, natural mycolic acids or modified mycolic 

acids, the lipids were dissolved in hexane (3 µg/ 50 µl) and vortexed one minute, 

heated (at ~85 ºC) for a minute and allowed to stand at room temperature for 15 

minutes. Hexane coating as such served as a control. The ELISA plates were coated 

with the different mycolic acids at 50 µl per well using Hamilton syringes. The lipids 

were visible as a waxy coating after 2 hours of evaporation at RT. Plates were stored 

in a plastic bag at 4 ºC overnight.  

The following day the plates were blocked with 400 µl of 0.5% Casein / PBS pH 7.4 

for 2 hours. The blocking buffer was removed and the wells were aspirated to dryness 

under vacuum and then coated with 50 µl per well of serum (1:20 dilution in 0.5% 

Casein / PBS pH7.4) for an hour. The plate was washed 3 times (Well Wash 4 ELISA 

washer) with 0.5% Casein / PBS pH 7.4. The plates were then coated with the goat 

anti-human Immunoglobulin G (H + L) peroxidase conjugate (50 µl / well) for 30 

min. at RT.  After the incubation the wells were washed three times with 0.5% Casein 

/ PBS pH 7.4, then coated with 50 µl per well of the substrate solution consisting of 

10 mg of OPD plus 8 mg of Urea- H2O2 in 10 ml of citrate buffer to measure the 

peroxidase activity. After 30 min. incubation at RT the plate was read with a SLT 340 

ATC photometer at 450 nm with a reference filter at 690 nm. Background binding of 

the serum to the plate was corrected for by subtracting the average binding signal of 

serum to MA from that registered for the hexane coated wells. The results obtained 

were analysed by the making use of the Student’s t test for statistical significance. 

 

 
 
 



Chapter 2: The cholestroid nature of MA as a tool for targeting 

 

43 

2.6 Results 

 

2.6.1 Fluorescent labeling of MA 

 

In order to study the binding of modified MA to AmB on the biosensor, the mycolic 

acids were labeled with 5-Bromomethylfluorescein (5- BMF) [161], the product 

formed tested on TLC and the Rf value determined for labeled MA (Rf = 0.89 in 

CHCl3:MeOH:H2O, 30:14:2). 5-BMF is a sensitive fluorescent reagent that is used for 

derivatization via carboxylic acids [159]. The reaction mechanism involves the 

conversion of the free acid to a salt and then reacting with the 5-BMF, using crown 

ether as the phase transfer catalyst to form the conjugated product [159]. 

 

By making use of thin layer chromatography (TLC), the coupling of the fluorescein to 

the MA was assessed. A reconstruction of the two dimensional TLC results are as 

shown in figure 2.1 and table 2.1. The Fluorescein-MA sample migrated in the 1st 

dimension, whereas a slight streak was visible in the 2nd dimension indicating a small 

fraction of label not linked to the MA. The 5BMF alone migrated in the 1st and 2nd 

dimension. Repeated washes (16 times) with acid water were used to remove any 

unbound fluorescent label from the Fluorescein-MA. The washed, labelled MA 

product was incorporated into liposomes for the biosensor studies. 
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Figure 2.1 Reconstruction of the two dimensional TLC. The Fluorescein

to 5BMF and the 5BMF the fluorescent label alone. The 1

CHCl3:MeOH:H2O, 30:14:2 and the 2

the Rf values obtained.  The plates were visualized 

solution. 

 

2.6.2 Comparative Amphotericin B recognition of MA, labelled MA or 

cholesterol 

 

A structural relationship and attraction between free MA and cholesterol was shown 

in our laboratories in a previous study 

biosensor system, where the interaction between MA and Amphotericin B 

antifungal macrolide agent known to bind to cholesterol 

ESPRIT biosensor, the same principle was confirmed (Figure 2.2). In an attempt to 

determine what the effect of labelling of MA would be on its manifestation of 

cholesteroid nature, the binding interaction between Amphotericin B and either 

cholesterol-, MA-, or fluorescei

tested. The results confirmed the ability of the ESPRIT biosensor (SPR) to 

demonstrate that Amphotericin B recognizes both cholesterol and MA and shows for 

the first time how altering the structure of MA b

carboxylic acid group affects the binding to Amphotericin B (Fig
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Reconstruction of the two dimensional TLC. The Fluorescein-MA represent the coupled MA 

to 5BMF and the 5BMF the fluorescent label alone. The 1st dimension had a mobile phase of

O, 30:14:2 and the 2nd dimension had a mobile phase of methanol. Table 2.1 gives 

the Rf values obtained.  The plates were visualized by staining with 5% molybdatophosphoric acid 

Amphotericin B recognition of MA, labelled MA or 

A structural relationship and attraction between free MA and cholesterol was shown 

in our laboratories in a previous study [121]. This was demonstrated on the 

biosensor system, where the interaction between MA and Amphotericin B 

agent known to bind to cholesterol [162] – was shown. On the 

r, the same principle was confirmed (Figure 2.2). In an attempt to 

determine what the effect of labelling of MA would be on its manifestation of 

the binding interaction between Amphotericin B and either 

fluorescein labeled MA-containing immobilized liposomes were 

tested. The results confirmed the ability of the ESPRIT biosensor (SPR) to 

demonstrate that Amphotericin B recognizes both cholesterol and MA and shows for 

the first time how altering the structure of MA by adding a bulky label on its 

carboxylic acid group affects the binding to Amphotericin B (Figure 2.2).

 1st Dimension 

Rf value 

2nd

Rf value

Fluorescein-

MA 

0.89 0 

5BMF 0.86 0.93

Table 2.1 
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MA represent the coupled MA 

dimension had a mobile phase of 

dimension had a mobile phase of methanol. Table 2.1 gives 

with 5% molybdatophosphoric acid 

Amphotericin B recognition of MA, labelled MA or 

A structural relationship and attraction between free MA and cholesterol was shown 

. This was demonstrated on the IAsys 

biosensor system, where the interaction between MA and Amphotericin B - an 

was shown. On the 

r, the same principle was confirmed (Figure 2.2). In an attempt to 

determine what the effect of labelling of MA would be on its manifestation of 

the binding interaction between Amphotericin B and either 

containing immobilized liposomes were 

tested. The results confirmed the ability of the ESPRIT biosensor (SPR) to 

demonstrate that Amphotericin B recognizes both cholesterol and MA and shows for 

y adding a bulky label on its 

2.2).  

nd Dimension 

Rf value 

 

0.93 

 
 
 



Chapter 2: The cholestroid nature of MA as a tool for targeting 

 

45 

 

Figure 2.2 Normalised AmB binding capacity (left) on immobilized lipid antigens: cholesterol, MA and 

Fluorescein-MA. Typical AmB binding curves (right) on immobilized MA or Fluorescein-MA compared 

to cholesterol. The error bars indicate the standard deviation, n = 3 for each set. 

  

A reduction in the relative binding for the labelled MA was observed, compared to the 

binding of MA and cholesterol. From these findings it could not be unequivocally 

established whether the fluorescent label on the MA destroyed, or merely affected the 

biological activity, as it is difficult to define the point of zero-activity with this 

application of the evanescent field biosensor. The ELISA experiments that follow 

were designed to shed more light on the matter. 

 

2.6.3 Effect of a modified carboxylic group of MA on antibody binding and 

recognition 

 

The cholesteroid nature of modified MA was implied in 2.6.2 by its ability to bind 

with AmB in an SPR biosensor. It was not clear whether derivatization of the 

carboxylic acid destroyed, or merely weakened its recognition by Amphotericin B, i.e. 

the cholesteroid nature of MA. To shed more light on this, the antibody recognition of 

modified MA was tested in an ELISA experiment. Pan et al. (1999) reported that 

methylesters of mycolic acids were recognised by TB positive patient sera in an 

ELISA assay [119]. Previously, our group showed that free mycolic acids were 

antigenic [118]. Here we tested the antigenicity of both the methyl- and Fluorescein-

esters of MA to determine what the role of the carboxylic acid is in maintaining an 
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antigenic conformation. The ELISA plates were coated with the three different lipid 

antigens and TB patient sera were allowed to bind to it. The binding was measured at 

450 nm with an indirect ELISA. Coating the antigens from hexane solution gave 

better results than when coating was done from hot PBS, but both methods served the 

purpose (Figure 2.4). When the carboxylic acid of MA was derivatised with 5- BMF 

(Figure 2.3), the TB positive and TB negative patient serum antibodies were still able 

to bind and recognise the molecule (Figure 2.4). This could be due to the carboxyl and 

hydroxyl group present on the fluorescein molecule that could substitute for the role 

of the carboxyl group of MA to stabilise the functionally active conformation by 

hydrogen bonding [102, 103, 121]. The methylated MA showed negligible binding 

compared to the labelled MA, despite the fact that both modifications entailed 

esterification of the carboxylic acid of the molecule. The results suggest that the 

binding of antibodies to mycolic acid relies on the availability of a free carboxylic 

acid in the vicinity of the mycolic motif. TB negative pooled sera also gave strong 

antibody binding signals to the natural MA as well as the Fluorescein-MA, possibly 

due to cholesterol cross-reactivity with mycolic acids as suggested previously [117, 

118, 121].     

 

 

 

 

 

 

 

 

Figure 2.3 Chemical structure of fluorescein labelled MA.  
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Figure 2.4 Comparison of antibody recognition to MA, ME-MA [160] and Fluorescein-MA. The ELISA 

signals of pooled TB positive and pooled TB negative sera was measured at an absorbance of 450 nm 

to the whole fraction of MA, Fluorescein-MA and ME-MA [160] antigens coated onto ELISA plates 

from hexane. Inner bars indicated within the MA mix bars indicate the signals when coating was done 

from hot PBS instead of hexane. The error bars indicate the standard deviation. 

 

2.6.4 Response of patient sera to natural and synthetic mycolic acids  

 

Mycolic acids in M.tb contain a mycolic motif, which is an α-alkyl, β-hydroxy acid. 

Stereochemically, the α and β positions relative to the carboxylic group present in all 

mycolic acids have been shown to be in the R-configuration. The main branch, known 

as the meromycolate moiety, contains two functionalities, which are differently 

substituted around the distal and proximal positions [97]. The proximal position is 

usually either a cis- or an alpha-methyl-trans-cyclopropane, while the distal 

functionality is usually a cis-cyclopropane or one of several oxygenated functional 

groups including hydroxyl-, methoxy- and alpha-methyl-keto- groups. 

The relationship between the structure and the cholesteroid nature of MA was 

investigated by testing different stereo-controlled synthetic MA to antibodies in TB 

patient serum. The difference in binding to TB negative and TB positive patient sera 

was examined as well as the extent of binding that could be achieved with every 

synthetic MA with both types of sera. The hypothesis tested here was that a specific 
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synthetic MA structure can be found that represents the cholesteroid nature and that 

another synthetic MA structure manifests as the stronger antigen for antibody binding 

in TB positive patient sera.  

The binding signals of TB positive and TB negative pooled sera towards the different 

synthetic MA subclasses were compared to that obtained towards natural free MA in 

ELISA. The importance of the stereochemistry of the merochains of mycolic acids for 

antigenic activity was studied by using different isomers of stereo-controlled 

chemically synthesized methoxy-, keto-, alpha- and hydroxy-MAs as antigens. 

Hexane was used as solvent to coat the plates with the MAs, similar to the approach 

of Pan et al. (1999) [119]. The four major subclasses of mycolic acids produced 

different results indicating the importance of the main functional groups on the 

merochain (Figure 2.5). Methoxy-MA bound strongest, followed in descending order 

by hydroxy-, keto- and alpha-MA. The exact stereochemistry of each subtype, i.e. the 

precise spatial arrangement of the functional groups, also appeared to be important. 

 

Figure 2.5 ELISA signals of antibody binding in TB positive and TB negative pooled patient sera to 

synthetic (1 – 14), natural alpha- (15) and the natural mixture mycolic acids (ma mix). Methoxy-MAs: 

1-4, 11; Hydroxy-MAs: 5, 7-9; Keto-MAs: 6, 10, 12; Alpha-MAs: 13-15. The error bars indicate the 

standard deviation. The 2.5 d rule was applied to remove outliers. n = min 7, max 16. 

 

The natural MA mixture as well as several of the synthetic MAs showed antibody 

binding with both TB positive and TB negative patient sera, while some MAs 
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appeared to have little or no antigenic activity. Strikingly, however, was the fact that 

the ratio of binding signal between TB positive and TB negative patient sera remained 

comparable among all the various types and isomers of MA. Although TB positive 

patient sera always gave better binding to the antigenic mycolic acids than TB 

negative patient sera, there generally was, in fact, no single antigenic mycolic acid 

that was significantly better able to differentiate between TB positive and TB negative 

patient sera than the natural mixture of mycolic acids could. This could in principle 

mean that if a MA is antigenic, then it assumes the cholesteroid functional structure 

that cross-reacts with anti-cholesterol antibodies. The question of whether a particular 

MA structure assumes a cholesteroid functional character then simply reduces to 

whether the particular MA is antigenic or not. The fact that TB positive patient sera 

statistically score higher than TB negative patient sera in recognition of MA in ELISA 

may then be explained simply by a higher concentration of the reactive antibodies in 

TB patient sera. Whether a single antibody would be able to recognize both 

cholesterol and MA, or whether cross-reactivity is due to the presence of a mixture of 

anti-cholesterol and anti-MA antibodies remains unanswered at this stage, although 

the observation that Amphotericin B can bind both cholesterol and MA (Figure 2.2) 

argues in favour of the former.  

Each subtype’s ELISA antibody binding signal (antigenicity) was subsequently 

compared to that obtained from the natural MA mixture and analyzed for its 

significance in defining the structure function relationship of MA.  
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Figure 2.6 ELISA antibody binding signals of TB positive and TB negative

methoxy mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule was applied to 

remove outliers. n = min 14, max 16.

 

Chemically synthetic MA derivatives were made that were representative of four MA 

subclasses, namely methoxy

synthetic methoxy MA subclass had the highest binding to the antibo

four synthetic subclasses tested, followed by hydroxy

2.6). The stereochemistry of the methoxy group is important for the recognition by 

antibodies in the sera. Even small changes in the stereochemical arrangement

groups influenced the amount of binding observed. As seen from 

antibody binding signal of RR

3) most closely resembles the response towards the natural mixture of MA. A change 

of the stereochemistry of either the cyclopropane (no 2) to SR

group (no 4) to SS reduced the binding signal by approximately half. If the weaker 

SR-cis configuration of the cyclopropane is combined with the weaker SS

configuration (no 1), the signal is once again halved, as may be expected. However, 

when the cyclopropane group assumed the methyl

antigenicity signal was obtained that was even higher than that obtained for the 

natural MA mixture, despite i

the methoxy-group (P < 0.01). This proves beyond a doubt that the stereochemical 

configuration of the two functional groups on the mero

methoxy-MA influences the way in whic
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ELISA antibody binding signals of TB positive and TB negative patient sera to synthetic 

methoxy mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule was applied to 

remove outliers. n = min 14, max 16. 

Chemically synthetic MA derivatives were made that were representative of four MA 

subclasses, namely methoxy-MA, hydroxy-MA, keto-MA and alpha

synthetic methoxy MA subclass had the highest binding to the antibo

four synthetic subclasses tested, followed by hydroxy-, keto- and alpha MA (Figure 

2.6). The stereochemistry of the methoxy group is important for the recognition by 

antibodies in the sera. Even small changes in the stereochemical arrangement

groups influenced the amount of binding observed. As seen from 

antibody binding signal of RR-cis-cyclopropane, RS-methoxy MA configuration (no 

3) most closely resembles the response towards the natural mixture of MA. A change 

stereochemistry of either the cyclopropane (no 2) to SR-cis, or the methoxy

group (no 4) to SS reduced the binding signal by approximately half. If the weaker 

cis configuration of the cyclopropane is combined with the weaker SS

1), the signal is once again halved, as may be expected. However, 

when the cyclopropane group assumed the methyl-trans configuration (no 11), an 

antigenicity signal was obtained that was even higher than that obtained for the 

natural MA mixture, despite its association with the weaker SS configuration around 

group (P < 0.01). This proves beyond a doubt that the stereochemical 

configuration of the two functional groups on the mero-chain of the most antigenic 

MA influences the way in which they are recognised by patient antibodies. 
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patient sera to synthetic 

methoxy mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule was applied to 

Chemically synthetic MA derivatives were made that were representative of four MA 

MA and alpha-MA. The 

synthetic methoxy MA subclass had the highest binding to the antibodies from the 

and alpha MA (Figure 

2.6). The stereochemistry of the methoxy group is important for the recognition by 

antibodies in the sera. Even small changes in the stereochemical arrangement of the 

groups influenced the amount of binding observed. As seen from figure 2.6 the 

methoxy MA configuration (no 

3) most closely resembles the response towards the natural mixture of MA. A change 

cis, or the methoxy-

group (no 4) to SS reduced the binding signal by approximately half. If the weaker 

cis configuration of the cyclopropane is combined with the weaker SS-methoxy 

1), the signal is once again halved, as may be expected. However, 

trans configuration (no 11), an 

antigenicity signal was obtained that was even higher than that obtained for the 

ts association with the weaker SS configuration around 

group (P < 0.01). This proves beyond a doubt that the stereochemical 

chain of the most antigenic 

h they are recognised by patient antibodies. 
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If the assumption holds that antigenicity and the cholesteroid configuration are one 

and the same functional property, then a synthetic methoxy MA with a methyl

cyclopropane configuration would provide the

towards cholesterol-rich TB infection foci, at least when the methoxy group is in the 

SS-configuration. It remains to be determined whether the RS

methoxy group combined with the methyl

more antigenic/cholesteroid MA.

 

 

 

 

 

 

 

Figure 2.7 ELISA antibody binding signals of TB positive and TB negative patient

hydroxyl mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule wa

remove outliers. n = min 15, max 16.

 

The synthetic hydroxy mycolates (Figure 2.7), which are the likely precursors of both 

methoxy- and keto-mycolates 

compared to the natural MA mixture. The methyl

cyclopropane group appears to be a pre

(no.8 and 9, compared to the RS

group in the RR conformation (no 9) is preferred over the SS configuration (no 8) 

with statistical significance, P < 0.01. 
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If the assumption holds that antigenicity and the cholesteroid configuration are one 

and the same functional property, then a synthetic methoxy MA with a methyl

cyclopropane configuration would provide the strongest targeting ligand to steer 

rich TB infection foci, at least when the methoxy group is in the 

configuration. It remains to be determined whether the RS-configuration of the 

methoxy group combined with the methyl-trans cyclopropane will provide an even 

more antigenic/cholesteroid MA. 

ELISA antibody binding signals of TB positive and TB negative patient

hydroxyl mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule wa

remove outliers. n = min 15, max 16. 

The synthetic hydroxy mycolates (Figure 2.7), which are the likely precursors of both 

mycolates [106, 115, 163] all attracted weaker antibody binding 

compared to the natural MA mixture. The methyl-trans configuration of the proximal 

cyclopropane group appears to be a pre-requisite for antigenicity of the hydroxyl MAs 

(no.8 and 9, compared to the RS-, or SR-cis-cyclopropaned no 5 and 7). The hydroxyl 

group in the RR conformation (no 9) is preferred over the SS configuration (no 8) 

with statistical significance, P < 0.01.  
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If the assumption holds that antigenicity and the cholesteroid configuration are one 

and the same functional property, then a synthetic methoxy MA with a methyl-trans 

strongest targeting ligand to steer 

rich TB infection foci, at least when the methoxy group is in the 

configuration of the 

ropane will provide an even 

ELISA antibody binding signals of TB positive and TB negative patient sera to synthetic 

hydroxyl mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule was applied to 

The synthetic hydroxy mycolates (Figure 2.7), which are the likely precursors of both 

all attracted weaker antibody binding 

trans configuration of the proximal 

nicity of the hydroxyl MAs 

cyclopropaned no 5 and 7). The hydroxyl 

group in the RR conformation (no 9) is preferred over the SS configuration (no 8) 
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Figure 2.8 ELISA antibody binding of TB positive and TB negative patient

mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule was applied to remove 

outliers. n = min 15, max 16. 

 

Similar to the hydroxy-MAs, keto

methyl-trans configuration (no 12, Figure 2. 8) to be antigenic, compared to the two 

(RS- and SR-) cis-cyclopropane configurations (no 10 and 6, Figure 2.8) that did not 

show any significant antigenic activity. In 

hydroxyl- and keto-MA), the methyl

the best antigenic/cholesteroid functionality.

 

 

 

 

 

 

 

 

Figure 2.9 ELISA antibody binding signals of TB positive and TB negative sera to synthetic alpha 

mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule was applied to remove 

outliers. n = min 8, max 16.  
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ELISA antibody binding of TB positive and TB negative patient sera to synthetic keto 

mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule was applied to remove 

MAs, keto-MAs also require a proximal cyclopropane in the 

trans configuration (no 12, Figure 2. 8) to be antigenic, compared to the two 

cyclopropane configurations (no 10 and 6, Figure 2.8) that did not 

show any significant antigenic activity. In all the oxygenated MAs (i.e. methoxy

MA), the methyl-trans cyclopropane configuration provides for 

the best antigenic/cholesteroid functionality. 

ELISA antibody binding signals of TB positive and TB negative sera to synthetic alpha 

mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule was applied to remove 
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sera to synthetic keto 

mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule was applied to remove 

so require a proximal cyclopropane in the 

trans configuration (no 12, Figure 2. 8) to be antigenic, compared to the two 

cyclopropane configurations (no 10 and 6, Figure 2.8) that did not 

all the oxygenated MAs (i.e. methoxy-, 

trans cyclopropane configuration provides for 

ELISA antibody binding signals of TB positive and TB negative sera to synthetic alpha 

mycolic acids. The error bars indicate the standard deviation. The 2.5 d rule was applied to remove 
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Two synthetic alpha MAs (no.13 and 14) were compared to natural alpha-MA (no.15) 

and the natural MA mix to determine their relative antigenicity. The antibody binding 

signal to either the natural, or the synthetic alpha MA failed to distinguish between 

TB positive and TB negative patient sera compared to the natural MA mix. The 

synthetic MA gave such low antibody binding signals, that nothing could be learned 

from the variations in the stereochemistries of the distal and proximal cyclopropanes 

on the antigenicity of alpha-MA. It could well be that the natural alpha MA gains its 

higher antigenicity from the presence of methyl-trans alpha MAs in the isolated 

mixture. 

For the first time it is demonstrated here that synthetic, stereochemically and 

diastereomerically pure mycolic acids show differential biological activity in terms of 

recognition by TB positive patient serum. The results seem to favour methoxy 

mycolic acid of M.tb as the best cholesteroid functional entity or antigen to use in TB 

serodiagnostic devices, while a proximal methyl-trans cyclopropane enhances these 

functionalities.  

 

2.7 Discussion 

 

An antibody binding cross-reactivity between cholesterol and MA was first suggested 

by Schleicher et al., (2002) [118] and subsequently shown to exist [121]. AmB is an 

antifungal macrolide that is able to bind cholesterol [162] through hydrogen bond 

formation between the amine or hydroxyl group of the mycosamine moiety of AmB 

and the hydroxyl group of the sterol [164, 165], as well as hydrophobic interactions 

[162]. It was shown also to bind to immobilized mycolic acids by means of a wave-

guide evanescent field biosensor [121], thereby giving the first clue to a cholesteroid 

functionality of MAs. The same principle was applied and confirmed in the more 

popularly used surface plasmon resonance (SPR) variation of an evanescent field 

biosensor [117]. The antibody binding to mycolic acids with TB negative patient sera 

was most likely due to anti-cholesterol antibodies that are known to exist in all 
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humans [166, 167]. The cholesteroid nature of MA was previously shown to manifest 

also as an attraction between cholesterol and MA [168]. 

The structure-function relationship study of MAs was initiated by determining the role 

of the carboxylic acid. Methyl-esterification destroyed all functional activity, but 

esterification with fluorescein merely decreased the affinity towards AmB and 

antibody somewhat. The structure of fluorescein reveals that it has a free carboxylic 

acid that may remain available for hydrogen bonding to oxygenated functional groups 

in the mero-chain, probably to support a fold that determines antigenicity or a 

cholesteroid functional nature. Methyl-esterification of MA destroys a carboxylic acid 

that seems to be essential for hydrogen bonded stabilization of a functional 

oxygenated MA. Oxygenated (at least methoxy- and keto-) mycolic acids play a major 

role in the pathogenesis of the bacteria [108, 109]. Methoxy MA is the major free 

mycolic acid present in mycobacterial biofilms [141] that may be associated with the 

dormant stage of TB to create a cholesterol rich environment that may be utilized as a 

source of carbon nutrient. The attraction of cholesterol to MA that was previously 

demonstrated by our group [121] would fit well in such a hypothesis of nutrient 

provision to the dormant TB bacilli in an unvascularized tuberculous lesion. 

Cholesterol is able to cross bilayer membrane barriers by diffusion, independently of 

receptor mediated transport [169]. 

Mycolic acids might be attracted to cholesterol by means of their hydrophobic nature 

(Van der Waals forces) or through a more specific hydrogen bonding by the structural 

features of both molecules [121]. By Langmuir monolayer studies it was shown that a 

structural fold of the mycolic acids present itself in a “W” or a “Z” conformation 

giving a hydrophobic surface that could resemble a shape of cholesterol [97, 103]. 

The packing of mycolic acids in a Langmuir monolayer has previously been shown to 

differ among alpha-, keto- and methoxy-MA subclasses. Keto MA tended more 

towards a W-shaped configuration with exceptional rigidity in monolayers, whereas 

methoxy- and alpha-MA exhibited a more flexible conformation towards variation of 

experimental parameters [102, 103]. Thus, the packing of MA appears to be 

influenced by the orientation of the functional groups, and thus assumes different 

conformations for interaction with antibodies in sera.  
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For the first time it was demonstrated here that synthetic, stereochemically and 

diastereomerically pure mycolic acids show differential biological activity in terms of 

recognition by TB positive patient serum. The results seem to favour methoxy-

mycolic acid of Mycobacterium tuberculosis as the best cholesteroid antigen for 

cholesterol attraction, based on its binding response with the TB negative patient sera. 

The results do not suggest with certainty what the stereochemical specifications are 

for the naturally produced mycobacterial mycolic acids found in the cell walls of 

M.tb. The best antigenicity seen in synthetic MA does not necessarily indicate the 

most likely structure of the mycolic acid antigen(s) in nature. In particular, it seems 

unlikely that a particular MA molecule can constitute an antibody binding site filling 

antigen or hapten. Rather, the surface created by packed mycolic acids is likely to be 

the structure that is recognized by antibodies, similar to the case of monoclonal 

antibody recognition of cholesterol [170]. Different from cholesterol, which is 

homogeneous of structure, MA exists as a mixture in Mycobacterium tuberculosis. It 

may well be that mycolic acid folding and packing is influenced by the presence of 

different types of MA subclasses and variants thereof together, such that the natural 

mycolic acid antigen(s) may never be recreated synthetically by the use of a single 

species of pure synthetic mycolic acid. Exact specifications for an optimal mycolic 

acid mixture to assume cholesteroid nature and be attracted to cholesterol may in 

future be determined by mixing various ratios of different MA subclasses as coating 

antigen in ELISA, or as cholesterol capturing entity in evanescent field biosensing. In 

summary then, the hypothesis that one particular mycolic acid class represents 

cholesteroid nature, while another is more antigenic in TB positive patient sera is 

hereby rejected. Antigenicity and cholesteroid nature appears to correlate with one 

another in mycolic acid structure. 
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Chapter 3: Synthesis and characterization of mycolic acid 

containing nanoparticles  

 

 

3.1 Introduction 

 

As described in chapter 1 and 2, MA is a constituent of M.tb which forms the major 

part of the cell wall of the bacteria. MA consists of an extended family of long chain 

2-alkyl 3-hydroxyl fatty acids, typically 70-90 carbon atoms in length. The reason 

why MA was considered as targeting agent is twofold: Firstly as an antigen that forms 

immune-complexes with anti-MA antibodies, which universally occur in all TB 

patients [120] and may facilitate opsonisation of the nanoparticles for macrophage 

uptake mainly at the site of antigen production; and secondly, because of the 

cholesteroid nature of the MA molecules [121]. By its property of attraction of 

cholesterol, it may in effect be attracted to the cholesterol rich site of M.tb infection. 

Due to the extremely hydrophobic nature of mycolic acids, a suitable vehicle was 

needed to introduce them into the body and guide them to their presumed targets of 

infection. The synthetic PLGA polymer was ideally suited to encapsulate both the MA 

and the drug into nanoparticles, as they can harbour both hydrophilic as well as 

hydrophobic molecules.  

Nanoparticles are generally prepared with natural or synthetic polymers using various 

techniques including emulsification, nanoprecipitation and salting out procedures to 

yield particles ranging in size between 10-1000 nm [29, 35, 36]. These particles were 

first developed by Birrenbach and Speiser in the 1970’s [171]. Nanoparticles, spheres 

or capsules can be made, depending on the method used and the specific 

characteristics needed from the particle. Improved efficacy, fewer dosages to be 

administered due to sustained release properties, reduced toxicity and delivery of 

therapeutic agents to the site of infection are some of the benefits of nano-

encapsulated drugs as discussed in more detail in chapter 1. An additional advantage 
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of nanocarriers for treatment of intracellular infections such as M. tb is their 

intracellular uptake and accumulation in macrophages, which is also the target of 

infection of M.tb [45, 172].  

Nanoparticles have the advantage over other drug carriers such as liposomes or 

micelles [173] by their increased stability and slow release of drugs. This makes them 

better to control compared to liposomes, which are generally leaky and with limited 

shelf life [34]. The sub-micron size of nanoparticles effects a higher cellular uptake 

and ability to penetrate deep into tissue, therefore being able to target a wider variety 

of biological components within cells of choice than larger microparticles could [51]. 

By functionalizing the surface of the particles with a targeting ligand, higher 

bioavailability is generated at the site of infection and therefore the dose and side 

effects of the drug may be minimized [51].  

For this study it was decided that PLGA nanoparticles will be used as the nanocarrier 

for the MA and INH drug for reasons explained in Chapter 1. The PLGA nanoparticle 

carrier was designed to encapsulate MA together with an anti-TB drug, INH, in an 

attempt to increase the drug’s efficacy. The developed formulation was tested on M.tb 

infected macrophages, after the MA containing nanoparticle drug was assembled and 

tested in vitro for uptake by macrophages and cytotoxicity.  

A double emulsion solvent evaporation technique was used for formation of the 

particles. They were characterized for Zeta potential, a measure of surface charge, 

dynamic light scattering, i.e. size analysis and size distribution, and surface 

morphology. The latter was investigated by means of scanning electron microscopy 

(SEM). The drug and lipid encapsulation efficiency was measured 

spectrophotometrically. For effective therapy and usefulness of the polymer drug 

construct the intracellular uptake and trafficking in vitro of the particles were 

investigated. The THP-1 and U937 monocyte-macrophage-like cell lines were used. 

Cellular uptake of fluorescently labelled nanoparticles was assessed with confocal 

laser scanning microscopy. The cytotoxicity of the nanoparticles was investigated by 

the WST and MTT technologies, i.e. cell proliferation assays.  

 

 
 
 



Chapter 3: Synthesis and characterization of mycolic acid containing nanoparticles  

 

58 

3.2 Hypothesis 

 

The antigenic, cholesteroid nature of free mycolic acids of M.tb can be exploited by 

their inclusion into INH-containing nanoparticles to facilitate uptake of the 

nanoparticles into TB infected macrophages. 

 

3.3 Aims of study 

 

• Encapsulation and characterization of the product of natural mycolic acids in 

biodegradable polymers.  

• Encapsulation and characterization of the product of natural mycolic acids 

together with an anti-TB drug isoniazid. 

• Analysis of the intracellular uptake of the mycolic acid containing 

nanoparticles by means of co-localization studies with organelle specific 

markers 

• Performing toxicity tests on mycolic acid containing nanoparticles to confirm 

the safety of use of MA as targeting agent as well as testing the efficacy of the 

isoniazid encapsulated nanoparticles together with mycolic acids. 

 

3.4 Materials  

 

3.4.1 Consumables 

 

Acetic acid    Saarchem, Gauteng, RSA (Unilab) 

Alexa fluor 488:  

chicken anti-mouse IgG (H+L) Invitrogen, Oregon USA  
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Alexa fluor 633:  

Goat anti-mouse IgG (H+L)  Invitrogen, Oregon USA 

Alexa Fluor 633:  

Rabbit anti-mouse IgG (H+L)  Invitrogen, Oregon USA  

BACTEC 460 culture media  Becton Dickinson International, Belgium 

Basic fuchsin    Fluka, Sigma-Aldrich, Steinheim, Germany  

5-Bromomethyl fluorescein  Molecular Probes, Leiden, The Netherlands 

Calcium chloride   Merck, Darmstadt, Germany 

Chloroform    Merck, Darmstadt, Germany  

Cytochalasin D   Sigma Chemical Co., St Louis, USA 

Dakocytomation fluorescent 

mounting medium oil   Dako Cytomation, Carpentaria, CA, USA 

Dextran Alexa Fluor 647, 

10 000 MW, anionic, fixable Invitrogen, Oregon, USA 

Dichloromethane   Merck, Darmstadt, Germany 

Dimethyl sulfoxide   Sigma Chemical Co., St Louis, USA 

3(4,5-dimethylthiazol-2)-2,5-diphenyl 

 tetrazolium bromide (MTT)  ICN Biomedicals, Ohio, USA 

DMEM culture media   Highveld biologicals, RSA 

Dynasore    Sigma Chemical Co., St Louis, USA    

Ethanol    BDH, Gauteng, RSA (Analytical grade) 

5-N-ethyl-N-isopropylamiloride  
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(EIPA)     Sigma Chemical Co., St Louis, USA 

Foetal calf serum   Highveld biologicals, RSA 

Ferrous oxide nanoparticles Gift from prof. Walter Focke, University of 

Pretoria, SA  

Hexane    Merck, Darmstadt, Germany 

Isoniazid, 99% purity Sigma Aldrich, Steinheim, Germany  

Magnesium chloride    Merck, Darmstadt, Germany 

Methyl-β-cyclodextran  Sigma Chemical Co., St Louis, USA  

Monoclonal anti-α-Tubulin  

antibody produced in mouse  Sigma Chemical Co., St Louis, USA 

Mycolic acids    Sigma Chemical Co., St Louis, USA 

Nocodazole    Sigma Chemical Co., St Louis, USA 

Paraformaldehyde   Merck, Darmstadt, Germany  

Penicillin/Streptomycin  Highveld biologicals, RSA 

Phalloidin-Tetramethyl rhodamine B 

Isothiocyanate    Sigma Chemical Co., St Louis, USA 

Phenol     BDH, Gauteng, RSA 

Phorbol 12-myristate 13-acetate Sigma Chemical Co., St Louis, USA 

Poly, DL, lactic-co-glycolic acid,  

50:50 (Mw: 45000-75000)  Sigma Chemical Co., St Louis, USA 

Polyvinyl alcohol (PVA)  

MW: 13000-23000,  
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partially hydrolysed (87-89)  Sigma Chemical Co., St Louis, USA 

Sodium chloride   Saarchem, Gauteng, RSA  

di-Sodium hydrogen phosphate Merck, Darmstadt, Germany 

Potassium chloride   Merck, Darmstadt, Germany 

Potassium dihydrogen phosphate  Merck, Darmstadt, Germany 

RPMI-1640 culture media 

(with L-glutamine)   Gibco, Invitrogen, Paisley, UK 

Silica Oxide (amorphous) Gift from prof. Walter Focke, University of 

Pretoria, SA 

Sodium dodecyl sulphate  Sigma Chemical Co., St Louis, USA 

Transferrin Alexa Fluor 633  Invitrogen, Oregon, USA 

Triton X-100    Sigma Chemical Co., St Louis, USA 

Trypan blue    Sigma Chemical Co., St Louis, USA 

Trypsin/ Versene   Highveld biologicals, RSA 

Wortmannin    Sigma Chemical Co., St Louis, USA 

Zinc oxide nanopowder Sigma Chemical Co., St Louis, USA 

  

3.4.2 Buffers 

 

PBS buffer (PBS): 8.0 g NaCl, 0.2 g KCl, 0.2 g KH2PO4 and 1.05 g Na2HPO4 per 1 L 

double distilled, deionized water, adjusted to pH 7.4 

Buffer A: PBS containing 1mM CaCl2 and 1mM MgCl2 
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3.4.3 Instrumentation 

 

Size and zeta potential measurements: Zetasizer nano-zs, Malvern instruments, 

Worcstershire, UK. 

Confocal microscopy: Leica TCS SP5 confocal microscope, Mannheim, Germany.  

Morphology of particles was investigated on a LEO 1525 Field Emission SEM. 

For particles synthesis and characterization: Silverson L4R homogenizer, UK,  

Virtis Benchtop freeze dryer, USA. 

Absorbancies were measured with a SLT 340 ATC photometer. 

FACS analysis: Becton Dickinson FACS ARIA Cell Sorter, USA.  

In vitro mycobacterial growth experiments: BACTEC 460 radiometric apparatus, 

Becton Dickinson, Johnston Laboratories, USA. 

 

3.5 Methods 

 

3.5.1 Preparation of INH containing nanoparticles with labelled MA  

 

To prepare nanoparticles, the double emulsion solvent evaporation freeze drying 

technique was used as previously described in literature with modifications [174]. 

Poly DL, lactic-co-glycolic acid (PLGA) 50:50 (MW: 45000-75000) was dissolved in 

6 ml of dichloromethane (DCM) at a concentration of 1.25% weight/volume (w/v). 

Partially labelled MA (1:1 w/w, with 5-Bromomethylfluorescein (5BMF) labelled 

MA total of 2 mg, 1.7 µmol) was dissolved in 2 ml dichloromethane and added whilst 

stirring. For the first water in oil (w/o) emulsion, aqueous phosphate buffer saline 

(PBS, pH 7.4, 2 ml) was added to the mixture and homogenization was done at 5000 

rpm for 3 min. For nanoparticles containing INH, the INH (100 mg, 729 µmol) was 
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dissolved in the PBS and then added to the mixture. The emulsion formed was 

subsequently transferred to an aqueous solution of 1% w/v of the polyvinyl alcohol 

(PVA, MW: 13000-23000 and partially hydrolysed (87-89%)) as a stabilizer. The 

second water in oil in water (w/o/w) emulsion was formed by homogenization at 8000 

rpm for 3 min. The second emulsion formed was stirred at 500 rpm overnight at 

atmospheric pressure to evaporate the organic solvent. The PLGA nanoparticles were 

recovered by centrifugation at 19000 rpm for 15 min. The resulting particles were 

dried by lyophilization in a Vitrus Benchtop freeze dryer.  

 

3.5.2 Nanoparticle characterization 

 

The nanoparticles collected after lyophilization was subjected to size distribution, 

polydispersity and surface potential measurements by means of a zetasizer. The 

samples were diluted with PBS and manually shaken to disperse the particles into 

solution before measurement at a temperature of 25 °C. The surface morphology of 

the particles was investigated by scanning electron microscopy done by the Nano 

Centre department at the CSIR. The gold sputtering technique was used to prepare the 

samples for visualization by fixing the NPs to aluminum sample stubs with double-

sided carbon tape and sputter coating with gold for viewing by scanning electron 

microscopy. Drug and lipid loading was analyzed as described in the subsequent 

sections.  

 

3.5.2.1 Quantification of INH in nanoparticles 

 

Quantification of the INH encapsulated in the nanoparticles was performed via an 

indirect method. The supernatant left after particle centrifugation was tested for the 

amount of free INH present in the supernatant measured with absorbance at 260 nm. 

The amount of drug was calculated by the formula:  
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Equation 1: 

 

 

 

3.5.2.2 Quantification of MA in nanoparticles 

 

For the MA-containing nanoparticles, carbol fuchsin dye (basic fuchsin 0.3 g, ethanol 

(95%) 10.0 ml, phenol 5.0 ml, ddd H2O 95 ml) was used to quantify the amount of 

MA present in the nanoparticles. The MA containing nanoparticles (20 mg) were 

dissolved in chloroform (10 ml) and stirred overnight. Hexane was added to 

precipitate the PLGA, and stirred vigorously for an hour. The precipitate was 

recovered by filtration through a 0.45 µm organic solvent resistant filter (Pall 

Acrodisk, PSF, GXF/GHP) and washed with hexane 2 to 3 times. The mother liquor 

was evaporated with N2 (g). The MA left in the vial was re-dissolved in hexane 

followed by the addition of an equal amount of carbol fuchsin dye. To prepare the 

standards, MA was dissolved in hexane and added to the Carbol fuchsin (1:1 v/v). The 

Carbol fuchsin forms a lower pink aqueous layer and MA in hexane forms the upper 

transparent layer. After thorough mixing the upper layer turned pink due to the 

complex formation between MA and Carbol fuchsin. The absorbance of the hexane 

layer was measured at 492 nm in an absorbance plate reader and a standard curve was 

compiled. 

 

3.5.3 In vitro cell viability assay  

 

Encapsulation efficiency (EE) =

Amount of drug initially used – amount of drug in the supernatant

Amount of drug initially used

X 100
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Caco-2 cells (human colorectal carcinoma) and U937 (histiocytic lymphoma) cells 

were purchased from Highveld Biologicals, RSA. The cells were grown and 

maintained at a confluency of 0.5 – 5 x 106 cells/ml, in DMEM media for Caco-2 and 

RPMI-1640 for U937 cells, both supplemented with penicillin (50 µg/ml), 

streptomycin (50 µg/ml) and 10% heat inactivated foetal calf serum (FCS). The cells 

were incubated at 37 ºC in a 5% CO2 (g) humidified incubator and passaged 2-3 times 

a week. Cell viability was determined by making use of the trypan blue exclusion test.  

Cells were seeded in 96 well plates at a density of 0.5 - 1 x 106 cells/ml at 100 µl per 

well and incubated for 24 hours before treatment. U937 cells were differentiated as 

described in 3.5.4.2. Cells were incubated with different concentrations of empty 

PLGA nanoparticles, MA nanoparticles or Fluorescein-MA containing nanoparticles 

of an average size of ~ 500 nm. Ferrous oxide (Fe2O3) [175, 176] and amorphous 

silica oxide (SiO2) were used as negative controls [177] and zinc oxide (ZnO) 

nanopowder with known toxicity [178] was used as positive control in the studies in 

order to determine cell viability after exposure. The WST assay (Quick Cell 

Proliferation Assay Kit II, Biovision, USA) was performed as per manufacturer’s 

procedures for the Caco-2 cells. The assay is based on the reduction of the tetrazolium 

salt, WST to water-soluble orange formazan by cellular mitochondrial dehydrogenase 

present in viable cells. The amount of formazan dye formed is determined 

colourimetrically at 450 nm with a reference wavelength at 630 nm. It is directly 

proportional to the number of living cells. The MTT assay was performed for the 

U937 cells by adding the MTT dissolved in PBS pH 7.4 (100 µg/well) to the cells and 

incubated for 5 hours at 37 °C. The untransformed MTT was removed by careful 

aspiration and the formazan crystals formed, were dissolved in 100 µl dimethyl 

sulfoxide. The absorbance was read at 550 nm. Percentage viability was calculated by 

the absorbance intensity of the cells incubated with the particles as a function of that 

of the untreated cells.  

 

3.5.4 Uptake of nanoparticles by macrophages  
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In order to elucidate the feasibility of these nanoparticles for intracellular delivery of 

drugs, nanoparticle uptake into macrophage cells in vitro was analysed by 

fluorescence activated cell sorting (FACS). 

  

3.5.4.1 Cell culture maintenance 

 

To determine particle uptake flow cytometry experiments were conducted as follows. 

For cell growth the THP-1 monocytes were grown in RPMI-1640 medium with L-

glutamine, supplemented with penicillin (50 µg/ml), streptomycin (50 µg/ml) and 

10% heat inactivated FCS and maintained as described in 3.5.3. 

 

 3.5.4.2 Differentiating cells 

 

To differentiate the THP-1 cells into adherent macrophages, 50 nM Phorbol 12-

myristate 13-acetate (PMA) was added to the wells containing 1 x 106 cells/ml with 

total volume of 2 ml per well and incubated for 48 hours [172, 179]. Thereafter the 

medium was replaced with complete RPMI-1640 media for another 24 hours. The 

formation of adherent macrophages was confirmed via microscopy.  

 

3.5.4.3 Flow cytometry  

 

Differentiated THP-1 cells were washed twice with PBS at room temperature (RT). 

Thereafter the cells were incubated for 2 hours at 37 °C in incomplete RPMI 

containing different concentrations of Fluorescein-MA or Rhodamine containing 

nanoparticles, which were similar in size. The plates containing the cells were 

subsequently placed on ice and the cells were washed twice with ice cold PBS. Ice 

cold acid wash (NaCl 1.15 g and Acetic acid 1.14 ml /100 ml) was included and the 

plates were incubated for 1min. on ice. The cells were then washed twice with PBS at 
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RT and trypsinized at RT with 600 µl trypsin/versene (0.25 % Trypsin + 0.05 % 

EDTA). To inhibit the trypsin reaction, 600 µl ice cold PBS was added. The cells 

were washed twice with ice cold PBS, centrifuged at 900 rcf for 3 min. and 

resuspended in trypan blue stain to minimize background fluorescence [180, 181]. 

The cells were washed once more and resuspended in ice cold PBS. The fluorescence 

of 10 000 viable cells was acquired via the fluorometer.  

Chemical uptake inhibitors were used to investigate the mechanism of uptake. The 

differentiated cells were incubated in incomplete RPMI for 15 min. at 37 °C 

containing either 150 nM wortmannin, 5 mM methyl-β-cyclodextran, 75 µM 

dynasore, 10 µM nocodazole, 10 µM 5-N-ethyl-N-isopropylamiloride (EIPA), 50 µM 

cytochalasin D. Fluorescein-MA or Rhodamine containing nanoparticles were 

subsequently added and incubated for a total of 2 hours in the continued presence of 

the inhibitors. The cells were then prepared for FACS analysis as describe above. The 

specific inhibitors used were wortmannin – affects macropinocytosis and 

phagocytosis by inhibiting PI(3)kinase, methyl-β-cyclodextran – extracts cholesterol 

and affects lipid rafts, dynasore is a dynamin GTPase inhibitor, nocodazole 

depolymerises the microtubule network, 5-N-ethyl-N-isopropylamiloride (EIPA) is 

used to inhibit macropinocytosis and cytochalasin D depolymerises the actin network 

[140, 182, 183]. 

 

3.5.5 Nanoparticle uptake and localization by confocal microscopy 

 

To determine where the NP’s localize within the cells, live and fixed cell imaging was 

conducted. 

 

3.5.5.1 Cell culture maintenance 

 

For cell growth of the suspension cultures, the THP-1 monocytes and the human 

monocyte-macrophage like cell line U937 were grown and maintained in RPMI-1640 
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medium with L-glutamine, supplemented with penicillin (50 µg/ml), streptomycin (50 

µg/ml) and 10% heat inactivated foetal calf serum (FCS) and maintained as described 

in 3.5.3. 

 

3.5.5.2 Differentiating cells 

 

To differentiate the cells into adherent macrophages, THP-1 (1 x 106 cells/ml) was 

exposed to 50 nM PMA whereas the U937 (1 x 106 cells/ml) cell line was exposed to 

8 nM PMA for 48 hours [179, 184]. Thereafter the medium was replaced with 

complete RPMI-1640 medium for another 24 hours and the formation of adherent 

macrophages was confirmed via microscopy. The differentiated cells were treated for 

live cell imaging or fixed for immunostaining. 

 

3.5.5 3 Nanoparticle uptake in U937 and THP-1 macrophages 

 

In order to determine the uptake of the particles in the macrophage cells, the cells 

were incubated for an hour with Fluorescein-MA containing PLGA nanoparticles (0.1 

mg/ml). The cells were then washed three times with buffer A (PBS containing 1mM 

CaCl2 and 1mM MgCl2) and visualized in 1 ml of clear incomplete RPMI on the Leica 

confocal microscope equipped with a temperature stage set at 37 °C. 

 

3.5.5.4 Nanoparticle, transferrin and dextran uptake in U937 and THP-1 macrophage 

cells 

 

In order to determine the accumulation point of molecules within intracellular 

compartments a pulse/chase study was conducted. A pulse/chase analysis allows for 

the determination of  the endocytic route of the particles by successively exposing the 

cells to the labeled particles and/or endosomal marker (pulse) thereafter removing the 
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excess particles followed by an incubation step (chase) [185]. The study was 

performed with the nanoparticles together with transferrin, which is a marker of early 

endosomes and the late endosome marker, dextran. For the THP-1 and U937 

macrophages, the media was removed and replaced with incomplete RPMI for 10 

min. at 37 °C. The nanoparticle solutions (0.1 mg/ml) suspended in incomplete RPMI 

were then added to the cells (pulse step), and incubated for 4 hours [186]. Thereafter 

the cells were washed 3 times with buffer A at 37 °C. Buffer A was replaced with 

complete RPMI and the cells were incubated for a further 3.5 hours and another 0.5 

hours in incomplete RPMI (chase step). To the cells, 100 nM transferrin 633 (final 

concentration of 0.008 mg/ml) was added and incubated as indicated in table 3.3. The 

cells were washed 3 times with buffer A at 37°C. Incomplete, clear RPMI (1 ml) was 

added at 37 °C. The cells were visualized via confocal microscopy equipped with a 

temperature stage set at 37 °C. Alternatively, instead of transferrin 633, the 

pulse/chase study was performed with dextran alexa fluor 647 (0.125 mg/ml).  

 

3.5.5.5  Nanoparticle treatment and fixation of macrophage cells 

 

Nanoparticle (0.2 mg/ml in incomplete RPMI) treatment of the cells consisted of a 3 

hour incubation followed by washing the cells 3 times in buffer A at room 

temperature (RT). The fixation medium, 3% PFA (paraformaldehyde) in PBS was 

added to cover the cells and left for 20 min. The wells were then washed 3 times with 

buffer A and dipped once in distilled H2O. The excess water was drained and the 

coverslip mounted on a glass slide face down together with a drop of Dakocytomation 

fluorescent mounting medium oil. Subsequently the coverslip was sealed with clear 

nail polish. Confocal microscopy was then conducted as needed.    

 

3.5.5.6 Immunofluorescence staining of U937 and THP-1 fixed macrophages 
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To determine the uptake of the nanoparticles by the cells, the cells were treated with 

Fluorescein-MA PLGA nanoparticles (0.1 mg/ml in incomplete RPMI) for 4 hours at 

37 ºC. Thereafter the cells were fixed and stained for α-tubulin with serial antibody 

treatment. Alternatively cells were incubated for 15 min. with the actin 

depolymerising agent, Cytochalasin D (5 µM) or the microtubule polymerization 

disrupting agent, Nocodazole (10 µM) at 37 ˚C in incomplete RPMI. The media was 

removed and the cells were either washed 3 times with PBS and treated with 

nanoparticles, or the cells were not washed, but treated with nanoparticles. Another 

set was treated with Cytochalasin D (5 µM) or Nocodazole (10 µM) at 37 ˚C for a 

total of 4 hours. Cytochalasin D treated and untreated cells were then stained for actin 

as described in 3.5.5.6.2. Nocodazole treated and untreated cells were then stained for 

α-tubulin as described in 3.5.5.6.1. 

 

3.5.5.6.1 Immunostaining for α-tubulin 

 

The medium was removed and the cells washed once with ice cold PBS. Methanol 

(100%) at –20 ˚C was quickly added (to maintain microtubule integrity) and 

incubated for 5 min. The rest of the method was done at RT. The cells were washed 3 

times in PBS and then a blocking solution (10% FCS in PBS) was added for 30 min. 

The primary α-tubulin mouse antibody (25 µl of 1:500 dilution in blocking buffer) 

was added to the cells and incubated for 30 min. at RT. The cells were washed 3 times 

in 0.2% Triton/PBS and once in PBS only at RT. The secondary anti-mouse antibody 

(25 µl of 1:400 dilution in blocking buffer) was added and incubated for 45 min. at 

RT in a humidified atmosphere in the dark. The cells were then washed 3 times in 

0.2% Triton/PBS and once in PBS at RT. The cells were washed twice in buffer A at 

RT and prepared for confocal imaging. 

 

3.5.5.6.2. Rhodamine staining for actin 
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The cells were fixed with 3% PFA as described in 3.5.5.5 and incubated with 

Phalloidin-Tetramethyl rhodamine B isothiocyanate (2 µg/ml) for 10 min. at RT. The 

cells were then washed 4 times with buffer A at RT and prepared for confocal 

viewing. 

 

3.5.6 In vitro drug testing in Mycobacterium tuberculosis H37Rv  infected THP-1 

macrophages 

 

In order to determine what the antimicrobial effect will be on intracellular bacteria, 

the M.tb H37Rv strain was used for drug susceptibility testing in THP-1 macrophages 

by making use of the radiometric CO2 (g) - release BACTEC 460 apparatus. 

 

3.5.6.1 Cell culture maintenance  

 

For cell growth THP-1 monocytes (kind gift from Dr. B. Baker from University of 

Stellenbosch, SA) were grown and maintained as described in 3.5.4.1 but without the 

addition of antibiotics through out the entire duration of the experiments. 

  

3.5.6.2 Differentiating cells 

 

All the experiments were conducted in the differentiated macrophage state of the cells 

unless otherwise stated. To differentiate the cells into adherent macrophages, THP-1 

(1 x 106 cells/ml) were treated with 100 nM PMA in RPMI/FCS [179, 184]. To ensure 

monolayer formation the plate was tilted for 1 minute per side and repeated several 

times. The cells were incubated at 37 ºC in a 5% CO2 (g) atmosphere for 24 hours. 

Thereafter the cells were washed twice with RPMI/FCS media and left for another 24 

hours. The formation of adherent macrophages was confirmed with microscopy.  
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3.5.6.3 Macrophage infection with M.tb H37Rv 

 

A frozen aliquot of M.tb H37Rv was thawed (2.3 X 108 CFU/ml) and passaged 30 

times up and down with a 1 ml insulin syringe. The amount required (5:1 

multiplicities of infection (MOI), thus 5 x 106 mycobacteria per well) was centrifuged 

(520 µl per 24 well plate) at 13 000 rpm for 20 min. The supernatant was removed 

and 1.2 ml medium (RPMI/ FCS) was added. The bacteria were resuspended in the 

media by passaging 30 times up and down with 1 ml insulin syringe. To each well of 

1 x 106 cells, 50 µl of M.tb H37Rv was added for infection. The plate was incubated 

for 4 hours and then washed to remove non-internalized M.tb H37Rv, before 

incubation overnight. 

 

3.5.6.4 Nanoparticle drug treatment 

 

Nanoparticles containing INH and partially labelled MA were prepared in RPMI/FCS 

medium at a final concentration of 0.2 µg/ml and 2 µg/ml of free INH. After the 

medium was removed from the wells, 1 ml of the prepared nanoparticle suspensions 

was added to the cells, and incubated for 5 hrs, 1 day or 2 days with additional 2 day 

incubation after removing the particles not taken up by the cells [172].  

 

3.5.6.5  Harvesting TB bacilli from macrophages 

 

After the nanoparticle treatment the cells were washed 3 times with RPMI/FCS to 

remove non-phagocytosed TB bacteria and un-ingested particles. Cells were harvested 

by removing 1 ml of medium and adding 100 µl 0.25% SDS to each tube, at a final 

concentration of 0.025%. To the wells 1 ml of 0.025% SDS was added to lyse the 

adherent macrophages or alternatively 0.1% Triton X-100 was used for this purpose. 
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The cells were physically removed by gentle pipetting. The suspension of cells was 

removed and added to tubes. Centrifugation at 13 000 rpm for 20 min. was done to 

pellet the bacteria. The pellet was passaged 10 times up and down with a 1 ml insulin 

syringe in 100 µl Bactec 460 media and added to the Bactec vials. 

For the controls, drug free vials consisted of bacterial inocula only. Negative control 

vials contained media without any bacteria or drugs to monitor if any contamination 

occurred. All the vials were read and flushed with 5% CO2 (g) daily until the growth 

index (GI) of the bacterial control reached 999. 
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3.6 Results 

 

3.6.1 Characterization of MA / INH encapsulated particles 

 

The freeze dried particles, recovered after the encapsulation of INH and MA in the 

double emulsion evaporation technique [174], were used in all experiments without 

further purification. The particles were subsequently subjected to size and zeta 

potential analysis with a Zetasizer. Knowing the zeta potential, the stability of the 

nanoparticles in terms of aggregation in different media may be predicted. Charged 

nanoparticles have a lesser tendency to aggregate than neutral nanoparticles. Table 3.1 

describes the physical characteristics obtained for the nanoparticles. 

 

Table 3.1. Mean diameter and zeta potential of nanoparticles prepared by the 

solvent evaporation freeze drying method 

Sample Average 

particle size 

(nm) 

Polydispersity 

index (PDI) 

Zeta potential 

(mV) in PBS pH 

7.4 

PLGA NP 412 (± 82)  0.43 -9.2 (± 0.7) 

Fluorescein-MA PLGA 508 (± 101) 0.48 - 5.32 (± 1.8) 

50% Fluorescein-MA/MA/ 

INH/ PLGA 

555 (± 86) 0.51 - 6.68 (± 0.2) 

INH/PLGA 419 (± 92) 0.47 - 8.39 (± 1.6) 

nm = nanometer, mV  = milli-volts 

The technique reproducibly yielded drug-free nanoparticles of 412 (± 82) nm diameter 

as well as nanoparticles loaded with MA and INH of 555 (± 86.4) nm, as analyzed by 

dynamic light scattering. The nanoparticle suspension stability was examined by 
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measuring the zeta potential. Theoretically, the more positive or negative the values 

are, the less the possibility for aggregation. PLGA has a negative zeta potential due to 

the presence of uncapped end carboxyl groups. The values indicated that the MA lipid 

molecules reduced the negative values to some extent. The change in zeta potential 

could be an indication that some of the MA molecules may be located on the external 

surface of the PLGA nanoparticles.  

Spectrophotometric determination of the concentration of INH was determined 

indirectly, by measuring the amount of INH (measured at 260 nm) present in the 

supernatant after collection and washing of the nanoparticles. The amount of drug 

encapsulated in the nanoparticles is given in table 3.2.  

 

Table 3.2. Concentration of the INH in the sample 

Sample 

Starting 

mass of 

INH (mg) 

Encap-

sulation  

efficiency 

(EE)  

Yield 

(mg) 

Loading 

(%) 

Amount of 

drug in 

sample 

(mg) 

INH/PLGA 96 0.1201 79.4 14.52091 11.5296 

50% Fluorescein-

MA /MA /INH 

PLGA 107 0.1135 86.7 14.0075 12.1445 

 

Thus the amount of drug in the sample is approximately 14% of particle mass. The 

encapsulation efficiency (EE) was determined by using equation 1 from section 

3.5.2.1. The encapsulation efficiency indicates the final amount of drug incorporated 

into the system compared to the original amount of drug used, whereas the percentage 

drug loading in the sample is the amount of drug in the whole formulation of the 

nanoparticle samples.  
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The surface morphology of the formed nanoparticles was characterized via SEM. The 

SEM was used to study the external morphology of the PLGA nanoparticles. Figure 

3.1 shows a micrograph of nanoparticles containing fluorescein-MA NPs magnified 

50 000 times. The image shows coalescent, spherical particles with a smooth surface 

containing no observable pores and a large size distribution as also indicated by the 

PDI in table 3.1. A variation in size would possibly lead to the individual particles 

having different release profiles of the drug which is a function of polymer 

degradation where the smaller particles could degrade faster. The results showed that 

the external morphology of the particles had a smooth spherical surface which will 

facilitate more uniform particle degradation. Thus by making use of the double 

emulsion evaporation freeze drying technique, successful formation of MA containing 

PLGA nanoparticles was achieved together with the anti-TB drug INH.  

 

 

 

Figure 3.1 Representative SEM image of the surface of PLGA nanoparticles with Fluorescein  labelled 

MA.  
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3.6.2 Quantification of MA containing nanoparticles 

 

MA are long chain 2-alkyl 3-hydroxyl fatty acids comprising typically of 70-90 

carbon atoms making it a very hydrophobic molecule with limited solubility in 

commonly used solvents. Different methods could be employed to determine the 

encapsulation efficiency into nanoparticles. However, the hydrophobicity of MA 

limits the techniques that can be used. In literature, HPLC analysis is used for the 

detection of mycobacterium species through their different mycolic acid profiles [187-

190], applying primarily a photodiode array detector. Because mycolic acids do not 

contain suitable chromophores for UV detection, derivatization is needed for 

spectrophotometric detection. Another method of quantification is by colorimetric 

methods. According to a patent by Khanuja S et al. published in 2003 [191], mycolic 

acids could be quantified by making use of a carbol fuchsin dye indicated in Figure 

3.2. This dye interacts with the MA in a concentration dependent way, producing a 

coloured complex that could be measured at 492 nm. 

 

 

 

 

 

Figure 3.2 Basic fuchsin that will associate with mycolic acids of M.tb [191]. 

 

 From the standard curve prepared, the amount of MA in the sample could be 

determined. Thus, by making use of the equation obtained for the standard curve 

(Figure 3.3) for the Fluorescein-MA PLGA particles: 0.5 mg Fluorescein -MA in 73 

mg NP sample with an encapsulation efficiency of 26% was observed. PLGA was 

also tested alone as a control.  
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Figure 3.3 Standard curve obtained for MA and Fluorescein

dye. 

3.6.3 In vitro cell viability assay

 

In order to elucidate the effect of the nanoparticles on the viability of cells, non

radiometric assays were used to determine

with the specific MA containing nanoparticles. By making use of the WST assay, the 

in vitro cytotoxicity of MA containing nanoparticles were compared to PLGA 

nanoparticles, amorphous SiO

concentrations of 0.1, 0.01 and 0.001 mg/ml. The adherent Caco

for 3.5 hours to the different compounds and incubated for a further 20.5 hours. The 

cells were then washed and incubated in fresh complete media. The resul

3.4 indicated that compared to untreated cells (control), the Caco

more than 75% viability when treated with various concentrations of PLGA 

nanoparticles, SiO2 and Fe

well to the controls and did not show any adverse effects on the cells. This result 

illustrates the safety of this drug delivery system. MA containing nanoparticles 

no more than 25% cell death

showed lower % viability with statistical significance (P < 0.01) compared to PLGA 

only nanoparticles, whereas the Fluorescein

to PLGA did not differ with significance. The MA containing nanoparticles differed 
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Standard curve obtained for MA and Fluorescein-MA by making use of the Carbol fuchsin 

cell viability assay 

In order to elucidate the effect of the nanoparticles on the viability of cells, non

radiometric assays were used to determine in vitro the cell viability after treatment 

with the specific MA containing nanoparticles. By making use of the WST assay, the 

cytotoxicity of MA containing nanoparticles were compared to PLGA 

nanoparticles, amorphous SiO2, Fe2O3 particles and ZnO nanopowder at 

concentrations of 0.1, 0.01 and 0.001 mg/ml. The adherent Caco-2 cells were exposed 

for 3.5 hours to the different compounds and incubated for a further 20.5 hours. The 

cells were then washed and incubated in fresh complete media. The resul

3.4 indicated that compared to untreated cells (control), the Caco-2 cell lines showed 

more than 75% viability when treated with various concentrations of PLGA 

and Fe2O3 particles. Therefore the PLGA nanoparticles compared 

well to the controls and did not show any adverse effects on the cells. This result 

illustrates the safety of this drug delivery system. MA containing nanoparticles 

no more than 25% cell death in the Caco-2 cells. MA containing nanoparticles 

% viability with statistical significance (P < 0.01) compared to PLGA 

only nanoparticles, whereas the Fluorescein-MA containing nanoparticles compared 

to PLGA did not differ with significance. The MA containing nanoparticles differed 
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MA by making use of the Carbol fuchsin 

In order to elucidate the effect of the nanoparticles on the viability of cells, non- 

the cell viability after treatment 

with the specific MA containing nanoparticles. By making use of the WST assay, the 

cytotoxicity of MA containing nanoparticles were compared to PLGA 

O nanopowder at 

2 cells were exposed 

for 3.5 hours to the different compounds and incubated for a further 20.5 hours. The 

cells were then washed and incubated in fresh complete media. The results in figure 

2 cell lines showed 

more than 75% viability when treated with various concentrations of PLGA 

particles. Therefore the PLGA nanoparticles compared 

well to the controls and did not show any adverse effects on the cells. This result 

illustrates the safety of this drug delivery system. MA containing nanoparticles caused 

MA containing nanoparticles 

% viability with statistical significance (P < 0.01) compared to PLGA 

MA containing nanoparticles compared 

to PLGA did not differ with significance. The MA containing nanoparticles differed 
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from the % viability with statistical significance (P < 0.01) compared to Fluorescein-

MA nanoparticles. One possible reason for this is that the percentage MA in the 

Fluorescein-MA is less than for the MA alone. The MA (0.01 mg/ml) but not the 

Fluorescein-MA containing nanoparticles statistically were not significantly more 

toxic compared to the control, ZnO, but this might be attributed to the large standard 

deviation obtained for the ZnO. A longer incubation time up to 48 hour and 72 hours 

study was also done, but because of the fast growth rate of the Caco-2 cells even after 

treatment, the nanoparticles did not show any significant toxicity in comparison to the 

controls. 

 

 

Figure 3.4 Effects of PLGA, ferrous oxide, fumed silica, zinc oxide and MA containing particles on 

viability of the Caco-2 cell line after 24 hours as done by a WST assay. The data are representative of 

two repeats of n = 6 and the error bars indicate standard deviation. 

 

An initial viability study on differentiated U937 macrophage cells was also done by 

means of a non-radiometric MTT assay [192, 193]. The formazan crystals formed 

were dissolved and the absorbance of the dye measured as an indication of the number 
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of live cells per well. MA containing nanoparticles showed more than 80% viability in 

the U937 cells as shown in figure 3.5. Because the MTT assay was not repeated 

statistical significance was not determined. But these initial studies do indicate that 

the MA containing nanoparticles have a small negative effect on the cell growth albeit 

a bit more toxic compared to PLGA nanoparticles alone. 

 

  

Figure 3.5 Effects of PLGA and MA containing particles on viability of the U937 cell line after 24 

hours as done by a MTT assay. The data are representative of one experiment of n = 4 and the error 

bars indicate standard deviation. 

 

3.6.4 Flow cytometric measurement of uptake of nanoparticles by macrophages  

 

The THP-1 cells were used in their chemically differentiated state. Uptake of labelled 

nanoparticles by macrophages was measured by flow cytometry. The instrument was 

set for each sample to collect 10 000 events. Fluorescein and rhodamine have 

excitation wavelengths of 488 nm and 526 nm respectively and were detected at their 

respective emission wavelengths of 520 nm and 555 nm. The data consisted of side 

scatter, forward scatter and fluorescence emission centered at 520 nm (P1, for 

Fluorescein) and 555 nm (P2, for rhodamine). Labelled and unlabelled samples were 
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used to set the respective gates, where the unlabelled cells would be eliminated from 

the analyzed population. The Fluorescein-MA and Rhodamine containing 

nanoparticles of a similar size range were used for this study. In addition cells were 

washed with a trypan blue solution before analysis to quench extracellular 

fluorescence, therefore measuring only the fluorescent particles that were internalized 

[180]. 

The results shown in figure 3.6 for both of the nanoparticle groups indicate a 

concentration dependent uptake in macrophage cells. The graphs indicated that no 

additional fluorescence peaks were observed when the cells were exposed to higher 

concentrations of MA or rhodamine containing nanoparticles. Thus it could be 

assumed that only the number of cells that take up the particles are increased and that 

all cells take up similar amounts of particles. Thus MA seems not to interfere with the 

thermodynamics of the nanoparticle uptake. For the confocal studies a concentration 

of 0.1 mg/ml was used, so that the macrophages were not saturated with 

nanoparticles.  
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Figure 3.6 Flow cytometry of nanoparticle uptake in THP-1 cell culture at increasing concentrations 

of Fluorescein -MA and rhodamine containing nanoparticles.  

 

When flow cytometry of nanoparticle uptake was measured on the macrophage cells 

pre-incubated individually with chemical inhibitors of endocytic pathways no 

inhibition was observed for any of the inhibitors used. Uptake was observed of the 

NPs similar to where no inhibitors were used. The specific inhibitors used were as 

described in section 3.5.4.3. No conclusion could therefore be drawn with flow 

cytometry regarding the mechanism of uptake of the nanoparticles.  

 

3.6.5 Cell culture 
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The results obtained for the live and fixed cell imaging on the uptake of Fluorescein-

MA NP studies was done to provide visual assessment of the uptake process and 

kinetics. 

 

3.6.5.1 Nanoparticle uptake in U937 and THP-1 macrophages 

 

All the results that are presented here are those of cells in their chemically 

differentiated state, which was achieved via treatment with PMA. Phorbol esters, such 

as PMA were reported to induce macrophage like differentiation in myelomonocytic 

and histiocytic luekaemic cell lines (e.g. THP-1 and U937) [179, 194].  

The capability of macrophages to take up and accumulate the nanoparticles was 

investigated via confocal microscopy. The data as presented in figure 3.7 A and B 

illustrated that after treating the cells for an hour with 0.1 mg/ml Fluorescein-MA 

PLGA- or coumarin-PLGA-nanoparticles, the particles were visible within the cells 

and were thus successfully taken up into both the THP-1 and U937 macrophage cell 

lines, corroborating the flow cytometry results. Therefore including the MA into the 

nanoparticles did not affect the uptake into the macrophages negatively. 

 

 

 

 

 

 

 

Figure 3.7 Live cell images of Fluorescein-MA PLGA nanoparticles taken up by a) THP-1 and b) 

U937 macrophages. Inserts are controls i.e. coumarin labelled PLGA nanoparticles. 

 

A B 
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For the effective design of clinically useful therapeutic molecules, it is necessary to 

understand the intracellular trafficking and fate of the molecules. To determine 

whether the nanoparticles reside within the early endosomes, initial co-incubation 

studies with Fluorescein-MA containing PLGA nanoparticles (green) and transferrin 

(red), with the transferrin representing early and recycling endosomes, was done for 

half an hour in the two different macrophage cell lines. The results (not shown) did 

not indicate co-localization. Whether the particles already moved through early 

endosomes or not could therefore not be concluded. To resolve this, pulse/chase 

studies were undertaken. 

Interestingly, the coumarin PLGA particles were observed to affect the morphology of 

the macrophages. Light microscopy images (Figure 3.8) of THP-1 macrophages 

incubated either with unlabeled PLGA or coumarin labeled PLGA nanoparticles 

indicated that the coumarin PLGA treated cells (Figure 3.8A) yielded more flattened / 

less dense cells than the PLGA unlabeled treated cells. Whether coumarin PLGA 

serves as a good representative control as was used in literature is a point of 

contention [29]. It may be that in macrophage like cell lines the dye appears to be 

toxic whereas in other cell lines it is not [29]. It was decided not to use the coumarin 

labelled PLGA in the co-localization studies due to the coumarin most probably 

interfering with the metabolism of the cells.  

 

 

 

 

 

 

Figure 3.8 Bright field confocal images of cell morphology of THP-1 macrophages after uptake of 

nanoparticles A) Coumarin PLGA B) unlabeled PLGA nanoparticles.  

 

A B 
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Pulse/chase studies allow the determination of the path and end location of the 

nanoparticles within the cells after uptake. The endocytic probes (Figure 3.9) that 

were used were transferrin 633 or transferrin 488 and dextran alexa fluor 647, to 

represent early/recycling endosomes and late endosomes/lysosomes respectively. 

Dextran follows the route of early endosomes, through late endosomes reaching 

lysosomes [182]. Previous groups have shown that late endosomes and lysosomes are 

accessible to molecules in the plasma wit

delivery of a fluid phase marker between 90 and 120 min. 

 

 

 

 

 

 

 

Figure 3.9 Endocytic probes used for representation of endocytic pathways (Courtesy Dr. Arwyn T. 

Jones, Cardiff University, UK).

 

In figure 3.10, the control experiment was done to show that the dextran positive 

compartments (late endosomes/lysosomes) were distinct from the early

endosomes represented by transferrin

colocalization in areas where possible yellow spots were observed. The cells were 

treated with the nanoparticles at different time points as well as incubated with 

dextran or transferrin as indicated in figure 3.10
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Pulse/chase studies allow the determination of the path and end location of the 

nanoparticles within the cells after uptake. The endocytic probes (Figure 3.9) that 

were used were transferrin 633 or transferrin 488 and dextran alexa fluor 647, to 

early/recycling endosomes and late endosomes/lysosomes respectively. 

Dextran follows the route of early endosomes, through late endosomes reaching 

. Previous groups have shown that late endosomes and lysosomes are 

accessible to molecules in the plasma within 10-30 min. after uptake, with the half

delivery of a fluid phase marker between 90 and 120 min. [182, 185, 195, 196]

es used for representation of endocytic pathways (Courtesy Dr. Arwyn T. 

.  

In figure 3.10, the control experiment was done to show that the dextran positive 

compartments (late endosomes/lysosomes) were distinct from the early

endosomes represented by transferrin-labelling. Z-stack imaging confirmed no

colocalization in areas where possible yellow spots were observed. The cells were 

treated with the nanoparticles at different time points as well as incubated with 

ran or transferrin as indicated in figure 3.10 
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Pulse/chase studies allow the determination of the path and end location of the 

nanoparticles within the cells after uptake. The endocytic probes (Figure 3.9) that 

were used were transferrin 633 or transferrin 488 and dextran alexa fluor 647, to 

early/recycling endosomes and late endosomes/lysosomes respectively. 

Dextran follows the route of early endosomes, through late endosomes reaching 

. Previous groups have shown that late endosomes and lysosomes are 

30 min. after uptake, with the half-life 

[182, 185, 195, 196]. 

 

es used for representation of endocytic pathways (Courtesy Dr. Arwyn T. 

In figure 3.10, the control experiment was done to show that the dextran positive 

compartments (late endosomes/lysosomes) were distinct from the early/recycling 

stack imaging confirmed no-

colocalization in areas where possible yellow spots were observed. The cells were 

treated with the nanoparticles at different time points as well as incubated with 
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Figure 3.10 Confocal images of intracellular processing of Fluorescein-MA using single sections 

through the macrophage cells of the pulse/chase experiments. The red stained regions represent either 

transferrin 633 or dextran alexa fluor 647. The green colours in the figures represent Fluorescein-MA 

PLGA nanoparticles. Yellow colours are indicative of co-localization.  

 

A summary for the transferrin 633 and the dextran alexa fluor 647 pulse/chase 

experiments with the nanoparticles is presented in the table 3.3 
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Table 3.3 Summary of figure 3.9 of pulse/chase studies that was conducted 

 Observation: 

Control:  

Dextran (red) 1 hour – chase – transferrin (green) 1 

hour 

No colocalization 

Particles and transferrin:  

1. NP 4 hours – chase 4 hours – transferrin (red) 10 

min 

No colocalization 

2. NP 4 hours – chase 4 hours – transferrin (red) 1 

hour 

No colocalization 

3. NP + transferrin (red) 4 hours – no chase  Few areas of colocalization 

Particles and Dextran:  

4. NP 4 hours – chase 4 hours – dextran (red) 1 hour No colocalization 

5. NP + dextran (red) 4 hours – chase 4 hours No colocalization 

6. NP + dextran (red) 4 hours – no chase 4 hours No colocalization 

7. Dextran (red)1 hour – chase 4 hours – NP 4 hours No colocalization 

 

The main reason why these pulse/chase experiments were done was to determine the 

endpoint location of the nanoparticles, and therefore without a chase step the 

nanoparticles could be at different stages of uptake (Figure 3.10 and table 3.3). When 

the study was done with the nanoparticles and transferrin, the only colocalization that 

was observed was when the nanoparticles and the transferrin were incubated together 

for 4 hours without a chase incubation step in between. This result could indicate that 

some of the particles might move through the recycling endosomes given the long 

incubation time of the transferrin, but no colocalization was observed in the early 
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endosomes by using this approach indicating that the nanoparticles have moved 

beyond the compartments which are represented by transferrin. It might be that the 

particles already passed through the early endosomes during the course of the longer 

incubation times used. The different pulse/chase studies with the nanoparticles and 

dextran did not show any colocalization indicating that the nanoparticles and the 

dextran are not localized in the same compartments of the cell. No co-localization was 

observed in these pulse/chase studies under the conditions used and it might be that 

the particles are already localized within the cytoplasm or other compartments. 

 

3.6.5.2 Immunofluorescence staining of fixed macrophages 

 

Because no conclusive results were obtained from the pulse/chase studies regarding 

the intracellular processing of the MA containing NPs after uptake, another approach 

was taken. The cells were treated with Fluorescein-MA PLGA nanoparticles for three 

hours, fixed and immunostained with different primary antibodies directed to specific 

cell organelles. As shown in figure 3.11, the early endosome antigen 1 marker (red) 

was used but did not show co-localization with the fluorescein-MA PLGA 

nanoparticles. The particles (green) in the image were confirmed to be present within 

the cells by z-stack imaging. The results correlate with that of figure 3.10, where with 

live cell imaging, co-localization with the early endosomes could also not be 

observed. 
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Figure 3.11 Confocal imaging of possible colocalization of Fluorescein

primary antibody EEA1 (red) labelled organelles in THP

secondary antibody stain was used to visualize the labelled organelles. 

 

Microscopic imaging was used to investigate two cytoskeletal inhibitors. Cytochalasin 

D was used to disrupt actin dependent pathways and nocodazole to disrupt the 

microtubule network. Attempts made with flow cytometry as discussed in section 

3.6.4, showed that uptake took place regardless of several inhibitors used. Here 

confocal results indicated (figure 3.12) that Cytochalasin D treatment decreased 

uptake of the particles in both the THP

This suggests dependency of MA nanoparticles uptake on actin (red) and therefore 

microfilaments, at least in these cell lines. The illustration in figure 3.11A indicates 

intact actin networks and nanoparticles (green) within the cells, whereas in figure 

3.11B a disrupted actin netork (red) together with particles present on the outside of 

the cell is visible. Nocodazole, which disrupts microtubules, treatment (not shown) 

did not have an effect on MA nanoparticle uptake in both the THP

lines. 
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Figure 3.12 Actin involvement in the uptake of Fluorescein-MA PLGA in THP-1 macrophage cells 

stained with rhodamine phalloidin for actin, a) No Cytochalasin D treatment, b) Treatment with 

Cytochalasin D. 

 

3.6.6 In vitro drug testing in M.tb H37Rv infected THP-1 macrophages 

 

To determine the mycobactericidal activity of the INH containing nanoparticles 

compared to free INH, i.e. whether the drug is released from the nanoparticle, an in 

vitro infection study was performed where THP-1 macrophage cells were infected 

with M.tb H37Rv and used in the radiometric experiments as described in Methods 

[172]. A second aim was to determine whether the MA in the particles influences the 

efficiency of the M.tb inhibition. The radiometric experiments with the NPs 

containing INH and the free INH, were conducted at the same concentrations as for 

free INH (0.2 µg/ml and 2 µg/ml) so that the concentration of INH in the NP is the 

same as for the free INH.  

 

The uptake of the particles was observed in THP-1 macrophage cells with previous 

confocal studies as discussed in section 3.6.5.1. The presumed advantage that the 

particles hold compared to the free drug is that due to its nanosize, intracellular uptake 

of the drugs will improve the availability of the drug to the intracellular bacteria. This 

was tested here. The effect of the inclusion into the nanoparticle of MA as targeting 

agent was tested here as well. The targeting advantage that may be gained by MA 

A B 
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inclusion was not tested, due to the absence of natural host anti-MA antibodies in the 

in vitro experimental design.  

 

Infected macrophages were exposed to free INH and encapsulated INH with or 

without MA at different concentrations over 3 time points (5 hour, 1 day and 2 day 

exposures followed by an additional 2 day incubation time after washing the cells to 

remove particles and/or drugs that have not been taken up into the cells). After 

treatment with the different drugs and two days of incubation, the bacterial growth 

index (GI) was determined by means of the radiometric BACTEC 460 system. The 

bacteria were harvested for BACTEC by lysing macrophage cells with 0.1% Triton X-

100. The results (figure 3.13) indicated the expected dose dependent effect of the drug 

on the inhibition of the growth of the bacteria. For the 5 hour treatment the standard 

deviations were too large to draw conclusions between the different test groups 

(results not shown). The 1 day and 2 day incubation time did show better growth 

inhibition compared to the 5 hour study compared to the nanoencapsulated INH, but 

was still not as effective as the free drug alone. The 2 µg/ml concentration of the 

nanoparticles was already out of range and showed just as good efficiency in the 1 and 

2 day study as for the free drug alone. 

 

It can be concluded from the results that the nanoencapsulation of INH results in a 

delay in drug release, possibly as a function of the polymer that slowly degrades in the 

macrophage. After 1 and 2 day exposure to the nanoencapsulated INH, significantly 

more inhibition was observed, but with reduced toxicity/efficiency compared to free 

INH. The effect of free INH on bacterial growth inhibition could be matched by using 

the higher concentration of 2 µg/ml of the nanoencapsulated INH with or without 

MA.  
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Figure 3.13 The effect of nano-encapsulation of INH on its efficiency to suppress growth of M.tb in 

infected THP-1 macrophages using BACTEC. The results represent the average of triplicate values. 

Concentration for INH shown was 0.2µg/ml for free and encapsulated drug. The study with 2µg/ml 

INH was out of range. INF.CONTR = infected control, UNINF.CONTR = uninfected control, INH = 

isoniazid, INH NP = isoniazid containing nanoparticles, MA/INH NP = mycolic acid and isoniazid 

containing nanoparticles. 

 

In the in vitro model, the inclusion of MA in the INH nanoencapsulated particle did 

not show significant enhanced efficiency of delivery or toxicity of the INH drug in the 

macrophage. As the target for MA is represented by host antibodies to MA or 

concentrated spots of cholesterol, which were not present in the test, no significant 

difference in INH mycobactericidal efficiency was expected by the inclusion of MA 

in the nanoparticles. What was interesting to note was the fact that between the INH 

containing nanoparticles with and without MA incorporated, there was a statistical 

significant difference for both days (P< 0.01) where the INH in the MA NP had a 

lower efficiency compared to the INH in the NP without MA. It appeared as if the 

MA actually worked against INH in killing the M.tb in the macrophages. The 

observation that the MA inclusion actually worked against INH’s bacterial inhibition, 

came as quite a surprise. This observation could be explained by the notion that the 
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MA might serve as an external source of the MA cell wall component, overcoming 

the bottleneck in cell wall synthesis during the proliferation cycle of M.tb.  

 

The data further illustrates that INH was not incapacitated by the process of 

encapsulation, i.e. the double emulsion solvent evaporation freeze-drying technique, 

which involves shear forces and low temperatures. It further firmly confirmed that the 

nanoparticles are taken up by the macrophages and that INH is released from the 

particles, at the expected slower rate of release compared to the free drug. 
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3.7 Discussion 

 

In the search for new or improved treatment against TB, nanoencapsulation of a 

known anti-TB drug was investigated here, including the use of a potential targeter to 

increase the efficiency of drug delivery to the site of infection. As mentioned before, 

controlled drug delivery devices such as nano and microparticles have numerous 

advantages compared to conventional dosage forms. Poly lactide-co-glycolide 

(PLGA) co-polymer, is a biodegradable and biocompatible polymer, that has often 

been used for controlled drug delivery systems, especially because of its non- 

immunogenic properties and having the capacity to encapsulate hydrophobic and 

hydrophilic agents [54]. As targeting agent, the mycobacterial cell wall component, 

MA from M.tb was investigated. MA has interesting biological activities, including 

foam cell formation and immune steering towards Th1 cellular responses [14, 126], as 

well as cholesteroid like properties [121]. The MA being present on the external 

surface of the nanoparticles may interact with anti-MA antibodies in the vicinity of 

the sites of infection to cause a localized immune complex that may enhance uptake 

of the NPs in the infected and surrounding uninfected macrophages. MA could also 

target cholesterol that is presumed to be concentrated around the sites of infection [81, 

148] by means of its attraction to cholesterol [121]. By combining the possible 

targeting effect of MA to the infected cells and the slow release of the polymer, this 

approach was hypothesized to lead to effective TB treatment where the TB infected 

cells could be targeted and high intracellular concentrations of INH could be 

achieved. 

 

The double emulsion-solvent evaporation freeze drying technique [55, 174] can be 

used for hydrophilic and hydrophobic drugs to be encapsulated in a polymer matrix 

[32, 60]. This method was applied to formulate nanoparticles of MA and INH into 

PLGA, a biocompatible and biodegradable polymer [34, 51, 55]. Successful 

encapsulation of 14% INH together with MA was achieved with the technique used, 

resulting in a negative zetapotential that may prevent unwanted agglomeration [32, 
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33]. The percentages of the INH and MA inside of the nanoparticles were not 

optimised for the purpose of these experiments.  

 

The PLGA and MA-PLGA particles were found to be non-toxic to the mammalian 

host macrophage cells, compared to industrial nanoparticles [197]. This result 

supports literature indicating that amorphous silica, as was used in this study, is not 

toxic to cells [177] as well as Fe2O3 [175, 176]. The ZnO nanopowder which is toxic 

to cells, resulted in a significant reduction in cell viability as also described in 

literature [178].  

 

The therapeutic effect of the drug loaded MA PLGA nanoparticles will greatly depend 

on the internalization and sustained retention in diseased cells. Although an in vitro 

system does not even remotely represent a highly evolved biological system, some 

preliminary data could be obtained to indicate the behaviour of the particles with the 

cells. THP-1 and U937 monocyte-macrophage like cell lines, which are often used in 

nanoparticle uptake studies [179, 198], were used to determine whether the labelled 

MA nanoparticles would be taken up by the cells. The data illustrated that labelled 

MA nanoparticles were successfully taken up into the two different macrophage cell 

lines which represent the target cells in the host. The results also indicated that the 

nanoparticles with an average size of 500 nm, a slightly negative zeta potential and a 

smooth external surface were appropriate for uptake by macrophage cell lines. This 

demonstrated that nanoparticles may serve as a suitable carrier for MA to reach their 

target sites.  

 

These results of using PLGA in the formulation corroborate with examples in 

literature. PLGA microparticles were reported to be taken up specifically by 

macrophages of peritoneal exudate cells [32]. Hasegawa et al. also showed that RIF 

containing PLGA microparticles were phagocytosed in alveolar macrophages [186]. 
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In another in vivo study it was also shown that PLGA microspheres containing 

trehalose dimycolate (TDM) were taken up by phagocytic cells [199].  

 

The endocytic and intracellular trafficking routes are intricate and highly regulated to 

help mediate cellular homeostasis [185]. Knowledge of these complex systems could 

be used to better design and use nanoparticles for effective chemotherapy. After 

endocytic uptake, drug delivery systems could go into early sorting endosomes and 

recycling endosomes. Thereafter from early endosomes transported to late endosomes 

and finally to lysosomes [185]. In order to identify the intracellular compartments that 

the nanoparticles traverse, different endocytic markers were used. For live cell 

imaging transferrin was used to represent early / recycling endosomes. Transferrin 

binds to the transferrin receptor and is taken up by clathrin coated endocytosis, which 

then goes through the early and recycling endosomes, returning to the plasma 

membrane [182]. Dextran was used to represent late endosomes / lysosomal 

compartments because the molecule is taken up by fluid phase and then moves 

through early to late endosomes and finally to lysosomes [182].   

 

In the pulse / chase experiments that determine the compartments the particles would 

occupy, it was observed that the nanoparticles only co-localized to a small extent with 

transferrin and not with dextran. From these results it was also observed that the 

endpoint of the nanoparticles was not the lysosomes. Whether they do pass through 

the lysosomes, remain to be determined. Live cell imaging, using short time intervals 

and different chase times are warranted to further elucidate particle trafficking. These 

results correlate with an in vitro uptake study done by Trombone and co-workers in 

peritoneal macrophages. They showed that no colocalization was observed with the 

marker dextran for PLGA microspheres containing TDM [199] even after 15 days of 

administration.  
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Another possibility is that the nanoparticles containing the MA reside within the 

cytoplasmic compartments of the cell as was previously illustrated for PLGA 

nanoparticles in human arterial smooth muscle cells (HASMC) by confocal and 

transmission electron microscopy experiments. The in vitro studies of Panyam et al. 

showed that endo-lysosomal escape occurred within 10 minutes through a process of 

surface cationization, where the particles associated with the wall of the endocytic 

vesicles before being released into the cytoplasm.  Due to the acidic environment of 

the endo-lysosomes the particles had a cationic potential associating with the 

negatively charged membrane, leading to the particles’ escape. The experiments also 

showed that the lysosomal vesicles stayed intact, possibly because of localized 

destabilisation and extrusion of the particles at the point of contact with the membrane 

[29]. If this applies to the present study as well, it might be that the MA containing 

nanoparticles can enter the cytoplasmic compartment of the cell soon after uptake. 

This property will be beneficial in drug delivery as the drug load in the particles will 

not be retained in the degradative environment of the lysosomal compartments in the 

cell but will rather be in the cytoplasmic compartment. MA incorporated into the 

PLGA nanoparticles could also contribute to the endocytic route that the nanoparticles 

might follow. As the coumarin labelled PLGA nanoparticles influenced the 

metabolism of the cells, no comparative studies were done to determine the effect the 

MAs would have on the nanoparticles localization within the cells. Another 

fluorescent label will be investigated in the future for comparative studies.  

  

There are a number of obstacles in fluorescence microscopy when investigating 

endocytic trafficking. Live cell imaging does not allow for immuno-staining of 

intracellular structures and therefore fluorescent probes are used that also poses the 

challenge of concentration and pH dependent quenching that could be released from 

the carrier leading to misinterpretation of results. Traditional fixation methods could 

cause permeabilization of intracellular membranes allowing material to diffuse out 

leading to deceptive results. Both approaches are therefore applied to eliminate the 

possibility of fixation artefacts [185]. Here, fixation of the cells were done together 

with EEA1 (early endosomal antigen 1) antibody staining for early endocytic 
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structures. The Fluorescein-MA PLGA nanoparticles did not co-localize with EEA1, 

representing early endosomes, similar to the results obtained in the pulse/chase study 

with transferrin. One possibility could be that the particles might move through these 

compartments at a much faster rate as was intervalled for measurements in the actual 

experiments.  

 

Preincubation of the cells with cytoskeletal inhibitors, before nanoparticle treatment, 

indicated an actin dependent uptake that could be inhibited by cytochalasin D. 

Nocodazole, which disrupts polymerization of microtubules and numerous endocytic 

processes [182, 200], did not have an effect on MA PLGA nanoparticle uptake. These 

results differ from a study done by Panyam and co-workers where the PLGA 

nanoparticles in HASMC cells were reported to be affected by Nocodazole and not by 

cytochalasin D [29]. But this could be due to the difference in size, as our particles are 

around 500 nm whereas the particles in the study of Panyam was around 70 nm in 

size, which also plays a role in the route of uptake. This could also point towards a 

difference in the reaction to chemical inhibitors [201] by the different cell lines used, 

or by the inclusion of MA that may affect the route of uptake and processing of the 

NPs. The main challenge here is that for every type of cell line the different inhibitors 

should be optimized and tested. The effect of uptake and processing inhibitors 

depends on the specific cell line used, as was shown in a report by Vercauteren et al. 

[201]. The authors showed that even poor specificity was observed in some cell lines. 

Thus the optimized concentrations obtained in literature [140, 182, 183] can only be 

used as a guideline. Optimization of inhibitor concentrations for the specific cell lines 

used in this study, with rigorous controls in place, may yield more data on the 

mechanism of uptake and processing of MA containing NPs. 

 

The efficacy of the free vs encapsulated drugs were tested with M.tb infected 

macrophage cells over a period of 4 days. A 5 hour incubation of nanoparticles was 

less effective compared to the 1 and 2 day exposures to kill the mycobacteria as was 

to be expected due to the slow degradation rate [58] of the nanoparticles and the 

 
 
 



Chapter 3: Synthesis and characterization of mycolic acid containing nanoparticles  

 

99 

probability that the INH remains associated to the polymer during the degradation. 

The indication of a reduction in the bacterial growth in the NP-INH-MA treated 

macrophages confirmed uptake of the nanoparticles into the TB infected cells and the 

subsequent release of the drug from the polymer.   

 

Although the encapsulated INH appeared to be less effective compared to the free 

drug, it might be that the INH is still associated with the polymer in an environment 

where the polymer is not degraded as efficiently as would be the case in a 

physiological environment. Comparing the rate of degradation of PLGA microspheres 

in an in vivo vs an in vitro environment in literature, it was shown that the in vivo 

degradation was much faster (1.7-2.6 times) than that in vitro, in buffer at 

physiological pH and temperature, regardless of the end group or molecular weight of 

the PLGA. The faster degradation might be due to several factors, such as free radical 

formation and acid or enzymatic products formed by the host’s immune cells that 

could enhance the degradation process that is not present in an in vitro environment 

[58]. As mentioned previously, PLGA microparticles have been shown to be taken up 

by macrophage cells even without targeting ligands. Therefore it is envisioned that the 

effective dose required in vivo would be much less than the free drug that is able to 

traverse to different areas in the host in contrast to what was observed in the in vitro 

experiments.  

 

A number of research groups are currently investigating the use of nanodrug delivery 

vehicles to enhance the efficacy of anti-TB drugs. The research group of Khuller and 

co-workers have been analysing a number of different delivery vehicles to enhance 

the efficiency of existing anti-TB drugs. They tested the use of solid lipid inhalable 

particles for the first line anti-TB drugs, where they could reduce the number of 

administrations required by more than 6-fold [50]. The group also showed that 

inhalable alginate nanoparticles were detectable for up to 15 days in organs [202-204], 

and that PLGA microparticles have a sustained release over several days [205]. The 

frequency of dose administration could also be reduced by making use of carrier 
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systems. In a guinea pig model it was shown that the treatment frequency could be 

reduced 9-fold by encapsulating RIF or INH into PLGA nanoparticles due to the 

sustained slow release of the drugs from the carrier vehicle [206]. The results shown 

in literature, as mentioned above for PLGA polymers as carrier vehicle, support 

sustained release and the possibility of enhanced uptake in the macrophages without 

the use of targeting ligands. The contribution that our research is able to make is in the 

region of specific targeting. The uptake of drugs by infected macrophages would not 

only be enhanced by the synthetic PLGA polymer carrier vehicle but also by the 

presence of MA that may facilitate opsonisation of the nanoparticles for macrophage 

uptake mainly at the site of MA antigen production. In addition, the cholesteroid 

nature of MA and its ability to bind cholesterol could also cause a physical attraction 

to the cholesterol rich sites of persistent M.tb infection. 

 

This study is the first to report encapsulation of MA into solid matrix PLGA 

nanoparticles together with anti-TB drugs. In vitro experiments did show successful 

uptake into macrophages. The localization fate of the NPs within the cells still needs 

to be confirmed. Because the studies done by Panyam et al. did indicate that the 

PLGA particles ended up within the cytoplasm, the predictions are that our PLGA 

nanoparticles will also preferentially occupy the cytoplasm [29]. The inclusion of the 

MA into the PLGA nanoparticles did not reduce the efficiency of uptake into the 

macrophage cells, as indicated with flow cytometry and confocal imaging, although 

the mechanism of uptake and processing in the cells could not be concluded with the 

results obtained. A requirement for the actin cytoskeleton was observed when the cells 

were treated with cytochalasin D and visualized with confocal microscopy. Actin 

plays a role in various different uptake mechanisms such as clathrin dependent 

endocytosis and macropinocytosis [51, 207].  

The BACTEC experiments confirmed a slow release of the anti-TB drug from the 

polymer. The inclusion of MA into the nanoparticles seemed harmless to the host 

macrophages, but decreased the mycobactericidal efficiency of INH somewhat, an 

observation that may possibly be attributed to INH inhibiting the natural MA 
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biosynthesis of the pathogen, while inclusion of MA in the NP adds an external source 

of this metabolite to the pharmacologically stressed M.tb.  

 

The system is now ready to be tested in vivo, where the efficiency of MA as a 

targeting agent may be assessed. It is envisaged that the MA will firstly serve as an 

antigen that forms immune-complexes with anti-MA antibodies, which universally 

occur in all TB patients [120]. This may facilitate opsonisation of the nanoparticles 

for macrophage uptake mainly at the site of infection, where the mycolic acid antigen 

is naturally produced and released. Secondly, because of the cholesteroid and 

cholesterophilic nature of MA [121], it may in effect be attracted to the anticipated 

cholesterol rich sites of M.tb infection.  
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Chapter 4: Conclusion 

 

 

Tuberculosis can be classified as a new disease since HIV/TB co-infection became 

such a prominent problem in especially third world countries [1]. South Africa 

currently has the highest incidence of TB per 100 000 (358 per 100 000) people in the 

world. In 2007 alone 112 000 people died of TB in South Africa, of which 94 000 

(72%) were co-infected with HIV [1]. Sputum smear microscopy for detection of acid 

fast bacilli is still the primary tool for diagnosis of TB especially in resource poor 

countries [1]. This detection method has low sensitivity particularly in an HIV 

burdened population [22]. A need for a more rapid diagnostic test is highly desirable 

[1]. Studies from a gold mine community in South Africa showed that due to the 

diagnosis delay and inappropriate therapy, drug resistance and disease transmission 

increased in the HIV co-infected population [9]. Standard first line chemotherapy is 

not effective for individuals that have MDR-TB and there is practically no cure for 

XDR-TB. The failure to complete lengthy drug regimens and the pathogens becoming 

resistant to especially the two first line drugs INH and RIF through mutations are 

increasingly detected in persons who have been previously treated for TB [16, 18-20]. 

The approach to control this disease now is to discover new chemotherapies effective 

against M.tb, as well as to enhance the potential of existing drugs to treat MDR-TB 

[21].  

 

As discussed in chapter 1, effective chemotherapies do exist for TB treatment for 

more than 50 years but due to the persistence of the bacteria in the human host for 

several months despite treatment, curing patients becomes quite a challenge. Failure 

to complete therapy due to non compliance is associated with increased infectious 

time, relapse and drug resistance [19]. Due to the treatment period for drug 

susceptible TB of up to 9 months, toxic side effects of the combination therapy asks 

for special consideration, such that the decision for treatment cannot be taken lightly.  
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Another drawback of the combination therapy against TB is the low solubility of the 

drugs, their short half life and rapid clearance from the biological system [16]. One 

approach in development of more efficient anti-TB drugs is to nanoencapsulate the 

drugs and to design systems capable of targeting the drug to the site of infection at 

relatively low drug concentrations in the blood to prevent systemic toxic side effects. 

There are different approaches that could be followed in order to focus the drug 

towards its target. The way our group decided on was to investigate targeted 

nanotechnology based drug delivery systems with slow release capabilities. The long 

term aim is to reduce the concentrations and frequency of dosing, hoping also for a 

reduced treatment period earned from more efficient and compliant treatment.  

 

In developing countries patient non-compliance turned out to be a major cause of 

treatment failure and the development of drug resistance [16]. To address this 

particular issue a DOTs (Directly Observed Treatment) programme  was introduced 

by the WHO, where a trained person directly observes the medication being 

swallowed daily by the TB patient [10]. This programme is human resource intensive. 

The cost of this service could be reduced by developing a nano-encapsulated anti-TB 

drug delivery vehicle, which can be taken weekly instead of daily due to the slow 

release properties of the nanoparticles.  

 

In the TB strategic plan for 2007 to 2011, as set out by the South African Department 

of Health, the role that the scientific community should play is in the development of 

new drugs, diagnostics and vaccines for the prevention and control of TB. The CSIR 

(Council for Scientific and Industrial Research) embarked on a national health 

strategy since 2008, which includes research towards the development of novel 

solutions and pharmaceutical products that could treat diseases such as malaria, 

HIV/AIDS, and tuberculosis. The CSIR annual report of 2008/2009 announced our 

group’s contribution to this strategy in focusing on slow-release nanomedicines 

against tuberculosis. Instead of new therapeutic compounds, our group focused on 

improved uptake and delivery of existing drugs by exploring the practical feasibility 
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of encapsulating drugs into PLGA nanoparticles. In addition, this study focused on 

MA as targeting ligand to be included in the nanoparticle together with the anti-TB 

drugs. The product’s toxicity to and efficiency of uptake in host macrophages was 

investigated, to prepare for animal studies and eventual clinical trials in humans.  

 

Nanotechnology can be used to overcome the main technological obstacles of 

therapeutic agents. By making use of polymeric nanoparticles such as PLGA based 

nanoparticles, the efficacy of the drugs could be enhanced by targeting the molecules 

to the site of infection and thereby reducing the dose needed for treatment [16]. 

Because the degradability of the nanoparticles could be controlled, the advantage of 

slow release of the therapeutics could be achieved [37]. As described in chapter 1, 

there is a wide array of nano-carrier vehicles to choose from. PLGA was the polymer 

of choice mainly because of its non-immunogenic properties, biodegradability and 

having the capacity to encapsulate hydrophobic and hydrophilic agents [34, 54, 55]. 

An additional advantage that PLGA is reported to have over other drug delivery 

vehicles is that the particles are selectively taken up into macrophages and dendritic 

cells [61], the main target for infection of M. tuberculosis [32, 51],,[45, 172]. The 

results shown in literature, as mentioned above for PLGA polymers as carrier vehicle, 

support sustained release and the possibility of enhanced uptake in the macrophages 

without the use of targeting ligands.Several literature references show research done 

on PLGA nanocarriers in the field of TB. One such group is lead by G.K. Khuller, 

who showed that PLGA drug carrier microparticles released antitubercular INH and 

RIF over several days [205]. The frequency of dose administration could also be 

reduced by making use of carrier systems. In a guinea pig model it was shown that the 

treatment frequency could be reduced 9-fold by encapsulating RIF or INH into PLGA 

nanoparticles due to the sustained release of the drugs from the carrier vehicle [206]. 

Another laboratory showed that PLGA particles containing RIF and mannitol by using 

a four-fluid nozzle spray drying technique, led to improved uptake by alveolar 

macrophages in rats [69]. 
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The discovery of the structural relationship between cholesterol and MA in our group 

[121] provided an excellent opportunity for specific drug targeting. The initial 

observation was made in an ELISA assay to detect antibodies to MA in human patient 

sera. Cross-reactivity between cholesterol and MA by antibodies from tuberculosis 

patients was so strong that the cholesterol could equally well suit as a substitute for 

MA as antigen in the ELISA, without affecting the outcome significantly [118]. 

Thereafter the cholesteroid nature of MA was more directly demonstrated by showing 

the strong interaction between MA and Amphotericin B - an antifungal macrolide 

agent known for its binding to cholesterol [162] - on a wave-guide evanescent field  

biosensor system. The structural specificity of this attraction was demonstrated by 

showing that the methylester of MA was unable to bind Amphotericin B [121]. The 

same principle was confirmed with a surface plasmon resonance biosensor in a 

follow-up study [117], in which it was shown what the effect of chemical 

modification of MA would be on the manifestation of its cholesteroid nature, i.e. its 

propensity for binding to Amphotericin B. Mycolic acids were shown to attract 

cholesterol from liposomes in an evanescent field biosensor [121]. In another study by 

a member of our group, evidence of a more circumstantial nature was found: 

Cholesterol was shown to hinder the efficacy of INH to eradicate M.tb in radiometric 

culture experiments [208]. One important target of INH is the enzyme called InhA, 

which catalyzes the final stage of the mycolic acid biosynthesis pathway. This enzyme 

is known to be related to the steroid dehydrogenase family of enzymes, suggesting the 

possibility that cholesterol could compete with the synthesized MA for binding to the 

substrate binding site of the enzyme, thereby competing with INH for binding into the 

active centre. Competitive inhibition between MA and cholesterol for binding to an 

enzyme’s active site would further support the notion of a structural mimicry between 

MA and cholesterol.  

 

Mycobacterial MAs are immunogenic. Stimulation of human CD4-, CD8- T-

lymphocytes to proliferate is done by MA upon CD1b presentation [116, 209]. Anti-

MA antibodies generally occur in human TB positive patient serum [119, 137]. In one 

targeting scenario, MA incorporated into nanoparticles may interact with the anti-
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mycolic acid antibodies that are anticipated to be present in higher concentrations at 

the infected areas. In this way, targeting may be achieved by an accumulation of the 

nanoparticles in immune complexes at the site of infection.  

 

Furthermore, free MA is likely to play a role in the drug tolerant persistence of M.tb 

infection in the extracellular caseous lesions of a tubercle [141, 142]. Free MA has 

been reported to being pumped out of the bacilli for the specific purpose to form a 

biofilm. It cannot be excluded that mycolic acids simultaneously fulfils the role of 

attracting cholesterol to the biofilm as a carbon source for the slow growing, 

persistent mycobacteria. Cholesterol has been shown to be present in foamy 

macrophages surrounding the granulomas [14, 126] and can accumulate around the 

bacteria [148]. In this way, it is anticipated that foci of high cholesterol concentration 

is associated with late stage persistent TB infection in the lungs and other affected 

organs. Therefore, in another targeting scenario, the MA incorporated into 

nanoparticles could also serve as a ligand for cholesterol-rich areas, due to the 

cholesteroid nature of MA and the fact that MA is attracted to cholesterol [121]. 

 

Cholesterol is also immunogenic, but only at high concentrations, when their 

homogenous existence with phospholipids is no longer possible and cholesterol 

separates out to form islands of high cholesterol concentration in liposomes or 

membranes. Such foci of high cholesterol concentration in natural eukaryotic cell 

membranes are known as lipid rafts. At lower than 40% cholesterol concentration in 

the liposomes, antibodies tend not to locate the cholesterol as it is hidden in the 

phospholipids [166, 167, 210]. Monoclonal IgG and IgM antibodies to cholesterol 

have been developed by immunizing animals with high cholesterol concentrations in 

liposomes [166, 167]. Such antibodies have the ability to recognize and bind to areas 

of high cholesterol concentration, such as the lipid rafts of immune cells and even 

lipoproteins [166]. Rather than binding to single cholesterol molecules, these 

antibodies tend to bind to cholesterol clusters [170]. Antibodies to cholesterol have 

been reported to exist in all human beings, but their role in the body has not been 
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unequivocally determined to date. Proposals of the auto-antibodies to cholesterol 

playing a role in activation of complement and/ or the phagocytic system in order to 

remove dead cells and viruses to assist in pathological conditions seems very likely 

[166]. Antibodies to cholesterol become elevated during HIV-progression to AIDS, 

but decrease when the patient is put on anti-retrovirals. As with TB, HIV also relies 

on cholesterol for infection of host cells. Measles and influenza viruses are other 

examples where cholesterol plays a role in the progression of disease: they rely on 

lipid rafts for budding [210]. It could well be that the dependence on cholesterol for 

pathogenicity increases the immunogenicity of host cholesterol. In all these cases, 

targeting of nano-encapsulated drugs to cholesterol-rich foci may be beneficial for 

treatment. MA may therefore be a useful targeting agent in more applications than 

TB. 

 

From the discussions above the specific role that anti-cholesterol and anti-MA 

antibodies play in TB infected individuals may be contemplated. It was reported that 

anti-cholesterol antibodies bind to human lipoproteins with a possible role in 

opsonisation and removal by scavenger macrophages [211]. From the observation that 

persons infected with TB have hypocholesterolemia [212], it may be concurred that 

anti-cholesterol antibodies may aid in the uptake of cholesterol containing 

lipoproteins in macrophages. A question that could be investigated in the future is 

whether the anti-MA antibodies assist in this process. This could be a possible 

mechanism in which the M.tb bacteria use the host in order to accumulate cholesterol 

in the macrophages that it infected. Thus, in order to understand the strategy of MA 

targeting, it may be necessary to take a look into how the pathogen uses the lipid 

metabolism to create a cholesterol rich environment that enables the survival of M. tb 

in the persistent state.  

 

Cholesterol was recently shown to play a very important role in M.tb infection as it 

can be utilised as a carbon and energy source for the mycobacteria. The bacteria need 

to adapt to their nutrient environment during the cycle of infection, persistence and 
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spread. In nutrient poor conditions the mycobacteria are able to convert their nutrient 

dependence towards the use of mainly cholesterol [125, 148, 155]. Another benefit to 

the pathogen that is gained from cholesterol, is its incorporation into the free lipid 

zone of the cell wall of M.tb, to affect cell wall permeability. In this way, uptake of 

antagonist compounds such as RIF is inhibited [148]. This may especially be 

important to gain a competitive advantage over other antibiotic-producing micro-

organisms that may compete for infecting the ailing host.  

 

Lipids from the host play an important role in mycobacterial pathogenesis. In one 

study it was shown that when the M.tb infection reached the chronic phase, the 

bacteria produce intracellular lipophilic inclusions [85]. Bacteria in general and M.tb 

in particular, make use of the complexity of the host lipidome in order to escape the 

immune system [213]. In the case of M.tb a number of genes code for production of 

enzymes involved in lipogenesis and lipolysis [149]. The lipids of the host are not 

only used as a source of carbon but are also manipulated to enable the survival and 

replication of the bacteria. Inhibition of phagosome lysosome formation is an 

important mechanism that M.tb uses to be able to survive within the macrophages. 

Various mechanisms have been identified that contribute to the inhibition of 

phagolysosome formation that have been described in a recent review of Van der 

Meer-Jansen et al. [213]. The feature that interested our group was where host 

cholesterol plays a role in the virulence of the bacteria. 

 

Cholesterol could influence the interaction between the pathogen and its host in the 

membrane-trafficking pathways. Host cholesterol mediates the binding of TACO, an 

actin binding protein [214], on live mycobacteria-containing phagosomes in order to 

prevent lysosomal degradation of the mycobacteria [81, 96, 154]. TACO is not only 

retained by cholesterol from the host but is also actively retained on the phagosomes 

by the mycobacterial protein, coronin interacting protein (CIP)50 or later identified as 

lipoamide dehydrogenase C (LpdC) [215]. LpdC is the E3 component of the pyruvate 

dehydrogenase complex. Cholesterol depletion of the phagosome membrane inhibited 
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the TACO – LpdC interaction showing the cholesterol dependence of the association 

[215]. TACO is responsible for activating the Ca2+ dependent phosphatase 

calcineurin. This leads to the inhibition of lysosomal delivery [90, 213, 216]. In 

previous studies it was shown that upon cholesterol depletion of pre-existing 

phagosomes, the close apposition between the phagosome membrane and the 

mycobacterial surface is loosened and fusion with lysosomes occur [96]. Thus from 

the observations from literature it can be expected that cholesterol will not only 

concentrate around the granulomas of the infected macrophages but also within the 

macrophages on the phagosome membrane of active M.tb [14, 80, 81, 96, 126, 151]. 

Cholesterol was also shown to accumulate in the free lipid zone of the cell walls of 

the bacteria and that the accumulation affected cell wall permeability [148]. Therefore 

there is an accumulation of cholesterol from the outside of the granuloma to the inside 

of the macrophage, up to the bacterial cell wall.  

 

In this study it was shown that no individual synthetic MA subclass was responsible 

for the cholesteroid nature of the MA. All the antigenic synthetic MA subclasses 

contribute to the cholesteroid nature, whether tested separately or as a mixture as it 

exists in the natural MA. The importance of antigenic configuration of MA, stabilized 

through hydrogen bonding at the carboxylic acid moiety of the MA, was indicated by 

the effect that carboxylic acid modification had on the biological activity of the MA 

molecule. Furthermore a structure-function relationship between the stereochemistry 

and the antigenicity/cholesteroid nature of the synthetic mycolic acids were observed. 

Recent ELISA evidence from monoclonal antibody scFv fragments generated from a 

chicken antibody gene library against MA’s indicated that one antibody cross-reacted 

with cholesterol and the other not, indicating a mixture of anti-cholesterol and anti-

MA antibodies in human patient serum or a single antibody with cross-reactive 

specificity [217]. 

 

In this thesis, the structure of synthetic mycolic acids in relation to their antigenicity 

in tuberculosis was determined. The attraction of MA to cholesterol might be due to 

their hydrophobic nature (Van der Waals forces) or through a more specific hydrogen 
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bonding by the structural features of both molecules [121]. Keto MA exhibited a W-

shaped configuration with exceptional rigidity in Langmuir monolayers, whereas 

methoxy- and alpha-MA exhibited a more flexible conformation towards variation of 

experimental parameters [102, 103]. Therefore the packing of MA appears to be 

influenced by the orientation of the functional groups. MA appears to assume 

different conformations for interaction with antibodies in sera. The results obtained 

showed that the methoxy MA of M.tb had the strongest functional antigenicity. This 

property is so specific, that even the stereochemistry on the functional groups on the 

mero chain influenced the binding activity. However, the functional groups or their 

chemical modifications on the distal position did not hold the key to differentiate 

between antigenicity or the cholesteroid nature of MA. TB negative serum also bound 

best to that synthetic MA homologue that was recognised best by TB positive patient 

serum. If the antibody cross-reactivity to cholesterol [118] is taken into consideration, 

the argument can be made that the methoxy MA also has the highest cholesterol 

cross-reactivity. This may imply that methoxy MA may also be the strongest 

cholesterol attractor.  It is likely that a surface created by packed mycolic acids is 

likely to be the structure that is recognized by antibodies, similar to the case of 

monoclonal antibody recognition of cholesterol [170]. MA subclasses are present in 

mixtures in M.tb and it may well be that different types and variations of MA 

subclasses form part of an overall structure, such that the natural mycolic acid 

antigen(s) may never be re-made synthetically by the use of a single species of pure 

synthetic mycolic acid homologue.  

 

The contribution that our research is able to make is to specifically target PLGA nano-

encapsulated anti-TB drugs to TB infected macrophages. The uptake of drugs by 

infected macrophages would not only be enhanced by the synthetic PLGA polymer 

carrier vehicle but also by the presence of MA that may facilitate opsonisation of the 

nanoparticles for macrophage uptake mainly at the site of MA antigen production. In 

addition, the cholesteroid nature of MA and its ability to bind cholesterol could also 

cause a physical attraction to the cholesterol rich sites of persistent M.tb infection. 
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The objective in this study was to determine the feasibility of encapsulating anti-TB 

chemotherapies into nanoparticles together with MA that will be taken up by 

macrophages with little or no toxicity to the host. Successful encapsulation of 14% 

INH together with MA was achieved with the double emulsion-solvent evaporation 

freeze drying technique used, resulting in a negative zetapotential that may prevent 

unwanted agglomeration [32, 33]. The percentages of the INH and MA inside of the 

nanoparticles were not optimised for the purpose of this study. It was shown that the 

particles were taken up into macrophages with little toxicity to the cells. The results 

reported here corroborate those of others who have demonstrated the uptake of 

various formulations of PLGA drug carriers by macrophage cell lines [32, 186, 199].  

 

Endocytic traffic studies indicated that the endpoint of the MA containing 

nanoparticles was not the lysosomes, but it is not yet confirmed whether the particles 

actually end up in the cytoplasm or not. We speculate that the particles may probably 

escape into the cytoplasm, in accordance with a report that showed that endo-

lysosomal escape of PLGA nanoparticles was possible by a mechanism of surface 

cationization [29]. It would be favourable for our particles to reside in the cytoplasm 

and not be degraded in the lysosomes, as the nanoparticle should preferably be slowly 

degraded to result in a sustained therapeutic effect. Additional experiments are 

warranted to further elucidate particle trafficking. For instance, it would be interesting 

to learn if the MA present in the cytoplasm of the macrophage could interfere with the 

LpdC–TACO association. With MA and cholesterol having an affinity to one another, 

they could compete for binding to the LpdC protein that may affect the way that 

phagolysosome formation is avoided.  

 

The BACTEC studies that were conducted, aimed at determining the efficiency of the 

nanoencapsulated INH to kill and suppress the growth of M.tb in the infected 

macrophage. It also determined how this may be influenced by the simultaneous 

inclusion of MA in the nanocapsules. Targeting efficiency of the MA was not tested, 

as the required physiological conditions were not observed in vitro. These include the 
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presence of antibodies to MA and cholesterol in the patient, as well as the 

establishment of cholesterol-rich foci around tubercles in the persistent phase of 

tuberculosis. Experiments to determine the efficiency of the MA as targeting ligand 

fell beyond the scope of this thesis at this stage. The experimental work was done to 

illustrate the plausibility to encapsulate the MA into the nanoparticles without 

negatively affecting uptake or toxicity of the particles. It prepares the way for an 

investigation to determine whether targeting of the anti-TB drug containing 

nanoparticles to the sites of infection can be effected with MA inclusion.  

 

In this study the cholesteroid nature of MA was confirmed. It was demonstrated how 

this related to the fine structure of the MA and how dependent the cholesteroid nature 

of MA was to structural changes of natural mixed MA. This was done by measuring 

its recognition by Amphotericin B after chemical modification. In particular, it 

demonstrated that MA could be made fluorescent by esterification to fluorescein via 

the MA carboxylic acid, without significantly changing its cholesteroid nature. This 

prepares the way to use fluorescein labelled MA in extracellular and intracellular 

trafficking studies in future. In addition, the structure of synthetic mycolic acids in 

relation to their antigenicity in tuberculosis was determined showing that methoxy 

MA associated the most with antibodies in both TB positive and TB negative patient 

serum. MA containing nanoparticles were synthesized and assembled successfully 

and were shown in vitro to be taken up in macrophage cell lines, without the MA 

hindering the uptake of the particles. The toxicity of the MA containing nanoparticles 

was only slightly worse than that of the nanoparticles alone. This investigation into 

the feasibility of forming MA containing nanoparticles therefore paves the way for 

testing MA as a ligand to target anti-TB drugs to mycobacterially infected 

macrophages in human TB patients. 

 

This MA project forms part of a collaborative programme between the CSIR and the 

University of Pretoria. Animal studies investigating the immunogenicity of MA and 

the nanoparticle carrier compared to other carrier vehicles for MA is underway. The 
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contribution that this programme makes in the larger health strategy of the CSIR is in 

the investigation of MA and its ability to be used as a ligand for targeted drug 

delivery. Continuation of this project aims to address the issue of persistence of TB 

infection that is the major cause of long term therapy. When properly understood, the 

ideal of shortening the anti-TB therapy regime may eventually be realised. It is not 

excluded that MA may play a crucial role in the persistence of TB, the understanding 

of which may provide new direction towards efficient TB therapy by making use of 

targeted drug delivery. 
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