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Abstract 

Tuberculosis (TB) is a highly contagious chronic pulmonary disease caused by Mycobacterium 

tuberculosis (M.tb). Early detection of this deadly disease using a simple and effective method 

at the point of care is not yet available, and this poses a serious challenge, especially in 

developing countries, because the start of treatment could be delayed allowing the disease to 

spread. Therefore, rapid, inexpensive, and accurate methods for early detection and diagnosis 

of TB are required. 

In this work, therefore, quantum dots (QDs) were coupled to mycolic acids (MAs) to 

investigate their potential to serve as water-soluble fluorescent tuberculosis (TB) biosensors 

(probes). MAs are found in the cell wall of Mycobacterium tuberculosis.  They are lipids that 

are antigenic, interacting well with anti-MA antibodies, and are soluble only in chloroform and 

hexane. QDs are nanomaterials with attractive optical properties such as high fluorescence, 

good biocompatibility, and good water solubility.  

Water-soluble core/shell cadmium selenide/zinc sulphide quantum dots capped with L-cysteine 

(L-cys-CdSe/ZnS QDs) and amine functionalised graphene quantum dots (GQDs) were 

synthesized and covalently coupled (linked) to chloroform-soluble MAs via amide linkages to 

form water-soluble fluorescent probes: mycolic acid-cadmium selenide/zinc sulphide quantum 

dots (MA-CdSe/ZnS QDs) and mycolic acid-graphene quantum dots (MA-GQDs), 

respectively. The successful synthesis of these water-soluble fluorescent probes was confirmed 

by a series of spectroscopic methods including: electronic absorption spectroscopy (UV-Vis), 

fluorescence spectrophotometry, transmission electron microscopy (TEM), powder X-ray 

diffraction (XRD) spectroscopy, and Fourier-transform infrared (FT-IR) spectroscopy. 

Visual lateral flow of the coupled fluorescent probes was achieved on strips of nitrocellulose 

membrane using both water and membrane blocking solution as eluents, showing potential for 
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development of a lateral flow device.  To explore the possibility of interaction of the MA-QDs 

with TB biomarkers, the interaction between water-soluble fluorescent probes and the known 

synthetic anti-MA antibodies (gallibodies) was monitored by the enzyme-linked 

immunosorbent assay (ELISA) test, paper-based lateral flow assay, and fluorescence 

techniques.  

The coupled fluorescent probes (biosensors) showed good solubility in water, have high 

fluorescence, and visually flowed through a nitrocellulose membrane. However, preliminary 

tests indicated that the interaction between these water-soluble fluorescent probes and the anti-

MA antibodies were non-specific.   

This work demonstrated that the main objective of improving the solubility of the coupled 

fluorescent probes was achieved, including that of coupled GQDs which are of lower toxicity 

than cadmium (Cd)-based QDs, although the specific binding with the anti-MA antibodies was 

not achieved. Future research recommendations to enhance the specific binding between the 

coupled fluorescent probes and the anti-MA antibodies include (i) increasing the amount of 

antigen MAs during the covalent coupling to QDs to improve the antigenic properties of the 

coupled materials, (ii) developing techniques that will be able to quantify the amount and 

concentration of MAs coupled to the QDs, and (iii) exploring the possibility of using molecular 

beacons (MBs) with M.tb DNA covalently attached to MA-QDs as a biosensor (probe) to 

increase the antigenic properties. 
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CHAPTER ONE: Introduction 

This chapter gives an overview of the problem that motivated this study. It also includes the 

aims, objectives, and the structure of the thesis. 
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1.1 Problem Statement and Motivation 

Tuberculosis (TB) is a highly contagious chronic pulmonary disease caused by Mycobacterium 

tuberculosis (M.tb) [1]. The World Health Organization (WHO) Global Tuberculosis series 

2020 stated that 10.0 million new cases of TB were reported in 2019, and 1.5 million people 

died from the disease [2]. Despite considerable improvement in the   diagnosis of TB over the 

past years, a simple and effective method for the early detection of TB at the point of care is 

not yet available [3]. This poses a serious challenge, especially in developing countries, 

because the start of treatment could be delayed allowing the disease to spread [3]. Some of the 

current challenges in TB detection and diagnosis include inaccurate results, low sensitivity, 

and time taken between detection and initiating treatment. The more accurate TB tests that are 

currently used, such as chest X-rays, are expensive, especially for developing countries [4]. 

The occurrence of TB, and the increased risk of TB in human immunodeficiency virus (HIV) 

infected persons, have boosted the need for rapid, inexpensive, and accurate methods for 

detection and diagnosis of TB. 

Therefore, this project seeks to develop a water-soluble fluorescence probe consisting of 

fluorescence quantum dots (QDs) and TB antigenic mycolic acids (MAs) that can be used in 

the point of care detection of anti-MA antibodies and for the diagnosis of tuberculosis. The 

diagnostic assay is normally performed in aqueous buffer and, therefore, a water-soluble probe 

is required. Early detection of tuberculosis can assist in preventing the disease from spreading 

further. 

1.2 Aim and objectives of the study  

1.2.1 Aim 

The main aim of this research was to synthesize water-soluble QDs coupled to mycolic acids 

(MAs) as TB antigens to form a water-soluble fluorescence probe for potential detection of 

anti-MA antibodies and diagnosis of TB. 
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 1.2.2 Objectives 

Specific objectives of the study were to: 

(i) Synthesize and characterize core-shell water-soluble cadmium selenide/zinc sulfide 

quantum dots capped with L-cysteine (L-cys-CdSe/ZnS QDs); and graphene quantum 

dots (GQDs). 

(ii) Characterize the chemical and optical properties of the synthesized L-cys-CdSe/ZnS 

QDs and GQDs. 

(iii) Devise means to effectively couple MAs to the water-soluble L-cys-CdSe/ZnS QDs 

and GQDs to form MA-CdSe/ZnS QDs and MA-GQDs. 

(iv) Characterize the coupled materials, namely MA-CdSe/ZnS QDs and MA-GQDs. 

(v) Investigate the lateral flow of the MA-CdSe/ZnS QDs and MA-GQDs. 

(vi) Evaluate the suitability of these coupled materials, namely MA-CdSe/ZnS QDs and 

MA-GQDs, for TB anti-MA antibody testing. 

1.3 Structure of the thesis 

Chapter two defines tuberculosis and reviews the methods that have been previously used to 

detect TB. It also discusses MAs, antibodies, antigen-antibody interaction, core/shell cadmium 

based QDs, graphene QDs and coupling reactions of water-soluble QDs. Furthermore, 

fluorescence detection techniques, lateral flow techniques and the enzyme-linked 

immunosorbent assay (ELISA) are described. Finally, this chapter presents some applications 

of QDs bonded with biological molecules, and MAs bonded with different fluorophores. 

Chapter three highlights the synthesis, characterization, water solubility and visual lateral 

flow methodologies of L-cys-CdSe/ZnS QDs and the coupled MAs-CdSe/ZnS QDs (journal 
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paper 1). Chapter four presents the development of a graphene quantum dot-mycolic acid 

probe as a potential tuberculosis biosensor (manuscript submitted). Chapter five discusses 

the detection of anti-MA antibodies using ELISA, lateral flow assay, and fluorescence 

techniques. Finally, chapter six provides the overall conclusions and suggests future work. 

1.4 References  

[1] N. Ariffin, N.A. Yusof, J. Abdullah, S.F. Abd Rahman, N.H. Ahmad Raston, N. Kusnin, S. Suraiya, 

Lateral flow immunoassay for naked eye detection of Mycobacterium tuberculosis, Journal of Sensors 

2020, (2020), 1687. 

[2] Russell, D.G., Cardona, P., Kim, M., Allain, S., Altare, F., Foamy macrophages and the progression 

of the human tuberculosis granuloma. Nat Immunol, 2009. 10: p. 943-948. 

[3] S. Sudha, Tuberculosis diagnosis-an overview to the conventional diagnostic methodology and need 

for nanodiagnosis, International Journal of Medical Engineering and Informatics 8, (2016), 27-40. 

[4] F.A. Khan, A. Majidulla, G. Tavaziva, A. Nazish, S.K. Abidi, A. Benedetti, D. Menzies, J.C. 

Johnston, A.J. Khan, S. Saeed, Chest x-ray analysis with deep learning-based software as  

a triage test for pulmonary tuberculosis: a prospective study of diagnostic accuracy for culture-

confirmed disease, The Lancet Digital Health 2, (2020), e573-e581. 
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CHAPTER TWO: Literature review 

This chapter defines tuberculosis and reviews the methods that have been previously used to detect TB. It 

also discusses core/shell cadmium based QDs, graphene QDs, MAs, coupling reactions of water-soluble 

QDs, application of QDs bonded with biological molecules, and application of MAs bonded with 

different fluorophores. Furthermore, this chapter defines antibodies and antigen-antibody interactions, 

whilst fluorescence detection and lateral flow techniques, as well as the Enzyme-linked Immunosorbent 

Assay (ELISA) are described. 
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2.1 Tuberculosis 

Tuberculosis is a global health problem due to co-infection with human immunodeficiency virus (HIV) 

and the development of drug-resistant strains. It is a chronic pulmonary disease caused by the 

Mycobacterium tuberculosis (M.tb) bacterium. M.tb is transmitted through sputum droplets released 

through speaking, coughing, and sneezing, and the bacterium replicates every 18-72 hrs [1]. M.tb can be 

taken up by alveolar macrophages and inhibits phagosome maturation [2]. 

TB is a serious challenge in developing countries as well as an increasing scourge in many developed 

areas of the world. The World Health Organization (WHO) Global Tuberculosis series 2020 stated that 

10.0 million new cases of TB were reported in 2019, of which 1.22 million people died [3]. Despite 

considerable improvement in the diagnosis of TB over the past years, a simple and effective method for 

the early detection of TB at the point of care is not yet available [4]. As a result, the start of treatment could 

be delayed allowing the disease to spread. Some of the current challenges in TB detection and diagnosis 

include inaccurate results, low sensitivity and time taken between detection and initiating treatment. The 

more accurate TB tests that are currently used, such as chest X-rays, are expensive especially for 

developing countries [4]. The occurrence of TB and the increased risk of TB in HIV infected persons have 

boosted the need for rapid, inexpensive, and accurate methods for the detection and diagnosis of TB that 

can prevent further disease transmission. Some of the methods that have been previously used for the 

detection and diagnosis of TB is discussed in this section. 

Sputum analysis research has been conducted to determine the presence of live M.tb in different ways and 

is used in TB detection and diagnosis. Such a technique often involves microbial culture, digestion, and 

concentration of a sputum sample [5]. Even though this technique is very sensitive with a low detection 

limit for M.tb, it suffers some serious drawbacks, specifically that it takes 6-8 weeks for the completion 

of the detection and diagnosis of TB. Because of this delayed diagnosis, patient care and TB control can 

be affected as it gives enough time for the spread of the infection. The other limitation is that the desired  
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detectable amount of the bacteria from the sputum sample in the lungs for TB detection and diagnosis 

often cannot be produced due to the weak immune system of HIV-infected patients [6].  

The lipoarabinomannan (LAM) urine dipstick test is also used to diagnose TB [7]. The use of this test 

gained popularity as it is simple, easy to use and is more sensitive than the sputum test, especially for 

people with high  human immunodeficiency virus (HIV) loads. LAM tests work well for people with a 

very low cluster of differentiation 4 (CD4) counts (high HIV load) [7, 8]. The LAM test has limited 

sensitivity for non-HIV infected patients and underlines the need for new diagnostic tests. 

The colloidal gold test is another method used to detect M.tb deoxyribonucleic acid (DNA) 

electrochemically. This  method involves coupling of rapid isotherm amplification of target DNA that is 

specific to M.tb with gold nanoparticle electrochemistry on disposable screen-printed carbon electrodes 

[9]. The method works well because it is sensitive and specific, but the complicated DNA sample 

preparation method before the detection process and the potential toxicity of gold nanoparticles limit its 

application [10]. Therefore, a more simplified and user-friendly test is required for TB antibody detection.  

2.2 Mycolic acids 

Mycolic acids (MAs) are lipids that are the emblem of the cell envelope of Mycobacterium tuberculosis 

and associated species and genera  [11]. MAs are the major lipid constituent of the cell walls [12] as shown 

in Figure 2.1.  They form a lipid shell around the organism as they are strongly hydrophobic molecules 

and affect the permeability properties of the cell surface, hence protecting it from attack by oxygen 

radicals, cationic proteins, and lysozymes from the host cell [13]. 
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Figure 2.1:  Structure of acid-cell wall of Mycobacterium tuberculosis. PIM stands for 

phosphatidylinositol mannoside [14] 

MAs are chemically inert and control host-pathogen interactions. They achieve this by identifying and 

signalling of the host cells during pathogen invasion, intracellular trafficking, and docking [15]. There are 

three main classes of MAs found in Mycobacterium tuberculosis, namely alpha-MAs, methoxy-MAs, 

and keto-MAs. Around 70% of MAs are alpha-MAs which posses two cis cyclopropane groups. 15% of 

MAs of the organism are methoxy-MAs and the remaining 15% is made up of keto-MAs (Figure 2.2). 

Methoxy-MAs and keto-MAs possess one cyclopropane group that can either be cis or trans oriented 

[16].  
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Figure 2.2  Chemical structures of the three main classes of mycolic acids [17]. 

MAs are also called antigenic cell wall lipids because they elicit an antibody response [18]. Anti-MA 

antibodies serving as specific TB biomarkers can provide prognostic information about the TB infection  

status, either for individual patients or study cohorts [19]. Chemical inertness of MAs makes them 

attractive diagnostic tools to detect anti-MA antibodies for TB. However, the poor solubility of MAs in 

most solvents (they are only soluble in chloroform and hexane) presents the biggest challenge in their 

application as biomarkers [20]. Most diagnostic assays are carried out in aqueous buffers and therefore 

chloroform and hexane are not compatible solvents. 
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2.3 Gallibodies 

Antibodies (Abs) are protein molecules that bind to specific proteins such as antigens to protect the 

organism against disease [21]. They are generated by the immune process in reaction to infection. They 

are produced from a single cell division of clones. The region within the antigen that allows the binding 

of the antibodies is referred to as the epitope. Antibodies are specific and target different antigens without 

side effects and they are sometimes called antigenic determinants [22]. Abs are mainly used as essential 

tools for molecular immunology investigations by labeling the target antigens [23]. Due to these unique 

properties, Abs are normally used for detecting and identifying blood serum analytes, cell markers and 

also as agents of pathogens [24]. Gallibodies are special engineered antibodies derived from the 

immunoglobulin genes of the chicken. The name Gallibody comes from the Latin nomenclature for the 

domestic chicken: Gallus gallus domesticus [25]. Selected artificial gallibodies, like human antibodies, 

specifically bind to mycolic acids as lipid antigens, and hence they are sometimes called anti-mycolic acid 

gallibodies [26]. 

2.4 Antigen-antibody interactions 

An antigen-antibody interaction is a type of interaction that is specific in nature. It involves the binding of 

antigens (Ags) and antibodies (Abs) to form an antigen-antibody complex (Ag-Ab complex) [27]. The 

binding of Ags and Abs occurs at the surface of the cells and in different proportions. During the 

interaction of Ags and Abs, denaturation does not take place, and they are both involved in the formation 

of the antigen-antibody complex, as illustrated in the equation below: 

                Antigen + Antibody   ↔  Antigen- antibody complex  

The formation of the Ag-Ab complex is a reversible reaction, but it has very strong intermolecular 

attractive forces. The reversibility of the reaction is influenced by the nature of binding of the antigen to 

the antibody. Antigen-antibody interactions are influenced by many factors, such as temperature, pH, 

ionic strength, concentration of antigens and antibodies, number of antigen sites per cell (zygosity) and 

period of incubation [28, 29]. 
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2.5 Core/shell cadmium-based quantum dots 

Cadmium-based quantum dots (QDs) are semiconductor nanocrystals with a size range between 1-10 nm 

[30]. Different cadmium-based QDs have been produced over the past decades and have been applied in 

various fields because of their electronic and optical properties including: high surface to volume ratio, 

size-tuneable band gap energy, narrow emission spectra and broad absorption spectra [31]. Cadmium-

based QDs also have high fluorescence quantum yields and higher resistance to photo-initiated 

degradation when compared to organic fluorophores [32]. The functional groups bound on the surface of 

QDs (Figure 2.3) define their solubility and strongly influence their physical and photophysical 

properties. QDs containing cadmium metal such as cadmium sulfide/zinc selenide (CdS/ZnSe), cadmium 

tellurium/zinc sulfide (CdTe/ZnS) and cadmium selenide tellurium /zinc sulfide (CdSeTe/ZnS) have been 

used in biological sensing and imaging applications, due to their bright fluorescence and surface chemistry 

[32]. The big challenge of using cadmium is its potential cytotoxicity due to the formation of free cadmium 

ions (Cd2+) [33, 34]. However, the challenge of cytotoxicity can be reduced by surface coating of QDs 

with other materials that are not toxic to form core-shell quantum dots [31] as shown in Figure 2.3. The 

shell (outer layer material) does not affect the biological function of QDs, instead, it provides stability to 

the core (inner material) of the QD by protecting it from the surrounding environment and can prevent, 

for example, oxidation [35].  The shell also improves physical and chemical properties and allows for easy 

bio functionalization [35]. ZnS or ZnSe are often used as shell materials because they provide efficient 

confinement of electrons inside the nanocrystals and do not easily form defects [36]. Another method of 

reducing cytotoxicity of cadmium containing QDs is the use of gelatin or tripeptide glutathione as 

stabilizers to detoxify cadmium free ions. The tripeptide glutathione binds the cadmium ion and forms a 

phytochelatin shell that makes cadmium metal inert [33, 37, 38]. Because of these properties, cadmium 

based QDs have been used extensively in scientific and technological applications that rely on achieving 

spectral purity at optimum optical flux such as chemical/biological sensing, optoelectronic devices, 

molecular biology, bioimaging, and photochemistry [37, 39, 40]. 
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Figure 2.3: Core/shell quantum dot structure [41]. 

2.6 Graphene quantum dots 

Graphene quantum dots (GQDs) are carbon-based nanocrystals with a diameter ranging between 1-20 

nm [42]. GQDs have been produced and widely studied in recent years due to their exceptional electronic, 

optical, and photoelectric properties including; high surface to volume ratio and size-tuneable band gap 

energy [43]. GQDs possess attractive features such as stable fluorescence properties, simple and cost 

effective preparation methods, low toxicity that renders them environmentally friendly, have excellent 

biocompatibility, and good water solubility when compared to semiconductor-based quantum dots [44]. 

Because of these properties, GQD-based materials have been used extensively in biological imaging, 

biosensing, drug delivery, optoelectrical detectors, solar cells, filtration devices, and photocatalysis [45]. 

Additionally, GQDs have emerged as potential fluorophores for biosensing in biological matrices such as 

human blood, urine, sputum, and saliva, due to their selectivity, sensitivity, and good reproducibility of 

the results [46]. Furthermore, the presence of π electrons in the GQDs enables them to be easily conjugated 

or functionalised with other materials such as proteins and lipids via π-π interactions to provide new 

materials [46]. 

2.7 Coupling of water-soluble QDs to biological molecules for various applications 

Coupling of QDs involves the binding of water-soluble QDs directly to specific biological molecules for 

different applications such as imaging and fluorescence detection of various biomolecules. Literature 
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reports that water-soluble QDs are preferred for bio sensing [47], typically of biological molecules such 

as nucleic acids, peptides, antibodies, proteins, monosaccharides, and liposomes [47].  Both covalent and 

non-covalent methods are commonly used to couple QDs to biological molecules [37]. 

Covalent coupling between water-soluble QDs and biological molecules takes place between two 

functional groups resulting in the formation of a covalent link. Covalent coupling is normally achieved by 

using a functional cross-linker with a specific length and type of functional group to facilitate cross-

binding [48]. For the application of water soluble QDs, carboxylic acid groups are the most used 

functional group for coupling of QDs with other biological molecules [48]. The carboxylic acid is 

normally used because it can easily bind with proteins, amino acids, and peptides via an amide link, 

although the choice of the functional group used depends upon the nature of surface modification of the 

QDs and the type of coupling [48]. The formation of the covalent amide linkage between QDs and a 

biological molecule, such as a MA, can be confirmed using FT-IR analysis [49]. 

Non-covalent coupling involves an association of the QDs and the biological molecules by electrostatic, 

hydrophobic, and high affinity interactions, for example. Electrostatic interactions take place between 

negatively charged species and positively charged molecules. It is the most used non-covalent coupling 

method because it is simple and fast [37]. The surface of QDs is large and therefore the negatively charged 

carboxylate groups of the surface modified QDs can easily interact with positively charged proteins to 

form an ionic bond. Although the electrostatic interaction between two molecules is simple and fast, it has 

some limitations, such as solubility and stability. Ionic bridges only dissolve in polar solvents like water 

and do not dissolve in organic solvents. Electrostatic interactions require the optimization of some factors 

that determine the stability of the coupled  products, such as charge, size, pH, and ionic strength [37, 48]. 

Because of these limitations, covalent coupling of QDs and biological molecules is more robust.  

2.8 Enzyme-linked Immunosorbent Assay (ELISA)   

ELISA is a sensitive technique used to detect and quantify substances, mainly antigens or antibodies [22, 

50]. ELISA utilizes the specific interaction between the antigens and antibodies to identify specific 



 

14 

 

antigens and antibodies in infectious diseases, pregnancy testing, blood type, and many others using a 

small sample volume. The ELISA test is executed using polystyrene plates, mainly in 96-well plates 

coated to bind antigens or antibodies strongly.  ELISA testing requires a primary or secondary detection 

antibody depending on the type of assay. The two common ELISA tests are direct and indirect. In the 

direct ELISA, the primary antibody binds directly to the antigen of interest while in the indirect ELISA, 

primary and secondary detection antibodies are used. A secondary detection antibody is an enzyme 

conjugated antibody that binds the primary antibody. During the ELISA test, the detection is carried out 

with the help of the substrate of the enzyme conjugated to the secondary antibodies. When the enzyme 

digests its substrate, the product has a different colour. The product is quantified using the absorbance of 

light at an appropriate wavelength [51]. There are mainly four steps required for the completion of the 

ELISA test. These are: coating of the plates with the antigens or antibodies, blocking of non-specific 

binding sites, detection, and final reading. The ELISA test can be affected by some factors such as the 

shape and quality of the plate assay, the nature of the buffer solution, enzyme conjugates, washes, and the 

target antigen.  In this study, the indirect ELISA test was used. The antigen (MA-QD) was dissolved in 

volatile solvents such as hexane or phosphate buffered saline (PBS) buffer, etc., and immobilized on a 96-

well plate via adsorption. The detection (primary) TB antibody (gallibody) was added to form a complex 

with the antigen. The secondary antibody labeled with an enzyme was also added to the same plate to 

covalently link to the detection antibody. The substrate for the reporter enzyme was added thus the enzyme 

from the secondary antibody catalyzed the reaction of this substrate inducing a colour change from yellow 

to blue. This was correlated to the amount of antigen present by comparing it to the colour change affected 

by a concentration series using a standard curve of the reference compounds [51, 52]. 

2.9 Lateral flow detection technique 

The lateral-flow assay (LFA) is a simple platform that is used in medical diagnostics for point of care 

testing, laboratory use, and home testing to detect the presence of a target analyte, often an antibody in a 

liquid, based on biochemical interactions such as an antigen-antibody interaction [53]. The LFA format 
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typically consists of a sample pad, conjugate pad, nitrocellulose membrane, and absorbent pad. The 

sample pad is the first section where the sample is introduced, which acts as a sponge, and holds the sample 

fluid. The sample fluid is transported to the conjugate pad using capillary action. The conjugate pad 

contains the sample and bioconjugate molecules (probe) required for a chemical reaction between the 

target molecules to form an immune complex. The active site of the LFA is the nitrocellulose membrane 

which contains the test line and control line for antigen-antibody interaction. The test line recognizes the 

sample of interest, while the control line captures unbound conjugate antibodies or antigens from the 

conjugate pad. The absorbent pad acts as a waste drain and prevents the backflow of the liquid [17, 

54].The set up of the components of LFA is illustrated in Figure 2.4.   

 

Figure 2.4:Typical lateral flow assay strip set up [55]. 

There are two common lateral flow assay formats. These are competitive and sandwich formats [56]. The 

competitive format is normally used to detect analytes that are too small for multiple bindings or analytes 

when antibody pairs are not present while the sandwich format is typically used when detecting larger 

analytes that have two epitopes as shown in Figure 2.5.  
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Figure 2.5: Two common lateral flow assay formats namely sandwich and competitive [56]. 

In this present study, the lateral flow assay strips are composed of three components namely, a sample 

conjugate release pad, nitrocellulose membrane (test pad), and an absorbent pad. The competitive format 

was explored in this study to test the binding of TB antibodies to the synthesized fluorophores coupled to 

mycolic acids as an antigen. 

2.10 Fluorescence detection techniques 

Fluorescence is a physical property in which fluorophores absorb a photon of energy at a particular 

wavelength during an initial excitation and then emit a photon of energy with a longer wavelength upon 

relaxation to the ground state, as illustrated in Figure 2.6 [57]. After excitation, a fluorophore remains in 

the excited state for some time before emitting a photon of energy and returning to its original state. The 

time a fluorophore remains in the excited state is referred to as fluorescence lifetime and it depends on the 

nature of the fluorophore and the environment which it is interacting with. The difference between the 

excitation and the emission wavelengths is termed the Stokes shift [58]. The Stokes shift value is very 

important for fluorescence measurements, as it clearly differentiates the emitted signal from the excitation 

signal and provides information on the specific molecular features of different fluorophores. The 

fluorescence technique is applied in different research fields such as biochemistry, biophysics, and 

biomaterial science for sensing and imaging due to its sensitivity [58] and high spatial resolution [59]. 

Fluorescence measurements can be obtained in liquid, solid, and gas phases. 
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Fluorescence emission has three important parameters that can be determined as a function of 

excitation and emission wavelength. These parameters can be recorded and used for reporting 

on target interactions in sensing applications. The three parameters are: fluorescence intensity, 

fluorescence lifetime, and emission anisotropy [60]. Fluorescence intensity, also called the 

band maximum, is measured at the given wavelength of excitation and emission. The intensity 

measured over the emission wavelength range provides the fluorescence emission spectrum, 

and the fluorescence excitation spectrum is achieved in the case of the intensity of emission 

measured over a range of excitation wavelengths. Fluorescence lifetime, also referred to as 

fluorescence excited-state lifetime, is the time the fluorophore spends in the excited state and 

can be directly obtained from the decay curve measured using pulsed excitation. The decay 

curve does not depend on instrumental factors but is characteristic of the fluorophore. Emission 

anisotropy is the fluorescence intensity function obtained along the vertical and horizontal axes. 

It determines how a molecule's spatial orientation changes over time between absorption and 

emission events. It works on the idea that polarized light excites a fluorophore, resulting in 

partially polarized emission. 

 

Figure 2.6: Simple Jablonski energy diagram summarizing the fluorescence technique [61]. 
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2.11 Application of QDs bonded with different biological molecules 

Fluorescence detection is one of the main applications of QD based probes. This process is achieved by 

comparing the photophysical properties of the probe alone and after interaction with the target analyte. 

Once the probe interacts with the target analyte, fluorescence (luminescence) can either be enhanced (turn-

on) or quenched (turn-off) or a shift of fluorescence emission wavelength occurs, indicating the detection 

of the analyte. The enhancement and quenching mechanism involve energy transfer (ET) such as Förster 

or fluorescence resonance energy transfer (FRET) [62]. FRET takes place between a donor fluorophore 

in an excited state and a nearby acceptor through a long-range dipole-dipole interaction in a non-

radioactive means as illustrated in Figure 2.7. FRET decreases the fluorescence intensity and lifetime of 

the fluorophore donor and enhances the fluorescence intensity of the fluorophore acceptor. FRET only 

occurs when there is a close distance between the donor and the acceptor, enough fluorescence lifetime, 

and the overlap of the emission spectrum of the donor molecule and the acceptor absorption spectrum. 
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Figure 2.7: Fluorescence resonance energy transfer (FRET) mechanism. R represents the close distance 

between the donor and the acceptor. J ( λ) indicates the overlap between the donor emission spectrum 

and the acceptor absorption spectrum [62]. 

The emission spectrum depends on the bandgap of the donor (fluorophore QDs). Bandgap also called 

energy gap is the space between the valence band where there is no free electron to move around and the 

conduction band where there are free electrons to move around [63], as indicated in Figure 2.8. In QD 

fluorophores, the energy gap is very small but not zero. The energy needed to overcome this gap is 

inversely proportional to the wavelength of the fluorescence emitted. This energy gap increases with a 

decrease in the size of the QD fluorophore. This implies that the larger the QD fluorophore the smaller the 
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energy gap and this causes the shift of the emission spectrum towards the red region of the visible region 

and vice-versa.  

Effective fluorescence probes are evaluated by detecting response signals at low concentration of the 

target analyte, showing high sensitivity, rapidity, and versatility [64-66]. 

 

Figure 2.8: Graphical representation of band gap, ground state, excitation state and fluorescence 

emission. VB stands for valence band and CB for conduction band [63]. 

To the best of our knowledge, no application of MAs coupled to QDs as a fluorescent probe for detection 

of TB anti-MA antibodies has been previously reported. However, there are few reports on the 

applications of QDs bonded with other biological molecules. Examples of these applications of QDs 

bonded with other biological molecules are discussed in this section.  

CdZnSeS QDs coated with SiO2 conjugated to a molecular beacon (MB) probe have been 

demonstrated to detect norovirus in human blood serum [64]. MBs are oligonucleotide single- 

stranded hairpin-shaped molecules with internal fluorophores whose fluorescence is restored 
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in the presence of the target specific nucleic acid and the fluorescence of the fluorophores is 

quenched in the absence of the target analyte. MBs are made up of loops of about 15 to 25 

nucleotides which serve as probes and the stems of the MB bring the two ends of the molecule 

(linked to a fluorophore and quencher respectively) closer [67]. MBs are made up of loops 

about 15 to 25 nucleotides long to serve as probes and stems to bring the two ends of the 

molecule closer. A CdZnSeS QD-MB probe was synthesized via ethyl-3-(3-

dimethylaminopropyl) carbodiimide/N-hydroxy succinimide (EDC/NHS) chemistry. Using 

this QD-MB, norovirus was analyzed/detected by the steady enhancement of fluorescence 

emission as the concentration of norovirus increased [64]. In another report, highly sensitive 

and specific sensors for detecting the Mycobacterium tuberculosis Ag85B antigen using 

CdTeSi-QDs modified with gold nanorods conjugated to the BGP-50B14 antibody were 

reported [68].The detection process was based on fluorescence resonance energy transfer 

(FRET) via antigen-antibody interaction as shown in Figure 2.9. Silica was used to coat the 

QDs for easy binding with the GSP-50B14 antibody, while gold nanorods were used as 

fluorescence quenchers. 

 

Figure 2.9: Schematic illustration of the detection of secreted antigen from Mycobacterium tuberculosis 

based on a sandwich assay via antigen-antibody interactions using gold nanoparticles (AuNPs) and 

silicon quantum dots (SiQDs) [68]. 
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CdS QDs have also been used for the detection of Mycobacterium tuberculosis DNA using peptide 

nucleic acid (PNA) [69]. PNA was immobilized on the surface of CdS QDs capped with graphene oxide 

modified through the EDC/NHS coupling reaction. The CdS-PNA biosensor showed good 

electrochemical activities towards the detection of Mycobacterium tuberculosis DNA. 

Brightly fluorescent glutathione functionalized CdSe/ZnSeS core/shell QDs have been synthesized for 

analysis of dengue virus ribonucleic acid (RNA) [65]. The alloyed shell was used to increase the 

photoluminescence quantum yields. The biosensor was made in two parts. Firstly, the gold nanoparticles 

capped with L-cysteine were synthesized via ligand exchange reaction and were conjugated to the 

CdSe/ZnSeS QDs to form AuNP-QD monohybrids. Then the AuNP-QD monohybrids were conjugated 

to the end of the molecular beacon (MB) to form a AuNP-QD- MB probe, as shown in Figure 2.10. The 

presence of the dengue virus RNA in solution was detected by a fluorescence enhancement signal which 

was proportional to the concentration of the dengue virus RNA [65]. 

 

Figure 2.10: Schematic representation of the GSH-CdSe/ZnSeS-MB QD biosensor for the detection of 

the dengue virus RNA [65]. 
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In another report, CdSe/ZnS QDs capped with diene polyvalent mannose were synthesized via ligand 

exchange in the presence of sodium hydroxide and methanol [70]. The probe was used successfully to 

analyze the interaction between the Ebola receptors and the CdSe/ZnS QDs capped with polyvalent 

mannose in human blood serum, using FRET. This interaction was observed by the strong fluorescence 

quenching of the CdSe/ZnS QDs indicating the specific binding with the Ebola receptors  [70]. 

The use of stable colloidal suspensions of CdSe QDs as well as carbon dots (CDs) as a viable 

photoluminescent platform for the detection of TB organic volatile biomarkers (VOBs)  have been 

reported [71]. The CdSe QDs and CDs based fluorescence probes were in solution form, whereas the 

target VOBs were obtained from exhaled breath. The QDs and CDs were used without further capping 

or modifications. The emission and absorbance properties of both CdSe QDs and CDs were found to be 

different from the VOBs mixed with CDs/QDs. When the VOBs were mixed with the QDs and CDs 

fluorescent probes, there was a shift in the QD emission peak, as shown in Figure 2.11, whereas the peak 

intensity of the CDs reduced with the increase in concentration. 

 

Figure 2.11: Schematic diagram showing the method of TB organic volatile biomarker detection using 

quantum dots [71]. 

It is also reported that cadmium-telluride (CdTe) QDs were synthesized and conjugated to an antibody 

(Ab) that was used to detect citrus tristeza virus (CTV) in plants. The coat protein (CP) of the CTV was 
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immobilized onto the surface of carbon nanoparticles (CNPs). After mixing, the QD-Ab and CTV bonded 

to CNPs, and the CNPs quenched the fluorescence of the CdTe QDs [72]. 

Similarly, a sandwich complex composed of CdTe QDs, coupled with surface functionalized magnetic 

microspheres (MMSs), conjugated with antibodies and phase-display-derived peptides have been 

developed [73]. The probe (complex) was used to detect Mycobacterium tuberculosis H37RV binding 

peptides in sputum. QDs were used to provide a fluorescent signal and MMSs to provide magnetic 

separations. The phase display derived peptides came from Mycobacterium tuberculosis cells. When the 

probe (complex) mixed with the sputum solution contained TB, there was specific ligand-receptor 

interaction which resulted in the enhancement of fluorescence signal and thereby detection of 

Mycobacterium tuberculosis as illustrated in Figure 2.12. 

 

Figure 2.12: Schematic diagram showing the formation of a ternary complex, magnetic separation of 

bacteria cells and the detection of Mycobacterium tuberculosis [73]. 
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Table 2.1: Summary of some reported applications of QDs in the detection of biomolecules 

QDs Molecules bonded to 

QDs 

Detection method  Target Reference 

CdZnSeS Molecular Beacon Fluorescence Noroviruses      [64] 

CdTeSi Gold nanorods              Fluorescence TB Ag85B                           

 

     [68] 

CdS Graphene Oxide Cyclic voltammetry TB      [69] 

CdSe                                                        Endonuclease Impedance 

spectroscopy    

mtbDNA      [74] 

CdSe/AuNP      Molecular Beacon                    Fluorescence   Dengue virus      [65]       

CdSe/ZnS                Dihydrolipoic acid       Fluorescence HIV/Ebola receptors      [70] 

CdSe                 Carbon dots                Fluorescence TB biomarker      [71] 

CdTe                                               Antibody Fluorescence Citrus tristeza      [72] 

CdTe                        Magnetic 

microspheres      

Fluorescence Mycobacterium 

tuberculosis 

     [73] 

CDs                              Antibody IgG    Fluorescence Human IgG      [75] 

GQDs tTG antigen Electrochemical Anti-tTG antibodies      [76] 

GQDs Molecular Beacon Fluorescence MicroRNA      [77] 
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2.12 Application of MAs bonded to different fluorophores 

It is reported that three different classes of MAs were synthesized to compare the structure-function 

relationship of the antigenicity of mycolic acid for detecting TB anti-MA antibodies [78]. The three 

synthetic classes of MAs are: methoxy-MAs, keto-MAs, and alpha-MAs. These synthetic classes of MA 

were analyzed separately using enzyme linked immunosorbent assay (ELISA) in phosphate buffered 

saline (PBS). The results revealed that methoxy-MA bound strongly to the TB anti-MA antibodies in the 

patient serum by hydroxy-MA, then keto-MA and alpha-MA was the least strongly bound. 

MA as a targeting ligand was incorporated into a drug encapsulating polylactic-co-glycolic acid polymer 

(PLGA) to improve the efficiency of an anti-TB drug delivery system [19]. The MA-PLGA probe was 

prepared via a double emulsion solvent evaporation technique. The infected mycobacteria strains derived 

from mouse macrophage were exposed to encapsulated isoniazid-PLGA nanoparticles via MA as a target 

ligand. The fate of the nanoparticles was monitored by electron microscopy. Analysis of mycobacteria 

infected macrophages showed a strong and significant increase in phagocytic uptake of MAs coated with 

nanoparticles. The increase was as a result of the binding between the MAs coated with nanoparticles and 

the cell surface receptors involved in phagocytic uptake of Mycobacterium tuberculosis [19]. 

In another related report, MA-loaded micellar nanocarriers (MA-MCs) made up of poly(ethylene glycol)-

bi-poly(propylene sulfide, PEG-PPS) was developed [20]. The MA-MCs are made up of PEG-PPS 

whose terminal ends were covalently attached to an acid-sensitive fluorophore to give the signal and also 

increased intracellular delivery of MAs to phagocytic immune cells in the lungs due to the limited 

solubility of MAs in water. It was reported that these nanobiomaterials (MA-MCs) were taken up by the 

alveolar macrophages in the lungs more than free MAs and induced the activation of T cells. 

2.13 Conclusion 

Much work has been done in the recent past on the application of QDs conjugated with biological 

molecules on the one hand, and the application of MAs bonded to different fluorophores to detect 

antibodies and diagnosis of TB in blood serum or sputum on the other, but no work has been previously 



 

27 

 

reported on the application of QDs coupled to MAs to detect anti-MA antibodies and the diagnosis of TB. 

Although much progress has been made, many of the sensors (probes) have poor stability, low sensitivity, 

are not user friendly, are time consuming and some require expensive equipment. Therefore, there is need 

for a robust method that can produce rapid detection and diagnostic results with high sensitivity and 

selectivity but that is also user friendly and of reasonable cost. 
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CHAPTER THREE: Synthesis and characterisation of quantum dots coupled to 

mycolic acids as a water-soluble fluorescent probe for potential lateral flow detection of 

antibodies and diagnosis of tuberculosis 

This chapter deals with the synthesis and characterisation of a water-soluble quantum dots-

mycolic acid probe for detection of tuberculosis antibodies and is presented in the form of the 

final published paper in Luminescence. 

Paper 

K. P. Kabwe, S. A. Nsibande, Y. Lemmer, L. A. Pilcher, P. B. C. Forbes, Synthesis, and 

characterisation of quantum dots coupled to mycolic acids as a water-soluble fluorescent probe 

for potential lateral flow detection of antibodies and diagnosis of tuberculosis, Luminescence, 

2022, 37(2), 278-289. DOI: https://doi.org/10.1002/bio.4170 
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Review & Editing. Lynne A. Pilcher: Supervision, Conceptualization, Funding acquisition, 
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CHAPTER FOUR: Development of a graphene quantum dot-mycolic acid probe as a 

potential tuberculosis biosensor 

This chapter presents the development of a graphene quantum dot-mycolic acid probe as a 

potential tuberculosis biosensor. It is presented in the format as submitted to Luminescence. 

Submitted manuscript 

Kapambwe P. Kabwe, Sifiso A. Nsibande, Lynne A. Pilcher, Patricia B.C. Forbes, 

Development of a graphene quantum dot-mycolic acid probe as a potential tuberculosis 

biosensor, Luminescence, 2022. 
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Development of a graphene quantum dot-mycolic acid probe as a potential tuberculosis 

biosensor 

Kapambwe P. Kabwe, Sifiso A. Nsibande, Lynne A. Pilcher, Patricia B.C. Forbes* 

Department of Chemistry, Faculty of Natural and Agricultural Sciences, University of 

Pretoria, Pretoria, South Africa 

*Corresponding author: patricia.forbes@up.ac.za  

Abstract 

The development of amine-functionalized graphene quantum dots (GQDs) linked to mycolic 

acids (MAs) as a potential fluorescent biosensor to detect tuberculosis (TB) biomarkers 

(namely anti-MA antibodies) is described. GQDs are nanomaterials with attractive properties 

such as high fluorescence, excellent biocompatibility, good water solubility, and they are 

environmentally friendly because of their low toxicity. MAs are lipids that are found in the cell 

wall of Mycobacterium tuberculosis that are antigenic, however, they are soluble only in 

chloroform and hexane. Chloroform-soluble MAs were covalently linked to synthesized water-

soluble GQDs using an amide connection to create a potential fluorescent water-soluble TB 

biosensor: MA-GQDs. Fluorescence results showed that GQDs had a narrow emission 

spectrum with the highest emission wavelength at 440 nm, while MA-GQDs had a broader 

spectrum with the highest emission at 470 nm, after exciting at 360 nm. The appearance of the 

peptide bond (amide linkage) in the FT-IR spectrum of MA-GQDs confirmed the successful 

linking of MAs to GQDs. Powder X-ray diffraction (XRD) exhibited an increase in the number 

of peaks for MA- GQDs relative to GQDs, suggesting that linking MAs to GQDs changed the 

crystal structure thereof. The linked MA-GQDs showed good solubility in water, high 

fluorescence, and visual flow through a nitrocellulose membrane. These properties are 

promising for biomedical fluorescence sensing applications. 

Keywords: graphene quantum dots; mycolic acid; tuberculosis; lateral flow; fluorescence 
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1. Introduction 

Graphene quantum dots (GQDs) are zero-dimensional carbon based nanocrystals with a 

diameter between 1-20 nm.1 GQDs have been produced and widely studied in recent years due 

to their exceptional electronic, optical, and photoelectric attributes including: size-tunable 

bandgap energy and high surface to volume ratio.2 Compared to semiconductor based quantum 

dots, GQDs possess attractive features such as stable fluorescence properties, simple and cost 

effective preparation methods, low toxicity, excellent biocompatibility, and good water 

solubility.3 As a result of these exceptional attributes, GQD-based materials have been used in 

biological imaging, biosensing, drug delivery, optoelectrical detectors, solar cells, filtration 

devices, and photocatalysis.4 Additionally, GQDS have emerged as potential fluorophores for 

biosensing in biological matrices such as human blood, urine, sputum, and saliva, due to the 

selectivity, sensitivity, and reproducibility of the results.5 

Mycolic acids (MAs), also called 2-alkyl-3-hydroxy-long-chain fatty acids, are lipids that are 

located in the cell walls of Mycobacterium tuberculosis (M.tb), the agent that causes the disease 

tuberculosis (TB).6 MAs are made up of a long beta-hydroxy chain and a long alpha-alkyl side 

chain.7 Depending on the size and nature of the functional groups in the long hydroxy chain, 

MAs are divided into three main classes, namely alpha-MAs, methoxy-MAs, and keto-MAs.8 

MAs are sometimes referred to as antigenic cell wall lipids because they elicit an antibody 

response.9 MAs are strongly hydrophobic molecules that create a lipid shell over the organism. 

This affects the permeability properties of the cell surface, hence protecting the organism 

against lysozymes, oxygen radicals, and cationic proteins. 10 

Anti-MA antibodies serve as specific TB biomarkers that can provide prognostic information 

about health status and can advance knowledge of disease pathogenesis in predicting 

reactivation, cure, and induced vaccine protection either for individual patients or study 

cohorts.11 Detection of the anti-MA TB biomarker via its association with chemically inert 
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MAs is an attractive proposition.  Nevertheless, the insolubility of MAs in bulk solvents apart 

from chloroform and hexane presents a big challenge to their application as biosensors and in 

TB diagnosis,12  as the diagnostic assay is commonly achieved in aqueous buffer therefore a 

water-soluble probe is necessary. 

The nitrocellulose membrane lateral flow assay is a technique used in medical diagnostics for 

point of care testing, laboratory use, and home testing to detect the target analyte, often an 

antibody in a liquid centered on an antigen-antibody interaction.13 The nitrocellulose 

membrane lateral flow assay is typically comprised of four components, namely, the sample 

pad, conjugate pad, nitrocellulose membrane, and absorbent pad. The sample pad is where the 

sample is introduced first, acting as a sponge, and holding the sample fluid. The sample fluid 

is then transported to the conjugate pad through capillary action. The conjugate pad contains 

the sample and bioconjugate molecules (probe) required for a strong attraction via 

intermolecular forces between the target molecules to form an immune complex. The reactive 

area of lateral flow assay is the nitrocellulose membrane, which contains the control and test 

lines for antigen-antibody interaction. The test line recognizes the sample of interest, while the 

control line captures unbound conjugate antibodies or antigens from the conjugate pad. The 

absorbent pad acts as a waste drain and stops the liquid from flowing backwards.14-15 In this 

present study, the lateral flow assay strips were composed of three components namely, sample 

conjugate release pad, nitrocellulose membrane (test pad), and absorbent pad used for a visual 

flow test. 

Tuberculosis is a highly contagious chronic pulmonary disease caused by the M.tb bacterium.16 

Early detection of this disease at the point of care is a serious obstacle worldwide, more 

especially in less developed countries.17 About ten million cases of TB were reported in 2020, 

and about 1.5 million people died from TB.18 Therefore, this work focuses on progress towards 

providing a solution to meet the need for facile TB detection. The linking of chloroform-soluble 
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lipid MAs to water-soluble GQDs to provide a water-soluble fluorescent biosensor to detect 

TB anti-MA antibodies has not been reported previously to the best of our knowledge. The 

linking of MAs to water-soluble fluorescent GQDs is expected to improve the water solubility 

of the MAs and thus enable them to be used as a fluorescent TB biosensor. In this study, we 

present for the first time the linking of chloroform-soluble MAs to water-soluble GQDs to form 

MA-GQDs and show that this enhances the solubility of MAs and enables their lateral flow 

and reduces the potential toxicity of the sensor material as compared to semiconductor-based 

QDs, which we have reported on previously.19  

2. Experimental 

2.1 Materials and reagents 

Citric acid (CA, 98%), ethylenediamine (EDA, 99.5%), mycolic acid (MA, 98%), and oxalyl 

chloride ((COCl)2, 97.5%) were procured from Germany (Sigma-Aldrich) and used as 

received. The solvents chloroform (CHCl3, 99%), dimethylformamide (DMF, 98.5%), acetone 

(99.5%), and dichloromethane (DCM, 99.8%) were procured from Associated Chemical 

Enterprises (South Africa) and used without further purification. Triethylamine (TEA, 99%), 

and pyridine (99.5%) were purchased from Radchem Laboratory Chemicals and Consumables, 

South Africa. SnakeSkin dialysis tubing (3.5 kDa MWCO, 22 mm) was procured from Thermo 

Fisher Scientific, South Africa and filter paper (Whatman Macherey-Nagel, 125 mm, MN 615 

D) from Altmann Analytik GmbH & Co, Germany. Deionised (DI) water (9.2 µS/cm3) was 

acquired using a Drawell water purification laboratory in-house system (Drawell Scientific 

Instrument Co, Ltd, USA) while argon was provided by African Oxygen Limited (Afrox, South 

Africa). Nitrocellulose membranes (Sartorius Stedim Biotech, Germany) were provided by the 

Council for Scientific and Industrial Research (CSIR), South Africa. 
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2.2 Instrumentation 

The electronic absorption spectra of GQDs and MA-GQDs were obtained using a UV-visible 

Cary Eclipse spectrophotometer (Varian Pty Ltd, Australia). Fluorescence was analysed by a 

Yvon Jobin Horiba Fluoromax-4 spectrofluorometer (Horiba Instruments Inc., Edison, NJ, 

USA) at 360 nm excitation, with slit widths set at 5 nm. The infra-red investigations were done 

using a Bruker Alpha (II) spectrometer (Bruker Optik GMBh, Ettlingen, Germany) over 4000-

400 cm-1 furnished with the Opus software. The morphology and size of the GQDs and MA-

GQDs were measured using transmission electron microscopy (TEM) with a JEOL JEM 2100F 

(JOEL Ltd, Tokyo, Japan), and the software ImageJ was used to analyse the particle size 

distribution. XRD spectra were studied using a D2 Bruker phaser (Bruker AXS GmbH, 

Karlsruhe, Germany) using Cu Kα radiation. The data obtained were collected in the range 

from 2θ = 10° to 90°. A TeflonTM lined stainless steel autoclave (100 ml, 200 oC maximum 

working temperature) was purchased from Systec, Germany. 

2.3 Synthesis of amine functionalised graphene quantum dots 

Citric acid (0.022 moles) and ethylenediamine (0.022 moles) were mixed and dispersed in 40 

ml of deionised water in a 100 cm3 flask, following a reported method.20 The reaction mixture 

was transferred to a TeflonTM lined stainless-steel autoclave and heated at 150 °C for 6 hr. The 

autoclave was left to cool down to room temperature. The obtained yellowish solution was 

dialysed for 3.5 hr, after which it was frozen and then freeze dried for 48 hr to obtain yellow 

crystals of amine functionalised graphene quantum dots (GQDs). A schematic representation 

of the synthesis is provided in Figure 1. 
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Figure 1: Schematic of the hydrothermal synthesis of GQDs from citric acid and 

ethylenediamine as sources of carbon and nitrogen respectively. 

2.4 Covalent linking of mycolic acid to amine functionalised graphene quantum dots 

Using a round bottomed flask (50 cm3), 4.00 mg of MA, 9 cm3 of dry CHCl3, and DMF (1 

drop) were combined. The combination was stirred at 750 rpm for 5 min and soon after, oxalyl 

chloride (1 cm3) was added with continued stirring at 750 rpm at room temperature for 12 hr. 

Immediately after that, excess CHCl3 was removed via a rotary evaporator to secure a yellow 

oily mycolic acid chloride, which was then used directly without further purification in the next 

step.  

To link amine-functionalized GQDs to the mycolic acid chloride, 1.50 mg of amine-

functionalized GQDs and 9 cm3 of dry DCM were combined in a round bottomed flask (100 

cm3). The suspension was purged with argon while stirring for 5 min, after which pyridine (two 

drops) was added to the suspension as a catalyst. The suspension was placed in a dry ice and 

acetone bath at the temperature range between 0 oC and -15 oC whilst stirring. Thereafter, 
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mycolic acid chloride was added drop by drop whilst cooling. Triethylamine (five drops) were 

slowly added to neutralize the acid combination. The reaction mixture was stirred at 750 rpm 

at room temperature for 12 hr and later filtered through filter paper (Whatman Macherey-

Nagel, 125 mm, MN 615 D) to remove excess amine-functionalized GQDs. Excess DCM was 

evaporated under vacuum to secure crystals of mycolic acid-amine functionalized graphene 

quantum dots (MA-GQDs). A summary of the linking reaction scheme is shown in Figure 2. 

 

Figure 2: Schematic of the covalent linking of chloroform-soluble MAs to water-soluble 

GQDs to obtain a water-soluble fluorescent TB biosensor: MA-GQDs. 

2.5 Calculation of fluorescence quantum yield (Φf) 

In this study, the fluorescence quantum yield was calculated using Equation 1, which used 

Rhodamine 6G as a standard fluorescence quantum yield (Φstd,). The sample fluorescence 

intensities (Isam) and Rhodamine 6G in ethanol as standard (Istd) were compared with the 

corresponding absorbances of the sample (Asam) and the standard (Astd). The refractive index 

of water for GQDs (nsam) and the refractive index of ethanol for Rhodamine 6G (nstd) were 
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used.21 The absorbances were less than 0.05 to minimize internal filter effects, while 360 nm 

excitation wavelength was used for all the measurements. 

                                                            (1) 

2.6 GQDs and MA-GQDs lateral flow tests 

Using 5 cm3 vials, 0.01 mg/cm3 solutions of GQDs or MA-GQDs were made, by dispersing 

0.01 mg in 1 cm3 of deionized water. Thereafter, 5 µL aliquots of each of the 0.01 mg/mL 

solution of the GQDs or MA-GQDs were spotted onto 1 cm × 5 cm pieces of nitrocellulose 

membrane, 5 mm above the bottom edge, using an Eppendorf micropipette. The pieces were 

dried under ambient laboratory conditions for 1 hr and then dipped vertically into individual 

test tubes holding 200 µL of deionized water until the water reached the top part of the 

membrane strips. A blank piece of the nitrocellulose membrane was similarly eluted as a 

control. The pieces were removed from the water and dried under ambient laboratory 

conditions for 2 hr. Thereafter, fluorescence analysis was conducted using a Horiba Jobin Yvon 

Fluoromax-4 spectrofluorometer on two portions of the nitrocellulose membrane strips. The 

first portion was where the sample was initially deposited (5 mm above the bottom edge), and 

the second portion was the upper part (5 mm below the upper edge). All the fluorescence 

spectra were obtained using an excitation wavelength of 360 nm and fluorescence emission 

was recorded from 370 to 750 nm, with slit widths set at 5 nm. 

3 Results and discussion 

3.1 UV-vis absorption properties of GQDs and MA-GQDs 

The absorption properties of GQDs and MA-GQDs were explored by UV-vis spectroscopy. 

The absorption spectra for both GQDs and MA-GQDs exhibit wide absorption bands extending 
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from 200 to 420 nm with one prominent peak at 344 nm for GQDs, while MA-GQDs have 

prominent peaks at 255, 315, and 408 nm (Figure 3). These wide absorption bands are an 

excellent property in sensing applications using the fluorescence technique, as they facilitate 

the use of a range of excitation wavelengths. 

 

Figure 3: UV-vis absorption spectra of GQDs (A) and MA-GQDs (B) dissolved in water 

(0.01 mg/ml). Insert: GQDs (A) and MA-GQDS (B) under UV light and visible light. 

 

3.2 Fluorescence emission optimisation 

The optimisation of fluorescence emission of GQDs and MA-GQDs were explored by varying 

the excitation wavelength. It was found that the maximum emission intensity for GQDs was 

with 360 nm excitation, and 380 nm for MA-GQDs (Figure 4). The results also indicated that 

varying the excitation wavelength did not change the fluorescence emission wavelength of the 

GQDs, suggesting a pure product with a narrow size distribution, but red-shifting was noticed 

for the emission wavelength of MA-GQDs with an increase in excitation wavelength. This 
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could be due to a variation in the amount of MA coupled to individual GQDs. The intensity of 

fluorescence emission of GQDs and MA-GQDs was found to increase to a maximum and 

thereafter decreased as the wavelength of excitation increased further (Figure 4c). 

 

Figure 4: Fluorescence spectra of GQDs (A) and MA-GQDs (B) with varying excitation 

wavelengths. (C) Shows the effect of the excitation wavelength on the maximum 

photoluminescence (PL) intensity. 

3.3 Fluorescent properties of GQDs and MA-GQDs 

The fluorescence properties of the synthesized GQDs and MA-GQDs were studied using 

photoluminescence (PL) spectroscopy (Table 1). The fluorescence emission spectrum of 

GQDs was narrow, having full width at half maximum (FWHM) of 57.67 nm with the highest 

emission wavelength at 440 nm and a fluorescence quantum yield of 69.0% when exciting at 

360 nm (Figure 5). Upon the linking of MA to GQDs, the fluorescence quantum yield 
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decreased to 21.6% while the emission spectrum became somewhat broader (FWHM of 97.17 

nm) than that of the GQDs and was moderately red shifted with the highest fluorescence 

emission wavelength at 470 nm. This decrease in the fluorescence quantum yield and the red 

shift may be attributed to the change in the size and surface properties of MA-GQDs, 

suggesting the successful linking of MA to the GQDs. The fluorescence quantum yield of the 

GQDs and MA-GQDs is somewhat lower than the fluorescence quantum yield of 

semiconductor-based QDs and the corresponding MA-QDs reported in our previous work.19  

 

 

Figure 5: Normalized PL emission of GQDs (A) and MA-GQDs (B) dispersed in water when 

exciting at 360 nm, with slit widths set at 5 nm. 
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Table 1 Summary of fluorescent properties of GQDs and MA-GQDs 

 GQDs MA-GQDs 

Wavelength at 

highest fluorescence 

emission (λem, nm) 

440 470 

Full width at half 

maximum (FWHM, 

nm) 

57.7 97.2 

Fluorescence 

quantum yield (Φf, 

%) 

69.0 21.6 

 

3.4 FT-IR analysis of MA, GQDs and MA-GQDs  

Figure 6 shows the FT-IR spectra of MAs, GQD, and MA-GQDs. The spectra of MAs and 

GQDs indicate expected characteristic peaks resulting from the presence of -C-H; -O-H and -

C=O functional groups. The additional peaks between 2450 cm-1 and 2790 cm-1 in MA-GQDs 

can be due to -N-C=O modes. The presence of these peaks in MA-GQDs indicates the 

appearance of the peptide bond, which confirms the covalent linking of GQDs to MAs. 
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Figure 6: FT-IR spectra of MAs (A), GQDs (B), and MA-GQDs (C) in solid form. 

3.5 TEM analysis of GQDs and MA-GQDs 

The particle size and morphology of GQDs and MA-GQDs are shown in Figure 7. It was 

noticed that GQDs distributed well in water with a mean approximate particle size of 0.8 ± 0.3 

nm while the MA-GQDs showed some particle aggregation with a mean approximate particle 
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size of 1.6 ± 0.8 nm. The aggregation observed could be a result of interactions between 

hydrophobic and hydrophilic groups in the linked MA-GQDs, respectively. 

. 

Figure 7: TEM micrographs of GQDs (A) and MA-GQDs (B) dispersed in water with the 

corresponding particle size distribution histograms (C, D).  

3.6 Powder XRD study of GQDs and MA-GQDs 

The XRD spectrum in Figure 8A exhibits one broad peak for GQDs at 20.8˚ corresponding to 

the structure reported previously.20 MA-GQDs (Figure 8B) have ten sharp peaks at positions 

12.8˚, 18.4˚, 22.0˚, 25.6˚, 28.6˚, 33.6˚, 36.1˚, 44.2˚, 46.1˚and 51.9˚. This increment in the 

number of peaks implies the successful linking of MA to GQDs, which changed the crystal 

structure of the resulting material as anticipated because of the introduction of the non-

crystalline MA portion present in the MA-GQDs.  
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Figure 8: Powder XRD spectra of GQDs (A) and MA-GQDs (B). 

 

3.7 Lateral flow tests of GQDs and MA-GQDs  

The lateral flow of GQDs and MA-GQDs was investigated to determine the possible 

application thereof in the detection of tuberculosis biomarkers which are anti-MA antibodies. 

Figure 9 shows that GQDs and MA-GQDs were able to flow through the strips of 

nitrocellulose membrane when using deionized water as eluent. This flow of GQDs and MA-
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GQDs was confirmed by the fluorescence emission spectra obtained at 437 and 430 nm, 

respectively, when the nitrocellulose membrane was excited at 360 nm. The emission spectra 

of GQDs (435 nm) and MA-GQDs (450 nm) before lateral flow (i.e., at the point where the 

sample was deposited onto the strip) were also obtained. The intensity of the emission spectra 

of GQDs and MA-GQDs after the lateral flow was somewhat lower than before the lateral 

flow. This is expected, as the GQD and MA-GQD particles are dispersed over a wider area 

after elution. These results show that GQDs and MA-GQDs are water-dispersable materials 

that can flow through a lateral flow test membrane, and thus MA-GQDs have the potential to 

detect anti-MA antibodies via the nitrocellulose membrane flow technique. It can be deduced 

that the MA-GQDs were more dispersable in water as compared to the coupled material 

prepared with semiconductor QDs reported in our previous work.19 As can be seen in the inset 

shown in Figure 9, all the sample at the spotting point eluted up the strip, while for the 

semiconductor-based MA-QDs, some spotted sample remained at the initial spotting point. 

Good solubility in water and low toxicity thus makes MA-GQDs the preferred material to 

potentially detect anti-MA antibodies and diagnosis of tuberculosis using the nitrocellulose 

membrane flow technique. 
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Figure 9: PL fluorescence spectra of GQDs (A) and MA-GQDs (B) dried on nitrocellulose 

membrane strips before elution (5 mm above the bottom edge) and after elution (5 mm below 

the upper edge). The excitation wavelength used was 360 nm. The inset shows GQDs (A) and 

MA-GQDS (B) under visible light and UV light after lateral flow. 

 

Conclusion 

GQDs were synthesized using a well-established hydrothermal method and were successfully 

linked to MAs to form MA-GQDs. The synthesized GQDs and linked MA-GQDs were 

characterized by fluorescence, UV-vis, FT-IR, XRD spectroscopy, and TEM analysis. The 

absorption results showed that both GQDs and MA-GQDs exhibit a wide range of absorption 

wavelengths between 420 to 200 nm, which enables changes of excitation wavelength used in 

fluorescence sensing applications. Fluorescence results showed that GQDs have a narrow 

emission spectrum (FWHM of 57.7 nm), with a fluorescence quantum yield of 69.0% with the 

highest fluorescence emission wavelength at 440 nm, while MA-GQDs have a somewhat 

broader spectrum (FWHM of 97.2 nm) and the highest emission wavelength at 470 nm after 
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exciting at 360 nm, with a fluorescence quantum yield of 21.6%. The appearance of -N-C=O 

peaks between 2450-2790 cm-1 in the FT-IR spectrum of the MA-GQDs indicates the 

appearance of the peptide bond (amide linkage), which confirms the covalent linking of MAs 

to GQDs. TEM results exhibited an average approximate particle size distribution of GQDs of 

0.8 ± 0.3 nm and 1.6 ± 0.8 nm for MA-GQDs. The powder XRD results showed an increment 

in the number of peaks for MA-GQDs compared to one broad peak for GQDs. This suggests 

that the covalent linking of MAs to GQDs changed the crystal structure of the resulting 

material. Nitrocellulose membrane lateral flow experiments confirmed the elution of MA-

GQDs with deionized water as eluent.  

In view of the simplicity of the process, low toxicity of the material, as well as the good 

dispersibility of the highly fluorescent MA-GQDs in water, enabling their lateral flow through 

a nitrocellulose membrane, the novel MA-GQDs have the potential to be used in the detection 

of anti-MA antibodies and in point of care TB diagnosis. Furthermore, the use of GQDs in this 

study showed some competitive advantages over our previous work, where cadmium based 

QDs were used as a proof of concept for the development of a MA-coupled QD sensor. The 

use of GQDs has not only averted the potential toxicity concerns of cadmium, but also resulted 

in improved dispersibility in water which makes it ideal for lateral flow experiments. This study 

paves the way towards a simple, quick, and cost-effective method for TB detection. 
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CHAPTER FIVE: The binding interaction of MA-QDs to anti-MA antibodies 

(Gallibodies, Gb) 

This chapter discusses the detection of the binding interaction of MA-QDs to anti-MA 

antibodies using the Enzyme-linked Immunosorbent Assay, lateral flow assay, and 

fluorescence techniques.  
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5.0 Introduction 

Pure mycolic acid (MA) is a proven antigen and has been shown to bind specifically to a few 

selected gallibodies and there are other gallibodies that are specific to cholesterol. There are 

also some gallibodies that bind to both MA and cholesterol (less specific) [1]. Therefore, this 

chapter presents the findings on the binding of MA-QDs (modified antigen) to anti-MA 

antibodies (gallibodies) to determine whether the modification of the MA affects its 

antigenicity. The confirmation on the binding of MA-QDs (modified antigen) to anti-MA 

antibodies was tested using the Enzyme-linked Immunosorbent Assay (ELISA), the lateral 

flow method, and fluorescence techniques. 

5.1 Materials 

The synthesis of the fluorophores (CdSe/ZnS QDs, GQDs, MA-CdSe/ZnS QDs, 4MA-

CdSe/ZnS QDs, MA-GQDs and stearic acid-CdSe/ZnS QDs (StA-CdSe/ZnS QDs)) was 

described in Chapters three and four. Stearic acid (StA), hexane and dichloromethane (DCM) 

were purchased from Radchem Laboratory Chemicals and Consumables (South Africa). 

Mycolic acid used to prepare fluorophores for the lateral flow test was purchased from Sigma-

Aldrich (Germany). Deionised water (9.2 µS/cm3) was obtained from an in-house Drawell 

laboratory water purification system (Drawell Scientific Instrument Co, Ltd, USA).  Membrane 

blocking solution (Life Technologies, USA), strips of nitrocellulose membrane (CN95 

Sartorius Stedim Biotech, Germany), phosphate-buffered saline (PBS) purchased from Sigma-

Aldrich (Germany), wash buffer (0.1% Tween 20 in PBS (0.1 M pH 7.4, blocking buffer (4% 

oxoid casein in PBS (0.1M)), anti-MA antibodies (gallibodies, Gb, 12+ CH2-4) [2], 

immunoglobulin (IgY), bovine serum albumin (BSA), mycolic acid (Sigma-Aldrich, Germany) 

for ELISA and fluorescence tests, secondary antibodies (BIORAD goat anti-chicken lgG 

(fc):HRP conjugated to horse radish peroxidase (HRP)),  enzyme substrate 

(tetramethylbenzidine (TMB)) and a light HP Scanjet 2400 flatbed scanner (Hewlett Packard 
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Company, USA) were all supplied by the Council for Scientific and Industrial Research (CSIR, 

South Africa). MA was used as positive control, while StA-CdSe/ZnS QDs and StA were used 

as negative controls. 

5.2 Characterization techniques  

Absorbance measurements were conducted on SpectraMax-paradigm microplate reader with a 

multi-mode detection platform (Molecular devices, LLC, USA). 

Excitation and emission spectra were obtained using a Horiba Jobin Yvon Fluoromax-4 

spectrofluorometer (Horiba Instruments Inc., USA) and a SpectraMax-paradigm microplate 

reader multi-mode detection platform (Molecular devices, LLC, USA). 

5.3 Experimental 

5.3.1 Enzyme-linked Immunosorbent Assay (ELISA) test of MA-QDs 

The ELISA technique was used to see if MA retained its antigenic properties after being 

coupled to the quantum dots. The ELISA assay was carried out according to the protocol 

described by Ranchod [2] as follows: In small vials, 0.25 mg of MA-CdSe/ZnS QDs, stearic 

acid-CdSe/ZnS QDs (StA- CdSe/ZnS QDs), stearic acids (StAs) and MA were suspended in 1 

mL of dichloromethane (DCM) to form a 0.25 mg/mL coating solution. Another 0.25 mg/mL 

coating solution was prepared by dissolving 0.25 mg of MA in 1 mL of hexane as uncoupled 

control. 100 µL of 0.25 mg/mL solution of each sample was added to the individual wells of 

the Maxisorp 96-well plate. The plate was incubated at room temperature overnight. The 

coating solution was removed by flicking out the 96-well plate, and the plate was washed three 

times by filling the wells with the wash buffer (0.1% Tween 20 in PBS (0.1 M) pH 7.4). The 

solution was flicked out of the microtiter plate over a sink, and the remaining drops were 

removed by patting the plate with tissue. The wells were then blocked with 300 µL blocking 

buffer (4% oxoid casein in PBS (0.1 M) pH 7.4) and incubated for 2 hr at room temperature. 
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The blocking buffer coats any unbound surface area in order to minimise non-specific binding. 

The blocking buffer was flicked out and the wells were washed three times with wash buffer. 

50 µL of 1 mg/mL of the primary synthetic gallibodies (anti-MA antibodies) were added to 

each well and allowed to incubate at room temperature for 1 hr [2]. The wells were washed 

three times with wash buffer.  50 µL of 1 mg/mL of BIORAD goat anti-chicken 

immunoglobulin conjugated to horse radish peroxidase (HRP) as secondary antibodies were 

added per well and incubated at room temperature for 1 hr. Soon after, excess secondary 

antibodies were flicked out of the wells by tapping the plate on a lint-free tissue, and the wells 

were washed three times with 300 µL wash buffer. 50 µL of tetramethylbenzidine (TMB) 

enzyme substrate was dispensed in each well for 4-5 min and changed the color from yellow 

to blue. To stop the reaction, 50 µL of H2SO4 (2 N) solution was added to the solution and the 

absorption measurements were conducted at 450 nm in three replicates using a SpectraMax-

paradigm microplate reader with a multi-mode detection platform. Some individual wells of 

the Maxisorp 96-well plate used as blanks were only coated with fluorophores and MA without 

anti-MA antibodies. These blanks did not stick on the wells of the plates. As a result, they only 

gave a yellow color without changing to blue.  

5.3.2 Fluorescence binding of MA-CdSe/ZnS QDs to anti-MA antibodies  

The sensing probe MA-CdSe/ZnS QDs (0.2 mg/mL), pure CdSe/ZnS QDs (0.2 mg/mL) and 

antibody solutions were prepared by suspending them in phosphate buffered saline (PBS, 

0.1M) with a pH of 7.4. The concentration of 0.025 mg/mL of the specific anti-MA antibodies 

(gallibodies, Gb), an antibody not specific to MA (immunoglobulin (IgY) and a non-antibody 

protein bovine serum albumin (BSA) was used. To 100 µL of each of the buffered antibodies, 

100 µL of 0.2 mg/mL of the fluorescence probe MA-CdSe/ZnS QDs and CdSe/ZnS QDs were 

added on the microtiter 96-well plate and allowed to incubate for 30 min before fluorescence 

measurements were taken in three replicates for each well. This was done to allow the binding 
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of MA-CdSe/ZnS QDs with anti-MA antibodies. 100 µL of 0.1 M PBS was also added to 0.2 

mg/ml of the MA-CdSe/ZnS QDs and CdSe/ZnS QDs on the individual wells of the microtiter 

96-well plate to take into consideration the effects of dilution. CdSe/ZnS QDs, IgY antibody 

and protein BSA were used as negative controls. The fluorescence measurements were 

obtained using a SpectraMax-paradigm microplate reader with a multi-mode detection 

platform, with excitation at 390 nm. 

5.3.3 Membrane lateral flow binding of MA-CdSe/ZnS QDs, 4MA-CdSe/ZnS QDs and MA-

GQDs to anti-MA antibodies (gallibodies) 

In small vials, 0.01 mg of each of the fluorophores were dispersed in 100 µL of deionized water 

to form a 0.1 mg/mL solution, while anti-MA antibodies (gallibodies) were diluted to 0.1 

mg/mL solution with PBS. 5 µL of 0.1 mg/mL solution of gallibodies were spotted on each 

strip of nitrocellulose membrane halfway up the membrane and allowed to dry for 30 min at 

room temperature so that they were fixed on the nitrocellulose membrane. Aliquots (5 µL) of 

each of the 0.1 mg/mL solutions of the fluorophores were spotted onto the bottom part (below 

the halfway) of the strips of nitrocellulose membrane. These strips were then dipped vertically 

into individual test tubes with 200 µL of membrane blocking solution as an eluent and the 

fluorophores were allowed to flow to the test line via capillary action. Separate nitrocellulose 

membranes without gallibodies were also prepared. Membrane blocking solution was used as 

negative controls as well as CdSe/ZnS QDs and GQDs. The resulting nitrocellulose membrane 

strips were then scanned using a light HP Scanjet 2400 flatbed scanner for visual analysis.  

The scanned nitrocellulose membrane strips were each stuck onto 2 x 4 cm glass microscope 

slides using Sellotape. The slides with and without gallibodies were inserted in the solid sample 

holder of the Horiba Jobin Yvon Fluoromax-4 spectrofluorometer for fluorescence 

measurements. The strips on the slides were inserted in such a way that light from the detector 

passed through the suspected point of interaction (test line). A blank strip of the nitrocellulose 
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membrane was similarly prepared as a control. All the fluorescence spectra were obtained using 

an excitation wavelength of 360 nm for graphene-based fluorophores and 390 nm for cadmium-

based fluorophores, while emission was recorded from 370 to 800 nm, with slit widths set at 5 

nm for both excitation and emission. 

5.4 Results and discussion 

5.4.1 Enzyme-linked Immunosorbent Assay (ELISA) test of MA-QDs 

An indirect ELISA test was conducted with pure MA as positive control, MA-CdSe/ZnS QD 

as test sample, and CdSe/ZnS QDs as negative control.  MA dissolved in hexane was used as 

a reference because it has been used before and it had been proven that it binds well with 

gallibodies [2]. This antigen gave the expected results demonstrating that the assay system was 

functional. However, the solvent for coating the ELISA plate was changed in order to 

accommodate the MA-QDs that were insoluble in hexane.  The solvent was therefore changed 

from hexane to dichloromethane and stearic acid was included as an additional negative 

control. The indirect ELISA test results indicated the interaction between the anti-MA 

antibodies (gallibodies, Gb) and the sensing probe: MA-CdSe/ZnS QDs, StA-CdSe/ZnS QDs, 

StAs dissolved in DCM, and pure MAs dissolved in both DCM and hexane for comparison. 

The diluents were used as the blank controls in the assay. The results show that the MA-

CdSe/ZnS QDs probe, StA-CdSe/ZnS QDs, StAs, and pure MAs all produced absorbance 

signals. The MA/hexane signal produced was significantly higher than its control signal, as has 

been reported previously [2]. However, the MA/DCM was not, indicating that DCM as solvent 

either did not allow the MA to stick onto the surface of the plate or that the residual DCM on 

the plate increased the non-specific binding of the gallibodies onto the plate. This can also be 

concluded from the other test samples where the control stearic acid groups showed non-

specific binding towards the gallibodies. The absorbance signals of the test and blank 

correspond to the blue and red bars in Figure 5.1, respectively. 
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Repeat experiments showed that MA results were not reproducible in DCM. These variations 

in results were most probably due to the use of DCM as the solvent, hence this method may 

not be used to successfully test the binding of MA-QDs to anti-MA antibodies (gallibodies). 

 

Figure 5.1: Indirect ELISA test results for MA-CdSe/ZnS QDs denoted as MA-QDs, StA-

CdSe/ZnS QDs (StA-QDs), StA in DCM, and pure MAs in hexane and DCM (Error bars 

indicate standard deviation, (n = 3). 

Limitation of this ELISA test. 

This ELISA test was designed based on the proven binding between MA dissolved in hexane 

and anti-MA antibodies. Due to difficulties in solubilities of MA-QDs in hexane, DCM was 

used instead. It was discovered that DCM partially dissolved the wells of the Maxisorp 96-well 

plate. This could have affected the binding between the sensing probe and the anti-MA 

antibodies. An attempt was made to switch to glass microwell plates, unfortunately, MA and 

the MA-QDs did not stick to the surface by hydrophobic interaction and were removed in the 
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washing steps. Hence, it was concluded that the ELISA for this particular test was not reliable 

thus an alternative strategy was needed. 

The alternative strategy was to use the fluorescence method. This method relies on the size 

tunability of the QDs and their high fluorescence quantum yields, hence binding of MA-QD to 

anti-MA antibodies should induce a measurable change in fluorescence. In this fluorescence 

method presented in Section 5.4.2, the specific binding between the MA-QDs and anti-MA 

antibodies, antibody IgY and protein BSA was explored. 

5.4.2 Fluorescence binding of MA-QDs to anti-MA antibodies (Gallibodies, Gb) 

Figure 5.2 shows the interaction of MA-CdSe/ZnS QDs and CdSe/ZnS QDs with gallibodies 

(specific), immunoglobulin (IgY) (non-specific antibodies), bovine serum albumin (BSA) 

(non-specific protein) and phosphate buffered saline (PBS) in the wells of microtiter 96-well 

plate. The results showed that the fluorescence intensity decreased upon the addition of 100 µL 

of 0.025 mg/mL Gb, IgY, BSA and PBS (Figure 5.2(A)). Phosphate buffered saline (PBS) was 

used to as the diluent. The decrease in intensity observed in Figure 5.2 (A) may be attributed 

to the interaction between the MA-CdSe/ZnS QD probe and the antibodies/proteins. The results 

showed that interaction with BSA decreased the signal the most, followed by Gb, whilst IgY 

decreased the least, while maintaining the same emission wavelength. These results indicated 

that BSA interacted more with MA-CdSe/ZnS QDs than Gb and IgY. The type of interaction 

observed in Figure 5.2 (A) appears to be non-specific because even non-specific antibodies 

and protein BSA also showed some interactions.  

Similar results were observed when 0.2 mg/ml of CdSe/ZnS QDs without bound MA were 

used with the same concentration of the antibodies (0.025 mg/mL), as shown in Figure 5.2 (B). 

These results clearly showed that specific antibodies (Gb), non-specific antibodies (IgY) and 

protein (BSA) interacted with CdSe/ZnS QDs. More interactions were observed in IgY and 
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BSA. Non-specific binding towards all the test molecules were observed. It might be the 

cysteine coated on the surface of the QDs that is responsible for this non-specific interaction.  

 

 

Figure 5.2: Fluorescence detection of the binding of specific (Gb) and nonspecific (IgY) 

antibodies and protein BSA at 0.025 mg/mL with 0.2 mg/mL of MA-CdSe/ZnS QDs probe 

(A) and 0.2 mg/mL of CdSe/ZnS QDs (B) suspended in phosphate buffered saline (PBS). 
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5.4.3 Membrane lateral flow binding of MA-CdSe/ZnS QDs, 4MA-CdSe/ZnS QDs and MA-

GQDs to anti-MA antibodies (Gallibodies, Gb)  

The fluorescence method revealed that the interaction between MA-CdSe/ZnS QDs and anti-

MA antibodies was non-specific.  This may be due to the small amount of MAs coupled to the 

surface of the QDs and the nature of the QDs (cadmium based) which are semiconductors. In 

this section, therefore, two new coupled fluorophores (fluorescence probes) are presented, 

namely 4MA-CdSe/ZnS QDs and MA-GQDs. In the synthesis of these probes, a four-fold 

amount of MA (4 mg) was used in an attempt to increase the loading, hence the four in front 

of MA-CdSe/ZnS QDs to differentiate it from the one used for the ELISA test in Section 5.3.1 

and the fluorescence method in Section 5.3.2, where 1 mg of MA was used. The details about 

the synthesis of these probes are presented in Chapters three and four respectively. In this 

section, a membrane lateral flow test was explored to show the interaction between the new 

fluorescence probes (4MA-CdSe/ZnS QDs and MA-GQDs) and anti-MA antibodies 

(gallibodies). The previously tested fluorescence probe (MA-CdSe/ZnS QDs) was also used 

for comparison, while GQDs (from Chapter four) were used as negative control. The 

fluorescence probes were loaded onto lateral flow nitrocellulose membranes and eluted with 

an aqueous membrane blocking solution. The gallibodies were pre-loaded and immobilized 

halfway up the nitrocellulose membranes. 

The flow of the MAs linked to quantum dots and the detection of their binding to anti-MA 

gallibodies on nitrocellulose membranes is demonstrated in Figure 5.3 (A). The results showed 

that CdSe/ZnS QDs and MA-CdSe/ZnS QDs were able to visually flow and showed clear 

interaction with gallibodies as indicated by the green box. GQDs and MA-GQDs also visually 

flowed and showed faint interaction with the gallibodies as indicated by the red box in Figure 

5.3 (A), with the interaction of GQDs in the absence of MA appearing to be visibly lower. 
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Although there were some interactions with all the fluorophores, this type of interaction 

appears to be non-specific as CdSe/ZnS QDs and GQDs which did not have MA as an antigen 

for the gallibodies also showed similar interactions.  

Since the MA-GQDs appeared to have a stronger interaction than the GQDs alone, it was 

important to accurately quantify the fluorescence at the test line.  Figure 5.3 (B) shows the 

fluorescence properties of scanned nitrocellulose membrane strips onto which CdSe/ZnS QDs, 

MA-CdSe/ZnS QDs, 4MA-CdSe/ZnS QDs, CdSe/ZnS QDs + Gb, MA-CdSe/ZnS QDs + Gb, 

and 4MA-CdSe/ZnS QDs + Gb had been spotted, which were studied using photoluminescence 

(PL) spectroscopy with excitation at 390 nm. The fluorescence results showed that there was a 

significant difference between the fluorescence emission spectrum of CdSe/ZnS QDs 

(maximum wavelength at 572 nm) and CdSe/ZnS QDs + Gb (maximum wavelength at 450 

nm). This difference in emission spectrum confirmed that there was an interaction between 

CdSe/ZnS QDs and Gb which changed the PL properties of the CdSe/ZnS QDs + Gb. The 

fluorescence results also showed that the intensity of the emission spectra of MA-CdSe/ZnS 

QDs and 4MA-CdSe/ZnS QDs were somewhat higher than the intensity of MA-QDs + Gb and 

4MA-QDs + Gb. This was another indication that MA-QDs and 4MA-QDs interacted with Gb. 

A plain nitrocellulose membrane strip was used as a blank. 

Figure 5.3 (c) shows the fluorescence properties of scanned nitrocellulose membrane strips 

onto which GQDs, MA-GQDs, GQDs + Gb and MA-GQDs + Gb had been spotted, which 

were studied using PL spectroscopy with 360 nm excitation. A plain nitrocellulose membrane 

strip was used as a blank. It was observed that all the fluorophores had the same emission 

wavelength (330 nm) but the intensity of the GQDs + Gb and MA-GQDs + Gb were higher 

than GQDs and MA-GQDs. This change in intensity indicates that Gb interacted with GQDs 

and MA-GQDs and changed the PL properties of the GQDs + Gb and MA-GQDs + Gb.  

 



 

82 

 

 

Figure 5.3: (A) Images of the scanned nitrocellulose membrane strips without and with 

gallibodies. Green boxes show the suspected interaction between gallibodies and CdSe/ZnS 

QDs, MA-CdSe/ZnS QDs, 4MA-CdSe/ZnS QDs, CdSe/ZnS QDs + Gb, MA-CdSe/ZnS QDs 

+ Gb, and 4MA-CdSe/ZnS QDs + Gb where the red box shows suspected interaction between 

gallibodies and GQDs, GQDs + Gb, MA-GQDs and MA-GQDs + Gb. (B) Fluorescence 

spectra of scanned nitrocellulose membrane strips of CdSe/ZnS QDs, MA-CdSe/ZnS QDs, 

4MA-CdSe/ZnS QDs, CdSe/ZnS QDs + Gb, MA-CdSe/ZnS QDs + Gb, and 4MA-CdSe/ZnS 

QDs + Gb, when exciting at 390 nm. (c) Fluorescence spectra of GQDs, GQDs + Gb, MA-

GQDs and MA-GQDs + Gb, when exciting at 360 nm. 

 



 

83 

 

5.5 Conclusion 

All the synthesized fluorophores appeared to interact with the anti-MA antibodies (gallibodies), 

even those without the antigen mycolic acid. The type of interaction observed for all the 

fluorophores upon the introduction of gallibodies appeared to be non-specific and thus cannot 

be used in this manner as a sensor for the detection of anti-mycolic acid antibodies (gallibodies) 

for the detection of active TB.  

From the results obtained, it appears that the non-specific binding of the MA-QDs to the anti-

MA gallibodies can be attributed to non-specific interaction with the QD component.  

Compared to the CdSe/ZnS QDs, the GQDs seem to have a lower binding to the gallibodies.  

It has been proposed that the antigenicity of MAs is not due to the interaction between a single 

MA molecule and the antibody, but rather due to an aggregate of MA molecules forming a 

surface [3]. The high aqueous solubility of the MA-QDs suggests that the loading of MA on 

each QD was insufficient to form the required antigenic surface.  In the case of MA bonded to 

Fluorescein [1], the antigenicity of MA was maintained presumably because aggregation to 

form the antigenic surface was still possible.  In the case of the MA-QDs, the small size (< 10 

nm) of the fluorophores, measured by transmission electron microscope (TEM) and described 

in Chapters three and four, indicates that there is no formation of much needed MA aggregates 

that can help maintain their antigenicity. 
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CHAPTER SIX: Overall conclusion and future work 

This chapter provides the overall conclusion for the work done and gives suggestions for future 

work. 
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6.1 Overall conclusion  

Water-soluble core/shell CdSe/ZnS QDs capped with L-cysteine and graphene QDs (GQDs) 

have been successfully synthesized. ZnS was used as shell material to provide efficient 

confinement of electrons inside the nanocrystals and does not easily form defects. ZnS also 

improves physical and chemical properties and allows for easy biofunctionalization. It provides 

stability to the CdSe (core) by protecting it from the surrounding environment and can prevent, 

for example, oxidation. L-cysteine was used to cap the CdSe/ZnS QDs and served as a stabilizer 

and increased their biocompatibility. 

L-cys-CdSe/ZnS QDs and GQDs were then coupled to MAs in dry chloroform to form water-

soluble fluorescent TB probes, namely MA-CdSe/ZnS QDs, 4MA-CdSe/ZnS QDs, and MA-

GQDs respectively. Before coupling of QDs to MAs was achieved, stearic acids and glycine 

were chosen and used as possible models for MAs and QDs, respectively. Stearic acid was first 

converted to stearic acid chloride using oxalyl chloride in dry chloroform or dichloromethane 

and then reacted with glycine in the presence of triethylamine and pyridine as a catalyst to form 

stearoyl-glycine amide. The structure of the coupled stearoyl-glycine amide was confirmed 

using 1H and 13C NMR and FT-IR analysis. In MA-CdSe/ZnS QDs, 1 mg of MA was used with 

0.06 g of L-cys-CdSe/ZnS QDs while 4 mg of MA was used in the synthesis of 4MA-CdSe/ZnS 

QDs, and MA-GQDs with the same amount of L-cys-CdSe/ZnS QDs (0.06 g) and 1.50 mg of 

GQDs in an attempt to increase the loading of MA. The synthesized L-cys-CdSe/ZnS QDs and 

GQDs plus the coupled MA-CdSe/ZnS QDs, 4MA-CdSe/ZnS QDs, MA-GQDs were 

characterized by absorption and fluorescence measurements, TEM analysis, FT-IR, and XRD 

spectroscopy. The Enzyme-linked Immunosorbent Assay (ELISA) test, fluorescence method, 

and membrane lateral flow method were used to investigate the binding interaction between 

the fluorescent TB probes and the anti-MA antibodies (gallibodies) in solution.  
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The absorption results indicate that L-cys-CdSe/ZnS QDs, GQDs, MA-CdSe/ZnS QDs, 4MA-

CdSe/ZnS QDs, and MA-GQDs all showed broad absorption bands ranging from 200 to 620 

nm which enables variation of excitation wavelength used in fluorescence sensing applications. 

Fluorescence results show that the L-cys-CdSe/ZnS QDs had a narrow emission spectrum with 

a full width at half maximum (FWHM) of 40 nm at 590 nm and a quantum yield of 89.9 % 

when exciting at 410 nm, while MA-CdSe/ZnS QDs and 4MA-CdSe/ZnS QDs had a broader 

emission peak which was blue-shifted to 474 nm (FWHM=94 nm) and 454 nm (FWHM=81 

nm) respectively, with a decrease in PL quantum yield.  

Fluorescence results for GQDs showed a narrow emission spectrum (FWHM=57.67 nm) with 

a maximum emission wavelength at 440 nm and a PL quantum yield of 69.0 % when exciting 

at 360 nm, while MA-GQDs had a somewhat broader spectrum ((FWHM=97.17 nm), PL 

quantum yield of 21.6 % with a maximum emission wavelength at 470 nm. The changes in 

emission spectra and decrease in quantum yields confirmed the formation of the new materials 

with fluorescence properties similar to the QDs.  

The additional peaks between 2450 cm-1 and 2790 cm-1 in MA-CdSe/ZnS QDs and MA-GQDs  

FT-IR spectra can be ascribed to -N-C=O modes. The presence of these peaks in MA-

CdSe/ZnS QDs and MA-GQDs indicates the appearance of the amide bonds, which confirms 

the covalent coupling of L-cys-CdSe/ZnS QDs and GQDs to MAs. TEM analysis results 

showed the average estimated size particle distribution of L-cys-CdSe/ZnS QDs to be 1.0 ± 0.2 

nm, 3.1 ± 0.8 nm for MA-CdSe/ZnS QDs, 3.3 ± 0.2 nm for 4MA-CdSe/ZnS QDs, 0.8 ± 0.3 nm 

for GQDs, and 1.6 ± 0.8 nm for MA-GQDs. TEM analysis also revealed that L-cys-CdSe/ZnS 

QDs and GQDs dispersed well in water while coupled materials (MA-CdSe/ZnS QDs, 4MA-

CdSe/ZnS QDs, and MA-GQDs) showed some particle aggregation. These TEM results 

implied that the presence of MAs in the coupled materials caused particle aggregation, which 

is not the case in uncoupled materials (L-cys-CdSe/ZnS QDs and GQDs).  
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The powder XRD results showed a shift and an increase in the number of peaks for MA-

CdSe/ZnS QDs, 4MA-CdSe/ZnS QDs, and MA-GQDs relative to the CdSe/ZnS QDs and 

GQDs. This suggests that the coupling of MAs to L-cys-CdSe/ZnS QDs and GQDs changed 

the crystal structure of the coupled material. Sharp peak positions observed in MA-CdSe/ZnS 

QDs, 4MA-CdSe/ZnS QDs, and MA-GQDs confirm that changing the amounts of MAs does 

not negatively affect the crystallinity of the material. Membrane lateral-flow experiments 

confirmed visually the flow of L-cys-CdSe/ZnS QDs, GQDs, MA-CdSe/ZnS QDs, 4MA-

CdSe/ZnS QDs, and MA-GQDs through the nitrocellulose membrane with water and 

membrane blocking solution as eluents. Water and membrane blocking solutions were the 

preferred eluents to move the fluorophores through the nitrocellulose membrane due to the high 

affinity for moving through the membrane. They also keep the sample components in solution 

whilst moving, control the flow speed, and are easily disposed of after use. 

Results from all the three different methods (ELISA test, fluorescence, and membrane lateral 

flow) used to detect the interaction between fluorescent TB probes and anti-mycolic acid 

antibodies (gallibodies) showed that all the synthesized fluorophores (L-cys-CdSe/ZnS QDs, 

GQDs, MA-CdSe/ZnS QDs, 4MA-CdSe/ZnS QDs, and MA-GQDs) appeared to interact with 

the gallibodies, even those without the mycolic acid antigen. The type of interaction observed 

for all the fluorophores upon the introduction of gallibodies appeared to be non-specific and 

thus cannot be used directly as a sensor for the detection of anti-mycolic acid antibodies for the 

detection of active TB. In the ELISA test, the results showed that the MA-CdSe/ZnS QDs 

probe, StA-CdSe/ZnS QDs, StAs (used as negative controls), and pure MAs (as a positive 

control) dissolved in DCM, all produced absorbance signals and did not match with the results 

for pure MAs in hexane which was used as a reference. The absorbance signals observed in the 

ELISA test in DCM for all the fluorophores appeared to be caused by the non-specific 

interaction with the anti-mycolic acid antibodies. Fluorescence results showed that the 
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emission intensity decreased upon the addition of specific Gb, nonspecific IgY, and protein 

BSA. The decrease in emission intensity was more in BSA, followed by Gb, and IgY was the 

least. This decrease in intensity observed may be attributed to the interaction between the MA-

CdSe/ZnS QD probe and the antibodies/proteins. Similar results were observed when L-cys-

CdSe/ZnS QDs without bound MA were used with the same concentration of the 

antibodies/proteins. The results clearly showed that specific antibodies (Gb), non-specific 

antibodies (IgY) and protein (BSA) interacted with L-cys-CdSe/ZnS QDs.  

Membrane lateral flow results showed that L-cys-CdSe/ZnS QDs and MA-CdSe/ZnS QDs 

were able to visually flow and showed clear interaction with gallibodies. GQDs and MA-GQDs 

also visually flowed and show faint interaction with the gallibodies, with the interaction of 

GQDs in the absence of MAs appearing to be visibly lower. Since the MA-GQDs appeared to 

have a stronger interaction than the GQDs alone, it was important to accurately quantify the 

fluorescence properties at the test line of the nitrocellulose membrane strips using 

photoluminescence spectroscopy. The fluorescence results showed that there was a significant 

difference between the fluorescence emission spectrum of L-cys-CdSe/ZnS QDs and L-cys-

CdSe/ZnS QDs + Gb. The intensity of the emission spectra of MA-CdSe/ZnS QDs and 4MA-

CdSe/ZnS QDs were somewhat higher than the intensity of MA- CdSe/ZnS QDs + Gb, and 

4MA- CdSe/ZnS QDs + Gb. It was also observed that the GQDs, GQDs + Gb, MA-GQDs and 

MA-GQDs + Gb had the same emission wavelength (330 nm) but the intensity of the GQDs + 

Gb and MA-GQDs + Gb were higher than GQDs and MA-GQDs. These differences in 

emission spectrum and intensity confirmed that there were some interactions between the 

fluorophores and Gb which changed the PL properties of the fluorophores. Although there were 

some interactions with all the fluorophores, this type of interaction appeared to be non-specific 

as L-cys-CdSe/ZnS QDs and GQDs which did not have MA as an antigen for the gallibodies 

also showed similar interactions.  



 

90 

 

This non-specific binding of the MA-QDs to the anti-MA gallibodies may be attributed to the 

non-specific interactions with the QD component. It has been proposed that the antigenicity of 

MAs is not due to the interaction between a single MA molecule and the antibody, but rather 

due to an aggregate of MA molecules forming a surface [1]. The high aqueous solubility of the 

MA-QDs suggests that the loading of MA on each QD was insufficient to form the required 

antigenic surface. The small size (< 10 nm) of the fluorophores also indicates that there was no 

formation of much needed MA aggregates that can help maintain their antigenicity, hence no 

specific binding occurred. 

Although MA is expensive, if the proposed procedures (ELISA, lateral flow, and fluorescence) 

are successful, they will allow TB antibodies to be detected quickly at the point of care, 

allowing TB patients to begin treatment sooner than with X-rays and sputum analysis, which 

are costly, unavailable in most health facilities, and take time to obtain results [2]. 

6.2 Future work 

Considering the small amounts of MAs (1 mg and 4 mg) used during the covalent coupling to 

quantum dots (L-cys-CdSe/ZnS QDs and GQDs), there is a call to increase the quantity of MAs 

to try and improve the antigenic properties of the coupled materials with regards to anti-MA 

antibodies interaction. MA-GQDs were more soluble than MA-CdSe/ZnS QDs, but their 

antigenicity properties were not investigated using the ELISA test. Therefore, it is proposed 

that the ELISA test for MA-GQDs should be investigated and the antigenic properties towards 

anti-MA antibodies be determined. Quantification of the amount and concentration of MAs 

loaded onto QDs was the biggest challenge encountered during this work. Therefore, there is a 

need to develop techniques that will be able to quantify the amount and concentration of MAs 

loaded onto QDs. 
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Using molecular beacons (MBs) with M.tb DNA coupled to MA-QDs as a biosensor to detect 

anti-MA antibodies in solution is another method that could be investigated to enhance the 

performance of the biosensor. Molecular beacons are stem-looped stranded hairpin-shaped 

oligonucleotides with a fluorophore at one end and a quencher at the other terminus [3]. The 

loop hairpin part of the MB is sensitive and complementary to the target analyte, while the stem 

portion is a physicochemical transducer made up of two self-complementary regions consisting 

of five to six nucleotides at the opposite ends of the strands.  

MB with M.tb DNA containing amine groups can be covalently attached to MA-QDs via a free 

carboxylic group to increase the antigenic properties  of the probe  as a result of the combination 

of M.tb DNA and MA from the MA-QDs [4]. Upon the hybridization of the MB with the target 

analyte (anti-MA antibodies), the MB changes its conformation by opening its hairpin structure 

causing the distance between the fluorophore and the quencher to be far apart for energy 

transfer to occur, resulting in the restoration of the fluorescence and no quenching. In the 

absence of the target analyte (anti-MA antibodies), the two complementary regions of the stem 

hybridize together, allowing the formation of the hairpin structure, causing the fluorophore and 

the quencher to be close to each other. Considering the proximity of the stem structure, the 

quencher deactivates the fluorophore excited state, resulting in quenching of 

photoluminescence. MB probes give a signal that allows the detection of the target analyte in 

a homogeneous solution immediately without any separation of the probe-analyte hybrid and 

the unbound probe. In addition, MB probes are highly sensitive, selective and specific [5].  
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